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1
Units,

Abbreviations, and Slmbols
Inelectronics there are shbasic nrjb to measurc quandties whir$define what

i" grhg ; h a cirurit. Here se the first three, with tbe letter srbols used as

abbrtriatims:

VAx M - Aneasne of the potential, enl(electromotive fotec)' ot ooltagen a

Ct"oii. i'. practical purposes, potential difiereooe, enf, udvoltage dl rcalty

mean the same thing'
Anls (,0-A neasure of the currealfrowing in a circuil
iittt fW -A neasgre d the roreldeveloBed by the flow d cqnent thro*b a

chqdt

The other tlree refer to the efiect of co4ments in tbe circuit:

olzs (o)-A measul€ of. rhe nsisi4,n/- or individual resistances in a circuit

when the current flw is &ect (dc).

Far& (F)-AmeasrFe 6the @itancepresent in a circ{it or produced by

individual components; i.e., capacitors.
n*r* fn-ineasure 4-6iln&mncepresent in a circuit or proftced bf

individual components such as coils.
'I\m other inporbnt quantities, both of wtrich are measured in ohms, are:

Imgqlane (A - A measned tbe eftective resistance or individtlal resistanoes

U i circuit when the current flow is dternating (ac)'

R;*fur* (x)_Tbcombined efiect of inductance and capacitance in an ac

cLoit



Capital letters are also used as abbreviations for voltage and current. Strictly 
speaking E (for emf) is the correct symbol for a voltage source, with V (for volts) 
in other parts of the circuit. V, can be used instead of E for a source voltage. The 
capital letter I is used for current. In some circuits lowercase letters are used to 
indicate voltages and currents flowing in different parts of a circuit; e.g., v and i, 
respectively. These may have a reference annotation attached, particularly in 
the case of transistor circuits; e.g., v,, describiig emitter voltage. 

The relationship between units is explained in Chapter 3. There are also 
various other units employed in electronics, the use and meaning of which will be 
made clear in appropriate chapters. 

In practical circuits, numerical values of these units may be very large, or very 
small. Resistance values, for example, may run to millions of ohms. Capacitor 
values may be in millionths or even million-millionths of a farad. To avoid writing 
out such values in full, prefixes are used to designate the number associated with 
the particular value involved. Normally, the symbol rather than the full prefix is 
used, 
mega (M) -X 1,000,000 
kilo (k)-X 1,000 
milli (m)-divided by 1,000 (or 1/1,00Oth) 
micro (p)-divided by 1,000,000 (or 1/1,000,000th) 
nano (n)-divided by 1,000,000,000 (or 1/1,000,000,000th) 
pic0 (p) - divided by 1,000,000,000,000 (or 1/1,000,000,000,000) 

For example, instead of writing out 22,000,000 ohms, it is shown as 22 
Mohms, or 22 MQ, using symbols both for the prefix and basic unit. Similarly a 
capacitor value of 0.000,000,000,220 farads is shown as 220 picoF, or, more 
usually 220 pF. 

The multipliers (M and k) are most commonly associated with values of 
resistors, and also for specifying radio frequencies. The lowest divisor (m) is 
most usually associated with the values of current typical of transistor circuits, 
etc. It is also used to specify most practical values of inductances. The larger 
divisors (p, n, and p) are most commonly associated with capacitor values. 

S i e  capital letter abbreviations are also used for components. The main 
ones are: 

C- capacitors 
D - diodes 
L- coils 
R- resistors 

These are all standard and universally accepted abbreviations. With other com- 
ponents this is not always the case. Thus transistors may be designed T,  TR, Tr, 
VT or even Q on circuits originating from different sources. The use of TR, Tr, or 
Q is preferred, leaving the letter T as the abbreviation for transformers. Note the 
abbreviation FET (or fet) is used for a field-effect transistor in text, although it 
may be "Q" in diagrams. 

In practical circuits, more than one of the same type of components are 
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normally used. Individual components of the same type are then designated by
numbers (usuallyreading from left to right across the circuit) associatedwith the
gomrynent symbol (Fig. 1-1). See also Chapter B. Thus resistors are designated
Rl, R2, R3; capacitors CL, C2, C3; and so on. There is no correct ot specific
sequence in which such numbers are allocated. They are there only to identify a
particular component.

Here are some otler general abbreviations that are widely used, although
again they may be shown in various different ways: capital letters, or lowercase
letters in upright or italic, with or without periods. Thus the abbreviation of
alternating current may appear in five different ways:

AC a.c. a.c. ac ac

The general preference is that all such abbreviations should be in lowercase
without periods, and so the following abbreviations are shown that way:

ac - alternating current
af-audio frequency
agc -automatic gain control
am*-amplitude modulated (or amplitude modulation)
dc-direct current
eht-extra high tension
fin*-frequency modulated (or frequency modulation)
hf-high frequency
ht-high tension

* Thereisa good reasonfor retainingcapitallettersforthese abbreviations, sinceAJUandFMradios
uge thern thiq v/ay.
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ic -integrated circuits
if -intermediate frequency (also i-f)

if-low frequencY
rf-radio frequencY
uhf -ultra high frequencY
vhf-very high frequencY



DC and AC
A basic direct current (dc) circuit is simple enough to understand. A sogrce of
electrical force (such as a battery) is connectedvia wirestovarious components
with a return path to the source. Cprrent then flows through the circuit in a
particular direction. Figure 2-1 shows a very elementary circuit of tlis type
where a battery is connected to a dc electric motor and is comparedwith a similar
closed loop hydraulic motor in a simple recirculating system.

It is obvious what happens in the hydraulic circuit. The pump is a source of
pressurized water which impinges on tlte vanes of the hydraulic motor to drive it.
There is a flow of water around the system. At the same time, tlere is some loss

of pressure energy due to the fiction of the water flowing through the pipes and

t}1e motor. This is the resistance in the circuit. But most of the pressure energy
delivered by the pump is converted into power by the hydraulic motor.

In the electrical circuit counterpart, the battery is a source of. electrical
pres{ilre (which in simple terms we designate ooltage), This forces an electrical
currentto flow through the circuit, opposd by ttre resistance offered by the
wiringandtheelectricmotorcoils. Again, mostof the originalelectricalenergyin
the battery is converted into power by the electric motor. Provided the battery
voltage does not change, a constant value of current will flow tlrough the circuit

always in the same direction, and the electric motor will continue to nrn at a

constant sped.
Conventionally, dc current flow is regarded as being from the positive to the

negative terminals of a battery or any otler dc source (such as a dynamo). It is a
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Fig. 2-1. An electrieel circuit is similar to a hydraulic circuil

stream flow, just like the water flow in the hydraulic circuit, but the stream is
actually composed of sub.atomic particles or electrons. Unfortunately, after
convention bad established the positive to negative flow definition, it was found
that tlis electron stream flow was actrully fuon negatioe to Positioe. This does
not rnatter for most practical purposes, but for an understanding of how transis.
tors and other solid-state devices work it is necessary to appreciate this "re-

verse" working.
Positive dways seems stronger than negative, so it is difrcult to think of

current as flowing other than from positive to negative. TVe can relate tlis to
electronsflowingfrom negative to positive bythinking of electrons as prticlesof
negative electricity. Being "weaker" (negative), they represent a reverse flow,
setting up conditions for a Positioeflow of current-from positiw to negatiae.
Otlerwise, simply forget the difference and work on the practical fact tbat * and
- are only terms of convenience used to ensure tlnt components in a circuit
which have positive and negative sides are connected up correcdy. This applies
mainly to batteries, transistors, diodes, and electrolytic capacitors.

All materials are composed of atoms in which there is a stable balance of
positive and negative charges (except in the atoms of radioactive elements). The
application of an electrical pressure causes electrons to be displaced from the
atom, leaving it with an effective positive charge. It is then in a state to attract
any stray electrons. Since there is electrical pressure present, this means that
there is a movementof electrons alongthe chainof atomscomprisingthewiring
and component(s) in the complete return circuit. It is this movement tlat consti-
tutes the electric current flowing tlrough the circuit, the strength of the current
being dependent on tlte number of electrons passing any particular point in the
circuit in a given time. Break tle circuit and the pressure is broken, so current
flow ceases. So, in fact, the analogy with a hydraulic circuit is not really valid in
this instance (the hydraulic pump still delivers water under pressure if its circuit
is broken until it has emptied the fluid in the circuit between tle break and the
punp).

Atoms of materials like metals will give up electrons readily when subiect to
electrical pres$re, and so make good conductors of. electricity. Atoms of most
non-metals, includingplastics, are reluctantto give upelectrons evenunderhigh
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Fig. 2-2. Direct currentfow with constant circuit resistance.

electrical pres$Ee, and so are essentially nonconductors. If materials are ex-
tremely resistant to giving up atoms, they are classified as insulators.

sunmarizing, then, a dc circuit when connected or switched on provides a
constant flow of current in one direction through the circuit as in Fig. i-2, unless
something changes in the circuit (e.g., source voltage changes, or a circuit
resistance value alters). The ralue of this curent is determined by the souroe
voltage and the totalresistance in the circuit (see Chapter 3). Currentflowis also
regarded as positive (or positive curren$.

In the case of an ac circuit, tre source of electrical pressure continually
reverses in a periodic manner. This means that curent flows through the circuit
first Ir one direction (positive) and then the other (negative). In o6er words, a
simple graph of current flow with time will look rike Fig. 2-3. The swing from
naximum positive to maximum negative is known asthe amptitudeoiaaac
ctnrent. Also one complete period from zero to maximum positive, back to zero,
doum to naximum negative and back to zero again is known as a cycle.These
cyclesmayoccuratvaryingratesfrom afewtimes a second tomillions of times a
second and defne the frequenclof the ac current, frequency being equal to the
number of cycles per second. In the case of the domestic mains iupply (in
Britain), for example, tbe frequency is s0 cycles-per-second, or 60 cycles-per-
second in the u.s. But "cycles-per-second" is an obsolete term. It is now called
hertz (abbreviated I{z). Thus standard mains frequency is S0 c 60 Hz.
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Apart from the fact that ac is continually swingng from positive to negative
current flow, the other difference is that the actual current value present is also
changing all the time. It does, however, have an "average" value which can be
defined in various ways. The usual one is the Root Mean Square (or zzs), which is
equal to 0,707L times the ma:rimum cycle values for sine wave ac such as
normally generated by an alternator, Fig. 24. Alternating current may, how-
ever, be generated with other types of waveform.

Anotlrer characteristic of ac is that both the voltage and qrrent are contin-
ually changing in similar cycles. Only rarely, however, do the voltage and current
both attain maximum andzerc values at exactly the same time. In otlrcr words
the current (waveform) curve is displaced relative to the voltage (waveform)

curve, Fig. 2-5. This displacement is known asa phav diference.ltis nomlally
orpressed in terms of t}re ratio of the actual displacement to a full cycle length on
t]1e zero line, multiplied by 360 (since a full cycle represents 360 degrees of ac
working). This is called the plase angle.Usually the current will "peak" after the
voltage (i.e., be displaced to the right of the diagram), whereupon the current is
said to be leggng and the phase angle is referred to as angle of lag.
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Fig. 2-5. Current uaul$ lags bhind aoltage in an altcrnating curnnt circuit.



The use of the term "angle" can be a bit conftrsing at first. It is really a matter
of mathematical convenience, useful in more complicated calculations involving
vector diagrams. For a general understanding of ac it is better to think of angle as
meaning a particular "number point" on a line length representing one full cycle
dividedinto 360divisions. Thus aphase angle of 30 degreescanbeunderstoodas
a point 30/360ths along that line.

Phase difierence (phase angle) can be an important factor in the desigt and
working of many alternating current circuits because when a current lags (or
leads) the voltage, the timing aspects of a circuit are affected.



3
Basic Circuits and
Circuit Laws
As noted in Ctnpter 2,the currentwhich flows in a simple dc circuit is dependent
onthe appliedvoltage and the resistance in the circuit. Voltage canbe measured
direcdy by a aoltmeterplaced across the battery (or dc source) terminals; and
currentby an ammeter connected n seiesn the circuit, as in Fig. 3-1. This
diagram also shows the circuit components in symbolic form.

OUM'S LAW
The relationship between voltage (E), current (I), and resistance (R) is given

by Ohm's law:

In plain language:

volts
amps:

or the formula can be rewritten:

resistance in ohms

. Et : F

10

volts: amps X ohms
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This is one of the most basic and most usefirl laws of electronics and is equally
applicable to ac circuits which are purely resistive (i.e., do not have additional
resistance effects produced by the cunent being dternating rather than steady).

Ohn's law makes it possible to calculate (and thrs designlthe performance of a
simple dc circuit. For example, suppose you need a current of 200 miliamps (mA)
to flow in a partictlar cirorit to be powered by a &volt battery. Using otrn'staw,
tle correspoading circuit resistance required to give this cunent can easity le
wortecln

. volts 6
t ias: - : . . : -

amps 0.200
- 30 ohms

components are connected by wires, but the resistance of wiring is qnatt eoough
to be negligible. Thus in a simple dc circuit it is the effective total of all the
resistor ralues and other components which ofrerresistance.Just what this total
value is depends on how the various resistors which may be present are con-
nected (see Chapter 4).

In some cases it is easy to caletate the reeistance of a typicar load" Fc
example, aflashlightbulbisusuallyratedbyvoltsandtheqrrentitdraws. ohm,s
lawcan then be usedtofind its nominalresistance. Forexample, if abulbbrated
at 6 volts and 50 nA" from Obm's law:

Resistance-#- uo obns.

1l



There is just one snag to this method of estimatingload resistance. Withfilament
bulbs, for example, the specified current drawn refers to the bulb in working
conditions with the filament heated up. Its actual resistance initially when the
filament is cold can be considerably lower, drawing more current through the
bulb. This may, or may not, be a disadvantage in a particular circuit. Also, tlere
are other types of loads, like dc electric motors, where the effective resistance
varies condiserably with the speed at which the motor is running. Initially, such a
motor will have a very low resistance; its effective resistance then increases with
speed.

Two other basic relationships also apply in a simple dc circuit:

1. The currentvalue is tlte same through every part of the circuit, unless a part
of the circuit involves parallel-connected paths.

Thus, in a circuit (A) of Fig. 3-2, all the resistors in the circuit are connected in
series so that the sirme current will flow through each resistor.

In circuit (B) of Fig. 3-2, the resistors are connected in parallel. ln this case
each resistor represents a separate path for the current and tlte value of current
flowing through each leg depends on tlre value of tint resistor. These current
values can be calculated from Ohm's law:

through resistor t, current: 
ft

through resistor Z, current - 
S

through resistor 3, current: 
$

The current flowing through the wiring part of the circuit is the sum of these
tlree crrrents; Le.,

A Resi$ors in Serbs

Fig. &2. Current has tlrc sne oalu thrwgh all r*is&lrs cotutebd in cries,
slttor connccted i; fulallcl

u

RT

B ResistorsinParallel

htt is difcmrt throagh crch n-
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2. The voltage throughout a simple dc circuit is not constant but suffers a drop
across each resistor.

This can be illustrated by the circuit shown in Fig. 3-8, where the voltages
across the individual resistors are calculated (or measured with a voltmeter) as
VL,VZ and V3. The total resistance in the circuit is Rl * RZ + R3.

The cur:ent (which is the same throughout the circui| is given by:

. E^:Rl]ft.!![

We then have the conditions:

Vl, measured across Rl : current X resistance
: I X R l

V2, measured acros{r R2 : I X R2

V3, measured across R3 : I X R3

Each of these voltages is less than E.
Comparison with a hydraulic circuit again (see Chapter 2) can help understand

how a resistor works as a voltage dropper. In a hydraulic circuit, pressure is
analogous to voltage in an electronic circuit. The equivalent to a resistor is some
device restricting fluid flow-say a partially closed valve. Flow through this
resistor produces a pressure drop. similarly, tle flow of electricity through a
resistor produces a voltage drop.

Q
,--@_,

1 . , 1  I
R l - R 2 - R

E , E  E
R l  R 2 ' R 3

Fig. 3-3. R*istors drop ooltage in a dc circuit.
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VOLTAGE.DROPPER CIRCUIT

The above is nowreworked as a practical emmple. To ponera &volt electricd
appliance (say a &volt transistor radio) from a l2-volt battery. In this case, tlte
appliance is considered as a resistance load.To drop the voltage from 12 to 6
across this load, a dropper resistor, R, is required in the circuit shown in Fig. 3'4.
It remains to calculate a suitable value for this droppingresistor, but to do t}is it
is necessary to know tlre effective resistance of the load. (If this is not known it
can be measured with an ohmmeter.) Suppcse it is 100 ohms.

Using Ohm's law again, if this load is to have 6 volts applied acrorxl it, and its
resistance is 100 ohms, the current required to 6ow through the circuit is:

1 : 6- 
100

:0.06 amps (60 millianls)

This same current flows through the rest of the circuit. This, considering the
circuit from the l2-volt end:

total resistance required: 
#

= 200 ohms

The load already contributed 100 ohms, so the rnalue of dropping resistor re'
quired must be 200 - 100 : 100 ohns. Afirthercalculationshowstbevoltage
drop across this resiston

V- 0.06 X 100
- 6 volts

This particular example also demonstrates anothersimple nrle concerning drop
ping resistors. If the voltage is to be halved, then the rnalue of the dropping
resistor required is the same as t}at of the load.

12
Volts

I r-O-r
R€sistor to "Ilrop" 6 Volts

Fig. 34 Prutical a!flicotiut of d drofuing tesisbn

tl



POWER IN THE CIRCUIT
The power developed ina circuit byvirtue of theelectricalpressure (volts) and

resulting current flow (amps) is given by the product of these two values, and
measured in araffs. Thus:

power: watts: volts X arnps

This same definition applies both to dc and ac circuits.
Power is used up in producing a usr;ful resurt rn making the crcuit work

(whether this be operating a radio, driving an electric motor, heating an electric
element, etc.). But all components which have resistance absorb a certain
amount of power which is waste power normally dissipated in the form of heat.
No practical device can work without some resistance in the circuit, and thus
some power loss is inevitable. More important, the heating effect must not be so
great that the component is damaged. Thus components normally have a power
rating which should not be exceeded. In specific cases, even when operating
within their power rating, provision may have to be made to conduct heat away
from tlre component-as in the case of heatsinks used with power transistors.

Referring to the example of the dropping resistor, t}is definitelywastes power
to the tune of 6 (volts) X 0.06 (amps): 0.36 watts. To be on the safi side,
trerefore, tre resistor chosen would need to have a power rating of at lqstvz
watt, and would also have to be placed in a position where it receives adequate
ventilation to prevent heat build-up in the surrounding air.

The majority of transistor circuits work on low voltages, with low current
values, and so components with quite moderate power ratings are usually ade.
quate. circuits carrying higher voltages and currents demand the use of compo-
nents with correspondingly higher power ratings, and often need even more
attention to-ventilation. Thus, the actual value of a component is only part of its
specification. Its power rating can be equally important.

Note that since V: IR, power can also be calculated as:

watts - (current)2 X resistance

P: I?R

This is oftena more convenientforrrulaforcalculatingpowerinaparticularpart
of a circuit.

SHUNT CIRCTIITS

A shunt circuit is used to drop a current flowing through a particular oompG
nent. It normally comprises two resistances in parallel, one resistance being the
component resistance and the other the shunt resistance. The appropriate value
of the shunt resistance is again calculated directly from Ohm's law.

A typical example of the use of a shunt resistance is to adapt an ammeter
movement to measure different cur:mt ranges (as in a multimeter). In this case
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the load resistance is that of the coilof the ammeter, whichisinitiallydesignedto

En". ruu-r.ae deflection with a particular current flowing through it (call this

ir). tt " instrument cannot measnre any higher current than I, since tlis would

sihpry tend to carry the pointer past its full deflection, and very likely cause

or.ag". Thus, the meter is desigrred to handle the lowest current range re-

quird, and a shunt resistor (or a series of shunt resistors) added whictt can be

orirctt"o into the meter circuit to extend tlre range. Figure 3-5 shows this

arrangement with just one shunt resistor connected for switching into the circuit.

If the shunt resistor is to extend the ammeter range to a higher qfient, 12,

Euing ruu-sc"ru deflection, then tle required value of tle shunt resistor follows

from:

1. current which has to flow through the shunt is I2-I.. This means that a

current greater than I, will never flow tlrough the meter movement (unless

the actual crrrent applied to the meter exceeds I)'
2. Voltage drops ".t*. thu teter - I, X R- (where R- is the resistance of the

meter).
3. Shunt resishnce required is therefore:

voltage drop across instrument : Irt " 
S

currmt flow througb shunt Iz - Ir

Again, tlere is a simple rule to follow if the current range of the meter is to be
dJubbd. In this case the shunt resistance required is the same as that of tlte
meter.

AMMETER INTO VOLTMETER
An ammeter, which is an instnrment used for measuring current, can also be

made to measure volts by connecting a resistor in selt?swith the meter-Fig.
3-6. This, infact, is anotlrerexample of avoltage dropper. Again, if thema:rimum
meter current for full-scale deflection is 11 , the fofal resistance which must be in
circtit is:

total R: Ir1

where V is the voltage range it is desired to measure.

ShutResi*c

Fig. 3-5. Ertcnding thc range of a milliamnutcr.

Met€tr Resistance (Rx)

Simple Ammeter
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The value of the series resistor required is this total resistance lass the
resistance of the meter (the latter may be negligible in comparisonwith the value
of series resistor required and its likely tolerance-see Chapter 4).

Again, several series resistors may be used, switched into the circuit individu-
ally to provide different voltage-measuring ranges on ttre meter movement, as
shown in the right hand diagram of Fig. 3-6.

DTVIDERS
A voltage divider is yet another example of the practical application of a

voltage dropper. The basic circuit is shown in Fig. 3-7, and since the current flow
through Rl and R2 is the same, tle following voltage values apply:

Vl : source voltage (e.g., battery voltage)

V 2 - V l X R l

vs:ffixnz

l - . .  v l  - - - \
\Note R-t + Rt 

is tlte current flowing through Rt and RZ/.

It follows that by suitable selection of values for Rl and R2, virtually any lower
voltage than Vl can be tapped from points A and B, or B and C (or both). It also
has the advantage that it is not necessary to know the load resistance before
suitable dropper resistances can be calculated. It could thus be a more practical
alternative for the orample described in Fig. 3-4, but connection to a load does, of
course, result in a further drop in voltage.

If the resistance of the load is knovm, tlrcn there is no partictlar problem with a
fixed resistor voltage divider. Calculate the value of R2 (Fig. 3-Z) on the basis of
noloadresistance, tlen subtractthe actualvalue of theloadresistancefromthis
to arrive at the required value for R2. (In the complete tap@ circuit, R2 and ttre
load resistance is effectively in series.)

Voltmeter with Five Ranges

C.onoerting an dmmcter iilo a ooltmcbr.

Anmeter Moqeoeot

snlle Voltnetcr

Fis.34.
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BASIC AC CIRCUITS
As e:rplained in Chapter 2, the voltage and curent flow both alternate in ac

circuits, with the possibility of one leading or lagging the other. Also, it was
intimated that the effective resistance offeredbyresistancecomponentsrnaybe
modified (usually increased) by reactive effects. These effects become increas.
ingly marked as the frequency of the ac incleases, and at radio frequencies are
more pronounced than pure resistance.

It is possible to obtain an ac circuit which is purely resistive, particularly at
lower frequencies, in which case Ohm's law is equally vdid for such circuits as it is
for dc circuits. Ohm's law can also be applied to ac circuits in which reactive
effects are present, but in slightly modified form. These reactive effects are
described specifrcally as reactance and imfedance,

Reactance is the circuit loading effect produced by cafocitors and in&rc'
tances(atrs). trt is measqred in ohms and designated by the symbol L Its actqal
value is dependent both on tlrc component value and the frequency of tlte ac.

In the case of capacitors, capacitive reactance (usually designated &) is
given by:

where f is the ac frequency in llz, C is the capacitance in farads, aadTt : 3.L4L2.
In the case of inductances, ind*ctioe reactatre (usually designated )&,) is

given by:

Xa:ZnfL

where L is the inductance in hen4n

18
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If the ac circuit contains only reactance (i.e., does not have any separate
resistance), then x takes the place of resistance (R) in the ohm's law forrrula:

In practice, reactance present is also usually associated with resistance, the
resulting combination representing the impedance (Z) of. the circuit.

If reactance and resistance are in series:

2:lfrpl

If reactance and resistance are in parallel:

I : E- x

I :2

[r"- ! RtR

Again, impedance (Z) takes the place of resistance in the Ohm's law formula:

These are the basic formulas for ac circuit calculations.

POWER FACTOR
Power factor is something specific to ac circuits, although it is only the resist-

ance in such circuits that actually consume power. This power consumed can be
calculated as tle product of the square of the current flowing through the
resistance and the value of the resistance; i.e., IzR watts. The apparent power in
the circuit is the product of ac voltage and current, correctly specified as volt-
amps.

The ratio of tlre power consumed to the apparent power is called the power
factor, usually e:rpressed as a percentage. If the circuit is purely resistive, then
the power factor is 100 percent (since all the apparent power is consumed in the
resistance). Reactance does not consume power, so in a purely reactive circuit
tlte power factor is zero. TVhen a circuit contains both resistance and impedance
(i.e., reactance), then t]te power factor is always less than 100 percent, its ralue
depending on tlte resistance present.

DC and AC in the Same Circuit
It is quite possible to have both dc and ac flowing in the same circuit. In fact,

this is the principle on which most radio and similar circuits work. The dc is the
basic source of electrical supply, on which rrarious ac currents are superimposed.
The one essential differenceis thatdc can onlyflowthrough a continuous circuit,
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a c + d c

+
a c + d c

€
a c + d c

Fig. 3{.. Flow of ac and dc in a circuit.

whereas ac can pass through components such as capacitors which present a
breakin the circuitto dc. These effects canbe usedto advantagetoisolatestages
in a circuit.

In the type of circuit shown in Fig. 3-8, for example, an input comprising a
mixture of dc and ac is applied to the left-hand side of ttre circuit. If only the ac
component of the signal is required, the dc content can be blocked by a capacitor
(C1). Meantime, the next part of the circuit which has to deal with that signal is
powered by dc from the source supply (say a battery), probably via resistors Rl
and R2 acting as dividers to get the voltages correct for that stage (otler stages
may need different working dc voltages, all coming from the same source). The
output sigrral from this stage tlen consists of a mixture of dc and ac. If only the ac
content is wanted for passing to the next stage, a capacitor (C2) is again used as a
block for dc.

*l
c

Supply
Voltage

n



Resistors
Resistors, as the name implies, are designed to provide some desirable, or
necessary, amount of, resistance to current flow in a circuit. They can also be
used to drop voltages, as explained in chapter B. As such, t.hey are the nain
elements usedin circuit design to arrive at the desired curreotflows andvoltages
tlat work the circuit. Resistors do not generate electrical energy, but merely
absorb it. This energy is dissipated in tbe form of heat. The perforrnance of a
resistor is not affected byfrequency, so it behaves in the samewayin both dc and
ac circuits. (There are exceptions, as noted later.)

Resistors are specified by (a) resistance ralue in ohms; (b) tolerance as a
percentage of the nominal value; and (c) power rating in watts. They are also
categorized by the type of construction.

COLOR CODE
Resistance ralue and tolerance arenormallyindicated by a color code consist-

ing offour colored rings, starting at, or close to, one end (FiS. 4-1). These are
read as follows:

lst ring gives fust digit
2nd ring gives second digit
3rd ring gives number of zeros to put after frst two digits
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Black-0 Yellow-'l Violet-7
Brown-l Green-S GreY-8
Red-z Blue-6 White-g
Orange-3

The fourth colored ring gives t}re tolerance:

silver- 10% tolerance either side of the nominal value

gold-5% tolerance either side of the nominal value

iA-ZW tolerance either side of the nominal value

brown-1% tolerance either side of the nominal value

BramPle;Resistor color code read as brown, blue, orange'

Brown Blue
Value read as 1 6

i.e., 16,000 Q or 16 kQ (kilohms).

Absnce of a fourth ring implies a tolerance of 20 percent'

Certain types of modirn resistors of larger physical size may have letters and

numbers "*f"a on tle body instead of colored rings. With this coding, tle

numbers indicate the numerical value and the following letter tle multiplier,

where:

E : X l
K: X 1,000 (or kilohms)
M - X 1,000,000 (or megohms)

A second letter then gives the tolerance:

M: 20% tolerance eittrer side of the nominal value

K - 10% tolerance either side of the nominal value

J - 5% tolerance either side of ttre nominal value
H:2.5oti tolerance either side d the nominal value

G:2% tolerance either side of tle nominal value
F : 1% tolerance either side of the nominal value

The actual range of (nominal) resistance values to which resistors are made is

based on steps that give an approximately constant Percentage clnnge in resist-

ance from one ralue to the ne:rt-not simple arithmetical steps like 1, 2, 3, etc.

These are based on tle preferred numbers:

22

Orange
000

Fig. Ll. Stsndarit tesistor color cdc marhing.



t, 1.2, 1.5, 1.E, 2,2r2,7,,3.3, 3.9, 4.?, 5.6, 6.E, E.Z, 10, 12, 15, lE, etc.
Thus, for example, a typical range of resistor values would be:

L0,12,15, 19, 22,27,33,39, 47,56,69,92, and 100 ohms
120, 150, 180,220,270,330,390,470, 560, 680 and 820 ohms
L,1.2,1.5, 1.8, 2.2,2.7,3.3, 4.7, 5.6, 6.8, and 8.2 kilohms).
L0,12, etc. kilohms
1, 12, etc. megohms

As a general rule, resistors with a l0 percent tolerance are suitable for
average circuit use. The actual resistance value of, say, a 1 kilohm resistor would
then be anything between 900 and 1,100 ohms. For more critical work, such as
radio circuits, resistors with a 5 percent tolerance are preferred. Closer toler-
ances are not normally required, except for very criticat circuits.

POWER RATING
The physical size (or strape) of a resistor provides no clue to its resistance

value, but can be a rough guide toits power rating.physicalsizes (Fig. 4- 2)range
from about 4 mm long by 1 mm diameter up to about s0 mm long and 6 mm or
more diameter. The former would probably have a power ratngof. Ll2}watt and
the latter possibly 10 watts. More specifically, however, the power rating is
related to type as well as size. A general rule that does apply to power rating,
however, is that while this figure nominal$ represents a safe maximum the
resistor can tolerate without damage, it is usually best to operate a resistor well
below its power rating-say at b0 percent-particularly if components are
crowded on a circuit orthe circuitisenclosedin a case withlittle ornoventilation.

VOLTAGE RATING
Maximum operating voltage also can be specified for resistors, but since tlis is

usually of the order of 250 volts or more, this parameter is not important when
choosing resistors for battery circtits. Resistors used on mains circuits must,
however, have a suitable voltage rating.

Tpes of Construction
Resistor fy'asclassified by construction follow.

--
-

^----
l-l- -

Fig, tL2. Eramples of mdern resistor outlinx (actual sie).
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Carbon Resistors (also called carbon-composition, molded-carbon, and car-
bon rod). Carbon resistors are in the form of a small rod molded from carbon and
a binder, with wire connections at each end. The rod is usually protected with a
paper or ceramic sleeve, or a lacquer coatin$. Carbon resistors are the most
common (and cheapest) type of resistor, and are available in values from 10 ohms
to 22 megohms. Standard types are usually available inl/a,Vt,Yz, L,and?watt
ratings.

It is a general characteristic of carbon resistors that their value remains stable
at normal temperatures, but above 60"C their resistance increases rapidly with
increasing temperature.

Carbon-film Resistors (also known as high-stability carbon resistors). To
make a carbon-film resistor, a thin film of carbon is deposited on a small ceramic
rod. The rod is fitted with metal end caps, to which wire leads are attached. The
body of the resistor is usually protected by a varnish, paint, or silicone resin
coating, but some types may be encased in a ceramic, plastic, or glass outer
coating.

Carbon-film resistors are little affected by temperature changes (theirstability
is usually better than 1 percent) and are also characterizcd by low noise. They are
available in sub-miniature sizes (U20 and U10 watt power rating, and in larger
sizes up to 1 watt power rating. They are a preferred type for radio circuits,
particularly as they have excellent high-frequency characteristics.

Metal-film Resistors. To make a metal-film resistor, a metallic film (usually
nickel-chromium) is deposited on a glass or ceramic rod. A helical track is then
cutin the filmtoproduce the requiredresistancevalue. Metallicendcatsare then
fitted, carrying the wire leads, and the body is protected by a lacquer, paint, or
plastic coating. Stability characteristics are similar to those of carbon-film resis-
tors, but they are more e:rpensive. They are generally produced in miniature
sizes with power ratings from 1/10 watt upwards.

Metaloxide Film Resistore. Construction is similar to that of a metal-film
resistor except that the coating used is a metallic oxide (usually tin oxide),
subsequently covered with a heat-resistant coating. This type of resistor is
virtually impervious to accidental overheating (e.g., when making soldered con-
nections) and is also not affected by dirmpness. Stability is very high (better than
1 percent), and the power ratings are higb for their physical size.

Metal-glaze Resistors. In this type, tlre resistive film deposited on the rod
is a cermet (metal-ceramic); otfierwise, construction is similar to metal-film
resistors.

Film-resistors also can be classified as thich-film or thin-rth. As a general
rule, individual resistors of this type are thick-fiIm. Thick-film resistors are also
made in groups on a small substrate and encapsulatedinintegradedcircuitchips.
Thin-film resistors are made in a similar way, but on a considerably smaller scale
for use in the manufacture of integrated circuits.
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Efiect of Age
All resistors can be expected to undergo a change in resistance with age. Thisis most marked in thlgse of carbon-colnporiu* resistors, wtrere the changemight be as much as 2O-percent in a year or so. In the case of carbon-firm andmet'llic-fikn resistors, trre change s"ido. will be,ooi" tu- " ril pur."nt.

Efiect of High Frequencies
The general effect of increasing frequency in ac circuits is to decrease theapparent value of the r:y:torland the higherthe resistor ,.ru" ii"-i""ter thischange is likely to be. This effect is mosimarked with carbon+omposition andwire-round resistors. carbon-film ana metar-nr,n-resiriil,iirr"""it'ure high_frequency characteristics.

WIRE.WOUND RESISTORS
A wire-round resistor is made by wrapping a rength of resistance wire around aceramic coil. The whole is then covered- wilh a protective coating or film. The

:p".i6g advantages offered by wire resistors are that a wiaerange';varues can
!: eroduced (tyeically from i ohm to soo kitohms) *ith po;;;;; from 1 to50 watts (or up to 225 watts-in "power" types) and tolerances as close as 1percent. They also have exgelelt stability and low noise. Thea disadvantagesare that trey are most costry and also *.uit"ut" for use in,. "i.JL carryinghigh frequencies because their effective varue changes. physicary, theyneed beno bigger than film-type resistors for the same power rating.

VARIABLE RESISTTVE DEVICES
Themost common tlpe of variabreresistive device used inmodern erectronicsil called a potentiomefar. A potentiomet"iis a three.lead resistive device con-sisting of a fixed resistive erement trrat can be swept by a wiper arm. The 6xedresistive element, or trach, may b" circurar r".u"uv r zi6J"g* arc) or astraight line, circular types being the more common.
The resistive element may be-wire-wound, carbon-composition, carbon-fiIm,or metallic-fiIm. The former tlpe is known as a wire.wbund potenuometer.

carbon-track potentiom€ters. are the cheapest (with the same limitations ascarbon-composition resistors), but are available only with ,nJ"ot" powerratings-e.g.,Yr wattfor low resistance ralues-reducing with higher resist-ance values. wire-wound potentiometers usualy have higG po","i'oting, .noare also available in lower resistance varues ttran carbonrtracl potentiometers.
Tolerances are usuallyon the order of r0 percent of 20 percent, futo'"v u",*r,closer with precision potentiometers.

connections should be obvious from Fig. 4-3. Thus, with connections to end r
9f the.tryck and the wiper, length 1 to ck the resistive track is in the circuit.Actual circuit resistance thus can be varied by moving the wiper towards 3(increasing resistance), or toward 1 (decreasing resistance).

The change in resistance cal occur propoiionanyto the actuar rengtrr oftrack involved, or rogarithmeticafu, *n*u trrere is a logarithmic increase in



Potentiometetr

Wipet rr"*
(Turned by lhob)

Fig. H. Potentiometer shown in vhematic form (lefr). Corresponding tcrminal posi-
tions are sluun on thc symbols (ight).

resistance with wiper movement uncovering more track (similar to tlte "stegs"

adopted for standard resistor values). The former is known as a linearpotentt-
ometer and the latter a logpotentiometer. Potentiometers can also have charac-
teristics between tlre two. Note that linear in this description has quite a
different meaning to a linear physical shape of potentiometer. To avoid confir-
sion, it is best to refer to the latter as a slide-type potentiometer.

There is also a class of variable resistors intendedto be adjustedto apartiodar
resistance setting and then left undisturbed. These are known as trim Potenti-
ometers, or just trim pots. They are small in size and more limited in maximum
resistance value-typically from 100 ohms to 1 megohm. They are usually
designed for adjustment by a screwdriver applied to the central screw.

Another type ofvariable resistive device is called a rheostat. A rheostat is a
twolead variable resistor. Rheostats can be created by simplybrpingone end of
the fixedresistance of a potentiometerto its associatedtap. Thus, the potentiom-
eter becomes a two'lead adjustable resistor. Otler tlpes of rheqstats are awil-
able, which are usually intended for high power dissipation. They consist of a
fixed wirewound power resistor with a track of the resistive element exposed. An
adjustable ring makes contact with this track and is permanently locked at any
desired resistance value along tlre traclc

Potentiometers are used specifically in a circuit in which it is necessary to be
able to adjust resistance. A typical example is the volume control in a radio
circuit. In this case the potentiometer can be designed so that at one end of the
track the wiper runs right off the track to break the circuit. Thus the volume
control can also be connected up to work as an on-off switch, using tlis ortra
facility provided.

Another practical example is the replacement of fixed resistors in a voltage
divider by a single potentiometer to make the circuit variable in performance.
Thus, t}re circuit previously described in Fig. 3-7 (Chapter 3) always gives a
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Fig. tU. A Practical adjustable potential dioider.

predetermined voltage at the tapping points (provided the supply voltage re-
mains constant). Replacing resistors Rl and R2 with a potentiometer (Fig. 4-4),
wittr the tapping point taken from one end of tle potentiometer and the wiper,
willgive atappedvoltagethatisfullyvariablefromthefullsupplyvoltagedownto
zero, depending on tle position of the wiper.

In practice, in a variable'voltage circuit of this type, it may be necessary to
leave a fixed resistor in series with the potentiometer to limit the orrent being
drawn in ttre event that the potmtiometer has been adiusted to zero resistance
and the tapped circuit is broken or switched off with the original supply still
connected. Witlout the fixed resistor, the supply is shorted. The value of a fixed
resistor is calculated to limit the current drawn in such a case to a safe level

With afi:red resistorin serieswiththe potentiometer, of course, tie maximum
voltage thatcan be tappedfrom tle potentiometerisequal tothe supplyvoltage
less the voltage dropped by the fixed resistor.

The main thing to watch in such a circuit is that the power rating of the
potentiometer is adequate to accommodate the voltage and current drain in the
tapped circuit. But it has one further advantage over a 6xed resistor potential
divider: When a load is added to the tapped circuit, it adds resistance in that
circuit, causing a further voltage drop. Unless this is allowed for in calculating the
values for the fi:red resistors in a potential divider, the load will receive less than
the design voltage. With a potentiometer replacing the two fixed resistors, its
position can be adjusted to bring the loadvoltage back to the requiredfigure (Fig.
4.5). This considerably simplifies the design of a potential divider where the load
resistance is known only approximately, or not at all

Fig. +5. Tltc fotzntiometcr can b adjustztl to giae required ooltage across tlu load.
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RT R2 R3

Total Resistance - Rl * R2 + R3 + R4

Fig. tt6. Resrsfors in vries-

CIRCUIT RULES FOR RESISTORS
'' Ifr the case of resistances connected in series (Fig. 4-6), the total resistance in

circuit will be tle sum of tle various resistor values; i.e.,

totalresistance :Rl * R2 + R3 +' ' '

In the case of resistors connected in parallel (Fig. 4-7)' the total effective
resistance is given by:

1 1 1 1
n - R t - R 2 - 8 5 T " '

where R is the total resistance.
In tle case of two dissimilar resistors:

Rl R2
K - -

R l + R 2

or remembered as:

R4

total resistance - product of resistor values
sum of resistor vdues

I  _ 1 . 1 * l
totA nesistance Rl 

' 
R2 

' 
R3

%

Fig. +7. Resistors in Parallel.



Capacitors
A capacitor is basically a device which stores an eJytric charge. physicary, itconsists of two metar plates-or a*troa.. ."p"oted by an insurati'g materiar ordielectric.Apprication of.. a. r"rig" .-"Jirrg napacitor produ.ur-, a"fi.iun.yof electrons on tre oositiyg pr.r" ria "-ilt'of erectrons on tre negative prate(Fig. 5-l). This diffLrenua...rrut"tioi}"r".t ons represents an erectricar
ffii,ft"Yr1*rt$:i 

up a certain tuvet tJepenoing "" t[";;il6 and then
As far as dc is concerned, the insulator acts as a bluhing deienfor currentflow (atthough trrere is a certain tt-.luni.rr.rging current which stops as soonas the capacitor is frrtv charged). rn trr"-.iJorac applied to the capacitor, trre

lfo-ry: up duringone r,"[.y.r"u"."i". reversed on trrc second harf of trecycle' so that effectively the capacitor "onou.6 current through it as if the
f$y. 

did not exist. fhus, ..i;;;.;;;cerned, "."p."ito?i. a coupring
There are scarcely any electronic circuits carrying ac which do not incorporateone or more capacitors, ei_ther for coupring or shaping trr" o'.on-i"qu"n"yresponse of the netwolk. In the tattei?i,-a capacitor is associated with aresistor to form an RC cornbination GJtiiapter.6). The charge/dischargephenomenon associated_wittr *pr.i-t-")" *.],"* be used in otfr", typ"* orcircuits (e'g', trre photo-graphic "r*troni"il'.r, is-operated by the charge andsubsequent discharge of a capacitor ttiggurJat the appropriate moment).

Fo
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a ?

Fig. 5-1. Illustrating how a capacitor ktikls up d charge wlpn connected to a dc
ooltage, ttoching current fow.

Like resistors, capacitors may be desigrred to have fixed values or be rrariable
in capacity. Fixed capacitors are the main building blocks of a circuit (together
witl resistors). Variable capacitors are mainly used for adjusting tuned circuits.

FD(ED CAPACITORS
Fixed capacitors fall into two main categories: non-polarizd capacitors, and

polarized or electrolyticcagacitors. The main thing which determines the type of
capacitor is the dielectric material used.

Non-polarized capacitors consist, basically, of metallic foil interleaves witlt
sheets of solid dielectric material, or equivalent construction. The important
thing is that the dielectric is ready made before assembly. As a consequence, it
does not matter which plate is made positive or negative. The capacitor works in
just the same way, whichever way it is connected in a circuit, hence the descrip
tion "non-polarized." This is obviously convenient, but this form of construction
does limit ttre amount of capacitance which can be accommodated in a single
package of reasonable physical size. Up to about 0.1 microfarads, the package
can be made quite small, but for capacitance values much above I microfarad, tle
physical size of a non-polarized capacitor tends to become excessively large in
comparison with other components likely to be used in the same circuit.

This limitation does not apply in the case of an electrolytic capacitor. Here,
initial construction consists of two electrodes separated by a thin film of elecfuo
bte. Fs a final stage of manufacture, a voltage is applied across the electrodes
which has the effect of producing a very thin film of nonconducting metallic oxide
on the surface of one plate to form the dielectric. The fact that capacitance of a
capacitor increases the thinner the dielectric is made means that very much
higher capacitances can be produced in smaller physical sizes. The only disad-
vantage is that an electrolytic capacitor made in this way will have a polarity
corresponding to the original polarity with which the dielectric was formed, tlis
correct polarity being marked on tlre body of the capacitor. If connected tbe
wrong way in a circuit, the reversed polarity can destroy the dielectric flm and
permanently ruin the capacitor.

There is also one other characteristic which applies to an electrolytic capaci-
tor. A certain amount of unused electrolyte remains after its initial forming. This
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acts as a conductor and can make the capacitor quite leaky as far as dc is
concerned. This may or may not be acceptable in particular circuits.

NONPOLARZED CAPACITOR TI"ES
various types of construction are used for nonpolarized capacitors, most of

which are easily identified by the shape of the capacitor-see Fig. s-2. There is
no need to go into detail about the actual constructions. Their specific character-
istics are important, though, as tlese can determine the best tpe to use for a
particular application.

Paper Dielectric capacitors. Generally recognizable by their tubular
form, are the lest expensive but generally bulky, value for value, compared with
more modern types. Their other main limitation is that tley are not suitable for
use at frequencies much above 1 MHz, which virtually restricts their application
to audio circuits. They are generally available in varues from 0.0b pF up to I or
2 pF, with working voltages from 200 to 1,000 volts. Plastic-impregnated paper
dielectric capacitors may have much higher working voltages.

ceramic capacitors. Now widely used in miniaturized audio and rf circuits.
They are relatively inexpensive and are available in a wide range ofvalues from
1 pF to 1 pF with high working voltages, and also characterized by high leakage
resistance. They are produced in both discs and tubular shapes and as metallized
ceramic plates.

silver-mica capacitors. More orpensive than ceramic capacitors but have
excellent high-frequency response and much smaller tolerances, so are generally

^mmf/ "fr N s
n -r'x
\l-M I' f  t  c  H

A-Ceramic Dsc F-Tantalum Bead
B-Gramic Ptate G-Electrolytic(Polarizcd)
C-SilveredMca H-Non-PolarizedElectrolytic
D-Polystyrene J-Plug-InType(Sienens)
E-Polycarbonate

Fig, &2. Erample^s of modern capacitors

H
F
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regarded as superior for critical applications. They can be made with very high
working voltages.

Polystyrene Capacitors. Made from metallic foil interleaved witl polysty-
rene film, usually with a fused polystyrene enclosure to ensure high insulation
resistgrce. They are noted for their low losses at high frequencies (i.e., low
induptafce and low series resistance), good stability and reliability. Values may
range from l0 pF to 100,000 pF, but working voltage generally falls substan-
tially with increasing capacitance (e.g., as low as 60 volts for a 100,000 pF
polystyrene capacitor).

Polycarbonate Capacitors. Usually produced in tlte form of rectangular
slabs with wire end connections designed to plug into a printed circuit board.
They offer high values (up to I pF) in very small sizes, with the characteristics of
low losses and low inductance. Like polystyrene capacitors, working voltages
become more restricted with increasing value.

Polyester Fitm Capacitors. Also designed for use with printed circuit
boards, with values from 0.01 1B up to 2.2 pF. Value for value they are generally
larger in physical size than polycarbonate capacitors. Their low inherent induc-
tance makes them particularly suitable for coupling and decoupling applications.

Values of polyester film capacitors are indicated by a color code consisting of
five color bands (see Fig. F3).

Mylar Film Capacitors. A general-purpose film type, usually available in
values from 0.00f pF up to 0.22 1$, with a working voltage up to 100 volts dc.

ELECTROLYTIC CAPACITORS

The original material used for electrolytic capacitors was aluminium foil,

together with a paste electrolyte, wound into a tubular form with an aluminum
outer cover, characterized by dimpled rings at one or both ends. The modern
form of aluminum electrolytic capacitor is based on etched-foil construction,
enabling higher capacitance values to be achieved in smaller can sizes. Values

available from I pF up to 4,700 lE (or even larger, if required). Working volt-

ages are generally low, but may range from 10 volts up to 250 or 500 volts dc,
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Working
VoltageCapacitance in pF 3rd Ring dc

1QOLOR Ring Ring and Multiplier Color Voltage

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Grey
White

0
1 1
2 2
3 3
4 4
O D

6 6
t t

8 8
9 9

x 1.00
x

White 3
Yellow 6.3
Black 10
Green 16
Grey 25
Pink 35

x 0.01
x 0.10

Fig. 54, C,olor cdc for tantalum bad capacitors.

depending on value and construction. A single lead emerges from each end, but
singleended types (both leads emerging from one end), and can-t1pes with rigid
leads inone end for plugging into a socket are also available. single-ended types
are preferred for mounting on printed-circuit boards.

The other main types of electrolytic is the tantalum capacitor. This is pro-
duced both in cylindrical configuration with ddal leads, or n tantalumhead
configuration. Both (ana the latter type particularly) can offer very high capaci-
tance values in small physical sizes, within tlre range 0.1 to 100pF. voltage
ratings are generally low; from 35 volts down to less than 10 volts dc.

All electrolytic capacitors normally have their value marked on tlre body or
case, togetler with a polarity marking (* indicating the positive lead). Tanta-
lum-bead capacitors, however, are sometimes color coded instead of marked
witr values. This color coding is shown in Fi g. s-4,while other codes which may
be found on otfier types ofnon-polarized capacitors are given in Fig. F-b.

2nd Dgit
Multiptier \ rst Digit

: }}J1 
Murtiprie.53{'"**' 

w iTffi: q"/
Toterance ll tr*'r*u 

.^,.-..-l 
I

lst Digit 2nd Digit Multiplier
i l |

i l |

Multiplier Tolerance

Fig. 5-5. Aher coding sysbms uvd on capacitars.
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Tolerance of Fixed Capacitore
As a general rule, only silver-mica capacitors are made to close tolerances

(plus or minus 1 percent is usrul). The tolerance on other types of capacitors is
usually between 10 and 20 percent and may be even higher (as much as 50
percent) in the case of alurrinumfoil electrolytics. Because of the widetolerances
norrral with electrolytics, choice of actual value is seldom criticat

VARIABLE CAPACITORS
Variable capacitors are based on interleaved sets of metal plates, one set being

fixed and the other movable. The plates are separated by a dielectric which may
beairora soliddielectric. Movementof onesetof platesdterstheeffective area
of the plates, and thus the ralue of capacitance present.

There is also a general distinction between tuning capaa;i/airsv*d for fre'
quent adjtstment (e.g., to tute a radio receiver to a partiorlar station) and
trimmer caprciforsused for initial adiustment of a hmed circuit. Tuning capaci-
tors are larger, more robust in constnrction and generally of airdielectric type.
Trimmer capacitors are usrully based ona mica orfi}n dielectricwith a smaller
number of plates, capacitance being adjusted by trrning a ceotral screw to rary
thepressurebetweenplatesandmica. Becausetheyaresmallerinsize,however,
a trimmer capacitor may sometimes be used asa hmingcapacitor on a subminia-
ture radio circuit, althougb special miniature hning capacitors are made, de-
signed to mount directly on a printed*ircuit board"

In the case of tuning capacitors, the shape of tbe rnanes determines the manner
in which capacitance charryes with spindle movemeot" Tbese cbaracteristics
usully fall under one of the following descriptions:

e Linear-where each degree of spindle rotation produces an equal change in
capacitance. Tbis is the most usual tne chosen for radio receivers.

o Logaithmic-where each degree of spindle movement poduces a constant

fercentage change n frequncy of a hmed circuil
o 

-Ewn 
freqtu ncy I whseeach degree of spindle movement p&rcs m equal

change in frequency in a tuned circ'uit.
o Squire law- where the change intapacitance is propodional to the quare of'

the angle of spindle movemeot.

BASIC CIRCUIT RI'LES FOR CAPACITORS

The rules for total capacitance of capacitors in series and in paralleltare
opposite to that for resistors. For capacitors connected nseria (Fig. 5-6)' the
total effective capacitance (C) is given by:

-l HHI-- I  - i - '1,-A
Total Capacitance Cl 

' 
C2 

' 
Ci!

a

Fig. ffi. &Pcitors itsriss



Total Capacitance - C1 + C2 + Ci|

FA. e7. Cafacitors in parallel.

l : :+ l+ l+c  c l  ' c 2  ' c 3

or, in tle case of hro dissimilar capacitors

A clcz
ar:f,ffi

In words

total capacitance : product-of capacitances
' sumofcapacitances

Fc capacitors connected in parallet (FiS. $Z):

C -  C l  + C 2 + C 3 +  .  . .

This capacitance efrect, of course, is only apparent in an ac circuiL In a dc circuit a
capacitor simply builds up a charge without passing current. In a practical ac
circuit, a capacitor also orhibits reactance (see Chapter 2), and becarce of its
ao$itruction, may also exhibit a certain amount of. indrctance(see Cbapter Z).

ffi



6
capacitor and RC Circuits
One ofthe principal uses ofa capacitor is as a couplingdevice capable ofpassing
ac but acting as a block to dc. In any practical circuit, tlere will be some
resistance connected in series with the capacitor (e.g., tle resistive load of the
circuit being coupled), This resistance limits the current flow and leads to a
certain delay between tle application of a voltage to the capacitor and the
build-up of charge on tle capacitor equivalent to tlnt voltage. It is this charge
voltage which blocks the passage of dc. At the same time, tbe combination of
resistance with capacitance, generally abbreviated to RC, acts as afilterapprbb
of passing ac frequencies, depending on the chargedischarge time of the capaci-
tor, or the time consfuntofthe RC combination

TIME CONSTANT
The formula for calculatirrg the time constant (t) is quite simple:

t  -RC

where:

t : time constant in seconds
R - resistance in ohms
C: capacitance in farads

fi



0t can be noted that the same numerical ralue for T is given if R is in ohms and C
in farads, but megohms and microfarads are usully much more convoient
units.)

The time constant is actually the time for the voltage across the capacitorin
an RC combination to reach 63 percent of the applied volt4ge (this 63 percent
foure is chosen as a mathernatical convenience). The voltage acK)ss the capaci-
tor goes on building up to almost (but never quite) 100 percent of the applied
roltage, as shonm in Fig. Gl.

T\e time+onstantfador rcfers to the duration of time in terms of the time
ftctor; e.g., at I (which rs the time factor of the RC combinations) 63 percent
full voltage has been built up, in a time equal to 2 times the time consbnt, 80
percent full rcltage; and so on. After a time constant of 5 the full (almost 100
percenD voltage has been built up across the capacitor.

The discharge characteristics of a capacitor take place in essentially the b
yerce mantrer; e.g., after a period of time equal to tle time constant tbe voltage
across the capacitor bas dropped 100 - 63 - 37 percent of the full volt4ge and
so orl"

In theory, at least, a capacitor never charges up to full applied voltage; nor
does it fully discharge. In p'ractice, full charge, or complete discharge, can be
considered as being achieved in a period of time equal to five time constants.
Thus, in the circuit identified with Fig. G2, closing switctr 1 produces a fdl
charge on ttre capacitor in 5 times time constant seconds. If $ritch 1 is now
opened, the capacitorthenremainsina conditionof storingavoltageequiralent
to the original applied voltage, holding this charge indefnitely if there is no
internal leakage. In practice, it very slowly loses its charge, as no practical
capacitor is perfect, but for some considerable time it remains effectively as a
potential source of full*tnrge voltage. If the capacitor is part of a high-voltage
circuit, foroanple, itisreadilycapable of givinganelectricshoc.kif touc.hedfor
some time after the circuit has been switched off.

To complete the cycle of chargedischarge as shown in the seconddiagramof
Fig. &1, switch 2 is closed, when the capacitor discharges through the associated
resistance, tahng a finite amount of time to complete its discharge.

0 1 2 3 { 5 0 1 2 3 4 5
Tim Coostatrt Fact6 Tiuc Costeat Factc

FA. eL. Penentage odtage aclor* calacitor nlated to tittu ubn bing cluryed (W
anddialurge (ighil.

tr



Time Constant Factor TLnc Cortrnt Frctr

Fig. 62 Closing wihh 1 allous caluitor b clwrgc igltt up in a tisu c.qul b 6 ritu
cmstants It thcn tahos a similar priod to dinlurye fil$ throrgh a ld rcifur tfrcs
witch2isclovd.

Figure &3 shows avery simple circuit thatworksonthisFinciple.It coosists
of aresistor (R) and capacitor (C) connectedin seriestoasource ddcvoltage. Ar
a visual indication of ttre working of the circtit, a neon lamp is connected in
parallel with the capacitor. The lamp representsa virtully opencirctit until its
threshold voltage is applied, when it imnediately conducts current like a low
resistance and glows (see Chapter 10 for more about neons). Tbe voltage souroe
for this current must therefore be above tbat of the neon tum-on volt4ga

When this circuit is switched on, the capacitorstarts tobuiH up a c.harge ata
rate dependfuig on tle time constant of R and C. Tbe lamp is fed by voltage
developed acr$s the capacitor. Once this reaches the turnon voltqge d ttre
hmp, the lamp switches on and causes the capacitor to disc.harge tlrowb the
neon gas, causing it to glow. Orce the capacitor has discharged, no m6€ qrrrent
flows through the lamp and so it switcbes off again util the capacitor has built up
another charge equivalent to the turnon voltage, when it dischargea throwh the
lamp, and so on. In other words, the neon lamp will flash at a rate determined by
the time constant of R and C.

Using the component values shown, tbe time constaot for tle cirqdt iss

t - 5 (megohms) x 0.1 (niaoftrads)
- 0.5 seconds

Fig. ffi. Sinple neon foshcr circuit (notc the qnbl lor a ,wrr lanfu). Ttu oalucE of
the rcsisbr (R) and ca!rcitor (C) detemiw thcfoshing rate.

I



This isnot necessarily the actual flashingrate of the circuit.It maytake aperiod
of more than one time constant (or less) for the capacitor voltage to build up to

the neon turn-on voltage-more if the turn'on voltage is greater than 63
percent of the supply voltage; less if the turn'on voltage is less than 63 percent of

the supply voltage.
It atso iollows that the flashing rate can be altered by altering the vdue of R or

C, either by substituting different values calculated to give a different time

constant, oi wittr a paraUit-connected resistor or capacitor. Connecting a similar

value resistor in parallel with R, for example, would double the flashing rate
(since paralleting iimitar resistor values halves the total resistance). Connecting

a similar value capacitor in parallel with c halves the flashing rate.
This type of ctcuit is known as a relaration osillator. Using a variable

resistor for R it can be adiusted for a specific flashing rate. It can dso be extended

in the form of a novelty lighting system by connecting a series of RC circuits, each

with a neon lamp in cascade, each RC combination with a different time constant
-Fig. &4. Thi; produces random flashing of t11e neons in tle complete circuit.

CAPACITORS IN AC CIRCUITS

As far as ac is concerned, the fact that the applied voltage is alternating means

that during one half cycle the capacitor is effectively being charged and dis-

charged with one direction of voltage; and during the second half of t]1e ac cycle,

ctrariea and discharged with opposite direction of voltage. Thus, in effect, ac

uottaie. pass *nough ttre capacitor, restricted only by such limitationsas may be

appffr Uv tfre RC time constantwhich determines what proportion of the applied

niit"g" is Uuitt up and discharged t}rough the capacitor. At the same time, the

."p.Jitot offers a certain opposition to the passage of ac through reactance (see

Ciiipt* 3), although this does not actually consume power. Its main influence is

on frequency response of RC circuits.

SIMPLE COUPLING
Coupling one stage of a radio receiver to the next stage via a capacitor is

common designpractice. Although the capacitance is apparentlyused onitsown,
it is associated with an effective series resistance represented by the load ofthe

Fig. &4. Random casade fla.slpr circuit.
rardom orfur.

Any numfur of lamps can be connecbd in this way and will fash in



stage being fed-Fig. &5. This, together with the capacitor, forms an RC
combination which has a particular time constant. It is important tlat this time
constant matctres the requirements of the ac signal frequenclbing passed from
one stage to the other.

In the case of AM radio stage, the ma:rimum signal likely to be present is
10 kIIz. The cycle time of such a signal is U10'000 - 0.1 milliseconds. How-
ever, to pass this frequency each cycle represents two charge/disc;harge func-
tions asfarasthe couplingcapacitoris concerned, one positive andone negative.
Thus the time period for a single charge/discharge function is 0.05 milliseconds.

The RC time constant necessary to accommodate this application must be a
value capable of passing 63 percent of the applied ac voltage-and preferably
more tlnn 63 percent of the applied voltage.

These figres can give you a clue as to the optimum ralue of the coupling
capacitor to use. For example, the typical input resistance of a low power
transistor is of the order of 1,000 ohms. The time constant of a matching RC
coupling would be 0.05 milliseconds (see above), giving the requirements:

f
t : R C . ' . C : =

t(

-9W
1 X  l d

:0.05 x 10-5
:0.05 pF

(or higtrer, since this would ensure more than 63 percent voltage passed).
In practice, a much higher capacitance wlue would normally be used; even as

higb as lpF or more This usually gives better results, at the expense of
efficiency of ac (in tlis case rf) transrnission. (An apparent contradiction, but it
happens to work out that way because the load is reactite rather than purely
reistive.) What the simple calculation does show is that capacitive coupling
becomes increasingly less efrcient with decreasing frequency of ac signal when
associated with practical values of capacitors used for coupling duties.

FILTER CIRCUITS
A basic RC combination used as afllarcirczitis shown in Fig. &6. From the

input side, this represents a resistor in series with a capacitive reutance,witha

Copling
C.Fcit6

Fig. ffi. fusic f*tution of a coufling capacitor is b W o signals ad tlu* dc
dgnals. It ab lases uwlulating dc signals

4)
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FiS. 6$. fusie filter circuit. It Huhs rc fnquncies highcr tlvn the ilbtfnq.cnct of
thc coabination of R and C,

voltage drop across each component. If the reactance of the capacitor ()b) is
much greater than R, most of tle input voltage appears across the capacitor and
tlus the output voltage approaches the input voltage in value. Reactance is
inversely proportional to frequency, however, and so with increasing frequency
the reactance of the capacitor decreases, and so does the output voltage (an
hcreasing proportion of tbe input voltage being dropped by the resistor).

As far as effective passage of ac is concerned, tlere is a critical frequeocyat
wbich the reactance component becomes so degraded in value tlat such a circuit
st rts to become blocking rather than conductive; Le., tle ratio of voltqd/volt%
starts to fall rapidly. This is shom in simplified diagrammatic form in Fig. C7.
The critical point, known as the roll-off point or catotr freqaenq (4), is given by:

where:

f - I
.. 

2nRC

R is in ohms
C is in farads
z- 3.1416

0dB
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But RC, as noted previously, is egual to the time cmsknt dthe RC ombinatio.
Ilence:

. t\ :m
where T irs the time constant, in seconds.

The perforrnance of such afilter is defined by its cutofr frequency andtherate
at which the volts5/volts"n ratio falls above the cutoff frequency. The latter ic
normally quoted as (so many) dB per octave (or each doubling dfrequency) (see
Fig. e8) which shows the relationship between dB and voltqbfrcttsd ratio, and
also the tnre form of thefrequency response ctree.

IOW.PASS FILTDRS
Circuits d this type are ealled lowlass filtersfuu* they pass sg siguts

below the @crrt-off frequency with little or no loss or atbntutios e Jgnal
streryth" with signls above the cutoft frequency, there is increasing atteotn-
tim. suitable component rnalues are readily calcnlated" For examplg a typical
sratch filbrassociatd with a record player or amplifier wonH be designed to
attmuate frequencies above, say, l0 kHz-Fig. Gg. This ralue represenrts the
oilofr frequency required; i.e., Any combination d R (in obns) ad C (in hrads)
giying this prodrct rnalue could be r$ed.

EIGtr.PASS FILTERS
High-pass filters work the other way around. They attenuate frequencies

below the ortoff frequency, but pass frequencies at and above the cutofrfre

>. \

Ro[offpointor 
I

cutoff trequency
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\

\
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Resistor (R)

low-Pass Filter

Fig. &9. simplc vrahh filtcr citcuit. Any combination of comfionent aarues giaing a
lraduct of RC - 7ffi0 will worh.

quency with no attenuation. To achieve this mode of working, the two compo-'
nents in the circuit are interchanged (Fig. 6-10).

This type of filter is again commonly associated with record player circuits,
incorrporated to eliminate low-frequency noise or "rumble" which may be
present. The desiglt cutofffrequency must be low enough not to interfere with
bass response, and so the value chosen is usually of the order of 15 to 20llz.
Exactly the same formula is used to determine the cutoff frequency, hence,
using a desigr ralue of 20llzz

RC: 125

Again, any combination of R (in ohms) and C (in farads) grvins a product of.l'25
would work.

High-Pass Filtctr

FA. 6n. Rteh[ High-tdss or ntmble filters cut of low lreqrencies fut pass high
frequencies. A typical aalrc for the lroduct RC in this cav would b 125.

,r-#'.,J�i

Capocitor (C)



ln practical circuits, such filters are normally inserted in the preamplifier
stage, or in tlre amplifier immediately in front of the tone control circuit. For hi-fi
systems, the type of filter circuits used are considerably more complicated than
the ones described.

For more advanced filter designs, see the appendix.

tU



Coils and Inductances

magnetic field. This creation of magnetic energy represents a powerloss during
the time that field is being created, which is measurable in terms of a voltage drop
9r bach emf, This is quite different (and additional) to the voltage drop produced
by the resistance of the conductor, and disappears once stabli conditions have
been reached. Thus, in a dc circuit, the back emf tends to prevent the curent
rising rapidly when the circuit is switched on. once a constant magnetic field has
been established, tre back emf disappears since no further "n*gy is being
extracted from the circuit and transferred to the magnetic field.

In the case of an ac circuit, the current is continuallychanging, creating a back
emf which is also changrng at a similar rate. The value of the back emf is
dependent both on tlre rate of change of current (frequency) and to a factor
dependent on the form of tle conductor which governs its inductance. Induc-
tance is tlus another form of resistance to ac, generated in addition to the pure
resistance.

Every conductor has inductance when carrying ac, although in the case of
straight wires this is usually negligible (except at very high frequencies). If the
wire iswound in theform of a coil, however, itsinductanceisgreatlyincreased.If
the coil is fitted with an iron core, then its inductance is even highei for tlre same
number of turns and coil size.

TVith the ac flowing through t}re coil, tlre "resistive" condition established is
not as drastic as may appear at first sight. The polarity of the back emf is always



such as to oppose any change in current. Thus while the current is increasing,
work is being done against the back emf by storing energyin the rnagnetic field.
On the next part of the current cycle when the curent is falling, tle stored
energy in tlte magnetic field returns to the circuit, tlrus tending to keep the
current flowing (see Fig. 7-1). An inductance, in fact, may be a very good
conductor of ac, especially when combined with a capacitor rn a tuned circuit
(see later). On the otler hand, it may be designed to work as a resistive compo-
nentot chohe.

The inductance of a single-layer coil, wound with space between adjacent turns
can be calculated from the formula:

L -
R2 N2

9R + 10L

where:

L is the inductance in microhenrys
R is the radius of the coil in inches
N is the number of turns
L is the length of the coil in inches.

Written as a solution for the number of turns required to produce a given
inductance with R and L predetermined:

@lo[,)xL' - :1- l -

This formula applies regardless of the actual diameter of the wire used (also, it
does not matter whetler bare wire or insulated wire is used), provided ttre coil
diameteris muchlargerthanthewire diameter. Forpracticalsizesof wiresused
for coil winding, this means a minimum coil diameter of at least 1 inch (25 mm).

+
I
E
a

(J

switchoo 
Time -*

Fig. 7'1. fuch emf induced in a dc circuit on xtitching on erists on\t momcntarig. In
an ac circuit, thc fuch emf is continually changing.
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For smaller diameter coils, the wire size has an increasing modifying effect on
the actual inductance, and even the length of leads at the ends of the coil can
upset the calculation. Thus such coils are normally designed on empirical lines
(i.e., basedona specifiednumberof turns of agivensize of wireknowntoproduce
a given inductance when wound on a specific forrr diameter).

In practice, small coils are normally wound on a form intended to take an iron
core. The position of this core is adjustable, relative to the wound coil, by
screwing in or out. Thus t}e actnal value of inductance can be raried for tuning
purposes (Fig. 7 -2, left).

Alternatively a pot core may be used where the coil is wound on a form or
bobbin, subsequently enclosed in an iron housing. Provided the siecific iniluc-
tanceof. the pot core is known (it is usually specified by the manufacturer), the
number of turns (p) to be used for the winding can be calculated with good
accuracy from the formula

t=
N :  - / 3

Y A "

where L is the inductance required, and A" is the quoted specific inductance of
the pot core in the same units as L. .

Practical values of inductance used in electronic circuits may range from
microhenrys (in medium and high frequency circuits) to millihenrys (in low
frequency circuits), up to several henrys for chokes in power supply circuits.
Normally, an inductance will be wound from the largest diameter enameled wire
it is convenient to use (and still get the required number of turns on tlte form or
bobbin), because this will minimize obmic resistance and tlus improve tle effi-
cimcy or &factarof. the coil

RESONANT CIRCUITS
A coil (inductance) and a capacitor connected in series across an ac supply has

the very important characteristic that it is possible for the reactive effect of one
to cancel out tle reactive effects of the other. Thus in the demonstration circuit
shown in Fig. 7-3, L is the inductance, and C the capacitor connected across a
source of ac, the frequency of which can be varied. A resistor (R) is shown in
series with L and C, as an inevitable part of a practical circuit.

If the ac supply is adiusted to a low frequency, the capacitive reactance will be
very much larger than R, and ttre inductive reactance will be much lower than R

ffig
ffi

Eg
E

Fig. 7-2 Coilform (lcfi) and tot con^c (rieht)-
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Th€oretical Cirqrit Practical Eqrdnkrt

Fig. 74. Components which mahe a resnant circait.

(and thus also very much lower than the capacitive reactance). See Cbapter 3 for
the formulas for capacitive and inductive reactance, and how tlese values are
dependent on frequency.

If the ac supply is adjusted to a high frequency the opposite conditions will
apply-inductive reactance much larger than R, and capacitive reactance lower
than R and L. Somewhere between these two e:rtremes there is an ac frequency
at which the reactances of the capacitance and inductance are equal, and this is
the really interesting point. I[hen inductive reactance (X") equals capcitive
reactance (Xc), the voltage drops actoss tiese two components will be equal but
7& degrees out of phav. This means the two voltage drops cancel each otler
out, with the result that only R is effective as total resistance to current flow. In
otler words, maximum current flows through the circuit, determined only by the
value of R and the applied ac voltage.

![orking under these conditions, the circuit is said to be resnant.Obviously,
resonance occurs only at a specific frequency, which is thus called the resonant
frequency.Its value is given by the simple formula:

. l':ffiLC

where:

f: resonant frequency in IIz
L - inductance in henrys
C - capacitance in farads.

A more convenient formula to use is:

. 106
? : -' 

2nJfr,

wbere:

tt8

f - resonant frequency in kilohertz (kIIz)



L - inductance in microhenrys (pH)
C: capacitance in pico farads (pF).

Note that tlre formula for resonant frequency is not affected by Ly resistance (R)
in the circuit. The presence of resistance does, however, affect the eualityfactor
or 0 of the circuit. This is a measure of how sharfgthecircuit can be tuned to
resonan@, the higher tlle value of Q the better, in this respect. The actual value
of Q is given by:

where X is the reactance in ohms of either the inductance or capacitance at the
resonant frequency (they are both the same, so it does not matter which one is
taken) and R is the value of the series resistance in ohms.

The practical resonant circuit (or tuned circuit) is based on just two
components - an inductance and a capacitor. Some resistance is always present,
however. At low to moderately high frequencies, most of tltis resistance comes
from the wire fromwhich the coil is wound. At verymuch higherfrequencies, the
najority of the resistance may come from the frequency energy loss in the
capacitor.

TUNED CIRCUITS
The combination of an inductance and capacitance in series is the standard

Iorm of. tuned circuitu#nalmost every radio receiver. Figure z-4 illustrates a
tuned circuit with the inductor and capacitor in a parallel configuration. The
impedance (Z) of this circuit is opposite in effect to the circuit shown in Fig. Z-3.
As previously discussed, when tlte resonant frequency is applied to ttre circuit
shown in Fig. 7-3, the circuit current is at its highest (meaning its impedance is at
minimum). The circuit illustrated in Fig. 7-4 presents its highest impedance at its
point of resonance.

Fig. 74 TheoreticaQ, on$ a capacitor and indrctance are inoobed in a resnant
circuit. In practice, snc resistance is alway frexnt as uell.

o : *

Theoretical Circuit Practical Equivdent



To make the circuit tunable over a range of resonant frequencies, either
component can be a variable type. The usual choice for antenna circuits is to
make tlre capacitor variable. In practice, tlte coil may also have variable charac-
teristics. It is usudly wound on a sleeve fitted on a ferrite rod, and capable of
being moved up and down the rod, providing a means of varying tlre effective
inductance. Once an optimum position has been found for the coil, it is cemented
to the rod. ln other words, the variable characteristics of the coil are used onlyfor
initial adjustment. After that, all adjustment of resonant frequency, or tuning, is
done by the variable capacitor.

To assist in selecting suitable component values, the resonant frequency
formula can be rewritten:

LC:
1012

4n2 f2

where L is in mictohenrys, C is in picofarads, and f is the frequency in kIIz.
Maximum values of variable capacitor used are normally 300 pF or 500 pF.

The working formula for calculating a matching inductance value is:

L(microhenry n: #

Asanexample, suppose the tuned circuit istobe designedto coverthemedium
waveband, or frequencies from 500 to 1,600 kHz; and a 500 pF tuning capacitor
is to be used. It follows from the resonant frequency formula that ma:rimum
capacitance will correspond to the lowest resonant frequency (with a fixed
inductance), which in this case is 500 kHz. lnserting tlese values in tle working
formula:

L(microhenrysr:Z;#, *

:200

Now check the resonant frequencywhen the capacitor is turned to its mini-
mum value (which will probably be about 50 pF, associated with this value of
inductance:

F M

: 1,600 kIIz
4nz X200X50

50

This shows that a 50-500 pF variable capacitor will tune the circuit from



Fig. 7-5. A series-rennant circuit. Tlv impedance across tlrc tcrminab
of tlu circuit b wry lou at the frequency of rennance; at thc connection
btween tlv capacitor and inducta4 the imfodance is wry higrL Thc
cafrcitor is usual$ the oariablc elcment in this anangement

1500 kHz (the highest frequency), down to 500 kIIz satisfactorily. In other
words, it covers ttre whole of the medium wave broadcast band.

If the final results achieved in the circuit do not provide quite tlre coverage
required (for example, a station near one end of the band is not picked up) then
there is stillthe possibilityof shifting the freguency ooverage inone directionor
the other by adjusting the inductance (i.e., sliding the coil up or down the ferrite
rd).

There are otler type of tuned circuits which normally require adjustment only
when initially setting up. These normally employ a tunable inductance (e.g., a coil
wound on a form with an adjustable powdered-iron core). Such circuits may also
be tuned by a trimmer capacitor, or both a trimmer capacitor and tunable
inductance. The latter combination provides double tuniqg.

SERIES.RESONANT CIRCIIITS
Anottrer arrangement of the coil-capacitor combination is to connect them in

series (Fig. 7-5). This producesa series-resonantcraitwherein the reactances
of the coil and capacitor are again equal but opposite. The difference is that it
presents a low impedance at the terminals of the circuit (top and bottom). This
lowimpedance has the effect of shunting the ac frequency of resonance out of the
circuit. Frequencies other than the resonant one are not affected by the tuned
circuit, as the off-resonance impedance is undisturbed.

A common use for this type of circuit is to remove, or reduce in amplitude, any
unwanted signals, while allowing all others to pass. A popular application of the
series-resonant circuit is in the antenna or rf-amplifier stages ofreceivers, where
it is often called a waoe-trap.It can also be used quite effectively in transmitter
power-amplifier stages to trap unwantedmultiples (harmonics) of tlefundamen-
tal frequency of operation.

RADIO.FREQUENCY CHOKES
A radio frequency choke (rfc) is a coil or inductance so designed that it has a

relatively low ohmic resistance but a very high reactance at radio frequencies. It
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Fig. 74. ?ypical apfuarance of clnhx wound on a ferrite core.

can thus pass dc but blocks high frequency ac when tlte two are present in the
same circuit (Fig. 7-6). ln other words, it really works the opposite to a capacitor
as a circuit element in this respect.

The characteristics of any rfc vary with frequency. At high frequencies it has
characteristics similar to that of a parallel-resonant circuit; and at low frequen-
cies characteristics similar to that of a series-resonant circuit. At intermediate
frequencies, it has intermediate characteristics. The actual characteristics are
relatively unimportant when an rfc is used for series feed because the rf voltage
acrqss the choke is negligible. If used for parallel feed (where the choke is
shunted acros{r a tank circuit), it must have sufficienfly high impedance at the
lowest frequencies and no series-resonance characteristics at the higher fre-
quencies in order to reduce power absorption to a suitable level. Otherwise,
there is a danger of the choke being overloaded and burned out.

Chokes desigred to maintain at least a critical value of inductance over tlre
likely range of qrrent likely to flow through them are called swinging chohes.
They are used as input filters on power supplies to reduce riiple, or residual ac
content. Chokes designed specifically for smoothing ripple, and having a sub
stantially constant inductance, independent ofcbanges in current, are known as
snmthing ch&es.
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Transformers
A transformer consists of two coils so positioned that they have mutual induc-
tance. Thismagrretic couplingeffect can befurtherenhanced bywinding the two
coils on a common iron core (see Fig. &1). The coil which is connected to tlrc
source of supply is called the y' rimary,mdtheother coil is called the wcondary.
In order to transfer electrical energr from primary to secondary, the magretic
field must be continually changrng; i.e., the supply must be ac.

One of the most useful characteristics of a transformer is its ability to step
down (or stepup) ac voltages. The stepdown (or stepup) ratioisproportional to
the number of turns in each coil:

V , = N N r x %

where:

V. : secondary voltage
N, : number ofturns on secondary
\ : number of turns on primary
V, -prinaryvoltage.

The currents ffowing in the prinaryand secondaryfollow a similarrelationship,
but in opposite ratio:

L:Nn/N, x t
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Fig. 8-1. The simple iron+ored transformcr.

where:

l: secondary current

| - nrimaw current

ln other words, a stepdown in voltage produces a step-up in current, and vice
versa.

In practice, there are always some losses due to the resistance of tlte coils and
energy lost in hysteresis and eddy currents in the core (in the case of an iron-
cored transformer), and also from reactance caused by a leak of inductance from
both coils. Thus, the power which can be taken from the secondary is always less
than the power put intothe primary, the ratio of the two powers beingameasure
of. the eftciency of the transformer.

Typically, efficiency may range from 60 percent upwards, but is not necessar-
ily constant. A transformer is usually designed to have its maximum efficiency at
its rated power output. Its actual efficiency figure decreases if the output is
higherorlower. This lossof powerappearsintheformof heat. Thus, overloading
a transformer can both reduce its efficiency and increase the heating effect.
Operatingat reduced output has no harmfuleffect, exceptforreducing efficiency
because the actual power loss (and thus heating effect) is lowered.

TRANSFORMERS AS POWER SUPPLIES

By selecting a suitable turns ratio, a transformer can be used directly to
convert an ac supply voltage into a lower (or higher) ac output voltage at
efficiencies which may be as high as 90 percent lpig. 8-2). There are also
applications where a I : 1 turns ratio transformer is used, providing the same ac
output voltage as tlte ac input voltage, where it is desirable to isolate tlte supply
from the output circuit. All transformers do, ofcourse, provide physical separa-
tion of input and output circuits, but the degree of isolation safety is very muc.h
dependent on the actual construction of tlte transformer.

The more usual power-supply application of a transformer is to stepdown an
ac voltage into some lower dc voltage output. The transformer only provides
voltage conversion. Additional components are needed in the output circuit to
transform the converted ac voltage into a dc voltage.

Two basic circuits for doing this are shown in Fig. 8-3. The first uses a single
diode and provides half-waae ratification,passing one half of eachac cycle as dc
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oftcn drawn in slmbolicFig. &2 stct4owrr ard step-up transformers defined, In fractice, transfotztcrs are
fottl uith bth coils of tlv vme length, regardless of actual turns ratio.

*l Vob
r

and suppressing the other half cycle. The purpose of the capacitor is to maintain
the dc voltage output as far as possible by discharging on each suppressed half
cycle, and for this a large value capacitor is required. Although a very simple
circuit, it has the inherent disadvantage of generating ttrgh peahvolkges and
currents, especiallyif a highcurrentis drawnfromthe output. Also, thedcoutput
is far from smooth. It has a ripple at tlre ac frequency.

Much can be done to smooth the output by adding an inductance or choke and a
second capacitor, as shown in the second diagrarn. These two components work
as a filter (see also chapter 6). The design of the choke has to be specially
matched to tlte requirements, offering low resistance to dc without becoming
saturated, which could reduce its inductance. In particular circuits the inductance
may be a swinging choke, when it is possible to eliminate the reservoir capacitor
c1.

The first diagram of Fig. 84 shows a sinple fulr-wau rectifiercircuit added to
tlte transformer (the secondary of which must be center tapped). For the same
secondary voltage as the half-wave rectifier, the dc output voltage is now halved,
but the current which can be drawn for a given rectifier rating is doubled. The
reservoir capacitor charges and discharges alternately. This produces a
smoother dc supply, but ripple is still present and in tlis case is equal to twice the
ac frequency.

The more usual form of full-wave recffier isthe bridge circuit,shown in the
second diagram of Fig. 8-4. This gives approximately the same no-load voltage as
a half-wave rectifier with the advantage of full-wave rectification and better
smootldng.

2!l0 Volts
ac

Fig. &3. Half-wau rectification of ac.
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Fig. 8.4. Full-waae nctifuation of u.

A practical circuit of this type is shown in Fig. &5. A single high ralue
electrolytic capacitor is used for smoothing. Additional smoothing betrreen
stages fed from such a power supply may be provided by a resistor, associated
with a decoupling capacitor Qike Fig. 8-3). The resistor rralue can dso be chosen
to drop a specific amount of voltage if the previous stage(s) donot require thefrdl
power-supply output voltage.

TRANSFORMERS AS COUPLING DEVICES
Transformers are very useful coupling elements for ac circuits. As well as

providing coupling they can stepup a voltage or current, and even more impor-
tant for imPedance matching. By choosing the proper turns ratio, the imped-
ance of afixed load can be transforned to any desired higher orlowerimpedance,
within practical limits. This can be a particularly important requirement when
coupling transistor radio stages.

For impedance matching, the following relationship applies:

*-,8
where:

Altmat'w! Symbda
f6 BridS! Rccdfa

Fig. &5. Practical power-svpfl1 circuit. A hiSh wluc capacitor is usd. The fur
single com|oneil called a bridge rectifer.
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ac
Output

FiS, e4. The aubtransformer is a singlc fuil-lcrgth coil with a tallittg loint

Zn is the impedance of the tran$ormer looking into ttre primary terminats
z. is the impedance of the load connected to the secondary of tle trandormer

For impedance matching, it is therefore necesvry to design the primary to
provide the required Zo^d select the turns ratio to satisfy the equation

AUTOTRANSFORMERS
An autotransforzaris a one.winding coil with an intermediate tapping poinl

The full length of the coil (usually) forms the primary, and the length of coil
between the tapping point and one end of tlre coil senes as tlre secondary (Fig.
&6). It works on oractly the same principle as a conventional transformer, with
the voltage developed across the output proportional to the turns ratio of this
lengtl ofcoil to the full length ofcoil. The biggest disadvantage ofan autotrans"
former is that it does not provide isolation between the primary and secondary
windings. This can be critical (or even dangerous) in some high-power applica-
tions.
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9
Semiconductors
Resistors, capacitors and inductances are known as passiu components. De-
vices which produce changes in circ'uit conditions by reacting to applied signals
are known as actioe components. The majority of active components used in
modern electronic circuits ue smiconductors, or more correctly put, devices
based on semiconductor materials.

Very simply, a semiconductor material is one which can be given a predomi-
nance of mobile negative charges or electrons, or positive charges or holes.
Current can flow through the material from the movement of both electrons and
holes. This is quite different from the behavior of a normal conductor, where
clrrrent flow is the result of electrons through the material (see Chapter 1).

Semiconductor properties can be given to a strictly limited number of mate-
rials by doping with minute traces of impurities. The two main semiconductor
materials are germaniumand silicon(bothnon-metals or "semimetals"). Doping
can produce a material with either a predominance of .fusitive charges (holes)
resulting n a P-tyfe material; or with a predominance of l\&gtive charges
(electrons), known as m N-$pe material.

This does not become particularly significant until a single crystal (of gerrna-
nium or silicon) is treated with both a P-type dope and an N-type dope. In this
case, two separate regions are formed-a P-region and an N-region. Since tlese
regions have opposite charges there is a tendency for electrons to mirate from
the N-zone to the P-zone, and holes to migrate from the P-zone into the N-zone.
The effect is a cancellation of charges in the region of the junction of the P- and
N-zones, forming what is called a dePtetion layr(Fig.9-1). This layer, which
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P-Dope

ffi.w
lis. s't. Four stages in the constntction of a xmiconductor dide, slnut in simplc
diagrammatic form.

containsnofree electronsorholes, tlenacts as a barrier betweenthep-zoneand
t.he N-zone, preventing any further migration of either erectrons or holes. In
effect, the barrier or depletion layer sets up a potential difference berween the
two regions and the device remains in a stable state until an external voltage is
applied to it.

Figure 9-2 shows what happens when an qrternal vortage is appried to tle
device. In the first diagram, the * voltage is connected to the p-zone. provided
this voltage is sufficiently high to overcome the potential difference setup in the
construction of the device (which may be only a fewtentls of a volt (it willrepel
holes in the P-zone towards the N-zone, and attract electrons in the N-zone into
the P-zone. Effectively, the barrier or depletion layer will disappear and current
will flow through the device. Voltage applied this way is known as/o rward bias.

If the external voltage is applied the other way, as in tre second diagram, t.he
opposite effect is created; i.e., the tlickness ofthe depletion layerincreases, tlrus
building up a higher potential in the device, opposingtheexternal voltage. The
back voltage developed is equal to that of the applied voltage, so no current flows
through the device. Voltage applied this way is known as negatioe bias,

The device just described is a semiconductor diode.lttnsthebasic character-
istic of acting as a conductor when connected to an external voltage one vxay
Gorward bias), and as an insulator when connected the other way (reverse bias).

Diode characteristics are described in some detail later on, but tle same
principles can be applied to e:rplain the worki4g of a transistan

Fonrard Bias Reverse Bias

Fig. 92 Thc tw mdes in which a diode can b operated.
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TRANSISTORS
Basically, a transistor is two diodes placed back-to-back with a common middle

layer, tlre middle layer in this case being much thinner than the otjrer two. Two
confgurations are obviously possible, PNP or NPN (Fig. g-3). These descrip
tions are used to describe the two basic types of transistors. Because a transistor
contains two seperate semiconductor junctions, it is referred to as a bipolar
device, or bifolar transistor,

A transistor has three elements, and to operate in a working circuit it is
connected with two external voltages or polarities. one external voltage is
working effectively as a diode. A transistor will, in fact, work as a diode by using
just this connection and forgetting about the top half. An example is ttre substitu-
tion of a transistor for a diode as the detector in a simple radio. It works iust as
well as a diode because it is working as a diode in this case.

The diode circuit can be given forward or reverse bias. connected with for-
ward bias, as in the first diagram of Fig. 9-4, drawn for the PNP transistor,
current flows from P to the bottom N. If a second voltage is applied to the top and
bottom sections of the transistor, with the samepolaity applied to the bottom,
the electrons already flowing through the bottom N section promote a flow of
current through the transistor bottom-to-top.

By controlling the degree of doping in the different layers of the transistor
during manufacture, this ability to conduct current through the second circuit
through tle resistor can be very marked. Effectively, when the bottom half is
forward biased, the bottom section acts as a generous source of free electrons
(and because it emits electrons it is called the emitter). These are collected
readily by the top half, which is consequently called the collector,but the actual
amountof current whichflows throughthis particularcircuitiscontrolledbytle
bias applied at tle center layer, which is called the base.

Effectively, therefore, trere are two separate working circuits when a transis-
tor is working with correctly connected polarities (Fig. 9-S). One is the loop
formed by the bias voltage supply encompassing the emitter and base. This is
called the 04s, circuit or inlut arcwt The second is the circuit formed by the

FA.A?.
form,

PNP Transistor NPN Transistor

ffi

Constnrction of PNP and NPN transistors, shown in simple diagrammatic



Fis, 94. Bias and svpfll connections ta a PNP transistor shoun diagrammaticalll
(lcfi) and in symbol form (neht).

collectorvoltage supply and all three elements of the transistor. This is called the
collectoretrqitor outputglrcJjlt (Note: this description applies only when the
emitter connection is common to both circuits-known as common emittcr
configuration. This is tlte most widely used way of connecting transistors, but
there are two other alternative configurations-common base and common
collectonT\esame principles apply in the working of the transistor in each case.)

The particular advantage offered by this circuit is that a relatively srnall base
cgrrent can control and instigate a very much larger collector current (or, more
correcdy, a small input power is capable of producing a much larger output
power). In other words, tle transistor worlrs as an amplifier.

With ttris mode of working, the base-emitter circuit is the input side, and the
emitterthroughbase to collectorcircuitisthe outputside. Althoughthesehavea
common path through base and emitter, the two circuits are effectively sepa-
rated by the fact tlat, as far as polarity of the base circuit is concerned, tle base
and upper half of the transistor are connected as a reve6e biased diode. Hence
there is no current flow from the basic circuit into the collector circuit.

For the circuit to work, of course, polarities of both the base and collector
circuits have to be correct (forward bias applied to the base circuit, and the
collector supply connected so tbat the polarity of the common element (the

FtS. g44,. Trtc tw cparatc citeuits inoolutt in olerating a transisbr. Ditz.ctian ol curnnt fuw is for a PNP
tlarrsis/lor..

O{put Cirsuit
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emitter) is the same from both voltage sources). This also means that the polarity

of the voltages must be correct for the type of transistor. In the case of a PNP

transistor, as described, the emitter voltage must be positive. It follows that both

tlte base and collector are negatively connectedwithrespect tothe emitter. The

symbol for PNP transistor has an uurow on the emitter indicating the direction

of. current flow;i.e.,always towards the base. (P for pcsitive, witl a PNP tran-

sistor.)
In the case of an NPN transistor, exactly the same working principles apply but

the polaritiesof both supplies are reversed, Fig. 9-6. The emitter is alwap made

negative relative to base and collector. (N for negative in the case of an |rIPN

transistor). This is also inferred by the reverse direction of the arrow on the

emitter in tlre symbol for an NPN transistor; i.e., cgrrent flow away from the

base.

PRACTICAL DIODES

The typical appearance of a semiconductor diode is shown in Fig. 9-7. The

cathode end is usually marked by a red dot or color band, or a * sign, and also

usuallywith a type number consisting of one ormore lettersfollowedbyfigures.
This identifies the diode by manufacturer and specific model. Specific t1rye num-

bers are usually quoted for specific circuit designs, but many circuits are fairly

noncritical as regards the type of diode used.
Diodes may also be described in more general terrrs by the crystal material

(germanium or silicon), and by construction. Here, choice can be more impor-

tant. C"tt oiurn diodes start conducting at lower voltages t}an silicon diodes
(about 0.2 to 0.3 volts, as compared with 0.6 volts), but tend to have higber

leakage currents when reverse biased, this leakage current increasing fairly

substantial with increasing temperature. Thus, the germanium diode is inher-

ently less efficient as a rectifier than a silicon diode, especially if reverse bias

ctrrent is high enough to produce appreciable heating effect. On the other hand,

a gerrnanium diode is preferred to a silicon diode where very low operating

voltages are involved because it starts to conduct at a lower forward voltage.

The constnrction of a diode governs both its curent{arrying capabilities

Fig. 94. Bias and wpp$ connections to an NPN transistor, sltoum diqramnaticalll
(lefi) and in syttrlu,lic form (right).
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Fig. 97. Alerational charactzrMics of a ffiical vmiconductor diode.

when conducting, and its capacitance effect. The larger the iunction areaof.a
diode, tlte higher tlre current it can pass without overheating-for example, tltis
characteristic is desirable in high-power rectifiers. On tlte other hand, increasing
the junction area increases the readiness with which a diode will pass ac due to
inherent capacitance effects. To reduce this effect to a minimum, a diode can be
made from a single doped crystal (usually N-type), on which the point of a piece of
spring wire rests. The end of this wire is given opposite doping (P-type). This
reduces the junction area to a minimum, such as a diode being known as a
point+ontacf type. It is a favored tlpe for use in circuits carrying high frequency
ac signals, and for this reason is sometimes called a signal diode.

The typical characteristics of a diode are also shown in simple graphic form in
Fig. 9-7. Bias is represented by the voltage applied to the positive side, referred
to as anode wltage. Current flowing through the diode is referred to as anode
current.

With forward bias (positive voltage applied to the anode end of the diode),
ttrere is at first no anode current until the inherent barrier voltage has been
overcome (0.3 volts for a germanium diode, 0.6 volts for a silicon diode-
regardless of the construction of either tne). Any further increase in anode
voltage produces a steep rise of anode current. In practice, it is necessary to limit
this current witl a resistor or equivalent resistive load in the circuit to prevent
the diode being overheated and the junction destroyed.

With reverse bias (negative voltage applied to the anode end of the diode), tlre
only current flowing will be a very small leakage current of the order of mi-
croamps only, and normally quite negligible. This leakage current does not
increase appreciably with rise in (negative) anode voltage, once it has reached its
saturation value.

It will be appreciated that a diode willworkin both a dc and an ac circuit.In a dc
circuit, it will conduct current if connected with forward bias. If connected the
opposite way, it will act as a stopfor currentflow. An example of this type of useis
where a diode is included in a dc circuit-say the output side of a dc power



varying dc
signal.

supply-to eliminateanypossibilityof reverse polarityvoltage surges occurring
which could damage transistors in the same circuit (see Fig. 2&1).

In an ac circuit a diode will "chop" the applied ac, passing half cycles which are
positive with respect to the * end of the diode, and stopping those half cycles
which are negative with respect to * end of the diode. This is rectifieractton,
widely used in transforming an ac supply into a dc output. The same action is
required of a detector in a radio circuit. Here the current applied to the diode is a
mixture of dc and ac. The diode detector transforms this mixed input signal into a

output, the variations following the form of ttre ac content of the

BASIC TRANSISTOR CIRCUITS

The transistor in common-emitter configuration works as an amplifier, as
previously explained. It needs two separate supply voltages-one for bias and
the ot}rer for the collector-but tlese do not necessarily have to come from
separate batteries. Theycanbe providedbya single supply(battery) takentothe
common connection (the emitter) and the collector, and tapping t}te collector
side to apply the necessary forward bias voltage to the base, dropped through a
bias resistor.

A basic amplifier circuit then looks like Fig. 9-8. To make the circuit do useful
work, tie collector current has to be fed through an output load, such as a load
resistor. These two diagrams also show clearly input and output as separate
entities, and can clarify the point about amplification. The power derived in the
output is far greater than that put into the input.

This very simple method of supplying both collector and bias voltages from a
single source is known as current biasing. It needs only one resistor, and it
works. The resistor value is chosen to give a base-emitter voltage of the order of
0.1 to 0.2 volts for germanium transistors; and about 0.6 to 0.7 for silicon
transistors. It is not as stable as it should be for many circuits, however, particu-
larly if a germanium transistor is used, so voltage bias is often preferred (Fig.
e-9).

fl

Fig. 98. Simfle current bias circuits for transistar oforation,



FA. 9-9. Voltage bias circuits for transistor oferation.

With voltage bias, two resistors (Rl and R2) are used to work as a divider. A
resistor (R3) is also added in tlre emitter line to provide emitter feedback auto
matically, to control the bias voltage under varying working conditions. This
latter resistoris also usually paralleledwith a capacitorto provide furtherstabili-
zation (but this may be omitted witl silicon transistors).

Determination of suitable component values is now more complicated since
tlree resistors are involved. The actual base voltage can be calculatedfromthe
following formula:

base v 
R2

oltage: (R1 + RA 
X supply voltage

The emitter voltage is equal to this lessthe voltage between base and emitter
(across the transistor). ln most cases, a voltage drop of I volt in the case of
germanium transistors and 3 volts with silicontransistorsis thedesign aim. The
emitter resistor (R3) also needs to be quite large so that there are minimal
changes in emitter current with any variation in the supply voltage. This can
cause a little re-thinking about suitable values for R1 and R2, for tlre voltage
developed across R3 must be very much greater than the voltage developed by
tlte base current across tlte source resistance formed by the parallelcombination
of Rl and R2.

TRANSISTOR CONSTRUCTION
The original transistors were made from germanium crystals with point<on-

tact construction.Latet types, with considerably improved performance, are of
alloy-junction or alloy4tfusion construction. Silicon transistors are usually
made by the p/azarprocess (silicon planar process). Their characteristics can be
further improved by adopting a modified phnar process described as ePitarial,
basically involving a preliminary process of forming an oriented layer (epitaxial
hyer) of lightly doped silicon over the silicon substrate. The transistor elements
are subsequently formed within the layer rather than witlin the silicon subshate



itself (as in the normal planar process). Epitaxial silicon planar transistors have
superior characteristics for high frequency applications, notable in rf and i-f
circuits for superhet radios.

Gemanium and Silicon Transistorg

Just like diodes, transistors are made from either germanium or silicon crys-
tals. Germanium transistors have low voltage losses but their characteristics are
more liable to vary with temperature, so t}rat tlre spread of characteristics under
which they work in a circuit can be quite wide. They are also limited to a
maximum working temperature of about 100'C.

Silicon transistors are generally more stable and can operate at temperatures
up to I 50 " C or more. They have lower leakage losses and higher voltage ratings,
and are generally far better suited for use in high frequency circuits.

The Shape of Transistors
Transistors come in dl sorts of shapes and sizes. However, the only problem

where a specified type of transistoris to be usedis correctlyidentifying thethree
leads. The position of these can be identified by reference to Fig. 9-10. The most
common lead configuration is in line, with a circular case, when tlre leads follow in
logical order-collector, base, emitter, with the collector lead being more
widely spaced from the middle (base) lead than the emitter lead, looking at the
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bottom of the transistor from where the leads emerge. This does not apply whm
the case is partly circular with one flat side. Here the three leads are equally
spaced and with tle flat side to the left (and looking at the bottom), the lead
arrangement may be bce, cbe, or ebc.

Power transistors are more readily identified by their elongated bottom with
two mounting holes. In t}ris case tlere are only two leads-the emitter and
base-and these are normally marked. The collector is connected internally to
the can, and so connection to the collector is via one of the mounting bolts or the
bottom of the can.

FIELD-EFFECT TRANSISTORS
T\e Field-Efect Transistor(or FET) is really a different type of semiconduc-

tor device tlan abipolar transistor, with characteristics more like a vacuum tube
than a bipolar transistor. Its correct definition is a unipolarkansistor. The way
in which it works can be understood by presenting it in electronic picture form as
in Fig. 9-11, where it can be seen that it consists of a channel of. erfher P-type or
N-type semiconductor material with a collar or gate of. opryite tlpe material at
tlre center. This forrrs a semiconductor junction at this point. One end of the
channel is called the source, and the other end the drain.

An FET is connected in a similar manner to a bipolar transistor, with a bias
voltage applied between gate and source, and a supply voltage applied across the
center of the channel (i.e., between source and drain). The source is thus the
common connection bet'n'een the two circuits. Compared with a bipolar transis-
tor, however, the bias voltage is reversed. That is, the N-gate material of a
Pthannel FET is biased with positive voltage, and the P-gate material of an
N-channel FET is biased witi negative voltage (Fig. 9-12). This puts the two
system voltages in opposition at the source, which is responsible for the charac-
teristically high input resistance of. FETs.

The effect of this reverse bias is to form an enlarged depletion layer in the
middle of the cbannel, producing a pinching effect on the flow of electrons
tbrougb the channel and consequently on the current flow in the source-todrain

"."Gfl
Cbannel Synbol

Symbol for
Insulated Gate

FE"T
N+hannel FET P-channel FET

Fig.911. Consttution offield<fect transistors slnwn in simlle diagrammaticform,
tqether with afProPriate Vnblsfor FETs.
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Fig. 912. fusic bias requirenents for fieldcfect transistars

circuit. If enough bias voltage is applied, the depletion layer fills the whole gate
("shuts the gate"), causing pinch of,when the source.todrain current falls to
znro (n practice nearly to zero, for there is still some leakage). With no bias
applied to the gate, the gate is wide open and so maximum current ffows.

ln effect, then, tlte amount of reverse bias applied to the gate governs how
much of the gate is effectively open for current flow. A relatively small shangg in
gate voltage can produce a large change in source.to-drain current, and so tle
device works as an amplifier. In this respect, a P-channel FET works very much
like a PNP transistor, and an N+hannel FET as an NPN transistor. Its main
advantage is tlat it can be made just as compactin size, but can carrymuch more
power. ln this respect-and the fact that it has a high input resistance, whereas
a bipolar transistor has a low input resistance-it is more like a tube in charac-
teristics than a bipolar transistor. [t also has other advantages over a bipolar
transistor, notably much lower inherent noise, making it a more favorable choice
for an amplifier in a highquality radio current.

The type of field-effect transistor described is correctly called a junction
field-effect transistor, ofIFET. There are othertypes produced bymodifuingthe
construction. The insulated-gate field-effect transistor, or TGFET is self-orplan-
atory. The IGFET has even higher input resistance (because the gate is insulated
from the channel), and is also more flexible in application since either reverse or
forwardpolaritycan be applied to the gate for bias. FETs, of eithertlrye, canalso
be made with two gates. ln this case the frst gate becomes the signal gab(to
which tlre input signal is applied) and the second gate becomes the control gatc,
with similar working to a pentode tube (see Chapter 12).

FETs are also classified by the mode in which they work. AJFET works in the
depletion mode; i.e., control of the extent of the depletion layer, and thus the"gate opening" being by the application of a bias voltage to the gate. An IGFET
can work in this mode, or with opposite bias polarity, in which case the effect is to
produce an increasing "gate opening," dth enhanced (increased) source.to-
drain current. This is called the enhancement mode.

An FET designed specifically to work in the enhancement mode has no channel
to start witl, only a gate. Application of a gate voltage causes a channel to be
formed.

The basic circuit of an FET amplifier is very simple, Fig. 9-13 (with polarity
drawn for a P-channel FET). lnstead of applying a definite negative bias to the
gate, a high value resistor (R1) is used to maintain tle gate at substantially zero
voltage. The value of resistor R2 is then selected to adiust the potential of the
source to the required amornt Positiaetothe gate. The effect is then tle same as
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Fig. 913. fusic FET amplifier circuit. Perfonrance is generally sufierior b tlat of a
bipolar transisbr amplifur.

if negative bias were applied direct to tbe gate. This arrangement is also self-
compensating with variations in source'todrain current. The third resistor, R3,
is a load resistor for the FET to set the design operating current. Capacitor Cl
acts as a conductive path to remove signal currents from the souroe.

Both junction-type (JFET) and insulated gate OGFET) field-effect transistors
are widely used, the latter having the wider application, particularly in integrated
circuits. The metaloxide semiconductor FET, generally referred to as a MO$
FET, can be designat to work in either mode; i.e., as a depletion MOSFET, or
enhancement MOSFET. The former is usually an N+hannel device and the latter
a P-channel device. P-channel MOSFETS working in tlte enhancement mode are
by far the more popular, mainly because they are easy to produce. In fact, an
N<hannel MOSFET can be made srnaller for t]te same duty, and has faster
switching capabilities, and so really is to be preferred for LSI MOS systems (see
also Chapter 13).
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10
Neon Lamps, LEDs,
and Liquid Crystals
NEON LAJI{PS

Many circuits use neon lamps, LEDs, or liquid crystal displays. The neon lampis
a glow lamp consisting of a glass envelope fitted with two separated electrodes
and filled with an inert gas (neon or argon). If connected to a low voltage, the
resistance is so high that the neon provides virtually an open circuit, but, if the
voltage is increased, there comes a point where ttre gas ionizes and becomes
highly conductive, as well as giving off a glowing light located on tlre negative
electrode. If the gas is neon, the glow is orange in color. Argon is sometimes used
as the gas, in which case tlre glow is blue.

The characteristic performance of a neon lamp is shown in Fig. 10-1. The
voltage at which the neon starts to glow is called the initial breakdown voltage.
Once this has been reached and the bulb triggered into firing (glowing), the
voltage drop across the lamp will remain virtually constant regardless of any
increase in current in the circuit. At the same time, tlte area of glow increases
with increasing current, up to the point where the entire surface of the negative
electrode is covered by glow. Any furttrer increase in current then pushes the
neon into an arc condition, where the glow changes to a blue-white point of light
on the negative electrode and results in the rapid destruction of the lamp.

To operate a neon lamp successfully, tlerefore, it is necessary to have enough
voltage for the neon to fire, and, after tlat, enough resistance in the circuit to
limitthe currenttothat whichwillensure that thelampremainsoperatinginthe
normal glow region. Because the resistance of the neon itself is very low after
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Fig. 10-1. Trpical neon lamp construction and clwrocbristic performance

firing, this requires tlre use of a resistor in series with the lamp, known as a
ballast resistor. Typically the firing, or breakdown, voltage may be anything
from about 60 to 100 volts (in some cases even higher). The continuous current
rating is quite low, usually between 0.1 and 10 millianrps. The series resistor
value is chosen accordingly, related to thevoltage of the supplyto whichthe neon
will be connected. In the case of neon lamps to be operated off a 250 volt (mains)
supply, a 2201<{2 resistor is normally adeqrute (see Fig. 10-2). With some
commercial lamps, the resistor may actually be built into tle body of the assem-
blv.

Lacking any specific information on this subject, it can be assumed t}at a neon
lamp has no resistance when glowing, but drops 80 volts. A suitable value for a
ballast resistor can be calculated on this basis related to the actual voltage ofthe
supply to be used, and assuming a safe current of 0.2 milliamps, for example.

For a 250-volt supply, tlre resistor has to drop 250 - 80 - 170 volts. The
current through resistor and neon (in series) is to be 0.2 mA. Therefore:

volts
KesFumce: -

amp.s

L70
0.2 x u1000

:850 kQ, or about I MQ

This should be playing safe with most commercial lamps. If the glow is not very
bright, the value of the ballast resistor can be decreased to operate lamp farther

Fig. 1A2. In a practical circuit, a neon lamp is always connectcd in sries with a
fullost resistor to limit currentfow.

Constant
Voltage
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along the normal glow region. However, the resistance should never be de'

o*irA * .uch ttrit ttre wtrole of the negative electrode is covered by glow; this

indicates that the lamp is becoming overloaded and approaching the arc condi-

tion.: 
Gotner point about the strength of the glow light is that it normally appears

O4iniri'yghtthan in dark. In fact, in complete darkness the glow may be

erritic and/oirequire a higher breakdown voltage to start it. Some lamps have a

minute trace of iadioactiie gas added to the inert gas to stimulate ionization

nraking ttris particular effect unnoticeable.
Because of the constant-voltage characteristics of a neon lamp under normal

grc* *nation , it can be used as a voltage stabilizing device. Thus, in the circuit

iu"*" ir, Fig. ro2, the output tapd from each side of the lamp is a source of

constantvoitage as long as the lampremainsworking inthe normal glowregion'

This voltage ir O" ot" as the nominal breakdown voltage of the lamp'

The use of a neon larnpasafosherin a relaxation oscillator circuit has already

been described (Fig. Gi, Chapter 6). A variation on this is shown in Fig' 10-3'

using a t megohm poteotiomJter as the ballast resistor and two 45-volt or four

iZ{nvonOty U.ttitio as the source of supply. The potentiometer is adjusted

*ttif tU" f.-ir lights. The control is thenturned tle other way untilthe lamp just

go." o"t. fri"ittg the potmtiometer in this position, the lamp should then flash at

iegular interrrals determined by the value of the capacitor'- "An 
adaption of this circuit is shown in Fig. 1G'1, where the circuit is switched

bfa MorL key. Phones can be connected across the point shown to listen into

ift"-tttot " .ig*lr, which are also visible as a flashing light. An ordinary bulb

would work iust as well as a visible indicator (and with a much lower voltage

r.quit"d), Uotinthiscasethe signalswouldonlybeheardas clicks' TViththeneon

Attjustabte ratc flasher circuit.

FiS. 101 Mors codc fosher circuit'
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circuit, tlte actual oscillation of the relaxation oscillator is heard. The time
constant of the circuitis governed bythe rralue of the capacitor andthe settingof
the ballast potentiometer.

A further extension of the use of a neon lamp as an oscillator in a relaxation
oscillator circuit is shown in Fig. 10-5. This is a true signal generator circuit, the
output of which should be audible in headphones or even a small loudspeaker,
witl the tone adjustable by the potentiometer.

Neonflashers can be made toworkinrandomfashion(agarn see Chapter 6), or
sequentially. A circuit for a sequential flasher is shown in Fig. 10-6. More stages
can be added to this circuit, if desired, taking the connection of C3 to the last
stage.

Finally, an astable multioibrator circuit is shown in Fig. 1G7, using two
lamps. These will flash on and off in sequence at a rate determined by Rl and R2
(which should be equal in value) and Cl.

As a general guide to flasher timing, increasing the value of the ballast resistor
or the capacitor in the relaxation oscillator circuit slows the rate of flashing; and
vice versa. To preserve tlre life of a typical lamp, however, the value of ballast
resistor used should not be less than about 100 kQ; and best results in simple
relaxation oscillator circuits can usually be achieved by keeping the capacitor
value below 1 microfarad.

Cl, C2 and C3 tuc All
0.5!F

Fig. 104. &quential foshcr rsing NE-Z miniature neon lamPs (or equiaalent).

I

I ur*rn
I

Fig. 10-5. Simple tone generator basd on an NE-2 miniature neon lamp.
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Fig. 1&7. Astablc multiaibrator circuil erch won fuhing in tun.

LEDs
LED is short for Light-Emitting Diode. This is essentially a two element

semiconductor device where the energt produced by conduction in a specific
direction is radiated as light. The intensity of the light is governed by the current
flowing through the diode. In these respects, LEDs are somewhat similar to neon
lamps, but they light at very much lower forward voltages (typically 1.6 to
2 volts) and can generally draw higher forward curents without burning out
(typically 20 mA). Originally the color of light emitted by IJDs was red, but now
orange, yellow and green LEDs are also available.

Againlikeneon lamps, an LED isinrariablyassociatedwith aballastresistorin
series to limit the voltage applied to the LED and the current flowing throtUhit.
The value of resistor required is:

p- v ' ;vr
l1

where:

Vr:dc supplyvoltage
Vr: rated forward voltage of the LED
11: rated forward curent of the IJD at specified forward voltage

Thus, for operatingoB say, a &voltsupply, atypicalvaluefortheballastresistor
would be (6 - 2)lQ0 x 10-1 : 200 ohms

In the case of an ac supply, a diode is connected in inverse parallel with the
LED and the resistor ralue required is one balf that given by the above formula,
see also Fig. 10-8.

LEDs are often used in groups, such as in calculators, or digital instnrments.
?he most common form is a seven-segment display and associated point, see Fig.
1S9. Suctr a display can light up trunerals from 0 to 9, depending on the
individual segmetrts energized, with or without the decimal point ligbt€d" Dach
segment (or poin0 is, d courre, an individrul LED.

Specific advantages of LEDs are tbat theyrequire onlylow voltages, are fast
switching and can be produced in very snnll si2g6, if required. The most widely
used seven-segment displays, for example, give figures wbich are 0.3 io or
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* Supply
Voltage

Forward Volts Vr

-Or
Common
Earth Line

Fig. 10-8. LEDs are connectcd with a ballast resistnr in seies tn drof the sufufll wltqe in
the nqaind forlusnl wltrye. Note thc qnbol for an LED (lfuN-ntittins diode).

0.5 in. high. Power consumption is relatively low, but an 8digtt seven-segment
display could have a maximum power consumption in excess of 2 watts (e.9.,
SXZX20mAat2vo l t s ) .

This can place restrictions ontheir applications to displays poweredbyminia'
ture batteries, as in digital watches. To provide a reasonable battery life, tlte
display is normally left in open circuit and only switched on for the shod period
when it is required to read the display.

LIQTND CRYSTAL
T\e liquid crysialovercomes this particular power limitation since it can be

actirated by very much lower power (actually a tiny xnotntof, heat, which can be
produced by an equally tiny amount of electrical energy). Also, the display can be
made much larger while still working at mictoscopic power levels, so tlat it can
be left on all the time. The liquid crystal has its disadvantages, however. It is far
less bright than an LED display, and also suffers from dark effect flike a neon lamp
in this respect). Thus to be legible in dim light, the liquid crystal display needs to
be illuminated by a separate light course.

Liquid crystal displays operate with low voltage and low crulent. Curent drain
can be as little as 1 microamp (1419 per segpent. A later development, tln
field+ffect liquid crystal, can work on even lower voltages drawing microscopic
currents (of the order of 300 nA), again making them an attractive choice for
battery-powered displays. The field-effect liquid crystal also has better contrast,
gving a black image on a light background.

One Side of Each
LED Segment has
a Common Connection
(May be * Side or
- Side). Not AI Pins
May be Connected

Seven-Segrnent LED

Ihcimal Point LED

Fig. I0-9. Tyfubal LED rlisflay, as used in calculators. Thc eight LEDs arc intcntally
unnuted h a amnon catWe or common anode fin,
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Other Components
Other types of components likely to be met in electronic circuits are described in
this chapter for easy reference. Many are variations on standard components
previously described, but with different working characteristics. The diode fam-
ily, for example, is particularly numerous.

THE DIODE FATT{ILY
Diodes are used in a wide variety of applications. See chapter g for information

on general purpose diodes.

?.enet Diodes
The Zener diode is a silicon junction diode. When reverse bias voltage is

applied and increased, tlere comes a point where the diode suddenly acts as a
conductor ratler than an insulator. The point at which this occurs is called the
breahdown ooltage(or Zener point). once reached, it remains constant, even if
tlte reverse bias voltage is increased. In other words, once reverse biased to, or
beyond, the breakdown voltage, the voltage drop across the diode remains
constant at its breakdown voltage value, regardless of tle actual current flowing
through the diode.

This important characteristic makes zener diodes particularly useful as a
source of constart dc voltage, or for stabilizing a supply voltage, using the t1rye of
connection shown in Fig. 11-1. A series resistor (R) is necessary to limit the
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Vohage Tapped AcrG Zeo6 D@
Equds Aner &eeldom Vdtry

FA. n-1. A Zener diode, worhing with reoer& bias, breahs dowt at a Wifrc ?lu?a
ooltage, Connated as shown, it can b usd as a autxe olconstant ooltqc suf!L1. Nob
thc qabolfor a Zencr didc.

amount of curent flowing through the diode; othenrise, it could be burned out.
Regardless of the ralue of the input volts, the voltage dropped across the Zen€r
diode remains constant, so any variations in tle input voltage do not affect the
orhut voltage tapped from across theTr,ner diode. This voltage is the break-
down voltage of the diode, which may range from about 2.7 volts up to 100 volts
or more, depending on tle construction of tle Zener diode.If the inputvoltage
falls below the breakdown voltage, of @urse, the Zener diode willstop condrrct-
ing and break the circuit.

Performance of a Zener diode asavoltage-stabilizingdevice is limitedontyby
the power rating, which may be quite low-under 500 mW for the snrall Zrner
diodes, but up to 5 watts ormore inlarger sizes.Its stabilityisalsoaffectedWthe
beating effect of the actual current flowing tlrough if causing a shift in the
breakdown voltage, so the nominally constant voltage €n wry with working
temperature.If thisislikelytobetroublesome(thet}'peof Zenerdiodeusedbasa
fairly higb temperature coefrcient of resistance), then connecting two similar
diodesinseriescangreatlyimprove thetenperaturecoefrcient.Also,thepower
rating is inaeased"

Varicap Diodes
Another special type of diode is the aaricap or oaracton These behave as

capacitorswithahighQ (see Chapter 6)whenbiasedinthe reverse direction, the
actual capacitance value being dependent on the bias voltage applied. Typical
applications are the automatic control of tuned circuits, "electronic tuni4g,"
adircting capacity in the circuit, and thus resonant frequency, in response to
cnanges in signal voltage; automatic frequency control of local oscillator circuits
in superhets and TV circuits; and also as frequency doublers and multipliers
Symbols forararicap are shown in Fig. U-2.
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F;9. 11-2. Alternatiu symblsfor a oarbap.

Tunnel Diodes

The tunnel diodeis another type with special characteristics, unlike that of
any other semiconductor device. It is constructed like an ordinary diode but the
crystd is more heavily doped, resulting in an extremely thin barrier (potential
hyer). As a consequence, electrons can tunnel through this barrier.

This makes the tunnel diode a good conductor with bothfonn'ard and reverse
voltage. Behavior, however, is quite extraordinary when the forward voltage is
increased, see Fig. l1-3. Forward current at first rises with increasing fonnrd
voltage until it reaches a peak value. With increasing forward voltage, current
then drops, to reach a minimum, or oalley value. After that it rises again with
further increase in forward voltage. T9orked in the region from peak voltage to
valley voltage, the tunnel diode exhibits negatioe resistance characteristics.
fuiother interesting feature is that anyforward cu:ent value betweenpeakand
valley ralue is obtainable three times (at three different forward voltages).

Tunnel diodes have a particular applicationfor very high speedswitching, witl
a particular application to pulse and digital circuitry, e.g., digital computers.

Schottlry Diode

T\e &hotthy diode is a metal semiconductor diode, formed by integrated
circuit techniques and generally incorporated in ICs as a clamp between base and
emitter of a transistor to prevent saturation. Voltage drop across such a diode is

Q Q .
Q" <-

Rcvcrse Vdtr Valley

Fo,nradVottr-|l
Symbolr

Fig. 113. $'rrrbls (W) and claracEristic furfonnarcc of d tanul di&. fuun peah b wllq it e*hibib nqatiu
nsistane.

n

E
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Symbol for
Schottky Transistor

Fig. 114. Tyfical cittuit for a *hotthy diodc (lefr) and tlv equioalent singb confu
nent, a *hottky trunsistor.

less t}an that of a conventional semiconductor diode for the same forward
current. Otherwise, its characteristics are similar to that of a germanium diode.
A gpical circuit employing a Schottlry diode is shown in Fig. 11-4.

For circuits using a Schottky diode as a clamping device associated with a
transistor, diode and transistor may be produced at tlte same time in processing
the transistor. This combination device is called a &lnftfu transistar(w als
Fie. 11-4).

Photodiodes
It is a general characteristic of semiconductor diodes that if they are reverse

biased and thejunction is illuminated, the reverse current flow varies in propor-
tion to the amount of light. This effect is utilized nthe plntodrodewhich has a
clear window tlrough which light can fall on one side of the crystal and across the
iunction of the P- and N-zones.

In effect, such a diode works in a circuit as a variable resistance, ttre amount of
resistance offered by the diode beingdependent on tlre amount of lightfallingon
the diode. In the dark, the photodiode will have normal reverse working charac-
teristics; i.e., provide almost infinitely high resistance with no current flow. At
increasing levels of illumination, resistance becomes proportionately reduced,
thus allowing increasing current to flow through the diode. The actual amount of
current is proportionate to the illumination only, provided there is sufrcient
reverse voltage. In other words, once past the "knee" of the curve @ig. 11-5),
the diode current at anylevelof illuminationdoesnot increase substantiallywith
increasing reversa voltage.

Symbol

Reverse Volts ------.-+

Fig. 11-5. $mbl (left); and claracteristic perfontance of a plntodidc.
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Photodiodc

FiS. Il4. Prntdiodc ust as a light saitcr," Tho rie in cunent uhen thc dido is illumhuted fiahastte nW
gall in amlleting an e*tenal citttrit thrw4h the nlat contutc

Photodiodes are extremely useful for working as lightoperated switches as
shown in Fig. 11-6. They bave a tairly higb switching speed, so tley can dso be
used as @unters, cormting each intemrption of a beam of light as a pulse of
cunent.

Thereare twoothertlpes of light-sensitive diodes: thephotovoltaicdiodeand
thelight-emitting diode OED). The photowltaic diode genentevoltage when
illuminated by light, the resulting current produced in an associated cirodt being
proportional to the intensityof the light. Thispropertyisutilizedin the constnrc-
tion of light meters. The amout of ctnrent produced by a photodiode can be very
emall, and so some amplifrcation of the current may be introduced in such a
cirflit Special typgs of photodiodes are known as Photuellsand are generally
more suitable for use as practical light meters.

T\e lightemitting diodc works in an opposite manner of a photodiode. It
emits light when a current is passed througb it Ligbt€nitting diodes are de-
scribed in Chapter 10.

$

t- -- r:j- - -

20 k Potentiometer
Fig. 11-7. Practical tight stlitch circuit *sing a flntotrunsistor. The nlay shottldb of a sasitiu W ail cdlittst'
a n butt in at ab*t 2 miltiamla The lotzntiomctcr is a vnsititity control
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Photocell

Amplifier l___ J

F!e.11! fusicrhotodtaicdiodecittuit.$orn on the dght is the Whl lor a
furtotrtL

TEE PHOTOTMNSISTOR
The phototransistor is much more sensitive than tle photodiode to changes in

level of illumination, tbus making a better switching device where fairly small
changes inlevel dillumination are present andmust be detected" Itworksboth
as a photoconductive device and an amplifur of tbe current generat€d ry
incident light A simple cirorit employing a phototransistor is shoum in Fig. u-i.

A phototransistor and a light-emitting diode (see Chapten 10) may te con-
bined in a single envelope as an oltoifitofor. In this case, the LED proddes tle
sottrce of illumination to whic;h the phototransistorreacts.It can be usedin two
wcking modes-eitler as a photadide (Fig. u-9) with the emitter of the
bansistor part left disconnected, or 8s a phototransistol (Fig. 11-g). Itr both
case8, workiqg is governed by the crrrent flowiqg throWh the LED sectim"

Solar Cells
?he photodiode is a photoooltarc cell. Light faling on its junction produces a

voltage. Thisvoltage measured anopencircuit (e.g., withavery-high-resistance
voltmeter connected across the cell), is known zathe llntowlfuic \oterrt;atof
the cell In this respect it is like a dry battery. Connected to an external load, the
cellvoltagewillfalltosomelowervaluedependentontheresistrrceinthecircuit
(see Chapter 18).

f,8. t!9 OlMar Gonbirud LED anil phototransisbr), oleratiry a.s a lhobdiodc (bfi) aut phototransis-
b?(Ntt).
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Photovoltaic cells develop a potential when illuminated by any source of light.
The photovoltaic potential depends on the construction of tlte cell, but for any
given cell, is proportional to the intensity of the light.

The solar cell is a photovoltaic cell (silicon photodiode) designed to respond to
sunliglrt. Modern photovoltaic cells (commonly called solar cells) are commer-
cially available in cell sizes up to 4 inches in diameter with an output of .45 volts at
1.5 amps each in bright sunlight.

To get higher voltages and currents from a solar battery, a number of cells
have to be used connected in series-parallel. Series connection gives a cell
voltage equal to tlre sum of the individual cell voltages. Parallel connection gives a
current equal to the sum of the individual cell currents.

Suppose, for example, the solar battery was intended to operate a circuit
requiring a nominal2 volts and give a current of 15 milliamps through a 100 ohm
load. From the voltage consideration, number of cells required:2 divided by
500 mV (voltage per cell) : 4 cells.

From current considerations, number of cells required: 15 divided by 3
(current per cell): 15 cells.

The solar battery required would thus have to consist of five rows each of four
cells, each row consisting of four cells connected in series, and each row being
connected together in parallel @ig. 11-f0).

A single solar cell can be used to measure solar power (the strength of sunlight
at any time). The cell is simply mounted on a suitable panel, sensitive side
(negative side) facing outwards, and the two cell leads connected to a 0-500
milliammeter, Fig. 11-114. Directed towards the sun, tlre meter tlten gives a
reading representative of the strength of the sunlight. To measure maximum or
peak radiation, point the cell directly towards the sun. To use the instrument as a
deviceforplottingsolarenergy(asa radiometcr) the panel shouldbe pointeddue
south and tilted upwards at an angle approximately 10 degrees more tlnn the
local latitude. Readings are thentaken at intervalsthroughouttheday, indicating
how much solar energy the panel is receiving.

If the meter readings are very low, add a shunt resistor acrGssr tlrc meter

Fig. 11-10. Connections for a 2qlt ular futtcry to gioe a current of 15 milliamis
throryha 7N ohm lud
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Arrange at an Angle of
10 Degrees More Than
Local Iatitude

Mlliasuneter

Fig. 11-11. Aligning a fhotocell to measure nlar enerp Qeft). The circuit on the right
is a comfuletc nla/ enelgt meter, a 0-5N milliamp type.

(shown in broken lines) in Fig. 11-118. This needs to be a very low value (1 or 2
ohms only). Find a suitable value by trial and error to give near maximum meter
reading in the brightest summer sunlight.

RECTIFIERS
Theconventionaldiode is arectifier, itsmaximumforward current capabilities

being determined mainly by its junction :rea. For signal rectification, point
contact diodes are usually preferred (see Chapter 9), which may limit maximum
fonnrard current to 30 to 50 mA, depending on type. Where higher powers are
required,largerrectifier diodes canbe used, withmaximumcurrentratingsupto
several hundred amps.

In the case ofpower supplies (Chapter 26), four diodes in bridge configuration
are normally used for full-wave rectification. Physically, this does not mean that
four separate diodes have to be connected up (Fig. 8-5). Bridge rectifiers are
available as integral units. The average voltage output from such a bridge is 0.9
times the root-mean-square voltage developed across the secondary of the trans-
former, less the voltage drop across the rectifier itself.

For high voltage applications, semiconductor diodes (usually silicon) can be
placed in a series arrangement to increase the overall PIV (peakinverse voltage)
rating. For example, if you need a diode with a PW of 500 volts, you can connect
5 diodes in series, each having an individual PIV of only 100 volts. The maximum
current rating in such an arrangement is the lowest maximum current rating of
any individual diode in the string. Selenium rectifiers, originally widely used for
voltages up to about 100 rms, have now been virtually replaced by silicon diodes.

Silicon controlled rectifiers or SCRs (also known as thyristors) are silicon
diodes with an additional electrode ulled,a gate.If a bias voltage is applied to the
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gate to keep it at or near the same potential as the cathode of the diode, the
thyristor behaves as if working with reverse voltage with both directions of
applied voltage, so only a small leakage current flows. If the gate is biased to be
more positive than the cathode, the thyristor behaves as a normal diode. ln otler
words, the gate can be used to turn the rectifier on (by positive bias on the gate),
thus enabling forward current to be controlled (e.g., preventing forward current
flowing over any required portion of a half cycle).

A triac is a further variation on this principle, providing bidirectional control. It
is virtually a double-ended thyristor which can be triggered with either positive
or negative gate pulses.

Structurally, an SCR is a four-layer diode, with connections to the inner layers.
The terminal connected to the P-region nearest the cathode is the cathode gate,
and the terminal connected to the N-region nearest the anode tlte anode gate,
(Fig. 11-f2). Both gates are brought out in a triac. Only the cathode gate is
brought outinathyristor. Bothdevices are essentiallyac switches. Thetlyristor
is effective only on one half of an ac voltage, and the triac is effective on both
balves.

THERMISTORS

A thermistor is designed specifically to exploit the characteristic of many
semiconductor materials to show marked reduction in resistance witl increasing
temperature. This is the opposite effect exhibited by most metal conductors
where resistance increases with increasing temperature.

The obvious value of a thermistor is to balance the effect of changes in
temperature on component characteristics in a particular circuit, i.e., work as a
compensating device by automatic adjustment of its resistance, down (or up), as
working temperatures rise or fall and resistances of other components rise or
fall. Compensation for temperature changes of as much as 100'C are po.*sible
with thermistors-a typical application being shown in Fig. 11-13. Here, the

Cathode Gate

scR
Fig. 11-12. Symbols for SCR and trirc.

Anode

Cathode

u

TRIAC



Fig. 11'13. Practical circuit incorforating a thermistor to counteract fluctuations in oalue of otlvr raistors in
the circuit duc b hcating efects or tcmperature changes.

tlermistor is used to stabilize the working values of the resistors in an audio
amplifier circuit.

Another use for a thermistor is to eliminate current surges when a circuit is
switched on. Certain circuits offer relatively low resistance when first switched
on, which could produce a damaging surge of high current. A thermistor in the
supply line with a relatively high cold resistance limits the initial peak current
surge. Its resistance value then drops appreciably as it warms up so that the
voltage dropped across tlre thermistor under normal working conditions is negli-
eible.

Thermistors are made in the form of rods, looking rather like a carbon rod,
sintered from mixtures of metallic oxides. They are not made from the usual
semiconductor materials (germanium and silicon) since the characteristics of a
thermistor made from these materials would be too sensitive to impurities.
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L2
Tubes
Tubes (vacuum-tubes) are distinctly old-fashioned in these days of transistors
and other semiconductor devices, yet they are still widely used in commercial
circuits, especially where high power levels are involved.

The basic form of a tube is an evacuated glass envelope containing two
electrodes - a cathode and anode. The cathode is heated, causing electrons to be
emitted which are attracted by the anode, thus causing current to flow through
the tube in the basic circuit shown in Fig. 12-1 (6rst diagram).

The original form of heating was by a separate low-voltage supply to a wire
filamentformng the cathode. The later form is a cathode in the form of a tube
with a separate heater element passing through it. This is known as an inilirectly
heated cathode, particuhr advantages being that there is no voltage drop across
the cathode (and thus electron emission is more uniform), and also the heating
filament can be connected to a separate ac supply, if necessary, ratler than
requiring a separate dc supply. otherwise, the working of the tube is identical.
Both require a filament supply and a separate high voltage supply.

DIODES
The simplest form of tube shown in Fig. 12-1 is called a diode, because it has

two internal elements. Its working characteristics are that when the cathode is
heated, application of voltage across the anode and cathode will cause a current
to flow, the cu:ent value increasing with anode voltage up to the saturation
point (Fig. l2-2).

6



Fig. 12-1. t6de oacuum tub.s uith directll heated filament (Iefi) and iulirectly
heatcdfilament (righ|.

A diode tube only conducts current in one direction. In ottrer words, it is a
rectifier just like its solid-state counterpart (see Chapter 9).

Note tlat in this working circuit a load resistor is included in the circuil
Without any orternal load in circuit, all the power input to a tube would be used up
in heating the anode. To do useful work, a tube must work with a load of some
kind or another, so that power is developed in the load. To work efficiently, most
of the input power must do useftrl work in tle load, ratler than in heating the
anode. Thus the voltage &op across the load should be much higber thrn the
voltage drop across the tube.

TRIODES AND TETRODES
If a third element, known as a gnd, is inserted between tie cathode and anode,

a negative bias ooltageeanbe applied to this to control the working of the tube
and thus the anode current. Such a tube is known asa triode.A basic circuit is
shown in Fig. 12-3, with characteristic perforrrance curves. The advantage of
this mode of working is that a small change in Diasvoltage (or voltage applied to
the grid) is just as effective as a large change in anodevoltagein b'ringing about a
cbange in anode currenl

AnodeVolts +

Fig. 12-2. Tr|ical diode claracteistics (lefi). To do uvful worh, tlw ande cunent
nust fow through a lud rcsistor.
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Fig. EA. A bidc b a threc+lement tub. Ano& current is controllcd bl the Slid bias ooltage.

The triode is a particularlyversatile t1ryeof tube whichcanreadilybe madeto
work as an amplifier or an osillator (an oscillator is really only an amplifier
working with excessive feedback producing self-sustained oscillation). It doe,
however, have certain limitations which may be disadvantageous in certain
circuits. One is that the inherent capacitance generated between the anode and
grid can materially affect the pcrformance of an amplifier circuit where tlte
presence of this capacitance is aggravated by what is called "Mller effect." To
overcome tiis particular limitation, a positively biased second grlrdcalled�a *reen
grid can be inserted between the grid and anode. This acts as an electrostatic
shield to prevent capacitive coupling between the grid and anode. Such a four-
element tube is known as a tetrode (Fig. 12-44).

Even the tetrode is not witlout its faults. The cure for one limitation (inter-
electrode capacitance) has produced anotler fault. The screen grid tends to
attract vcondary emission electrons bouncing off the anode because it has a
positive bias, whereas in the triode the onlygrid present is negatively biasedand
tends to repel secondary-emission electrons straight back to the anode.

Anode
Suppressor Grid
Screen Grid

Control Grid

Cathode

Fig. 124.
form.
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PENTODES
To overcome this effect in a tetrode, a fifth element called a aepressor gridis

added, inserted between the screen grid and the anode (Fig. 12aB). This acts as
a shield to prevent secondary emission electrons being attracted by the screen
gnd. A five-element valve of this type is called a pentade.

THE CATHODE.RAY TUBE
The cathode-ray tube has the same number of elements as a triode Oeated

catlode, anode, and grid) but works in an entirely different rnanner. Instead of
electrons emitted by the cathode flowing to the anode, they are ejected in the
form of a niurow stream to impinge on tlre far end of the tube, which is coated
with a luminescent material or phosphor, so producing a point of light. This point
of light can be stationary or moving. Its direction afteremissionfrom the far end
of the tube is influenced by the magnetic field created by two additional sets of
electrodes or plates positioned at right angles (Fig. 12-5). This plates are desig-
nated X and Y. Voltage applied to the X plate displaces the light spot in a
horizontal direction; voltage applied to the Y plates displaces the light spot in a
vertical direction. (See Chapter 23 for a more detailed description of the working
of a cathode-ray tube.)

A cathode-raytube can be used as a voltmeter, witlt tlte adrrantage that it puts
no load on tlre circuit being measured. Cathode and anode are connected to a
separate supply, tlte voltage to be measured being connected to the Y plates. A dc
voltage displaces the spot aproportiond distanceabove (orbelow) the centerline
of the tube. If the voltage applied is ac, the light spot travels up and down at the
frequency of the supply, which is usually too fast for the spot to be identified as
such, so it shows a trace of light in ttre form of a vertical line, Fig. 12-6. The
length of this line is proportional to the peak-to-peak voltage of tlre ac.

The more usualapplication of the cathode.raytubeisin an oscilloscope, where
a voltage which is increasing at a steadyrate is applied to the X plates.If another
varying voltage is tlen applied to the Y plates, tlre spot draws a time grafhof.tltis
voltage, or a picture of the waaeforn of. tlnt voltage. The X plate varying voltage
supply is usually arranged so that once the spot has swept the width of the screm
it returns to the start and repeats the picture over and over again.

The rate of repetition is deterrrined by the time base of the X plate circuit, this
being one of the most important features in oscilloscope design in order to

FA. U-5. Sinplified diagram of a catMe-ra1 tuh.
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Fig. 124. Simple disflay of dc uoltage (Ieft) and ac ooltage (ight) on a cathode-ra1
tub. Thc aertical displacement is a measvre of the oalue of tlv ooltage concerned.

achieve a steady trace at the required frequency. Separate shift controls are also
usually providedfor both X and Y deflection so that the startingpoint of the light
spot can be set at any point on the screen. Amplifier circuits are also essential in
order to be able to adjust the strength input signals applied to the Y plates, and
also the Xplatesif tlese are also tobefedwithaninputsignalinsteadof thetime
base. With these refinements (and others) the cathode-ray oscilloscope is one of
tlte most useful tools an electronics engineer can have.
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13
Integrated Circuits

An integrated circuit, or IC, consists of a singlecrystal chip of silicon on which
has been formed resistors, capacitors, diodes, and transistors (as required) to
make a complete circuit with all neoessary interconnections; the whole lot in
micro-miniature form (Fig. 13-1). The cqst of an IC chip is surprisingly low,
considering how complicated it can be. This is due to the large quantities pre
cessed at a time. A l-inch square wafer, for example, may be divided into 50
individual IC chips. A single LSI (arge scale integration) chip can contain thou-
sands of components in an area smaller than the top of a pencil eraser.

Apart from tlte convenience of having a complete circuit in such a srnall size,
ICs are very reliable because all components are fabricated simultaneously and
tlere are no soldered joints.

Diodes and transistors in an IC chip are formed by exactly the same process
used for producing individual diodes and transistors, but in very much reduced
physical size.Integratedresistors aremuchsimpler. Theycanbe averytinyarea
of sheetmaterialproducedbydiffusioninthe crystal, orthinfilm(amillionthof an
inch thick) deposited on tlre silicon layer. Practical resistor ranges which can be
achieved are 10 obms to 50 kilohms, depending on the actual constmction, in an
area too tiny to see with the naked eye.

Capacitors are a little more difrcult. They can either be based on a diode.tne
formulation (diffused junction capacitor) or on t}rin-film construction (MOS ca-
pacitor). Typical capacitor values achieved arc 0.2 pF per thousandth of an inch
area. Usual ma:dmum values are 400 pF for diffused junction capacitors, and
800 pF for MOS capacitors.
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Inductances are anotler story. They cannot-as yet-be produced satisfac-
torily on silicon substrates using semi-condrrctor or thin-flm techniques. Hence,
if a circuit specifically needs an inductance in it, the corresponding IC chip is
produced without it and an individual inductance is connected externally to the
IC.

This is oornmon practice in the application of many ICs. The IC is not abso-
lutely complete. It contains the bulk of the components, but the final circuit is
completed by connecting up additional components externally. It is also usually
designed as a multi-purpose circuit with a number of alternative connection
points giving access to different parts of the circuit, so that when used with
external components, connection can be rnade to appropriate points to produce a
whole variety of different working circuits"

MONOLITHIC AND EYBRID ICS
lntegrated circuits built into a single crystal are known as monolithiclC,s,and

incorporate all necessaryinterconnections. Theprobleurof electricalisolationof
individual components is solved by the processing technique used.

ln another type of construction, individual components, or complete circuits,
are attached to the same substrate but physically separated. Interconnections
are tlren made by bonded wires. This tlpe of constnrction is known as a hybrid
circuit.
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MSI AND LSI
MSI stands for medium-scale integration; and LSI for large-scale integration,

referring to tle component funsity achieved. For example, a density of 50
components per chip is typical for many commercidly arailable integrated cir-
cuits. These fall into the category of MSI chips, defined as having a component
density of more than 12 but not more tlnn 100 components per chip. LSI chips
have a much higher component density - as many as 1,000,000 components per
chip.

Thisis largelydue to the considerable saving in component sizespossible using
thin-film techniques instead of diffnsion techniques, particularly in the case d
transistors. For example, an MOS transistor can be one tenth the size of a
diftsed bipolar transistor for the same duty. Hence manymore components can
be packed into the same size of IC chip.

oP Alt{Ps
The operational amplifier or op amf is a type of IC used as the basic building

blockfornumerous analog circuits and systems-amplifiers, computers, filters,
voltage-tecurent or current-to-voltage converters, modulators, comparators,
waveform generators, etc. It is a tlpical, almost complete circuit, used in con-
junctionwith afewexternalcomponents tocomplete the actual circuit required.
Three tpical circuits using a simple op amp chip are shown in Fig. 13-2.

DIGITAL SYSTEMS ICS
Digtal systems work in discrete steps, or virtudly by counting in terms of

binary numbers. Basically, this calls for the use of logic elements or gates,
together witl a memory unit capable of storing binary numbers, generally called
a flil-flot. Thus, a digital sfntem is constructed from gates and flipflops. Inte-
gratd circuits capable of performing the functions of binary addition, counting,
decoding, multiplexing (date selection), memory and register, digitaltoanalog
conversion, and analog-todigital conversion, are tlte basic building blocks for
digital sptems.

These give rise to a considerable number of different logic families, which are
difficult to understand without a knowledge of logrc itself. Most of tlem are
NAND gates because all logic functions (except memory) can be performed by
this type of gate, the function of NAND being e:rplained very simply with refer-
ence to Fig. 13-3. A and B are two separate inputs to the gafe, and Y is the output.
There will be an output if there is input at either A or B, but zof when there is
input simultaneously at A and B-NOT A AND B (NOT-AND is simplified to
NAND).

The same principle applies with more tlmn t'wo inputs. Further, the NAND
gate is easily modified to form any of the other logic functions by negation or
inoersion, modffigtle response. These functions are (still restricting descrip
tion to two inputs):

AND-output when A andB input signals are both present
OR-output when input A orB is present



100 K

100 K

'ffi

Fig. 13-2. Three amfulifers fosed on tttc CA 3035 IC, all gioing a gain of about 100. All erte rnal caQacitors are 70
mbroforad.

(This is different to a NAND gate, for wit} no input at A or B there is no output,
but with a NAND gate there is output.)

NOR-NOT-OR

Pursuing the subject of logic could fill the rest of the chapter, or even the whole
book, so we will get back to digital integrated circuits.

Digital logic ICs are produced in various different tamilies, identified by letters.
These letters are an abbreviation of the configuration of the gate circuit em-
ployed. The main families are:

o TTL (transistor-transistor logic)-The most popular family witl a capability
for performing a large number of functions. TTL logic is based on multiple
NAI.ID gates.

. DTL (diode-transistor logic)-Another major family, and again based upon
multiple NAND gates.

o RTL (resistor-transistor-logic)-Based upon multiple NOR gates which oc-
cupy minimum space.

. DCTL (direct*oupled-transistor logic)-Based upon multiple NOR gates
similar to RTL but without base resistors.
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Fig. 13-3. The NAND gate slnwn in simple diagrammatic font.

. ECL (emitter-coupled logic)-May be based upon multiple OR or NAND
gates.

o MOS (metaloxide'semiconductor logic)-Also called a CMOS since it uses
complementary MOS devices. These chips are of LSI construction, witl a very
high component density. Some 5,000 MOS devices can be accommodated in a
chip about 0.15 in. cube. CMOS is usually based upon multiple NAND gate
logic.

Regardless of the family used, the basic AND, OR, NAND and NOR gates are
combined in one integrated chip of the same family in various combinations of
gates and flipflops to perform specific circuit functions. These functions rnay or
may not be compatible with other families (e.9., TTL functions are compatible
with DTL). Also there may be direct equivalents of tlre complete chip in different
families (e.9., TTL, DTL and CMOS). Family development continues and more
and more functions are continually appearing, performed by yet more and more
ICs appearing on the market.

The computer is a digital logic system. A computer consists of four basic parts:

o The input section
o The CPU (central processing unit)
r The memory
r Theoutput

In order for a digital system to be called a computer, it must meet five essential
criteria:

o It must have input capability
o It must have memory to store data.
o It must be capable of making calculations.
o It must be capable of making decisions.
r It must have output capability.

A block diagram of a computer is shown in Fig. 134. The input section accepts
information from a selected input device and converts it into digital information,
which can be understood by the central processing unit. The CPU controls the
timing and data selection points involved with accepting inputs and providing
outputs by means of the input/output address bus. The CPU also performs all of
the arithmetic calculations and memorystorage/retrievaloperations. The mem-
ory address bus defines a specific area in the memory to be worked upon, and the
memory data bus either stores or retrieves datafrom that specific location. The
output section accepts tlte digital information from the CPU, converts the infor-
mation into a usable form, and routes it to tle appropriate output device.



Input/Output Address Buss

FA, 84 Bloch diagram ill*;trating ttv fusic oleration of a conpttcr.

The central processing unit (CPU) of a computer can be frrther divided into
the arithmetic logic unit (AtU) and the read only memory (ROIU). The ALU
controls the logical steps and order for performing aritlmetic functions. It inter-
acts with the ROM for instnrctions for performing redundant operations. The
ROM also contains instructions pertaining to start-up and power loss conditions,
and instnrctions for conversion of higher-level languages to machine-language
programs (MLP). The CPU usually contains ttre real time doch (RTC). The RTC
is used to cycle the CPU and time the real-time programs as written by the user.

The popularity and success of the computer is governed by the speed of its
operations, notthe operation complarity. Basically, acomputeris onlycapable of
adding, subtracting, and accumulating data. Because it is capable of perforrring
these simple operations atamaaafly high speeds, complex matlematical calcu-
lations can be broken down into simple stegs which tle computer can tlen
calculate. For example, a computer actually multiplies by redundant addition of
tlre same number. Division is accomplished by redundant subtraction.

The smallest single operation performed by a computer is the machine cycle.
This consists of two stages: the fetch cycle and the execute cycle. During the
fetch cycle, the processor fetches an instructionfrommemory. Then, duringthe
execute cycle, the computer performs some action based upon ttre content of
that instruction. The processor knows which instruction to go to next from tle
address storedinthe program counter. Italways contains theaddress ofthenext
instruction. TVhen program instructions are written, tley are arranged in a
sequential order, and the program counter simply increments by one for eac.h
machine cycle.
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If the centralprocessingunit iscontainedin asingle integrated cbcuit, the ICis
referred to as a microprocessor. A computer based on a microprocessor chip is
called a microcomputer.

COMPUTER CONTROL OF ANALOG SIGNALS
TVhen a computer needs to examine a continuously variable signal (referred to

as an analog signal), the analog sigral must be converted to a digital word before
ttre computer can understand it. A logic system designed to do this is called an
analog-todigital converter (commonly symbolized bv 4D). If, for example, you
want the computer to store an analog voltage level of + 16.78 volts, tle A/D
converter would convert that voltage level to a digital word of
0010100100011011. The numerous 0's and 1's are called Ddfs and the entire
wordiscalled abyte.Thtsoneword, orbyte, representsthe* 16.T3voltagelevel
to the computer.

To reconstruct the originalanalog signal, oranyanalogsignal, a digital-to-ana-
log converter (symbolized bv D/A) is required. The D/A converts digital words
from the computer to analog voltages and outputs them at t}te rate at which they
were originally collected by the A/D. In this manner, a computer may read or
output any analog signal. Most importantly, it can also analyze and manipulate
analog signals in the same unnner.
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T4
IC Arrays
IC chips can be divided broadly into two main categories-complete circuits or

subcircuits with internal connections, and alays.Thehtter consist of a number

of individual components connected only to the external pins of the IC chips, or, in

some cases, t*o (or possibly more) internally connected components together

with individual components. For example, Darlington pairs of transistors in-

cluded in an array would be connected within the chip'
Rn exampte of a simple IC array is shown in Fig. 14-1. It consists of three

transistors (two interconnected), two types of diodes, and a Zener diode.

circuits are commonly desigred around IC arrays, in this case' a voltage

regulator using two of the transistors, the SCR diode, and the Zener diode' This

ciriuit design is shown in Fig. l4-2. The components to be utilized which are
contained in the IC are enclosed in the dashed outline, Q/,Q},SCR, andZl. The
other components in the chip (Ql and Q4) are not required. Resistors Rl, R2,
R3, and R4 and a capacitor C, are all discrete components connected externally.

Figure 14-3 shows this circuit redrawn as a physical diagram, relating the
connection of external components to the chip. Ptns in this diagram are shown in
the actual physical order they appear on the integrated circuit. For ease of
reading, pins are shown numbered and enclosed in circles rather tlran numbered
tags. On circuit drawings, pin numbers may be shown circled or not. For clarity,
ttre integrated circuitis drawnmuchlarger inproportionto tle external compo-
nents.
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FA. &1. CA?$7E (5K3616) IC anal shematic.

C,onnections for completing tlre circuit of Fig. 14-3 are:

. I€ads L,2, and 3 are ignored as Ql is not used.
o L€ad 4 connects one side of the Zener diode to the common ground line.
. l€ad 5 to Iead 13, connects tlre Zener diode to tlre correct side of the SCR.
o L€ads 11 and 12 connect together (the SCR is used as a simple diode in this

circuit, and the gate connection is not required).

I
I
I

I
I
I
I
I

I
I
I
I

J

I
I
I

- 1

I
I
I

Fig. 1*2 Voltage regulator citcuit rl,;sittg CA % (5Kffi13) anay.
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Fig. 1/H. Complete aoltage regulator with wiing cornections.

Now to pick up the transistor connections; The base of Q2 (15) connects to the
external resistor Rl, and the collector lead (14) to the otlrer side of Rl, which is
also the input point for the circuit. The emitter lead (16) connects to output.

Q3 and Q4 in the chip are interconnected, but only one of these transistors is
required. Connecting lead (6) to (9) shorts out Q4, which is not wanted. Connect-
ing the emitter lead (8) of Q3 to 11- 12 (already joined), the collector lead (9) to
(6), and the base lead (7) to tlre center tap of the external potentiometer R3
connects Q3 into the circuit.

It only remains for the external component connections to be completed.
These are:

o R2 to lead (14) and lead (12).
o Capacitor C to lead (6) and ground point. Lead (10) on the IC is also the

substrate or groundpoint of the IC, so should alsobe connectedto tle common
ground line.

o One end of the potentiometer R3 to the top (outpu0 line.
o The other end of the potentiometer to R4.
o The otler end of R4 to the bottom conmon ground line.
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You'll notice from this circuit, and a study of others, that the number of compo-
nents in an array may not be used in a particular circuit, but the cost of the single
IC can often be less than that of the equiralent transistors or diodes ordered
separatelyandusedindividuallyto complete the same circuit. Acircuitusingtle
IC is also more compact and generally easier to constmct.

A little study sometimes shows where further savings are possible. Figure
14-5 for example, shows a voltage doubler circuit for a 1-kHz square-wave input
signal, based on a CA3096E IC array Fig. 14-5 which contains 5 transistors. Only
three of these transistors are used in this particular circuit, leaving two spare.

The circuit calls for two diodes, Dl and D2 (as well as three resistors and two
capacitors), to be added as discrete components. Transistors can also be used as
diodes (by neglecting the collector lead), and so t]te functions of Dl and D2 could
be performed by the two "spare" traosistors in the array (ttrus nsing up all its
components).

Alternatively, since tlte current needs a square wave input signal, the two
spare transistors could be used in a multivibrator circuit to provide this input, in
tltis case using discrete components for Dl and D2. Since diodes are cheaper
tlan transistors, tlis is a more economic way of using all the components in tlte
original array.

The fact that popular ICs are quite cheap means that is seldom worthwhile
going to elaborate methods of trying to use all the components available in an
array, unless such utilization is tairly obvious, as above. Using only part of an
array can still show savings over the purchase of individual componentsformany
circuits.
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*12 Volte

C.omponent values for Fig. 14.4 are:

Rl:10 ohms
R 2 : 1 k
Ct-2.5 tts
C2:2.5 ttF
Diodes Dl and D2

Fig. 1+5. Awltage dotrbbrcircuitusinstheCA (5K920!i) anal
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1 5
Transistor Characteristics

A transistor is a three-electrode device, the connections being to Da.s (desig-
nated B orb), emitter(designated E or e), and collector (designated C or c).
Invariably (except when a transistor is being used as a diode), one electrode is
common to both input and output circuits-usually the emitter (common emit-
ter), or sometimes the base (common base). The common*ollector configura-
tion is seldom used.

DC PARAMETERS
The four main parameters governing tle dc performance of a transistor are:

o input voltage
o input current
o output voltage
o output current

Capital letters are used to designate average voltages and currents, and lower-
case letters to designate instantaneous volumes of voltage or current:

o Vforaveragevoltages
r v for instantaneous voltages
o I for average currents
o i for instantaneous currents
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For example: Vs, %, V" means average values of base, collector, and emitter
currents respectively, and v6, vc, vc means instantaneous values of base, collec-
tor, and emitter current, respectively. Is, I", I. means average values of base,
collector, and emitter currents, respectively, and io, i", i" means instantaneous
values of base, collector, and emitter currents respectively.

TVhere instantaneous total values of voltage or current are referred to, a
capital subscript is used, with a lowercase letter designating voltage or current.
Thus vs, v6, vB rn€an instantaneous total values of base, collector and emitter
voltage respectively, or i3, is, iB mean instantaneous total values of base, collec-
tor and emitter current respectively.

It is also necessary to define the electrodes between which these voltages or
currents apply. This is done by using the appropriate letters in the subscript:

V3p: average base-emitter voltage
v6" : instantaneous base-emitter voltage
vsp : instantaneous total base emitter voltage
V6s : av€rdge collector-emitter voltage
V"" : instantaneous collector-emitter voltage
vg3 : instantaneous total collector-emitter voltage
Vss : ?v€rage base-collector voltage
vs" : instantaneous base-collector voltage
vss : instantaneous total basecollector voltage

Iogrcally, these should conform to the voltage direction (positive to negative),
depending on whether the transistor is a PNP or NPN tlTe, as in the following
order:

PNP transistor: EB, BC, BE (or eb, bc, be)
NPN transistor: BE, CB, EB (or be, cb, eb)

INPUT CHARACTERISTICS

The input characteristics of a transistor show the rariation of input current
with input voltage. ln tlte common-emitter confguration, input is to tle base, and
base current (Io) is plotted against tlte base voltage measured between the base
and emitter (VbJ. In the common-base configuration, input is to ttre emitter, so
the input characteristics show the variation of emitter current (IJ against emit-
ter voltage measured between emitter and base (V"J,

These relationships are given graphically in Fig. 15-1. The input resistance in
eachcase istltereciprocal of the slope of the curve andisthereforelow. Because
the input characteristics are non-linear (shown by a curve rather tlan a straight
line), input resistance is not constant but depends on the current at which it is
measured. Because of tlte non-linear characteristics of tlre input, a transistor is
normally current biased and driven from a current ratler than a voltage source.
This is provided by using an effective source resistance whichislarge in compari-
son with the input resistance. If this resistance (or, correctly speaking, imped-
ance) is not high enough to swamp the varying resistance (impedance) of the
transistor under drive, there will be considerable distortion of ttre input signal.
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TRANSFER CHARACTEruSTICS
Transfer characteristics ofa transistor are normally given as a plot ofcollector

current against base current, Fig. 15-2. Ideally, this should be a straight line. Any
departure from a linear (straight line) relationship impliesnon-linear di"stortion of
the output signal.

OUTPUT CEARACTERISTICS
Output characteristic curves of a transistor show what is effectively a switch-

on voltage (or hnee aoltageas it is called), above which a large change in collector
voltage produces only a small change in collector current. Since resistance is
again tlte reciprocal of tlre slope of this I"/V" surye, it follows that output
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resistance of a transistor is characteristically high. The value of the collector
crrrent, and to some extent the slope of tlte cun'e, also depends on the base
current. Separate curves are thus plotted for (constant) base currents, see Fig.
15-3. Again, note tlat a constant base curent is only obtained with a high souroe
resistance in the base circuit. Also, any non-lineariry in the transfer characteris-
tics of the transistor shows up on the input characteristics as uneven spacing of
the cuves for equal increments in input current.

CTIRRENT AITTPLIFICATION
A transistor is generally used as a cufrent amplifier. Here, the base current

controls the current in the emitter-collector circuit, although it may only be a
small percentage of the emitter current. Current can be added in the usual way.
Thus, emitter current equals collector current plus base current; or, alterna-
tively, base current equals emitter current minus collector current.

he:cpressing the characteristics of the transistor, collector current divided by
emittercurrent is designated a, and collector current divided by base current is
designated o1. Knowing eitler a or cr, it is possible to find the currents at tle
otler electrodes since

a :a r / ( l *a r )
qr :s l (L_a)

Actual values of o and cl can vary with frequency and current for tle same
transistor. Straighfforward, simple, analysis of transistor characteristics is based
on low signal currents at zero frequency; Le., small changes in direct cqrrent. To
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make this clear, tlte symbols an and dor are sometimes used, ttre subsctript "o"

indicating zero frequency.
T\e current amplification factorin cornmon-emitter configuration (input to

the base) is given by ar (or a"). It is largely independent of collectorvoltage, but
is usually measured at some constant collectorvoltage. Specifically, the value d
al is directly related to tle slope of the I.[6 curve, or tlte trander characteris-
tics. It is also called the small-signal gain of the transistor. Actual ralues may
range from as low as 10 up to several hundreds.

In the common-base configuration, with input to emitter, tle current amplifi-
cation factor is designated a (or co) and is equivalent to tlre slope of the I"/I.
curve. In this case, I" is always a little less than I., so the value of a is always less
than unity; typically of the order of 0.98.

DC CURRENT GAIN
Specifically, this is the ratio of I"[u in common-emitter configuration and is

generallyreferred to asf (strictly speakingf') or hre, the latternormallybeing
the parameter quoted by manufacturers. f nd hrs are not identical, and both
wry with collector current. The quoted hj3 value is therefore normally asso
ciated with a specific collector current. Commonly available transistors may have
values of h6 varying from about 10 to 560 at collector currmts ranging from
I mA to 30 A Here are some examples:

o Low and medium power germanium transistors: typical hp mnge 30-200 at
collector currents from I mA to 300 mA

o Small signal high frequency germanium transistors: tlpical hrB range 30 - 100
at collector currents from 1 mA to 10 mA

o Germanium power transistors: typical hp range 40 - 150 at collector currents
from 500 mA to 1A

o Small signal silicon transistors: tlpical fp range 50 - 500 at collector @rrents
from 0.1 rnA to 50 mA

o Medium power low frequency silicon transistors: tlpical hst range 90 - 200 at
collector currents from 10 mA to 150 EA

o HiBh power low frequency silicon transistors: tjrpical hp range 25-100 at
collector currents from 150 rnA to 5 A

. Small signal high frequency silicon transistors: lrpical h6 range 40- 100 and
collector currents from 1 mA to 25 nA

MANUFACTURER'S SPECIFICATIONS
Manufacturers'normally provide cun/es showing the static (dc) characteris"

tics of industrial transistors for both common emitter and common base configu-
rations, together with other characteristic values as appropriate. Sunmarized
transistor data in catalogs or data sheets should give at least the following:

Vcro (ma:r): ruximum collector to emitter
voltage on open current
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76se (max): maximum collector to base
voltage on open current

Vsse (max): maximum emitter to base
voltage on open current

I" (max): nulximum collector current

& (max) or P- (max): maximum total power dissipation
hp: dc current gain (usuallY quoted

as a typical figure at a sPecific
collector current)

To assist selection, such listings may be arranged in groups of (roughly) similar
tlrpes. It is even more helpful when the design application is also shown for each
transistor type, such as general purpose' switching, audio amp, etc' Here is a
useful classification and guide.

C'ermanium Transistofg

o Small, medium-current, switching and general purpcse
o Medium+urrent switching,low power output
o Small, medium-current amPlifiers
o AF amplifiers,low Power output
o Complementary pairs
o High power output (power transistor)

Silicon TransiBtorg

r AF amplifiers, small sigtal, general purpose
o AF amplifiers, low level, low noise
o Small-signal amplifiers
o RF amplifiers and oscillators
o Medium-current switching, low power output
o High frequency, medium Powers
o General-purpose switching
o Power transistors

Any reference to power grouping is largely arbitrary since there is no universal
agreement on the range of powerlevels (referring to the ma:<imumpowerrating
oithe particular transistor). Thus, low power may generally be taken to cover
100-t50 mw, but such a grouping may include transistors with power ratings
up to I watt. Similarly, medium power implies a possible power range of 250 mW
t; 1W, but may extend up to 5 watts. Any transistor with a power rating of
greater than 5 watts is classified as a powertransistor.Informationabout select-
ing transistors for characteristics is given in the next chapter.

BASIC GUIDE TO SELECTING TRANSISTORS

Transistors are specified by code letters and/or numbers, by the mandac-
turers. Published circuit designs normally specify a particular type orf transistor,
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all ttre associated component values-such as resistors-then being deter-
mined with respect to the characteristics of the particular transistor specified.
No problem there. Simply use the specified transistor-unless, as can happen,
you find that it is unobtainable.

In tlnt case, tlere are basically three options. The first is to use an equioalent
transistor, of different manufacture or type number, which has the same charac-
teristics. For this you need a history of transistor equivalents from which to
select an alternative. There are books available which give such equivalent
listings, or your local hobby shop or parts distributor may be able to help.

Equivalents given in such listings are seldom exact equivalents. Tbey are more
likely to be near-equivalent with sufrciently close characteristics to be used in
basic circuits where component values are not too critical. Simple radio circuits
are an example. In many cases with elementary circuits, almost any t1rpe of
transistor of t]te same basic t1rye (germanium or silicon), or better still, tlte same
functional Soup, will work.

Information onfunctional grouping is harder to come by. Manufacturers group
their products in this way, but suppliers usually only list their stocks by type
number, which is not very helpful without manufacturers'catalogs to check on
the functional goup to which a particular transistor conforms. TVhen you can find
transistor types listed under functional groups, keep this material on file. It can
be an inraluable guide in selecting transistors for a particulariob.

IDENTIFYING TMNSISTORS BY SHAPE
While transistors are made in thousands of different types, tlre number of

shapes in which tley are produced is more limited and more or less standardized
in a simple code: TO (Transistor Outline) followed by a number.

TO1 is the original transistor shape-a cylindrical can with the three leads
emerging in triangular pattern from the bottom. Looking at tlre bottom, the
upper lead in the triangle is tlre Das, tle one to the right (marked by a color spot)
the collecbr,and tbe one to the left the emitter. The collector lead may also be
more widely spaced from the base lead than is the emitter lead.

In other TO shapes, the three leads may emerge in similar triangular pattern
Out not necessarily witl the same positions for base, collector, and emitter), or
in-line. Jrst to confuse the issue, there are also subtypes of the same TO
number shapes with different lead designations. The TO92, for example, has
tbree leads emerging in line parallel to a flat side, or an otherwise circular can,
reading 1, 2, 3 from top to bottom, with the flat side to the right (ooking at the
bottom).

To complicate things firrther, some transistor rnay have only two emerging
leads (the third connected to the case internally), and some transistor outline
shapes are found with more than three leads emerging from the base. These, in
fact, arc integrated circuits 0Cs), packaged in the same outline shape as a
transistor. More complex ICs are packagd in quite different form.

Power transistors are easily identified by $ape. They are metal cased with an
eloqgated bottom and two mouting holes. In this case, there are only two



leads-the emitter and base-and these are normally marked- The collector is
connectedinternally to the can, andsoconnectionto thecollectorisviaoneof tbe
mounting bolts or bottom of the can

Examples of transistor outline shapes together with typical dimensions and
lead identifrcation are given in Fig. 9-10.
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16
Amplifiers

An amplifier can be defned as a device or circuit providiqg nultiplication da
dgnal; Le., an output signal greater than the input signal

Transistors work as an amplifier of siglab.In the mostwidelyusedmode d
connection of transistors for such duties, with input and output circuits both
connected to the emitter (common-enitter mode), tbe degree d amplificatim or
cnrrent gain is called the bta(fi of,tbtransistoa

BASIC AMPLIFIER CIRCIIITS
A basic transistor amplifier circuit is very simple, and is identical for a PNP or

NPN transistor, except for the battery poladty (Fig. 1G1). Virtually any low'
power af transistor can be used in this circuit The bias resistor (R) mrst have a
value providing a collector current not exceeding the naxinum specified rating
for the transistor used, ttre actnal current flowiqg in tbe collector cir@it also
being influenced by the voltage ofthe battery.

Knowing tbe transistor characteristics, a suitable value fc R in Fig. 1&1 can
be calculated as follows:

. .- battery roltage
x -qa r t rA -

collector flrrent

_L - batteryvoltage_oo^___F

t11



Fig. 16.1. Basic amPlifier circuit.

where I" is equal to, or preferably less than, the specification figure for I" ma:r.

For example, a small signal transistor has the vdues of I" max :250 mA, and

hp : 30 to 90. Taking the maximum gain, and 175 mA as a safe working figUre

for the collector current:

q

R:90  "  
O fZS

- 4,630 Q

A suitable (preferred-value) resistor would thus b 4-7 k.
Figure 1&2 shows the complete circuit for an elementary af amplifrer of this

type, coupled to the front end of a basic crystal set. The detector (output) is
coupled to the amplifier via capacitot C2, a suitable value for which would be
l0 pF or higher (20,25,30, 40, or 50 pF): Capacitor C1 (0.001 pF) may not be
neoessary. The output load in the collector circuit is formed by high-impedance
phones.

r
I
I
I
I
I
I
I
L

Coupling
Capacitor

Crystal Set Front Eod
Fig. 1&2. Crxstal vt with one stage of amillifuation.
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Note that the Polarityof.the battery used to power tlfs circuit is important as
far as the transistor connections is concerned and also because ofthe connections
to the diode andC2 (which normally needs to be an electrolytic type to provide
the high*apacitance value required). With an NPN transistor, the battery polar-
ity is reversed, as are the diode and electrolytic-capacitor connections.

The sametlrye of circuit canbe usedtoprovide additional amplification simply
by adding another amplifier stage (Fig. 17-3). The second amplifier stage can be
identical to the first, or based on a higher-power transistor taking the output
present and providing even greater gain. The load in the output (collector) of the
fust amplifier stage is provided by a resistor (R2) (which should be about the
same value as the phone resistance, 3.3 to 4.7 k). The two stages are coupled by
a capacitor (C3). The value of R3 depends on the second transistor used, and may
be anything from 130 to 1 k O. Capacitors C2 and C3 can be 10 pF or larger.

A more compact two-stage amplifier circuit is shown in Fig. 174. This may
prove capable of operating a small loudspeaker direct, although the current drain
is quite high.

Alternatively, tlree or four stages of amplification using low-power transis-
tors, following a basic front end crystal set, should provide enough power to drive
a smallloudspeakerat the final output, throughasuitable stepdowntransformer
to provide an impedance match.

Simple amplifier circuits of this tlpe have an important limitation: perform-
ance of the transistor(s) tends to vary with temperature. There is also tle
possibility of thermal nrnaway developing, which can destroy the transistors,
because, as the external temperature increases the collector current also tends
to increase, whichinturn causes afurther increase in junctiontemperature. The
effect is cumulative and goes from bad to worse, even to tlte point of ruining tie
transistor completely. It is po.*sible to overcome this trouble by arrangingfor the
circuit to be self-biasing or dc stabilized so that a constant collector current is

Fig. IN. Crystal st with tw stag* of amplifcation. Comfonent ulucs matehing SK3007A or near equiod-
bnt for Ql and Q2
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Fig. 164 Anlliftcr for lM*akor urWL Corttior*nts

Ql- SKifrM R[- 6.8h
Q2:5K3011 M- 33h
C8- T0nicmfards

provided, regardless of transistor type or t€mperahrre variations. In other
words, the working point of the collector circuit is stabiliz:d.

Afrrther advantage of a stabilized circuit is tbat it makes the perforrnance of
tle amplifier less dependent on the characteristics d individual transistors,
which can differ appreciably even for tle same type. Capacitoroupliqg between
stages should be used, since this nakes each stage inOepeo0ent rather than
interdependenl

To achieve this, the original bias resistor is split into two separate ralues, Rl
and R2 (Fig. 1G5). A furtlrer bias resistor (Ri|) is applied direcdy to tbe emitter,
in parallel with a capacitor (C) to act as a bypass for af crrrents.

A receiver desigp incorporating two stages d amplification with stabilized
circuits, following a conventional front end is sbo\m io FA. 16.6. This, in fact, is
about as far as it is p'ractical to go with srch a basic circuit because, although
additionalcompletestagesprovidenoregainandgreaterfnaloutputpower, any
deficiency in the circtit is also aggravated-notabln lack of sensitivity and
eelectivity in tlre front end.

The amplifier stages also provide a convenient point to insert a volume control
into the receiver circuil This takes the form d a potentiometer which can
replaceonedthebiasresistors, orbeplacedinserieswitbtheflowof thecurrent
after the first stage of amplification (Fig. 1G7). Tbis introduces minimum distor-
6on over the volume control nqge"

Amplifier0utft Stagee
Single transistor outputs work in ClaseA operation, rvhich means that the

vzlues of bias and signal voltage applied to the transistor ensure that collector
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FA. Iffi. Transkbr amllifur sbgc uith tubiliud bias. bpicat oatws for lofltrudium powr transistors
RI- 22h
R2- 10h
R3- 7h
C- 10 nicmfarads

current ahnys flows. Figure 1&8 shows a basic Class-A output circuit incorpo-
rating transformer coupling to a loudspeaker.

A more economic way of producing satisfactory output power is to use a single
transistor driver working a complementary pair of transistors (an NPN and a
PNP select€d with netched cbaracteristics) in pustr-pull configuratioa The out-

Orttrrl
t d

l.
a
t:l
-l

- J

FA. \ffi. Two stage anllifier circuit.
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Fig. 1&7. Two stage amplifier with oolumc contml.

put power obtained from a pair of transistors in push-pull is considerably more

ihan- doubte the power obtained from a single transistor of t11e same type.

IYith ClassB operation, the transistors are biased to nearlycutofr, so that only

".rtgio.t *rr"nt flows under quiet conditions. Push-pull outputs rnay, how-

"uet, i.o U" desigred for Class AB operation, with rather higher current drains'- 
Basically, disto:rtion is lowest with Class A operation, while Class B operation

provides the lowest current drain but introduces the possibility o{ crossover

distortion being present' This can be overcome by applying a slight forward bias

to each transistor. class AB offers a compromise between the two.

QT R8

Fig. lffi. Basic Class A amplifier circdt.
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1\ro types of basic push-pull output cirorits are shown in Figs. 1Sg and 1610,
oe with direct coupling and the other using trandormer coupling, bothinter-
stage (betweeo driver andpush-pullinpu$ and to the loudspeater. The coupling
traadormer can provide voltage steFup. An output trandormer, on tle otber
hand, is invariably a stetrdown b?e to adjust tie loudspeakerimpedancetothe
reguired output impedance. Both types d circuits have tleir advant4ges and
disadvantages, althorghfor simpler receivers, all-transistor circuitsare usn[y
preferred.

Much also depends on the requirements of the receiver. To operate a soall
loudspeaker successfrdly, an audio power output of 5 nA or better is reguired
(higher still for larger speakers, of course). At the other extreme, about 10 ;rA
represenb, for most people, the threshold of audibility in higb-impedance
phones; and 0.1 mA is a normal minimun for comfortable listening and reaf
identification d sormds in headphones. For easy listeoing with higb-impedance
phones, an audio output power of up to 0.5 nA is deirable. Hig[er signal levelr
teod to gwamp headphones but can, dcourse, be reduced by a volune ffioL

Fig. b9. Pt dr'ruill ontliier. &nPrcn*

T
I
I
9Vc
I
I
I

tlrt-J

R7- I
M - I
R3- 7
Rl- 7h
R5- 7h
C7- 5 nhmlarads

C2- 2ilmicmfards
C3- 50 nicmlatds
Ql- SK I
Q2- SKfiO7A
Q3- SK3835

IMsfiah,er- 8ohns
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Fig. b10. Push-pall amflifur sith tra*{ottttt corflittg. QI itt tb drirlr; Q2 a;il 03' Sf,CII4 Tl}dul q*

Ftuntuhus
R7, M- bnatchQl (defeillitrgn09cd)

R3: Ih
R4:100
R5- L7h
R6- 70

C2- 60 micmfards
C3- 50 nicmlards
T1- cmllitgtm*slorrul
T2- uttltt tmwrorfr"

Tpical claracteristics of headphones, earpiecee, and lotdspea&crs ue li*ed
here.

Headphones
o High-impedance type: dc resistance 2,000-4,000 ohms, tlpical impedance

10,000 ohms (at 1 kIIz)
r tnw-impedance tlTe dc resistance 15 ohms, typical impedance 80 ohns (at 1

,*lz)
o t ow impedance type dc resistance 80 ohms, typical inpedane 120 obms (at 1

kllz)

Earpieces
o High-impedance t1rye: dc resistance 2,000 ohms, tvpical impedance 15 ohs

(at l kHz)

. High impedance type dc resistance 14 ohms, tjDical im@nce 60 ohns (at 1
kHz)

o High impedance type: dc resistance 60 ohms, typical impedance 250 ohns (at
1 - l z )
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Loudspeakers
Typical dc resistance 3 ohms, tlTical im@ance 8-16 ohms.

StepDown Transfomero
It is obvious from a study of these figures that low-impedance phones, a

low-impedance earpiece, or a loudspeaker will be a mismatch for coupling to an
output requiring a high-impedance load (as in the case of most of the simple
all-transistor output circuits).

To employ low-impedance phones, earpiece, or a loudspeaker with an output
requiring a high-impedance load, a matching stepdown transformer (output
transformer) must be used. The primary of the transformer tlren provides the
required output load, indirecly coupled to the secondary to which is connected
the low-impedance phones or speaker, Fig. 1&11. The turns ratio required from
tlte transformer is easrly calculated as:

Y\ pho""o@ /

Some typical transformer ratios and their suitability for matching are:

Fig. 1&11. Using an outpttt transfotncr ta balance ttc lud
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Rado
Listening

Device
Equivalent Output

Load Impedance Oh'nr

4lzL
35:1
3 0 : 1
1 8 : 1
14:1
9 : 1
5 : 1

Speaker
4ohm earpiece
Speaker
14ohm earpiece
lSohm earpiece
60-ohm earpiece
80ohm headphones

29,000
20,000
10,000
20,000
20,000
20,000
20,000

n0
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Oscillators

An oscillator can be described in simple terms as an alternating current genera-
tor. Wbere onlylowfrequencies are required, asinmains electricityforexample,
rotating machines offer a straighfforward solution and can also operate at high
power levels. ln electronic circuits where very much higher ac frequencies are
required, these are provided by oscillator circuits. They fall broadly into three
types: resonant-frequency oscillators, crystal-controlled oscillators, and phase-
shift oscillators.

RESONANT.FREQUENCY OSCLLATORS
Resonant-frequency oscillator circuits are based on the particular propertyof

an inductance (L) and an associated capacitance (C) to e:rhibit resonanc€
wherebythe currentflowingin the circuit qscillatesfrompositivetonegativeina
sinusoidal manner at a frequency determined only by the values of L and C.
Figure 18-1 illustrates such a circuit.

Inthe initial state, withthe switchinposition, thereis asteadyorrentflowing
tlrough the coil but with no appreciable voltage, and so tle capacitor remains
ucharged. Movement of tlre switch to position 2 puts a large negative bias on the
gate of the FET so that the drain current is cut off. The resultant collapse of
magnetic flux in the coil opposes tlte charge, so that current continues to flow
into the capacitor, charging it up. Voltage across the capacitor can only increase
at the expense of decreasing current, however, so a point is reached where the
current falls to zero and tle voltage is a maximum.



Fig. 17-1. Demonstration circuitfor LC osillator.

At this point, the capacitor starts to discharge, generating a curent in the

reverse direction, with falling voltage. This continues until the voltage has

dropped to zero, corresponding to maximum reverse current. All the energy

st*"{ in the LC circuit is now returned to L but with reverse polarity. Conse-
quently, the voltage starts to increase in a negative direction, with the current

decreasing, ending up with the capacitor charged in tlre reverse direction (maxi-

mum negitiue voltage) when the current again reaches zero. The circuit now

starts to rise again in a positive direction with falling negative voltage to com-
plete a full cycle of oscillation, as shown in Fig. 18-2. The cycle of operation is

repeated over and over again at a frequency given by:

ZnxJfr

Theoretically at least, with an ideal inductance and an ideal capacitor, neither

having any electrical resistance, the original store of energy is exchanged indefi-

nitetf i.e., oscillation continues indefinitely in a sinusoidal rumner with no fur-

ther energyfed into the circuit (the original source ofbattery energy is switched

off once the switch is moved from position 1 to position 2).Ina practical circuit'

however, there is some resistance present, which produces a gradual decay or

damping of. the amplitude of the oscillators (i.e., reduction in rnaximum voltage

and current values).

Switch Operated

I

Yoltage' { l

Fig. 17-2 Cfle of oberation of LC osillabr.
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FA. nA. Self+xillat'ng osillator circuit

The degree of damping present is dependent on tlre ratio of react nce to
resistance in the LC circuit, or Q. The lower the value of Q, the greater the
damping present. If the Q is as low as 1:2, the circuit is critically damped and
does not oscillate at all. In other words, if conditions are right for the LC circuit to
start oscillating, this is damped out completely in the first cycle. Equally, tle
higher the Q, the greater the length of time oscillation continues. However, in a
practical oscillator circuit, some energy must be supplied to the circuit to keep it
oscillating, to replace the energy dissipated in tlte resistance present in tle
circuit. Also, tlris supply of energy needs to be provided automatically in a
practical circuit. Figure 17-3 shows how the original demonstration circuit can
be modified to provide iust this.

Here, tlre small coil inductively coupled to L generates a voltage oactly
synchronized with the sinusoidal voltage generated in the LC circuit. The ralue
of this voltage depends on the number of turns in the small coil and how closelyit
is coupled to L. The induced voltage can work with or against tle voltage in the
LC circuit. [n other words, it only works if the coil is connected one way. If the
coupling is close, and the coil is connected the right way, such a circuit can be
selfoscillating started up by random electron movements.

PRACTICAL LC OSCILLATORS
The basic requirementsfora practicalresonant-frequencyorLC oscillatorare

thus an oscillatory circuit (L and C), associated with some means of maintaining
oscillation (usually some form of amplifrer such as a transistor, FET, or opamp).

() BasicltartleyOscitlator

F4.174. Two basb osillator circuits.
() Basic Colpitts Oscillator
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Fig. 17-5. Practical Hartlet osillator circuit.

Twoways of doingthis using a transistor as the maintainingamplifierare shown
in Fig. 17-4. In the first (A), the LC circuit is tapped on the inductive side. This is
the basis of the Hartley oscillator. In the second (B), the LC circuit is tapped on
t11e capacitive side. This is the basis of the Colpitts oscillator. Practical circuits for
tlese two important types of oscillators are shown in Frgs. 17-5 and 17{.

CRYSTAI-CONTROLLED OSCILLATORS

A quartz crystal with electrodes planted on opposite faces, is the electrical
equivalent of an inductance (L), resistance (R), and capacitance (Cf) in series,
with a much larger capacitance (c2) across tlem, see Fig.l7-7.It is, in fact, a
complete LC circuit with a specific resonant frequencywhich maynmge from a
few kHz to several MHz, depending on the crystal type, size, how it is cut and how
it is mounted. It also has the characteristic of a high Q with good stability' making
it a most useful device to base an qscillator circuit around. It is also a more or less
standard choice for a fixed frequency oscillator.

A whole variety of such circuits are possible. A basic configUration is shown in
Fig. 17-8 where the active device is an FET. It should be noted t}at, although a
tunedcircuit (LC combination)is included, theoscillatorfrequencyisdetermined

Fig. 174. Prrctieal Colpitts oxillator circuiL
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Equivalent Electrical Circuit

Fig. 17-7. Eleetrical circuit equioalent of a crystal.

essentially by the resonant frequency of the cr!'stal and not by the rest of tle
circuit. The tuning of the LC circuit can in fact, be relatively broad around this
frequency, the crystal providing stabilized oscillator at a specific frequency.

The frequency of a crystal-controlled oscillator can be adiusted within very
narrow limits (usually less than 5 parts in 10,000) by means of a rariable capaci-

-22Y

Fig. 17A. 1 MHz crystal osillator.
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Flg. 17-9. Pha**hifi osiltabr fusd on fltet cir*iL

tor connected acToss it. However, since crystals are simple, inexpensive devices

wnicn canptuginto a socket, achange of wstalisusrullythe easiestmethodof
frequency adjwtnenl

PEASF-SSIFT OSCILLIITORS
Itis possible toproduce an oscillato,r on the hmed-circuitprinciple byemploy'

dffJffiirot [Aot inductances. Basically, such circuits are filter networks

Groa.O nC conbinations) associated with lqamplifier. A three'stage RC 6lter

iit*it is needed to provide a total phase difrerence d 180 degrees between

o-*t-d *lt"g., with a srnall toss nratcUeO by the gain o! the arrp$er. A basic

dr*itd thir qrBJii .Uo*o in Fig. 1?-9, using a transistor for tle active elemenl

I GiLqdfii*t fc such "-cit*it to *otf is tlat tbe input to the amplifier
r*t t" .i lu".t Uf times the output in strength, where f-is the gain of the

tj3o.i.to" This gdera[tcals for the use of a transistor with a cgrrent gAin d

tbe order of 50 or better.

I
I
I
I

l
Ott I

I
I

Fig. 1?-10. Wienhddge oxilla|rr�'
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FA. n-U. Basic resnant circuit osillator with transisbr amfrlifur.

A particular adrantage of phase-shift oscillators is t}at tley can readily be
varied in frequency over a wide range, using three variable capacitors, ganged
together and varied simultaneously. Their most gsefirl working range is from a
few Hz to hundreds of.lrtlz. At higher frequencies-in the MIIz range and
above-tley are generally inferior to resonant+ircuit oscillators.

BRIDGE OSCILLATORS
One ottrer type of oscillator worth describing is the Wien-bridge oscillator

(another phase-shift type) where a balanced bridge is used as the feedback
network (Fig. 17-10). To work, the loop gain must equal unity and must have
zero phase. This is generally giveo by suitable selection of resistor ralues so tlat
R2/Gf + R2) is less than %.

The frequency of operation with this type is tle frequency of ttre balanced
I

bridge, or 
7;rt5; 

Note that both the two resistor values and capacitor values on

the left-hand side of the bridge are identical. The frequency of tle oscillator can
be changed by using different values for R, or, alternatively, for a variable'fre-
quency oscillator, tlre two capacitors are replaced by ganged variable capacitors
of identical value, varied simultaneously.

The majority of oscillator circuits, however, are based on resonant circuit or
LC combinations of conventional form with a clcsecoupled second coil to gqF
mote selfoscillation. A circuit of this type is shown in Frg. L7'LL.
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18
Circuit Diagrams
A circuit diagram is a plan of a particular circuit showingall the components and
all the circuit connections. The components are represented by symbols (see
Chapter 1), arranged to show all connections simply and clearly, avoiding cross"
ing lines as far as po.ssible. It is a theoretical diagam since it does not show the
actual size or shape of components, nor their actual position in a built-up circuil
It has to be redrawn as a practical diagram orworking plan fromwhichthe circuit
is actually constructed.

Certain conventions apply in drawing a circuit diagram, but tlese are not
always followed rigldly. The first is that the diagram should read from left to
right. That means whatever is input to the circuit should start at the extreme left
and be fed through the circuit from left to right. In the simple radio circuit shown
in block form in Fig. 18-1 the input is supplied by the antenna current feeding the
tuned circuit, tlen passing to the detector, then to the amplifier, and finally tle
loudspeaker output. The power supply for the circuit (say a battery) is shovm on
the far right of the circuit. At first this may seem a contradiction of the nrle, if you
think of the power supply being put into the circuit. It is not a true input, but is
merely a supply to work t}re circuit. Otherwise it has nothing to do with the
circuit, so it is depicted out of the way on the right. There is another good reason
for this. Although the supply feeds all the stages bachnrards in terms of left-to-
right reading, it probably is not required to power the first stage. Hence, it is
logical to show feed from the rigbt, stopping at the approprhte stage.
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Fig. 1&1. fusic stages in a simlb radio receiter.

Nearly all circuits are based on a common line connection; i.e., components in
various stages are connected to one side of the supply. Thiscommonline isdrawn
at the bottom of the diagram, as shown in Fig. 18-2. It is generally referred to as
tlte common ground line, although it may not have any actul connection to
ground.

Asimilar common line canalsobe drawn at tle top of the diagram, represent-
ing the other side of the supply. Conventionally, this top line is the *, and the
bottom or common line the -. This is not always convenient in designing transis.
tor circuits, so this conventional polarity may be reversed on some diagrans.

TVorking onthisbasis, andreplacingthe boxeswithindividualcomponents, the
circuit diagnm looks something like Fig. 1&3. Each component is identified by a
number, or may have its actual value given alongside. Reading the circuit is fairly
straighdoward - with a little practice. Starting from tle left, the input from the
antenna is fed to L and Cl forming the tuned circuit. From there, it is passed
through the diode detector to the amplifier (Q1). Ql then feeds the final outErt
stage (transistor Q2) driving the loudspeaker. A supply voltage is required only
by Ql and Q2, so the upper common line stops strort at Ql stage. The reistors in
tlte top half regulate the supply; and those in the bottom half (connecting to the
common bottom line) establish the working point of the transistors. Additiond
componmts (C2 and C3) are required for coupling between stages.

Fig. 1&2 Stages fuun wik common ground and fiouer s'upplj connections.
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Fig. 18.g. The same stages drawn with all comfonents and all connections rcquired.

Note that all connecting lines meet at right angles, and where such connection
occurs, this is further made clear by a '. If a line on the diagram has to cross
another line without any connection to this line, it is simply drawn as a crossing
line, as shown in Fig. 1 8-5 (righ\ . Crossing lines with a ' at the point of meeting
indicate that all four lines are, in fact, connected at that point. To avoid possible

confgsion (or accidentally missing the '), connected lines from each side of
another line can be drawn as shown in the right diagrun of Fig' 18-4'

So far, there should be no confusion at all in reading theoretical diagrams, but
they can become more difficult to followwhenthe circuit becomes more complex
or contains a large number of individual components. One cornrnon trick of the
trade used to avoid too many crossing lines (which could lead to mistakes in

following a particular connection) is to arrow a connecting point, or seprately
designale ".ot on line connection (Fig. 18-5). Arrowing is usually applied to
outfuts, indicating that this line is connected as an input to a separate stage (or

even a separate circui$. Showing a separate ground connection is common wittr
.o*pon"ot .o*"cted between tlre top line and bottom line. It indicates clearly
that the component is to be connected to the ground line, and avoids having to
draw tlis lini in close proximity to other components or crossing other lines.

TVhat is less easy to read in terms ofactual connections is a circuit incorporat-
ing a single physical component which may perform two (or more) separate

Fig.I84 Twometlpttsof indieatingconnectiontoacommonpoint Ttatonthe light is ofun fureferredforclaitl'
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Fig. 1&5. Tlv capacitor (C) is connected btupen top and bottom lincs, krt may b
shown in a circ*it diagram in eitlvr of these two way. Ott tlp right are three wals of
drawing crosing lkes uith no connectiol. Method 1 ie the uaul waX; mctM 2 is
clenrer still.

functions. As a very simple example, a volume control potentiometerfora radio
may also incorporate onoff switching . The frro functional fatwe-sof this single
component may appear in quite separate parts of the circuit; e.g., the volume
control prior to an amplifier stage and tle switchfunctioninthe supplyline at the
far right (Fig. 18-6).

This canbe even more confusingat firstwhere a gangedtuningcapacitcca
ganged switch is involved, with its separate sections appearing in different parts
of the circuit, although it is actually a single physical component. This is the
logical-and by far tle simplest-way of showing the theoretical connections
of the circuit, but when it comes to actual construction of the circuit, connections
from two ormore differentpartsof the circuithaveto be takento one particular
component position

F!s.1Y:-Inthisenmfle,asirybcon2oaent(ttcfuotent;ometerconncctions)apfoars inhmvparate partsofthe
circtit diagrem.



Working Phn Drawn With All Components Actual Size
Fig. 1&7. Tyfical component layout drawing or wo*inS Plorr. This b the sne cinuit
as Fig. 18-?, following thc tuned circuit (uhieh would be a ferriE rad rcrial

Asfar as possible, actual physicallayout of components shouldfollowtlesame
flow path positions as in the theoretical circuit diagram, adjusted as necessary to
get components into suitable positions for making connections. Exceptions must
arise, particularly as noted above. Just as a theoretical diagrarn is designed to
present the circuit in as simple a manner as possible with all tleoretical connec-
tions clear, the working circuit must also be planned to be as neat and simple as
po*sible and also as logical as possible as far as placement of components is
concerned. It should be prepared as a complete wiring diagram, when it becomes
a working plan. Almost inevitably, it will look more confused than the tieoretical
diagram, with probably a fair number of crossing wires (unless it is planned as a
printed circuit-see Chapter ZO) and leads running in various directions. Com-
mon connecting points are still indicated by a ., but crossing leads are better
shown as deftrite cross-overs, as in Fig. l8-7. Then there is less risk of wonder-
ing whether or not a . has been missed at that point in preparing the working
diagram, particularly as it is less easy to checkconnectionsonaworkingdiagnm
than on a theoretical circuit diagram.

The theoretical circuit diagram, however, remains the check reference for the
working plan-and for checking the circuit when built. It may also be the only
guide available for establishing tlre correct way to connect a diode ora polarized
capacitor (electrolytic capacitor). Following the direction of curent flow (and
thus the polarity at any particular point), should be fairly straighfforward, re

Current In

Collector
Current

Current In

P-N-P Transistor

Current Out

Collector
Cunent

Current Out

N-P-N Transistor

12

Fig. l88€. Direction of currentfow through PNP and NPN transisbr*



membering that with a * top line, the direction of current ffow is downwards
(from top line to bottom line), tlrough rarious components on such paths. If the
top line is -, the flow direction is obviously reversed. It is also easy to check the
direction of current flow through transistors by the alrow on the emitter in the
transistor symbol. Direction of currentflow orf of the transistorvia the collector
follows in the same direction. Direction of current flow into the base of the
transistor is opposite to tlat of the emitter arrow direction. Figrre 18-8 should
make this clear.

These rules for reading the current flow through transistors should also make
ittairly simple to deterrrinethe currentflowwithhorizontallyconnectedcompo-
nents on the circuit diagram, and tlus establish the correct polariff for electro-
lytic capacitors appearing in these lines.
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19
Circuit Construction
One of the big problems facing most beginners is how to construct a working
circuit; i.e., turn a theoretical circuit diagarn into a connected-up assembly of
components (with dl the connections correct, of course!).

The followingdiagrams show sixvery simple and straighfforwardmethods of
tackling elementary circuit construction-dl capable of givinggood results with
the minimum of trouble, and especially recommended for absolute beginners at
practical electronics.

PINBOARD CONSTRUCTION
Draw out tlte component layout for the circuit on a piece of thin ply (or even

hard balsa sheet), using a ballpoint pn (not a lead pencil). Draw in all connec-
tions and mark points where conrmon connections occur witl a blob (ust as on
circuit diagrams).

Cut out the panel to a suitable size. Drive copper tacks into each blob and
simply solder the components in position. Complete additional connections wittr
plain wire, see Fig. 1$1.

SKELETON ASSEMBLY
Start again with a component drawing, this time on paper. Iay components in

place, bending tlte leads of resistors and capacitors to complete connections.
Other connections can be complete with t'ro lengtls of l&guge copper wire for

1A



Circuit Diagram Drawn on Ply
or Balsawood

Ferrite Rod Aerial

Tuning
Capacitor

(c1)

Copper Tacks

Transistor

For Common LinesJoin Tack
With Bare lVire

Fig. 191. Pinbard construetion starts $r drawing a uo*ing pton of tlu cittuit on a
panel of rtly or folsa. Then dioe in copper tochs at eae;h connection fioint. sotder
comfoncnt leads to tachs, and comfleV circuit as nece.ssary with ary additional pir-
ing.

"top" and "bottom" control lines. Solder all the connecting points, adding tran-
sistors last (Fig. 19-2). Properly done, such a skeleton assembly can be quite
rigrd.

BONDED MOUNTING
This is very similar to skeleton assembly except that individual resistors and

capacitors are stuck down to a rigid base panel cut from plastic sheet. use
five'minute epoxy for gluing the components in place (Fig. 19-3). This produces a
very strong bond in a few minutes. With the main components rigidly mounted,
you can then bend leads to produce the necessary connections and connection
points for other components (e.g., transistors).

BUS.BAR ASSEMBLY
This is a neat and more professional way to tackle circuit construction. The top

and bottom common lines of the circuit are laid down frst by mounting two
lengtls of l6-gauge tinned copper wire in a sheet of plastic as shown. This

Transistor Tinned Coppcr Wirc

Space For Territe Rod Serid A

16 Gauge Tinned Copper Wire

Fig. 192. The same circuit as Fig. lCI tuchled b just connecting cotnfonents tqether
oia tluir ofun lcads, and using bare wire for tofr and bttom lines.



Transistc Tloating:

Main Components Glued to hse

Additional Wiring

Fie. 1C3. hniled mounting is similar to Fig. 192 btqt all components (erce,t transis-
tors) are glwd doun b a bae panel. Turn uf ends of leads tn form coanating loints

permits most of the resistors and capacitors to be mounted witl one lead sol-
dered in place. Complete the rest of tlte connections as for skeleton assembly
(Fie. 19a).

TAGBOARD ASSEMBLY
More dr.rable and neater than the previous methods, tlis involves mounting

strips of solderkgs (calledtagstrips) ateachof the mainconnectingpointsof the
circuit layout. These tags can be riveted or bolted through the panel. Individual
components are then mounted between tags. Any additional connections are
formed by short lengths of wire between tags (Fig. f 9-5). More time is needed to
construct a proper tagboard than with tle previous metlods, but complete
tagboard stops are also available with up to 36 individual tags mounted in two
parallel rows.

PEGBOARD CONSTRUCTION
You can buy special terminal pillars to press into tle holes in ordinary peg-

board and so set up connecting points for mounting components (Fig. 1S6).

Ends Up

Fig. 194. Lay down the to| and bottom lines in tinned copfer win, pernwrcntll
mo*nted on tlu panel. Slnrter lengltts of bare uin can b ucd for othcr commoa
connating points. Cotnflcte fu nldeing comlonent leads in place.
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Transistor

. . 2 ? ^ - .

Individual Tags

Tag Strip

Fig. 1!N, All thc connating foints are fonted b tag strils or indiaiduat tags mounted on tlu funeL
Soldct conforcnts b approfriate tags, and completc uith additional wiing as naaessary.

These terminals have screw connecting points, so you can avoid soldering com-
ponents in place. The main disadrantage is that a fairly large panel size is needed,
even for a simple circuit, with components spread out. But it is aneasymethodof
building e:rperimental circuits.

There are various proprietary systems based on variations of the pegboard
method. Veroboardsarepanels with rows of copper strips, each strip drilled witl
a number of holes either l mm (0.04 in) or 1.3 mm (0.052 in.) diameter.
Matching pins (Veropins) can be inserted in appropriate holes to forrr terminal
pillars, and the copper strips cut as necessary to separate connecting points.
Special tools are used for inserting the Veropins and forcuttingthe copperstrips.
Yerosti| is a similar tne of board orcept that the board is narower (LVzin
wide) and the copper strips nrn across the board with a break down the center.
Components can be mounted across or along tle strips.

Numerous solderless breadboards have also been developed where compe
nent leads are simply pushed into the boards where they are held by spring
contacts. Contact points are arranged in parallel rows, with either a prearranged
pattern ofinterconnection, or with basic busbar connections on top and bottom
rows and ottrers in common groups. Interconnection between groups can be
made by wires pushed into spare points in each separate group.

The advantage of such a system is that, apart from avoiding soldering, circuits
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cen cdy be uff H bt Fld r cqo.dd phregiqgbto a
difierent poden

For permanent circuits, if you're a beginner, you will prohbly fnd pegboad
assembly the best propsition after you have gained some erpericnce incirqrit
construction-and confdence in being able to draw out component layoutr
accurately.

The ultimate for all forms of compact circuit construction is, however, the
printed circuit. Here components are mounted directly through holes in a plastic
(or glass fiber) panel on which the circuit wiring has been reproduced byetching.
This is a separate technique on its own, but easy enough to learn (see Cbapter
20).

GENERAL RULES
Connections should alwaysb soldered for best results. This applies even on

pegboards fitted with screw-type terminal pillars. The one exception to the nrle

Space for Ferrite Rod
Aerial-

Terminal Pillars
Space for
Tuning Capacitor

Fig. 196d. Pegbaril aavnbb is sinilar to Fig. IlN enert t ut the funt is rndliUadb
occeft terminal posts. Luatc thcv pastsatatitabb lointsbutasconrctconnatirE
foints. Conncct comfonents tofo$s, thencomfletc thc additionaluiitrg osllr;cw;ty
Note; all thes constwctional drawings show thc vttu citxuit-a si;Phtitrgbtns-
sistor radio receiwr with preamflifur. Con@wats nquind an:

Fenite rod urial with cottpliry ail
CI- 0-5N 0F tuning capacitor
C2- 0.0l nicrofarcd
R7- 7 Megohn
R2- 22h
Dode - any gcnraniun cqstal dide
Transistor- an1 rf transistot

Tle citxuit w*s of a %oolt futbry conwted b A and B (|obrity depnds ott ohcfrrr
thc transistor ued is a PNP or NPN W). For lidelrhE,, coanat high in qlu
hoad-plnus to points X and B.

In cas the urial coil connutions an rntclun

o Tlp ends of thc main coil connect b thc tw tags ott tltc tuning cafuitu (CO
c Qae cad of the cotpling coil connuts b thc cornm(m c(mrrg;tinr Nnt of Rl a*l@
o Thc otlur cnd ol thc cuglittg coil connuts to tho fusc lcod (b) of the tlur*ti*n
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is solderless breadboards where connections are made by spring clips. In any
case, never rely on joints which are formed simply by twisting wires together.

Use a small electric soldering iron for making all soldered joints, and resin-
cored solder (electrical gade). Never use an acid type fltrx on soldered ioints in
electrical circuits.

Transistors can be damaged by excessive heat. When soldering in place to a
circuit, leave the leads quite long (at least 1 inch). Grip each lead with flat ncse
pliers behind the joint when soldering. The jaws of the pliers tlten act as a
heatsink, preventing overheating of the transistor. Once you are proficient at
soldering, however, this precaution should not be necessary, especially in tle
case of silicon transistors.

The most conrmon reason why a particular circuit does not work is because
one or more connections have been wrongly made. This is far more likely to be
the cause of the trouble than a faulty component. AlwaW check over all connec-
tionsafteryouhave made them, usingthe theoreticalcircuitdiagram asthebasic
reference. Also, with transistor circuits, be streto connxt the battery the right
way (as shown on the circuit diagnm).
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20
Printed Circuits

phenolic resin laminate (SRBP) or glass-fiber laminate. For general use, t}ese
Loards are single-sided (clad on one side only) and nominally 1.5 mm thick (about

%o in.). The procedure for making a PCB involves:

1. Cutting the board to the required size and cleaning the copper surface.
2. Making a drawing of the conductors required for tle circuit on ttre copper in a

resrsf ink.
3. Etching away uncovered copper areas in a chemical bath.
4. Removing the resist ink to expose the copper conducting areas or pads.

5. Driling the copper pads ready to take tIe component leads'
6. Degreasing and cleaning the boards as necessary to ensure tlat ttre pads take

solder readily.

PLANNING THE CIRCUIT DRAWING

Familiarity with the physical size of components to be accommodated on tle
board is essential, so thit holes for leads, etc, can be correctly positioned. There

are two ways in which resistors and capacitors can be mounted: horizontally or

vertically (Fig. 20-1). Horizontal mounting is usual for resistors as tlis reduces

lead length to a minimum. Holes are then spaced a sufrcient distance apart to

allow foi easy g0degree finger_bends on the leads. The same consideration
applied to tubular capacitors, mounted horizontally.

tun



Fig. 2G1. Hoimntal mounting of components on a PC boanl tahes up nore sprce, ktt
is uwal$ more conoenbnt than oertical mounthg (erceit for transisbrs).

The physical size of capacitors, however, may be much larger than resistors,
when vertical mounting may be preferred to save space. Mounting holes tlten
only need to be a little more than half the diameter of the capacitor, rnatching the
position of the top lead taken down ttre side of the capacitor. Some capacitors
have both leads emergingfromthe same end, especiallyforvedicalmounting on
a PCB. Spacing between holes, however, should not be less than twice the
thickness of tle board (i.e., % in.).

Transistors need reasonably wide spacing for their leads. Exceptions are
transistor t"pes with leads intended to plug directly into a PCB, and certain
power transistors needing special mounts. In these cases, hole positioning fol-
lows the transistor lead geometry.Integrated circuits normally plug directlyinto
matching IC sockets, the latter being mounted on the board in holes drilled to
match the pin positions.

Layout starts with a tentative design of component positions, sketching in the
connections required, (i.e., the areas of copper which will eventually form tle
conducting pads). No connections on a PCB can cross, and a certain amount of
trial-and+rror sketching is usually needed to achieve this requirement, altering
component positions as neoessary. If it seems impossible to achieve a complete
circuit without crossing connections, then such points can be terminated on tle
PC drawing on each side of the crossing point, and subsequently completed
during assembly of the circuit by bridging with a short length of insulated wire,
just as a component norrnallyacts as abridge betweenadjacent conductors(Fig.
20-D.

Fig. 20-2. If it is (or *ems) imfossible ta aooid a cmssing connection ot a PC bodrd,
sbf the crossing lines short (bft) and comfrlete the connection with abidge of in*lated
uire sldcred in place.

W
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FINAL DRAWING
I{aving arived at a suitable layout, with connecting points for component

leads indicated by blobs ('), a tracing can then be made of this PCB plan. Certain
general nrles apply in preparing the fuial drawing:

1. Conductors should not be le*s than %o inch wide.
2. Conductors should be spaced at least %z inch apart.
3. There should be at least %z inch between a conductor and the edge of a panel.
4. Bends ofjunctions in conductors should be radiused or filleted, not sharf

edged.
5. Allow suffcient area of copper around a connecting point so that the copper

width at this point is at least twice that of the hole size subsequently to be
drilled through it, and preferably more. (Typical hole sizes for miniatnre
resistors, capacitors and transistors are ys2 inch).

These points are illustrated in Fig. 20-3.
It is not necessary to draw dl conductors neatly and uniform in thickness.

Relatively large solid areas c:rn be left to accommodate a number of common
connecting points, simplifying t}re amount of drawing necessary (Fig. 21a).
Large solid areas should, however, be avoided in any part of a circuit carrying
high current as this could cause excessive heating of the copper, possibly making
it delaminate as it eraands. Thus, on a PCB for a mainsoperated circuit, for
example, the nurximum area of any particular copper pad should not be more than
about 1 square inch.

The final drawing is transferred in reverse on to tlre copper (hence the use of
tracing paper). This is because the circuit, as origindly planned, shows the
comfonent srde of the board, which is the plain side. Thus the true pattern for the

At least $" in
from Edge of Panel

Conductors at Least il" lride

Fig. m& fusic ncommculationsfor blannhg coadrcbr uidths and s!rchgs ott N
furdt

le

rnd Off
Corners

At Least *" Width of
Copper fuound Holes
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Fis. fu4. QuiE large anas of colter can be lefi on low ooltage battery powered circuits.
There is no ncedfor consistcnt wiilths (or shaies) ofconductors.

copper side is reversed, mirror-image fashion. But before transferring the draw-
ing to the board, the copper surface must be cleaned. This is done by washing
with detergent and then drying.

A test for cleanliness is to hold the board copper-side up under a tap and let
water run on to it. If the water flows freely over tJre whole area, it is free from
gease. If dry patches appear on tlte copper, these areas are still greasy and
require further cleaning.

After tracing the (reversed image) pattern on to the copp<ir, this pattern is
then painted in with resist ink or a resist marher ien (much easier to use than a
bmsh and ink). Make sure that all the pad areas are properly filled, but avoid
applying too much ink as t}is could overnrn the required outlines. Finally, allow
to dry, which should tahe about 10 to 15 minutes.

ETCHING
The board is then transferred to an etching bath.This canconsist of a solution

of ferric chloride, or proprietary printed circuit etching fluid poured into a
shallowplastic tray. The boardisplaced inthe bath copper side up and left until all
traces of copper have disappeared from the surface. Time taken for this will vary
with the temperature of the solution and its strength. The process can be
speeded up by rocking the bath gently or stirring with a soft brush.

After etching is completed the board is removed, washed under runningwater
to remove any traces of chemical, and dried with a soft cloth. The etching solution
can be kept for re-use, if required.

To remove the resist ink, a further liquid known as etch-resist remover should
be used. This can be brushed on to the board and then rubbed with a soft cloth, or
applied to the cloth first and then rubbed over the board. It shogld only take a
minute or so to remove all the ink, leaving the copper patterns fully uncovered
and clean. I[ash and dry the board again at t]ris stage to remove any residual
traces of etch-resist remover.

Drilling comes next. The following rules are very important:



o Always drill with the copper side uppermost; i.e., drill through the copper into
the board.

o Always use a sharp drill bit (preferably a new one).
o Always use a backing of hard material under the board to prevent the point of

the drill from tearing a lump out of the back of the board when the point breaks
through.

o Spot the point to be drilled with a small center punch to prevent the drill
running off its correct position when starting to drill.

Use of an electric drill in a vertical drill stand is best for drilling PCBs.
However, because of the small size of drill used, breakage rate of drills can be
high if the work is pushed too hard.

The original tracing comes in handy again for marking the component posi-

tions on the plain side of the board, as a guide for component assembly (Fig.

20-5). Components are always assembled on the plain side, with their leads
pushed through their mounting holes until t}le component is lying flush with the
board (Fig. 20-1). The exception is transistors, which should be mounted with
their leads left fairly long (and preferablywith each lead insulatedwith a length of
sleeving to prevent accidental strorting if the transistor is displaced).

Fig. 20-5. Erample of a pinted circuit dcsign with coPfer area slnwn sladed and position

of comfionents indicated.
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MOUNTING AND SOLDERING

Before mounting components in position for soldering, the copper side should
be cleaned again. It will probably have picked up grease marks through handling.
An ordinary domestic powder cleaner is best for this, used wet or dry, and rubbed
on with a soft cloth. The running water test can again be used as a check for
cleanliness, but if the board is wetted, dry with a cloth.

Components are normally soldered in place, one at a time, with their full lead
length protruding. Excess length of wire is then cut offas close as possible to the
solder.

Provided soldered joints are completed rapidly, in not more than about 3
seconds, heatdamage to either the board or a component is unlikelp If the iron
has to be held in contact with the lead for longer than this, then something is
wrong with the soldering technique and heat damage could result, either to the
component or by the lifting of the copper pad on the PCB. The most likely causes
of overheating are using an iron which is not hot enough or too small for the job;
attempting torework a solderedjoint which hasnot taken properly; and tryingto
remove a lead which has been soldered into the wrong hole.

SIMPLIFIED PRINTED CIRCUIT CONSTRUCTION
As a supplement to drawing-and for making neater straight lines-there

rub-off transfer sheets of lines, bends, blobs for connecting points, etc. are
available, which can be used to build up the required pattern on tlte copper,
supplemented with ink drawing where necessary. These transfer symbols are
resistant to etching fluid, so serve the same function as drawn or painted lines.

It is also possible to buy self-adhesive copper foil precut in the form of lines,
bends, etc, similar to transfer strips, but which can be pressed down on to a plain
panel to complete a printed circuit directly, without the need for any etching
treatment. Further shapes can be cut from self-adhesive copper foil blanks. With
PC boards made up in this fashion continuous (conductor) sections can be made
up from overlapping pieces, provided positive connection is made by solder
applied over the joint line.
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Radio
Radio broadcasts consist of a radio frequency (rf) signd generated at a specific
frequency allocated to a particular station, on which is superimposed m audio
frequency @f) signal.

Only rf works tor transmissioz. The af part, which is tle actr:al sound content
of the signal is, almost literdly, carried on the back of the rf signal, the two
together forming what is called a modulatedsigrnl.

This combined signal can be produced in hn'o difrerent ways-amplitude, or
upanddown modulation, known as AM; and frequenry modulation (actually a
very smallvariationin rf signalfrequency about its stationfrequencT), known as
FM.

AM is the simpler technique and is widely used for long wave, medium wave
and short wave broadcasts. Broadcasting has dways been referred to in terms of
wavelengths instead of signal frequency, until comparatively recently. The rela-
tionship between wavelength and frequency is:

wavelengtlrs (meters) : =300'000'000
frequency, IIz

frequency, IIz:
300,000,000

wavelength, meters

(The figure 300,000 is the speed of light in meters per second, which is the speed
at whic,h radio frequency waves travel)
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In the case of FM, very high transmitting frequencies are used-and it is
generally referred to as VHF (very high frequency). Actual waoelengthsare very
short, and so it is much more convenient to speak offrequency, the usual range
for FM broadcasts being 90- 100 million Hertz (90- 100 MIIz). A simple calcu-
lation shows tlat this means a wavelengt! of about 3.2 to 2.9 meters, or about 3
meters.

Regardless of whether the broadcast is AM or FM, any radio frequency signal
has tle same basic requirementfor receiving it. The presence of tlissignalhas to
be "found" and then sorted out from signals from other broadcast stations. The
"6nding" device is the antenna, and ttre "sorting out" device is the tuned
circuit. Togetler, they form the front end of a radio receiver as shown in Fig.
21-1 (the extreme left-hand part of a circuit diagram-see also Chapter 18).

A tuned cirarllconsists, basically, of a coil and rariable capacitor, which can
be adjusted to show resonance or ma:ximum response to a particular signal
frequency applied to it. A full explanation of tlis behavior is given in Chapter 7.
All the broadcast signals reaching the tuned circuit are very, very weak. Only
that signal to which it is tunedismagntfidby resonance, so tlat it stands out at a
very much higher level of signal strength.

An actual wire antenna connected to the tuned circuit may or may not be
necessary. In the case of AM reception, the coil winding also acts as an efrcient
wire antenna, if wound on a ferrite rod. This dispenses with the need for an
external antenna. The only disadvantage is tlat the tuned circuit is directional,
mininumsignal strengthbeingreceivedwhen the ferriterodispointingtowards
the transmitter sending the signal, and ma:rimum signal strengtl when tle
ferrite rod is at right angles to this direction. This effect is most noticeable on
smallradio receiverswhichhave onlymoderate amplification. Toreceivecertain

Coupling Capacitor to Minimise Effect
of Aerial Capacitance on Tuned Circuit Coil Wound on

Ferrite Rod

Fig.2I-1. A oaiabh capacitor and coilform the usval tuned cirttit. Strictly sfcahing
this tuncs the antcnna, if an erternal aerial wire is uvd. Most AM receiars ue a
fenitc rod anbnna whbh does not require an ertctzal anbnna.

Aerial

Y
Variable Capacitor
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stationsat goodlisteninglevel, evenwitlmaximum adjustment of volume, itmay
be necessary to adjust the position of the set. Laryer receivers normally have
enough amplification to compensate for this, but the effect can still be quite
noticeable. Also, it is always best to operate a receiver below maximum ampli6-
cation because this minimizes distortion of the signal.

The FM receiver doesned an external antenna because a wound coil or a
ferrite rod antenna just does not work at this rf. For satisfactory results, this
external antenna also needs to be a special t1pe, known as a dipole, which itself is
tuned by making its length one half of the signal waoelength.The latter may vary
from 11.5 feet to 9.5 feet in the 90- 100 MHz FM band, so a mean wavelength
figure of about 10 feet is adopted, glving a realistic dipole length of 5 feet.

The three practical FM antenna forms are a vertical telescopic aerial extend-
ing to 30 inches; a horizontal wire (or rod antenna) with 30 inch legs; or a folded
dipole, as shown nFig.2L-2.

DETECTION
The tuned circuit is much simpler than the foregoing descriptions may appear

to imply. It is really a matter of getting the component values right, and working
withhigh efficiency(see also Chapter 6 andQ-factor). Designof thetunedcircuit
is a little more complicated when a radio is intended to receive more tltan one
waveband. Even an AM receiver needs separate antenna coils (or at least sepa-
rated wings on a single ferrite rod) to cover long wave, medium wave, and
shortwave. So the tuned circuit design for an AM receiver could involve tlree or
more tuned circuits selectable by a switch.

In the case of an FM receiver (or the tuning circuit for the FM section of a
multi-band receiver), tJrcre is really no practical form of wound antenna coil
which can be used (a theoretical coil of this type would probably require only a
part of a single turn). So the starting point is a dipole antenna. This itself is a
hmed circuit (i.e., desigrred to be resonant with the mean frequency to be

r l

r - l

70-75 Ohms Impedance
Matching Feeder Cable

280-300 Ohms Impedance
Matching Feeder Cable

Fig. 21-2 FM anbnnas tued connecting to tlv et aia a correct$r maklvd fealcr cablc.
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covered in the FM band), but its amplification of signal is not nearly as good as
that of the coil-and-capacitor tuned circuit of an AM receiver.

To compensate for tlis, the FM receiver normally uses an amplifier stage
immediately following t.he aerial, known as a preamplifier or rf amplifier (because
it is an amplifier of sigrrals at radio frequency). This amplified signal is fed to the
next stage of tre receiver via a tuned output. A tjrpical circuit of this type is
shown in Fig. 21-3.

The detectorstage following the tuned circuit can be extremely simple. In the
case of AM, it only needs to be a diode connected to a potentiometer as its load.
This potentiometer also acts as the volume control-Fig.2l-4.

The signal passed on from the tuned circuit to the detector is a strengtlened
version of the original modulated broadcast signal. In other words, it contains
both af and rf. The rf part has now done itslob in getting the signal into the tuned
circuit. Now it needs to be removed, which can be done by rectifying ttre signal. A
diode does this job by chopping off one half of the rf signal so that the output from
tltediodeconsistsof half-cyclesof rf. Thesehalf cycleshavetheaf contentof the
signal still imposed, so the next requirement is to filter out the rf part to turn t.he
output into an undulating dc signal. These undulations follow exactly the same
variations as the af signal originally imposed on tlre transmitter rf signal at the
transmitting station by a microphone, or recording.

As orplained in Chapter 6, a resistor and capacitor can act as a filter for any
specific frequency required. Thus the diode detector is associated with a matclr-
ing load (resistance) and associated capacitorforming the required filter circui$

Tunhg
Capacitor

Itrput fro@ Dpole Aerial

Output
to Mixer

RF Transistor

Fig. 21-3. fusic rf amplifier (or hreamblifur) circuit as used in manl FM receioers.
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e.g. , see Fig. 2 1.4 - so that only rarying dc is passed at output from the detector
stage.It is usually coupledto thene!il stagebyacapacitor, whichhastbefurther
effect of balancing the varying dc signal about itszero line (1e., givingitpositive
and negative ralues, ratfier than "all positive values ).

In practice, the output load (R in Fig. 214) is usually a variable resistor, which
component tlen also acts as a volume control. The facttbat thisisfollowed bya
coupling capacitor also avoids anyflow of dc through tle moving contact (wiper)
of this control and reduces any tendency to reproduce noise by movement d this
control

The aim in selectingthe detector circuit components isthatthe signal passed
by the diode is exactly the same as the original signal generated by ttre studio
microphone (with certain losses and possible distortions!). Fed to a microphone
working in reverse (i.e. , headphones or a loudspeaker) they would be heard as ttre
original speech or music. But the signals at this stage are still too weak to have
enough power to drive headphones or a loudspeaker, so the ne$ step is to
amplfy the af signal pa$sed by the detector.

FM DETECTOR
In tle case of an FM receiver, the detector is a little more complicated. It has

to detect how the frequcncyof the signat is varying, not its amplitude, so it has to
extract tle original frequency as well as applyrectification. FM receiversinvari-
ably work on ttre superhet principle, so the frequency to be srtracted is the
intermediate frequency of if. A basic detector circuit employs a three-winding
hansformer with primary and secondarytuned to the intermediate frequency Oy
capacitor Cl and C2 in Fig. 21-5). The third winding iniects a voltage into the
secondary circuit, each leg of which carries a diode, Dl and D2, associated with a
capacitor C3 and C4.

The working of this circuit is to detect variations in signalfrequency in terms
of an af output, so that the final output is exacdy the same, in terms of signal
content, as that from anAI\d detector. Thusit canbedealtwithbthe sameway.

RF +AF Sisnal

Conpling Capacitc Helps
to Eliminate'noise' from Volume ControlCapacitor to Filter

Out Residud if on
Superbets Volune Control r-

Fig.214 fuh AM detcctor circuil
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FA. zrc. fush FM detetor citx*il

The additional components Rl and C5 slpwn on tie dingran are to suppreso
unwart€d signals which may be present after detection

AI}IPLIFIER STAGES
A single transistor can provide amplification of signal strength up to 100 times

(tr more (see Chapter 9 for typical anplifier circuits). The main requirement of
the amplifierfollowing the detectoris that the transistorbe specificallysuitable
foramplifyingaf (whenitcan actasafurtherblockto anyresidualrf remainingin
the input signal to tle amplifier). Ideally, tlere should be no rf signal present at
the input to the amplifier stage (it should have been filtered out in the detector
stage), since any rf voltage presented to the amplifier stage could cause over-
loading.

Theoretically, at least, any amount of amplification can be producedbyadding
additional transistor-amplifier stages (Fig. 21-6). This does, however, greatly
increase the chances of distorting the signal, so ttrere are practical limits to the
numberof stageswhichareacceptableinsimplecircuits. Muchbetterresultscan
be produced by more sophisticated circuits, particularly the superhet (see
below), where first some intermediate signal is amplified bforedefrcton;and
subsequently amplified egaiq afier detection

Fig. 214. Atkling anPlifnr stages is not necesvi$ a god thing for amplifuing an af
sigwl as cuh stage can anllib tlistortion lrodrced in thc fl.aniolrs stqe"



OUTPUT STAGE
The af amplifieroutput (orlastaf amplifier stage outputif more tlanonestage

is used) can develop enough power to drive a loudspeaker, as in Fig. 21-6,
although there may be some problem in matching the (amplifier) output to the
(oudspeaker) input, particularly using low to medium power transistors which
require a high impedance load to match. Most loudspeakers have a load imped-
ance of only 4- 16 ohms. A basic solution here is to use an output trandormer to
match the different load characteristics, as in Fig. 21-7.

This relatively simple solution does, however, have one particular limitation
(for the more technically minded, it is called a Class A output). It is relatively
inefficient and so draws a high current in providingasuitable listeninglevelfrom
the loudspeaker. It is satisfactory for use in car radios, but represents too heavy a
current drain for most otler battery-powered receivers.

These normallyuse a Class B output circuit where thelastamplifiertransistor
drives a pair of transistorswhich effectivelyworkinapush-pull circuitoperating
the loudspeaker. The output power obtained is considerably more tlnn double
the power available from a single transistor; also, and output transformer is not
neoess3ry. Most modern af amplifiers for radios end up in a push-pull output
stage of this type, like the circuit shown in Fig. 21-8.

The limitations of simple radio receivers are mainlyconnectedwiththe limita-
tion of a detector. A detector is most effective working with an rf input voltage of

- 1
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Eil^l
I tmoedance- - 

uitoing
Traosfcm

Output
Transistorr

Coupling Capacitor

Fig. 21-7. fusic clas A otttfut citt*it.
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Coupling
Capacitc

Irput o-l

Fig. 218. fusb class B output circuit Ql acts as a |reamplifier. Q2 is the ilriter. Q3 and Q4 are a complemen-
tall fair of transistors, wothing alternate$ in "push-prll." Tle two resistors shown by dudrcd lines may be
addcd to improw t te stabiliti of thc circuit. The* onfu need to b of oery low wlue (e.g., 7 ohm).

I volt or more. Signals derived directly from an antenna circuit are seldom more
than a few millivolts in strength, and the weaker the signal the less effectively
they will be detected in any case. In other words, the range of stations that can be
picked up is limited, and no amount of amplification aftzrdetxttoncan rnake up
for this limitation.

This limitation, or lack of vnsitioitl, can be overcome by amplifying the
incoming signal before detection, so that the detector is always working wit}
good signal strength. This canbe done byrf amplificationof the antennasignalby
introducing an amplifier stage right at the beginning of the circuit as in the FM
receiver (Fig. 21-3); or by the superhet working. The latter also improves the
vlectility of a receiver, or its ability to tune in sharply to wanted signals and
reject nearby station signals.

TIIE SUPERHET
Having arrived at a standardized output stage, it is equally true to say that

nearly all modern radio receivers are of the superhcttype, which is considerably

Q1I pecoupling
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more complicated than the circuit traced through above. The whole front end
works on an entirely different principle.

Starting point is the tuned circuit (ferrite rod antenna) in the case of an AM
receiver; or a dipole antenna feeding an rf amplifrer in the case of an FM receiver
(the latter amplifying the modulated radio signal in conjunction with a tuned
resonant circuit). In both cases the boosted tuned signal is fed to an osillator-
mixer.

This is a two-function circuit, although its duty is usually performed by a single
transistor associated with a tuned oscillator circuit. This tuned circuit is mechan-
ically coupled to the antenna tuning in the form of a ganged capacitor (i.e., two
separate variable capacitors coupled, or ganged to move together when the
tuning control is adjusted), so that it tracks the aerial circuit tuning while remain-
ing separated from it by a constant frequencl. This difference is known as tJ1e
intermediate frequenq or i-f, and is usually 455 kHz above the aerial frequency
(it can have other values in certain sets, and can also be below rather than above
the antenna frequency).

The oscillator part of the oscillator-mixer is concerned with generating this
fixed intermediate frequency, tracking exactly above (or below) the signal fre-
quency to which the aerial circuit is tuned. The two signals are combined in the
mixer part of the oscillator-mixer, which also lns a firedttned circuit (actually

the primary side of a transformer associated with a capacitor) which responds
only to the intermediate frequency-Fig. 21-9. This i-f signal also now has the
same af modulation as the original signal. In other words, it is a duplicate of the
wanted af signal, but at this stage superimposed on a fxed intermediate frg.'
quency.

There are a number of technical advantages to this seemingly unneoessary
complicationof incomingsignaltreatment. First, theprocessof superheterodyn-
ing gives much better selectiaitl or rejection of unwanted signals. Then, t}1e
signal output from the mixer is at a constant frequency, making it easy to amplify
with the further possibility of eliminating any remaining unwanted frequencies
since an i-f amplifier has fixed-and virtually exact-tuning.

In practice, i-f amplification is usually carried out in two stages (AM receivers)
or three stagos (FM receivers). The detector tlen follows after the i-f amplifier
stages-Fig. :1-10. Each i-f amplifier stage consists of a tuned transformer,
adjustment of tuning being done by an iron dust core in the transforrrer coil
former. Once correctly adjusted, ttre cores are sealed in this position.

Fig, 21-9. Front end of a xrperlvt receiter, showing how tlv inconing rf flus af signal
is transformed into an af signal now imfuovd on a fired intermediatc frequencl G-fl.
This mahes amplification witlnut distortion more simple to achboe.
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Fig. 21-10. Basic design of an AM/ FM receiaer slnwn in bloch forn. The on\t common
circuit is an af amplifier (usually a class B output) following the detectors.

The remainder of the radio circuit follows as before-rf amplifier stage(s)
following the detector, terminating in (usudly) a push-pull output stage. But
there is just one further refinement which can be added. By feeding a proportion
of the sigrral passed by the detector back to the first if amplifier stage, automatic
volume control (normally called automatic gain controlor agc) canbeachieved.If
the signal strength passed by the detector starts to rise to a point where it could
become distorted, then feedback via the agc line automatically reduces tlrc
amount of signalenteringat thispoint, somainteningthedetectorworkingunder
optimum conditions.

Agc applies only to the control of amplification of signal in the i-f amplifier
stages. The output or gain of the final i-f amplifier stage(s) is governed by a
separate volume control (potentiometer), typically located before the frst af
amplifier stage. This potentiometer, incidentally, usually has a capacitor con-
nected in parallelwith it toflter out anyresiduali-f whichmayhave got past tle
detector.
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Television
Television makes special use of a cathode ray tube, which in turn has certain

characteristics in common with a vacuum tube (see Chapter 12)' It has a heater, a

cathode which emits electrons, an anode to which electrons are attracted, and a

.oottot gfid. Unlike a tube, however, the electrons are directed at the enlarged

end of tue tou" or &feenwhich is coated wrtha bhos,hormaterial.- 
It is, in fact, a special type of cathode ray tube. The narrow end of the tube acts

as an electron gun, shooting electrons past the anode section. Electrons imping-

ing ontJ1e screen generate more electrons whichare attractedbackto the anode,

dui*t"ot in eff; to each electron reachingthe screenbeingbouncedbackto
the anode. Thus no electrons, and hence no charge, actually collect on the screen'

Meantime, however, each electron reaching the scteen makes tle phosphor

gfo*, *ni.n p"t irts for a short period after the electron has been bounced badr'
-tt. 

brightness of the glow produced is dependent on the type of phosphor

(which alsi governs the color ol *re glow), and the strength of bombardment of

etectrons. tle htter is controlledbythe biasvoltage appliedtothe grid.Inother

words, grid bias adjustment is the brightness control on a TV tube (Fig' 22-1)'

tne adua brightness is also enhanced by an e:rtremely thin layer of aluminum

deposited ou"i th" phosphor to act rather like an outward-facing mirror, but

transparent from thl other side as far as electrons are concerned.
To produce a picture from electron bombardment, two other controls are

o*""ory. The first is a means of deflecting the electron beam so tlat a single

spot can trace out a particular path covering allthevariations in pictgre density
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Fig.22-1. Ttc TV tub and iEbasic controls, slpwn in simplifwdfon.

over tlte whole screen area. The second is a means of focusing the electron beam
into a tiny spot so that the traced picture is sharp, notfiizzy.

Defuctionisachteved by directing the stream of electrons throughtwo sets of
parallelcoils set at right angles to each otlerlike the XandYdeflectionplatesina
simple cathode ray tube (Chapter 12). Signal voltages applied to the X-coils
deflect the beamsideways; signalvoltages appliedto the Y-coils deflectthe beam
vertically. Combined X and Y signals thus direct the beam toward any spot onthe
screm, depending on tlte resultant effect of tlte two signals.

Fuusing, meantime, is achieved by using supplementary cylindrical anodes
arranged to work as an electronic lens, with the focusing effect adjustable by
varying&e voltage applied to one (ormore) of these anodes. These anodescome
before the deflection plates; ie., in the parallel or gun section of the tube rather
than in the divergent section.

Blectronic circuits can respond very rapidly-which is how television can be
made to work at all! To paint a picture on tlre screen a spot of light (produced by a
focused electronbeam) has to traverse tbe whole picture ara,ag-zagfashion,at
least 30 times per second if the picture is to appear reasonably free of flicker. It
does this in a number of parallel lines, usually running from left to rigbt, with
rapid flyback between lines, Fig. 22-2. The greater the number of lines the
clearer the picture will be, i.e., tlre better the definition. The standard com-
monly adopted in the United States is 525 lines (per picture). The actual fre'
quency at which lines appear, called the line frequency, is 30 X 525: 15750
per second. This line pattern is known as a raster.Thebnes making up the raster
can actually be seen if you examine the television screen clo,se up, or turn up tle
brightness control when no picture is being transmitted. Only the parallel lines
can be seen in the raster. During flyback, the cathode ray tube is cut off and no
lines appear on the screen.
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Fig. 2ZZ Illustrating tlw formation of a raster. First tlp dd nunbred lines are
xanned from lefr to nSM (solitl lines) with flybach fuhrcen each linc (dadred lircs).
Downward moaement is controlled b the timo base. After xanning half the picture
lines, tlv time bav fies back to t tc to|. AA t te ewn number lines are tlpn sanned, with
flfiach futween each line (right hand diagram} At thc end of the last line thc time fuy
flics bach to tlp left to start thc vquence all oter again. Thex tuo diqrams aQerim-
po*d repre*nt a complctc raster.

In practice the picture is scanned 60 times per second, not 30. This is fast
enough to eliminate any trace of flicker, but using an optical trick, the actual
picture frequezcyis still only 30 per second. Scanning takes place in two stages
- first the odd lines only, tlen the even lines. Each scan therefore builds up only
half the picture, the two halves following each other to present the complete
picture.

Movement of the lines downwards is accomplished by the time fos circuit
starting with the first (odd) line and restarting a line at the left firmpositions down
each time. This continues until the scanning has reached 525 + 2 - 262rhlines.
Thespot thenfliesbacktothe top again, startinghalf wayalongtlrefirstevenline
and repeats tlle process to scan the 262r/z evenhnes which make up the second
half of the picture. This process is known as interlacing. Actrnlly a few lines get
left out in this changeover process, but this does not show up on tlte picture.

Picture transmission and picture reception operate in reverse mode. The
television camera scans the scene to be transmitted in 525 lines at a picture
frequency of 30 per second, and turns the light spot response into electrical
signals. The number of lines has been quoted as governing picture definition, but
this is not the whole story. A scan of 525 lines gives good picture definition from
toptobottom, e.g., the pictureis built uptopto-bottomfrom 525 strips. Thereis
also the question of how many individual picture elements are covered by each
strip. The answer is about 600 as an absolute minimum for good picture defini-
tionside-to-side, orthe equivalentof 600 phosphordotsmakingupeachline. The
totalnumberof individualdots or picture elements ineachwholepicturetraceis
thus 315,000. Since the picture frequency is 30 times per second, this calls for a
transmitted signal frequency of. 2.5 tvftlz.
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These intelligence signals are broadcast like any otler radio transnission-
superimposed ot a carrier waoe to produce a modulated signal which can be
picked up by a receiver and decoded on a similar principle to ordinary radio
reception, except that the decoder now has to handle radio frequencies of 2.5
MHz and not af signals, so the TV receiver decoder is considerably more compli-
cated than a radio receiver detector.

There is also anotler important difference. Carrier wave frequencies have to
be much higher than modulation frequencies for satisfactory results. Hence ttre
frequency of television picture signals is in the VHF range. It is invariably an AM
broadcast with sidebands, operating within a channel width of 8 MIIz. Either AM
or FM can be used for the accompanying sound signal (FM is standard).

The fairly wide channel width or frequency spread occupied by a television
transmission does not make it susceptible to receiving spurious signals upsetting
the picture (but not the sound, which is operating in a narrow band like any
ordinary FM receiver). It also limits the number of television stations that can be
accommodated in the VHF band without interfering with each other.

This particular consideration also makes the design of a color television system
even more complicated than it need be using first-principle electronics. For
example, it would mean e:rpanding the bandwidth to three times its black-and-
white figure to transmit three separate pictures simultaneously in the three
primary colors. Since this is not an acceptable solution, color information bas to
be contained within the 8 MHz channel allowed for black-and-white transrnis-
sions, which becomes an extremely complicated subject and virtually impossible
to describe in simple terms. Strangely enough, however, it does simplify the
otler problem-the essential requirement that a color television should also be
able to receive black-and-white transmissions in black and white. The broadcast
stations still have the opposite problem of ensuring that color transmissions can
be received on black-and-white sets in black-and-white!

The conventional colorTV tube is madewithtlree guns, oneforeach color-
red, green, and blue; with each dot on the screen formed by separate red, gr@o,
and blue phosphors arranged in a triangle. The picture is thus scanned by a
triangle of beams converging on each triangle of dots at the same rate as in a
black-and-white picture. The resulting sharpness of the color picture depends
primarily on the accuracy of convergence, and on some tubes may vary noticea-
bly from center to edge and/or top to bottom. This may be a limitation of that
particular design of tube and associated circuitry, or merely a matter of conver-
gence adjustment (which is usually factory-set and can be quite complex). There
are improvements in this respect in the case of some modern tubes; e.9., simpli-
fying covergence problems by using in-line guns and color spots.
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l l .Microprocessors
The years 1939 - 45 saw the development of analog and digital computing tech-

"iq"J., ."4, towards the end of that era, tle first appearance of electronic

*iiput"tr u.sed on tubes and relays. The years 1948 - 50 saw digital computers

*t"iti.n"A using tubes, and-more significantly-tle development of the

transistor.- 
Ten vears tater (1960), printed circuit boards first appeard, and also the first

..rU-*"f" monolithic ini'e'grated circuits and hybrid integrated circuits' Transi'

tiofi.orp"ter circuits tdk overfrom tubes. Medium-scale integrated circuits

iMSO .ppu.tua in 1965, and large scale integrated circuits (LSI) in 1970'

tt oooout this period of rapid developrnent of ICs, many aspects of digital

.otpufrtg or"r" irrth", extended, cuttinating in the appearance oi the 6rst

micro-miniaturirea computer, or microprocessor, in 1971. From tlnt date, there

has been intensive aevJtopment of digital integrated circuits in micro'miniature

iot tr,tougtt DTL to TTi to MosFET and cMos' etc' Throughout this period'

tf,"..p.Uifltius of microprocessors have continued to be improved, wittr, most

sigrrifrcant of all, a fall in prices.- -Essentially, 
the microirocessor is a digital computer in micro-rniniaturized

form, but not necessarily with the full capabilities of a conventional digital com-

il;;. o"" of its main aiplications, io r.t ,:.. programmable Logic controller
-tpi|l 

r*u.ti*. industrialapplications. Tyithin thelastfiveyears or so, upwards

of o0 different PLC systemstrave appeared, designedforindustrialuse, aswellas

others with more open capabilitiel. Bactr is associated with its own peripheral

devices and associated software (i.e., prograrnming devices)'
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Originally, PLCs were designed as one-bit processoln, using discrete compo
nents. Today, they are inrariably based on microprocessors, or, in some cases,
combinations of both a microprocessor and a one.bit processor. Some of the
more recently introduced types incorporate dul-language processon based oa
bit-slice technology.

One of the most important features of microprocessor is its size-not its
physical size, but ttre length of the data word it operates on and the number of
words its memory can store. Mcroprocessor language is measured by tle nr.tm-
ber of bit per word, a Dit being a binary digit. C,ommon microprocessor word
lengtlrs are 4, 8, L2, and 16 bits. An 8-bit data word is by far the most comnon,
and is given a specid mme-a byte.

Because tlere are only two pc*sible combinations for one bit, it follows tlat
the total number of combinations possible in a binary word in a given length is 2
raised to the Nth power, where N is the number of bits in a word. Thus, for an
&bit word, the total number of combinations is 28-256.

As one measure of microprocessor size is the length of itsword, thisreflectson
the size of ttre memory. The memory must be able to store a given number of
words of this length. For example, a byteoriented microprocessor with a mem-
ory tlat can store up to 1 0 words has 80 bits of storage capacity in the memory. It
is generally assumed that a 4-bit microprocessor is accompanied by a memorry
storing 4-bit words, and a 16-bit microprocessor with 16-bit words of memory.

It follows, therefore, that memory size is measured by the number of words it
may store. Often, ttre IC which is referred to as a mictoprocessor has little or ao
memory; the memory for tle unit is contained in other ICs.

The rnaximum memory capacity of a PLC system depends on the addressing
capability. But, in practice, the maximum orpandability is related to tlte maxi-
mum physical number of inputs and outputs, and also of the complexity of control
algorithms. A nrle of thumb for calculating memory requirements is: 10-15
instnrctions (or commands) per one output on tle average application for se'
quential control, with few arithmetic, timing, or counting functions. For applica-
tions witl a more sophisticated control algorithm, 15 - 20 instructions per output
may be required. You have to consider more memory space if several programs
are to be stored simultaneously, which are selectable by a manual operation mode
switch, for example, for frequently changing production at one machine. The
surximum memory capacity of PLCs on ttre market ranges from 256 words (one
word corresponds to one instnrction) to 1600 words (commonly expressed as
1610 and more. Memory systems are modular and expandable from a minimum
"starter set" of ylKin increments of.L/+K,lK, and 4K.

In simple form, the microprocessor comprises tbree basic parts: the central
processing unit (CPU), memory, and the I/O devices. A microprocessor always
contains a CPU, and in some instances, memory as well as an I/O device. The
CPU has tbe ability to send (address) information to eitlerthe memoryof the I/O
device (see Fig. 24-1).

Just as the memory must have an address before data may be transferred to or
from it, so much the VO devices. Normally, ttrere is more than one input or
output device on a system. Therefore, the CPU must decide which one it wishes
to traasfer data with, and tbis is done by addressing.



Toexecute a particular prog&m, the programmer mayset aside acertainarea
of the memory for program storage. Other areas of memory are be set aside for
data storage, and these assignments may change for a different program. The
Texas 510 PC, shown in schematic form in Fig. 23-1, illustrates the position of
t}1e microprocessor within the total package which includes memory storage,
location area, image register (IR) and pushdown stack (PDS).

All entries to the sequencer are made with a plug-in prognunmer. This can
read out and modify all locations within the memory storage location area. TVhm
an entry is made, it is entered into and stored within this storage area. Timers
and counters as well as series and parallel logic are contained therein.

The processor controls the Model 510 PC memory during programming and
execution of tl1e user program. Logic instructions from the programmer are
entered into the storage area (user memory). At the start of each program scan,
tlteprocessorplaces tlte status of the instructionin the registerandtran$ersthe
status of the selected output to the output (Y) lines.

I/O modules are commonly available as plug-in cards or plugon boxes in
increments of 2, 4, 8, 1 6, and 32 lines per module. However, 8-stage modules and
lGstage modules seem to be the best buy. A broad variety of I/O cards with
different signal-voltage levels are available from many manufacturers. Some
types of I/O modules are: 5 Vdc Transistor-Transistor Logic (TTL);24Ydc;
48 Vdc; l2}l24Ydc;24 Vac; and L20124 Vac. In practical application, prefer-
ence should be given to one standard signal voltage, so faulty I/O modules can be
replaced by a spare VO module of the same type.

Swapping I/O cards is a fast, sure, troubleshooting technique. Where possible,
control elements and I/O modules of the same sigfral type should be used, which
means an ine:rpensive stock of spare components. The output current load per
line of various output cards ranges from 0.5A to 2A, but some PLCs on the
market may have a problem-namely, not all outputs on a card can be energized

Prograrnmable controller

1@

Fig. 2,91. Bluh diagran of Te*as 510 Programmdlc lqic controller.



simultaneously because the card does not have the curent-carrying ability to
energize all outputs at once. The maximumnurrber of inputs/outputs per system
ranges from 32 for srnall, 128 for medium, and up to 4096 for large s]'stems.
However, at tlis point, it must be noticed that a large ntmrber of inputs/outputs,
as well as corresponding large programs, may heavily reduce tlte response, or
cycle, time of an application. The distributed systems concept may be more
appropriate for a large and complex application.

Several larger PLCs have some capabilities or options which allow continuous
process control with algorithms built-in for standard PID (Proportional-Integal-
Differential) controllers with analog inputs and outputs. The combination of logic
control and analog loop control means that these PLCs can be usedfor batch or
continuous processing applications; however, they are not able to completely
replace t5rpical process-loop controllers. Usually, loop controllers are built as
plug-in or plug-on modules for extended PLC systems. Optiond available A'/D
(Analogue-to-Digital Converters) accept, respectively, supply signals of
4-20 mA or 0-5/0-f 0 Vdc. The signal resolution is ratler low. Precise measure.
ments are not possible at Wpically three{igit BCD (Binary Coded Decimal)
value.

Counter and timer functions are indispensable tools of a PLC system. Nomi-
nally, up to 64 internal counters or timers are built into medium to large'scale
PLCs. The time base is generated through a qnrtz oscillator clock that can
commonly deliver tlree different time standards: 0.1 s, 1.0 s, and 1.0 min.
Three{igit cascading upanddown counters and timers provide convenient
tools for a wide range of applications. For fast counting applications, such as
po.sitioning or angle-indicating transducers, separate fast counter cards are nec-
e$sary. A critical specification for using internal counters is the counting fre
quency under the worst-case timing conditions, because the actual count-rate
depends very much on how the program is structured; therefore, special atten-
tion must be paid to timing-related problems.
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24
Batteries,
Power Supplies,
and Chargers
Virtually all portable electricaVelectronic equipment acquirespowerfrom some
tneof battery. Batteriescanbedividedintotwomaingrougs: primarybatteries,
where the electrochemical action is irreversible (once the battery has been
discharged it cannot be reenergized); and secondary batteries, where the elec-
trochemical action isreversible (theycanbe c.harged anddischargedrepeatedly).

Primary batteries are popularly called dry batteries; and secondary batteries
are called storage batteries. These descriptions are not strictly correct, but tley
are convenient and widely acccpted. In fact, dl pritnary batt€ries have some form
of "wet" electrolyte (usually in the form d a paste or jelly); and many secondary
batteries may have socalled "d4y'' cells (implyrnS the use of a non-liquid electro-
tyte). And just to show how general classifications cannot always be strictly
correct, some types of primary (non-rechargeable) battery systems are, in prac-
tice, rechargeable.

DRY BATTERIES ERIMARY BATTERIES)
A battery is made up of one or more individual cells. Each cell develops a

specific nominal voltage, depending on the battery system. To build a battery
with a higher voltage than that given by a single cell, two or more cells are
connected in series.

Choice of the best systems is dependent on cost and utilization of ttre battery.
Carbon-zinc dry batteries are byfar the most popularbecause theyare relatively
cheap and readily available in a wide range of voltages and sizes. (The size
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ggvens the capacity of tbe battery, or tle amormt of electrical energy it can
store.)

SECONDARY BATTERIES
The familiar lead-acid battery was widely used in the early days of radio as a

low-voltage battery. The only tlpe of rechargeable battery whictr has a signifr-
cant application in presentday electronics is the modern nickel-cadmium bat-
tery. It is the one type of secondary battery sptem in which "gassingf' can be
eliminatedoncharging, soitcanbeconstructedinfullysealed+ellform(althottgb
many types are, in fact, constructed with resealing vents as a precaution).

Nickel*admium batteries ofier numerous advantages-no deterioration dur-
ing storage in either charged of discharged state (except that a charged cell
suffers a loss of about 20 percent of its capacitya month); charge/rectnrge cycle
life of a least severd hundred and possibly thousands of charges (depending on
actual use); suitabliity for high discharge rates (and high charge rates with vented
cells); robustness; wide operating temperature range (-40' to +60' C.); and
suitability for operating in dmost any environrtent.

Disadvantages are high initial cost (dthough this is generally recoverable in
long cycling life). and tle fact that the nnominal voltage per cell is only 1.2 volt*
However, the discharge characteristics are substantially flaL

USING BATTERIES
To increase the voltage of a battery, increase the number of cells connectedin

series to rnake up the battery. For a battery of given voltage:

Number of cells required -
REQIJIRED BATTERY VOLTAGE

VOLTSPERCETL

If the number of cells so calculated is not a whole number, use the next whole
number up. For ourple:

Battery voltage required is 9 volts
C,clls to be used are nickel-cadmium
Volts per cell is 1.2

o
Number of cells required -fr- 7.5 cells

firerefore, make up the battery from 8 cetls connected in series. (The actual
battery voltage is then 8X 1.2: 9.6 volts. If necessary, the additional voltage
can always be dropped in a circuit by nsing a dropping resistor.)

To increase the capacity of a battery, connect two (or more) batteries of the
requiredvoltage in parallel. Two batteriesconnected in parallelhalvetbecurrent
drain from each battery, thus doubling the capacity. Basically, in fact, tle capac-
ity of the original battery is nultiplied by the number of similar batteries coo-
nect€d in parallet
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OTHER DC POWER SOI'RCES
The application of a stepdown trandormer associated with a bridge rectifier

and a smoothing capacitor to provide a low voltage dc supply from aa ac mains
supply bas already been dessibed in Fig. &5 Chapter 8. Rather more sophisti'
catedcircuitsmaybeusedwhereitisdesirabletoensureastabledcvoltage;a9,
for operating aa FM transistor radio from the ac mains instead d a battery.

A circuit of this type is shown in Fig. 2&1, the component ralues specified
gving a stabilized dc output of 6 volts from 120 V AC. The bridge rectifier
followingthetransformerprovidesfullwaverectification,smoothedbycapacitc
Cl in the conventional manner.

The input to output voltage is dropped acrcs hansistor Ql. The emitter
voltage of transistor Q2 is set by the Zener diode at 2.7 volts. The output voltage
is divided by R , R5 and when tle voltage across R5 is about 3.2 rolts, Q2 begins

R7-ffiohns
R2- Sil ohttts
R3- Tohm
R1- 39 ohms for 6 wlts dc utt

lNohmsfor 7.5 wlts tlc utt
R5- ffiohms
Ct- 1000 micmfard 3il olnnfor 9 wlts dc utt
C2- 70 micmlarad
C3- 0,0l micmfarad
T - Lil| 15 oolt transfonur

BR: bridgc ratifiu
Ql- 5K3190
Q2- SKSI!44
Q3-SK I
ZD- hpriliode - SI{2V7

F;g. 2+L Stabili*d o*tfut dc cluryer opratiry frcm U0VAC fuuel. funluants ac
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to conduct. This diverts some of tlte current flowing through Rl into tle base of
Ql so that Ql skrts to turn off. Thus, since the base current, and tle voltage
drop across tle collector-emitter junction of Ql, is controlled by Q2, the ortput
voltage is stopped from going any higher than the design voltage.

Conversely, if a heavy load is applied to the output it tends to cause a drop in
outputvolkgeandso alsothevoltage onthe base of Q2 tendstofall. Theeffectof
this is that Q2 starts to turn off, allowing more current to flow into the base of Q1
which turns on to maintain the output voltage.

Voltage stabilization is maintained until the output current rises to the order of
400-500 mA. At this point, the voltage across R3 becomes greater than the
turnon voltage of Q3, which starts to conduct. This taps curent from the base of
Ql, causing Ql to start to turn off, reducing the output voltage, so tlnt the
current does not rise any furttrer. In other words the circuit is automatically
protected aginst overload, even down to short circuit conditions. In the latter
case, tle voltage wil fall to almost zero, with the curent still maintrined at
400-500 milliamps. The capacitors C2 andC3 arenotstrictlynecessary,brutare
additional smoothing components.

The circuit can be adapted to provide a number of different dc output voltages,
selectable by switching. To do this, resistor R4 is replaced by a chain of resistors

R4A: 39 ohms
R4B: 150 ohms
R4C- 750 ohms

DCOutrut

Fig. 2tL2 Switching circuit for alteing dc output ooltage.
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R4A, R4B, R4C, as in Fig. 24-2.The values given, togetler with the previous
circuit component values, provide selectable outputs of 6 volts, or 9 volts, with
voltage stabilized in each case up to a maximum current drain of 400-500
milliamps.

BATTERY CHARGERS
Eitier a bridge rectifier circuit, or the voltage'stabilized circuit just described,

can also be used for battery charging. ln this case, smootldng is not so important,
as the presence of a certain amount of ripple in the dc is held to be beneficial for
charging. Normally, however, at least one smootling capacitor would be desir-
able in the charger circuit.

Since it is not alwaysevident whether a charger isworkingornot, anindicator
lamp or ammeter is normally desirable in a charger circuit. A lamp merely
indicates that the charger is on and the output circuit is working. It can be tapped
directly acros{r the circuit at any point. The preferred form of lamp is an LED
since this draws minimal current, although a small filament bulb will do as well.
An LED needs to be associated with a ballast resistor to drop the necessary
voltage at this point; a filament bulb does not, but a resistor is needed to work as a
voltage dropperif a &volt bulb is used in this circuit (see Fig.24-3).Note tlratan
indicator lamp on the mains side of the trandorrrer, or on the secondary side

Fig, 24-?. Alternatioe arrangements for clurgitg indicabr lanpa
otu of tb uttptt bads uithott a ilrofping nsitur.

1A
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Yotts
ttrput

Fig. 2+1, Stobiliud 6 d, dc clurger o|cmtingfmn a 12 oolt futtery. &nfulrlnts an:

R7- N dws
R2- Mohtw
R3- Iohn
Rl- #)ohtrc
R5- dildms
Cl- 70 nicmfarads
C2- 0.0l micrclards
eI- SK3t90
e2: SK3&l
Q3- SKi],!14
ZD- kwrdido- SK2V7

CRl: LNffit(orc$tiulen[

between the trandormer and the bridge rectifier, would not necessarily codrm
tbat the output was working with an output load connected.

In the case of a meter indicator, tlis wouldsimply be an ammeter (or milliar
metetr, as appropriate) connected in eeries in one c anotler dthe output lines.
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DC INPUT CHARGERS
There is also a call for chargers which can charge low voltage batteries direct

from anotier battery, such as a l2-volt car battery. In this case, since ttre input is
dc, a transformer cannot be used to set the required voltage, nor is a rectifier
neoessary.

Figure 24-4 shows a charger circuit desigrred to provide a stabilized 6-volt dc
output (charging voltage) from a l2-volt input supply. Essentially, it is the same
as that of Fig. 24-1 without tlre transformer and rectifier, but a diode is included
to protect the transistors in the circuit against reverse voltages. T[orking ofthe
circuit is the same as that described previously, with automatic short*ircuit
protection. Like the previous mains circuit, too, it can be adapted to provide a
range of output voltages, using exactly the same values for the chain ofresistors
as in Fig. 24-2.
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25
High-Voltage Power Supplies
The basic waytoobtain a high-voltage supplyis to step up anacmains supplyviaa
transformer. At the same time, the transformer can be tapped, or provided with
separate windings, to produce any other lower or intermediate voltages which
may be required. Voltage stepup or stepdown, using a trandormer, is po*sible
ooly with an alternating-current input. The resulting output is also ac, from
which it follows that further components are required in a power supply to
provide stepped-up or down direct-current voltages, such as required for the
anode of a tube. Basically, this involves rectification of tlre transforrred voltage,
with the addition of smootling, if necessary, to remove any remaining ripple, in
the dc output.

voltage regulation may also be necessary, even if it is only aimed at limiting the
value of transient voltages which may be introduced in the power-supply circuit.
In that case, we are concerned with the peak inverse voltages (piv) which may be
introduced in the power-supply circuit, affecting the loading of t.he components.
Voltage regulation itself can be orpressed as a percentage:

regulationtml:ff

El is the noload voltage (no current flowing in the load circuit), and E2 is the full
load voltage (rated current flowing in load circui$.

Three basic rectifier circuits are shown in Frg. 2*1. Asingte diode provides



Bridge

Half-Wave

Full Wave

Fig. %-1. Three fusic rectifnr circaits

half-wave rectjfication. Two diodes can provide full-wave rectification, with the
circuit completed through the transformer center tap. Alternatively, the bridge
tpe circuit can be used for full-wave rectification.

Either tubes (diodes) or metal rectifiers can be used in such circuits. Metal
rectifiers require no heater supply, but have to be fitted with cooling fuis to
dissipate the heat generated by their relatively high forward resistance. Tubes
also get hot, and both need plenty of space within the cabinet, and good ventila-
tion. Power supplies of these types, therefore, tend to be heavy and bullry.

Silicon power diodes are generally preferred to tubesormetal rectifiers. They
can be produced in virtually miniature size, require no heater current, and have
relatively low heating (and thus much higher efficiency), because of their very
low forward resistance. TVhile this ltter feature is highly desirable, it does also
emphasize the potential weakness of the silicon diode. High voltage surges can
develop which may destroy the diode. This is because of the relatively low piv
values such diodes can withstand. Unfortunately, too, silicon diodes also teod to
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failin a shorted condition, ratlertlan open, sothattailure of one diode inaseries
could readily cause the remainder to fail as well.

Series connection of silicon diodes is generally neces{nry to realize the piv
rating required. This is determined by the piv likely to be developed by the
rectifier circuit. In the case of a single diode circuit, the piv acrcss the diode is
approximately 1.4 times the ac voltage across tle transformer coil. The center-
tap circuit yields a piv of about 2.8 times the ac voltage across each half of the
transformer coil. The bridge circuit again yields about 1.4 times tlre voltage
across the coil.

The required rating can be built up by connecting as many diodes in series as
necessary to factor tleir individual rating by 2, 3, 4 times, etc., allowing a suitable
margin of safety. This, however, is only valid if the diodes are exactly matched in
characteristics (particularly their reverse resistance). This is unlikely in practice,
and so equdizing resistors are normally connected across each diode-Fig.
25-2. Alternatively, equalizing capacitors may be used in some circuits. Both
configurations, incidentally, dso act as transient suppressnrs to protect the
diodes against surges of high current. Since capacitors are more effective in this
respect, resistors and capacitors may be used in series across each diode as
equalizing/damping devices. Further protection may also be incorporatedin the
rectifier circuit by including a fuse to open+ircuit a chain of diodes in the event of
overload, or failure of one of tlte diodes.

One other precaution whichmaybe necessarywith silicondiodes is to balance
their rating against temperature. Although they do not generate much heat
tlemselves, their performance is temperaturedependent, and the ma:rimum
rating applies with a temperature limit. If they are to be worked at a higher
ambient temperature, derating their performance is necessary. Temperatnres
fora maximumcurrent ratingmayrangefromas lowas 25'C to ashighas 70"C,
depending on tlpe and manufacture. Derating, tlryically, is of the order of 10
percent per 10"C temperature rise above the rated temperature.

FILTERS
The output from a rectjfier circuit is pulsating dc. To render this in the form of

smooth dc, filtering must be applied. TVhile this may not be stricdy necessary for
tube operation, it is absolutely necessary to eliminate (or at least reduce) the hum
content of tlepowersupplyappliedtovarious stagesof atransmitterorreceiver
circuit.

Effective smoothing of the supply is readilyachieved bymeans of a capacitor-
input flter, which may be githsl singleFs€ctien or two- section-Fig. 25-3. The

Silicon Diodes

Fig. 2tt-2 Didcs with equalizittg nsistors
Diode
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Single.Section
4., - -{.-

R is Bleeder Resistor TweSection

Fig. zffi. Singlc and ttwwtion ntnthingfiltera

single-section filter is generally adequate for radio transmitters, but tlte two-
section circuit is preferable for radio receivers. The addition ofa bleeder resistor
is generally recommended, to discharge the capacitorswhen the power supply is
not inuse. Thevalueof thebleederresistance shouldbechosensothat itdrawsl0
percent or less of the rated output ctrent of the supply. (It can be calculted
directly as f 000E[ ohns, where E is the output voltage, and I is the load current
in milliamps.)

The ripple voltage remaining is governed by the values of the capacitors and
inductance. Typical ralues are 8pF for the capacitors (although Cl can be
reduced to 4 pF in the two-section circuit), with an inductance of 20 to 30
henries. Ripple voltage gets srnaller as capacitance and inductance are made
larger. Few problems are imposed in matching component ralues, and satisfac-
tory smoothing is readily obtained" Capacitor-input 6lter circuit, however, ex-
hibit poor voltageregulation properties when used with wrying loads.

Ttre choke-input filter provides better voltage regulation, but less effective
smoothing. Again, it can be singlesection or twosection-Fig. 25-4. The two-
section circuit is generally superior asregards smoothing. Note again the use of a
bleeder resistor to discharge the capcito(s) wben the power $Dply is not in
use.

fire fust indictance can, with advantage, be of the sringing choke type-that
is, having swingingcharacteristics overarange of about 5 to 20 henriesover the
full output current range. The highestralue then applieswhen there is no output
load on the power supply other than the bleeder resistor.The second choke
should then bave a constant inductance of 10 to 20 henries with Erying dc load
currents.

With this t)'pe of circuit, it is possible to use capacitors with lower rated
voltage than those necessary for a capacitor-input filter (which have to have a
rating higher than the peak transforrrer voltage). However, a similar high-volt-
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age ratingis usuallyadvised, asin the event d&ihre dthe bleederresiEtorthe
voltages would rise to these peak figues.

OUTPTTT VOLTAGE
Basically, the dc ortput voltage is about 0.9 times tbe ac voltage across tbe

tran$orner secondary in the case da single diode or bridge circuit; and about
0.45 times tle ac voltage across tle trandormer secondary in the case of the
bridge circuit. Withcapacitor-inputfilters, thesecondaryrmsvoltagerequiredis
thts 1/0.9 or 1.1 times the required dc output voltage, to allow for voltage drops
in the rectifier and filter circuits, and in the transformer itsef. Io the case of a
center-tapped circuit, this voltage must be developed across each side d the
secondary center tap.

With a chokeinput filter circuit following the rectifia, the required trans.
former secondary voltage can be calculated directly from:

E-1.1(t"*S*t*t)

wtere:

E - full load rms secondaryvoltage

Eo - required dc output voltage (The
open circuit voltage will usually be
anythingfrom 5 to 10 percent
higher.)

Er: voltage drop in tbe rectifier

Rl, R2 : resistance in fitter chokes

VOLTAGE STABILIZATION
A basic method of obtaining voltage stabilization is by the use of a voltage'reg-

ulating tube in series with a limiting resistor, as shown in Fig. 2S5. The initial
(unregulated) voltage needs to be higher than the starting voltage of the tube,
which is nsually about 30 percent higher than the operating voltage. The ralue of
the limiting resistor is chosen toiust pass the ma:dmum tube current when there
is no load current. With load added, the tube can then work down to its minimum
cnrrent condition. Withinthisrange thevoltagedropof thetubeisconstant, thus
providing a point for tapping offa stabilized voltage. Voltage regulation better
than 10 percent can readily be achieved; and with the tubes in series, stabilization
is frrther improved down to about I percent. The use of nro tubes in series also
enables two different values d regulated voltage to be tapped, one from each
tube.



Fig. 25-5. Voltage staffilization with VR tub.

Figure 25-6 shows how Zener diodes can also be used to stabilize a high-volt-
age supply obtained from a transformer. The low-voltageTnrrcr diodes (Zl afi
22) are simply connected in back-to-back configuration across a low-voltage
winding on the transformer.

BIAS VOLTAGES
Bias-supplyrequirements are basicallya fixedvoltage of therequiredr"alue to

set the operating point of a tube. The output should be well-filtered, and capaci-
tor-input filters are commonly preferred. A bleeder resister is effective as a

e-r
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o - 1
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Fig. 25-7. Stabilimtion b Uas ooltage.

voltage regulator since it provides a dc path from the grid to the cathode of the
tube being biased. However, to be really effective, tlis needs a low resistance
value so that the current flowing through the bleederresistoris severaltimes the
maximum grid current to be expected, which is wastefirl of power.

In particular cases, therefore, it may be expedient to adopt more efficient
methods of bias-voltage stabilization. Two such stabilizing circuits are shorrn in
Fig.25-7 . One uses a triode as a regulator, and tle otier a VR tube. The latter is
only applicable where the voltage and current ratings of the tubes permit their
application

VOLTAGE DIVIDERS
The conventional t1rye of voltage divider is based on the circuit shown in Fig.

25-8. Basically, it comprises a series of resistors (or a resistor with a series of
tapping points), from which voltages lower tban the input voltage can be drawn

Fig. %A" Conuentional ooltage diaider.

ln



by connecting to an appropriate tap. The end resistor is only as a bleeder,
carrying a bleeder current which is normally 10 percent or less of the total load
current. The ralues of resistors required tlen follow from:

nz - E=2191
1 5 t 1 1

F - E ' 9na:fr1ff
Voltage regulation is very poor with voltage dividers of t}is type because the

voltage taken from any tap depends on the current drawn from the tap (and witt
thus vary with varying load). Thus, while they are suitable for constant-load
applications, additional voltage regulation would have to be applied for stabiliza-
tion with varying loads.

YOLTAGE MULTIPLIERS
Rectifiers can also be used as voltage'multipliers, in integer factors-a fea-

ture which can often be used to advantage. It is possible, for example, to accept
an acinput direct into a rectifier circuit, witlrout havingto employa tran$ormer,
and obtain both rectification and voltage doubling. Such a circuit is shown in Fig.
25-9. Each capacitor is charged separately to the same dc voltage from tlte two
diodesandthen dischargedinseries into the same loadcircuit (t}usdoublingthe
dc output voltage obtained).

Figure 25-10 shows an extension of this principle, utilizing four diodes. The
output from this circuit provides both voltage doubling and voltage qrudrupling.

As with voltage dividers, voltage multipliers tend to offer poorvoltage regula-
tion, although this is less marked with silicon diodes as compared with diode
tubes and metal rectifiers.

*t -fl

iv
I

Fig. 2e9. Voltqc+nultiflier circuit
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VANHBI,E-VOLTAGE STTPPLIES
A simple type of variablevoltage supply fc use with a constant-voltage power

supply is shown in FA. 2F11. This circuit elirninates series resistors as a sottroe
of voltage drop and, as aconsequence, maiqtrins 4 substantiallyconsant sortrce
inpedance. Voltage regulation is also provided, as well as voltage rnariation vh
the variable resistor, although the degree d stabilization deteriorates with in-
creasi4g vdtage or@uL It is, however, anotler emmple d how simple circuits
can often be used to provide solutions toparticularrequirenentsintransmitter
and/or receiver circuit&

I
I
I
I

t
srntt

I
I
I
I
I
I

Fig. 2en Vottagc-;attillb? ciruit *sittg dio&l

Fb. 2&1L Yariable ooltqe suttlt
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STABILIZED TUBE HEATER SUPPLIES
The heater supply for tubes tends to be regarded as non-critical, and conve.

niently supplied direct from a separate low-voltage coil on t}re power trans-
former, without rectification. As a minimum precaution, it is generally desirable
to use separate heater supplies (e.9., separate transformer coils) for oscillator
tubes, and voltage stabilization may well be considered as a method of firther
improving the overall stability of the stage(s) involved.

A simple circuit which offers considerable possibilitiesinthisrespectisshown
in Fig. 25-12, employing two Zener diodes in back-to-back bridge circuit configu-
ration. The potentiometer acts as a trimmer to set up the circuit, its value being
about 20 percent of the total resistance value of the lower arm of the bridge.
Voltage stabilization of better than I percent is claimed for this circuit, witl a
transformer voltage change of up to 13 percent.

Fig. %-12. Stabilized heater suppll.

+
6.3V

t
I

6 . 3

I

Fig. %-13. Transistor poucr suypll.
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Fig. 25-14. Sinfule regulation circuit.

TRANSISTOR POWER SUPPLIES
Transistor circuits require only low voltages and thus considerably simplify

power supply requirements, particularly as only a single voltage is usually re-
quird. They may, however, be fd from an ac supply, in which case, similar
requirements apply as regards rectification and smootling following tle trans.
former. For voltage stabilization, a Zener diode is norrnally employed (the Zenet
diode is virtually tle counterpart of the VR tube in higber voltage circuits).

A typical modern transistor power supply circuit is shown in Fig. 2S13, which
is also notable for incorporating electronic smoothing. There are numerous
variations on a similar tleme but, in general" shunt regulation is taking gr€fer-
ence over series regulation, as tlris will permit t}e output to be short<ircuited
without damage.

A very much simpler system is shown in Fig. 25-14 which merely uses half-
wave rectification followed by smoothing, and a battery of tlte same voltage as
the dc output floating across the output. This battery provides extremely good
stabilization and at the same time can also act as a ripple filter. Capacitor C2, in
fact, is not really necessary. Basically, the battery provides an additional source
of power to combat voltage drop under load. A similar system of floating a battery
across tlre output can equallywell be appliedto afull-wave rectifier output. Zener
diode stabilization can also be added, if necessary, for an evm higher deglee of
stabilization

I
Stabilized
Output

I
I

Fig. %-15. Sinple lowloss stabilizing circuit.
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Stabilization is less readily provided actoss a direct battery feed to a hansistor
circuit since conventional methods of stabilization using Zener diodes and resis.
tors almost inevitably mean a large increase in current drain, figther loading the
batteries. Various ingenious solutions have been proposed to combat this, such as
the use of current-limiting circuits (which also safeguard transistors against
overload). Figure 25-15 shows a simple low-loss stabilizing circuit, based around
the use of a transistor as a constant current device, which can readily be extended
to two stages if necessary.

1&



Appendix:
Symbols and Equations

fire following equations are used often in the field of electronics. In addition to
equations discussed in the previous tent, this section also contains many other
equations for future reference.

Sfmbol

A

B

SIMBOLS USED
Meaning

Iength of the side adjacent to 0 in the right triangle, in same units as
the other sides
Susceptance (measured in seimens or mhos); the reciprocal of reac-
tance
Capacitance (measured in farads); Celsius temperature
Dissipation factor; reciprocal of storage factor Q
Thickness of the dielectric material in a capacitor (measured in centi-
meters)
Decibel; the ratio between two amounts of power
Electromotive force (measured in volts)
Temperature (measured in degrees Fahrenheit)
Frequency (measured in hertz)
Conductance (measured in siemens or mhos)
Length of the blpotenuse in a right triangle, in same units as the
other sides

c
D
d

dB
E
F
t
G
H
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I Current, in amperes
J Energy, work, or quantity of heat (measured in ioules)
K Coupling coefficient, dielectric constant, G t€mperature in kelvins
L Inductance (measured in henries)
M Mutual inductance (measured in henries)
N General symbl for numbers
O LengthofthesideoppositetoOinariglttriangle,insameunitsasthe

other sides
P Power(measuredinwatts)
pJ. Power factor
a Qualityofaninductor,orquantityofelectricitystored(measuredin

coulombs)
R Resistance(measuredinohns)
S Area of one plate d a capacitor (measured in square centimeters)
X Reactance (meastred in ohms); measure dopposition of a circuit or

component to an alternating surrenl
X Capacitive reactance (measured in ohms)
X Inductive reactance (measured in ohms)
Y Adnittance (measured in siemensormhos), thereciprocalof imped-

ance; tle lack of oppositio to the flow d dt€rnatilg crrrent in a
reactive circuit

Z Impedance (measured in ohms), the reciprocal d admittance; the
opposition to the fow d alt€rnatiqg ctrrent in a reactive circuit

d 9G0degrees
e Phase aqgle (measured in degrees) in a right triangle, simply an

angle
X Wavelength (measured in meters)
n  3 . 1 4 1 6 . . .
etc Cutofrfrequency

ADMITTANCE
1(t) Y:16f7

1
(2) Y:2

L

(3) Y:GqEu

AVERAGE VALUE
(1) Average rralue: 0.637 (peak wlue)
(2) Average value:0.900 (R.M.S. vralue)
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CAPACITANCE
(1) Capacitors in parallel:

Crmrl:Cr*C2+C8 . .  .  etc.
(2) Capacitors in series

CmrL:

+.*.+..  r  srq
(3) Two capacitcs in serieE

c*.. - CtC'
- tu '& q+Ct

(4) Capacitance da capaciton

C:o.o885IqP
(5) Quandtyof electricity store&

Q-CE

CONDUCTANCE
t(1) G:i
I

(2) G-;

(3) GmrAr: Gr + Gs + Gr . . . etc. (Resbtfisinpardlel)
(4) IprAL:EG1m11

COSECANT

( 1 ) c - s c  0 = Eo
(2) csc 0 = sec (904)

1(3)csc r= f r

COSINE
A(f) coe0:E

(2) m0-sin(90-O
1(3) cos 0:&

,ffi



COTANGENT
A

(1) cot 0-6

(2) ot 0-tat (90 - 0)
1(3) cot e-ffi

DECIBEL
P.

(1) dB - t0 log #Ez

(2) 8dts - 20 log*t O"t if source and loa impedance are equal- D , 2

I.
(3) dB - 20 log * Only if source and load impedance are equal

rt

(0 dB - zoblyf9Source and load impedances are rmequl- 
Ez{Q'

O(5) A - 2glor]&source and load impedances are unequal- 
lz'lZs

FIGT'NE OF MEruT
(1) Q-tan0

Y
(2) Q:p

FILTERS, ACTTVE
There are four basic filter types; high pass, low pass, bandpass, utd band*top.

The following flter types are referred to as "constant-K' and are practical fc
moot purpooea

Low-Ba$ and f,igb-pass

_ l _ Rc-fr t-a
rvlere:

C - capacitance in farads
L - inductance in Henries
R - nominal terminating resistance - frd
co. - OttOff freqrency - 2 rf" - 6.28 f"

t6



FA. A-Z Lo*|ass fltercfnbn fnq*mey

Banrt pars

Amplitude

Frequency--;

A  @ z - @ t,"t:EF

C , :  
1

' 
R(c+ - cor)

. R
l r r  - -

'  @ z - ( l t

-  R ( a r - a r )
t " : T

rvhere:

C1- Series capacitance in farads
Ca: Sbunt capacitance in farads
Lr : Series inductance in henries
La - Shunt inductance in henries
R: Nominal t€rninatiqg resistance - [ffi= fW

0)1

0)2

Bandctop

<o" - Midband frequency - 
(dT - #r- 

2xf"-6.28 q
: Iower ortofr frequency X 6.28
- Upper cutoff frequency X 6.28

A I  .  R(c r l r -c , l t )
! ,-mTG' 4-T

Fig. A& H$-Wflter circui|
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Amplitrdc

I
Wc Frequency-*

FA. A1 Hlgh-/rss filter+tut oil fn$.erw

@c - QJtCr-ffi - R
L t : -

@z - Qtr

where:

<o" - midband frequency : (@ - U!E;q- - U@t6.2S

All other espressions ue the same aE band-pas*

FILTDRS ACTTVE
Active filters incorpcate an active device (transistor, operadonal anpfificr,

etc.) to replace tbe dificult to fnd inductors. Actirc filtersare smallermdeat&r
to modify for specific needs. They can atso fovide high€r Q values rhan their
passive counterparts The following equations andtables arreapflicable toffi
IC operational anplifiers (indtding FEtr tJ'pes).

Lm-PassFiltsr
Figure A-9 i[ustrates a ommon form d active low-pass filt€r. Th€ value dCl

is determined by dividing the desired cut<ff frequency (c) into 10. The r€grb d
this calculation is the value d Cf in microfrrads. N€ryt, mulfiply the YalF d Cr
with the desired fc and divide this fduct into 159. This resilt i8 tbe scale ftctor,
needed to calculate the valueg d tbe remaining ompoeotsfrm tbe fdbwing
tabh

Fb. A.A fund-fu$ f,lbr ciro*it
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t
Anpli

. l
Wr Wo W. --fD

Freqnency
Fb. AA fund-fus fltcr+tat ot fnryeaey.

I
I- - T - -
I
I

tudc

Componcnt For Gainof 2 FcGainof 1O

Crtn/F)
Rr 0nKO)
&(rnI(o)
Rs0nKo)

0.150 X vahn ofCl
1.612 X scale frctfi
9,223Xscale facttr
2.068 X scale ftctor

0.0:13 X Yalue dCr
1.021 X scale frctos

l0.2ll X scale frctc
2.96t X scah hcttr

Erample:
Desired fc : 500 Hz; @n- 2

q:#: o'oz1ts
Cr: (0.02)0.150 - .003/F

scalefacror-#-#: r8.9

f,, : (1.612)15.9 : 25.63 k0
Rc - (3.223)15.9 - 51.24 k{}
Rr: (2.068)15.9 - 32.88 kO

r89



Amplitude

wt w" Wr -->
FrequencY

FA. 48. fund.tto/� filtcrefat on fnqtercy.

f,igh-Pass Filters
Figrre A-10 illustrates a common form d active high-pass flter. fite ralue of

Q is determined by dividing the desired q$ofrfrequency ({,) into 10. The result
of this calculationistheralueof Q inmicrofarads. Nsrt, multiplytheralueof C1
with the desired fc and divide this product into 159. This result is the scale factor.
The scale factor is needed to calculate the rnalues of the remaining components
from tle followiqg table:

Component For Gain of 2 For Gain of l0

Cz 0n/F)
Cs (inpF)
Rr (in k0)
Rr (in kO)

0.500 X value of C1
f .000 X value of Ct
0.566 X scale factor
3.536 X scale factor

0.100 X ralue of C1
1.000 X ralue of C1
0.673 X scale factor

14.849 X scale factor
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Fig. A-10. High-|a$ filtcr.

Exarple:
Desired fc - 50 llz; Gain:2

t o
Q:fr -o'02 tE
Cc: (0.02)0.500:0.01p1t
Cc: (0.02)1.000 - 0.02 tE

scalefrctor-H-f;- ts.e

&: (0.566)15.9 : 8.99 k0
f,r: (3.536)15.9: 56.22 ka

Bandpass Filter
Figure A-11 illustrates a cornmon form of active bandpass filter. The value of

Cr is determined by dividing the desired center frequency (fo) into 10. The result
dthiscalculationisthevalueof Cl inmicrofarads.Next, multiplytderalueof C1
with the desired fo and divide this product into 1 59. The result is tle scale factor,
used to calculate the ralues of the renainiqg compooents from tle followiag
tabte:

Cmpooent For Gain of 2 FcGalnof 10

Cr(tnpF)
&(ro kO)
RrGn kO)
Rr(in kO)

1.000XwhedCg
1.000 X scale factc
0.333 X scale frctm
4.000 X scale factc

2.000XvaluedQ
0.200 X scale hctc
1.000 X scale frcttr
3.000 X scale frctor

p1



Fig.A-11. tundlassflt /.

Example:
Desired fo: 500 IIz; Gain: 10

1 0
Ct:Bii':0.02#F

Cc: (2.000)0.02 : 0.0apF

scale factor: g - 119: rb.9
tU ,  l u

Rr: (0.200)15.9: 3.18 kO
Rr: (1.000)15.9: 15.9 kO
f,r: (3.000)15.9 : 47.7 kA

For a narrower bandpass, a higher Q value is required. The ralues of R1, R2,
and Rs can be adjusted by multiplying them by the factors given in the following
table:

For Gain of 2 For Gain of 1O

Rr Rt aodRg R,
Deeired Value

ofQ Rl and R3

0.400
0.258
0.189
0.153

Dxample:
Desire a Q of 8 from the previousbandpass calculationswhile maintainingthe

gain at 10.

1%

1
6
8

10

2
3
4
5

2
3
4
5

0.105
0.06r
0.0/t4
0.034



Rr - 3.18 kQ X 4 : L2.72 l<{2
Rz: 15.9 kQ X 0.044: 0.699 ko
Rs:47.7 kO X 4: 190.8 k0

Bandstop Filter (Band-Reject or Notch Filtet)

Figure G12 illustrates a conmon form of bandstop filter. The value of C1 is
determined by dividing the desired center frequency ([) into 10. The result of
this calculation is the value of Q in microfarads. Next, multiply the value of C1
with the desired i and divide this product into 159. The result is the scale factor.
C2's capacitance is twice that of Ct . For uniB gain Gain of 1)' the following table
of multipliers can be used to obtain the values of the tlree resistors depending on
the desired Q. Simply multiply the scale factor by the multipliers. The product
wiU be in kilohms.

Deeir€dVdue
ofQ RrR,Rr

I
2
3
4
5
6
7
I
9

10

0.500
0.250
0.167
0.125
0.100
0.083
0.071
0.063
0.056
0.050

2.000
4.000
6.000
8.000

10.000
12.000
14.000
r6.000
18.000
20.000

0.400
0.235
0.162
0.L23
0.099
0.083
0.07r
0.062
0.055
0.050

Fig. A-12. tundstop 6otch) filter.
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Bample:
Desired fo - 500 IIa Q- 5

1 n
Cr - 3tr: 0.02 tF
Cz:2(0.024F) - 0.04#F

scale factor - 
# 

: 
T; 

: 15.e

Rr - (0.100)15.9 - 1.59 kO
Rz(10.000)15.9: 159 ko
Rr - (0.099)15.9 - 1.57 kO

FREQUENCY

(Df -=Lq

1
(2) f::,

IMPEDANCE
(l) Z:trl*
(2) Z-G4BP-

P
($  Z :4cos u

Y(4) z-#
F(5) z:i

p(6) z-fu
Et cos 0

l : t ) L : T

INDUCTANCE
(1) Inductors in series:

Lrm11-Lr*Lr+Ls. . .  etc.
(2) Inductors in parallel:

1 , 1 , 1
L-t - f ,

1g

Llorrr
. . . € t c



(3) Two inductors in parallel:

_ L,L,Lrm.rr -Tfi;

(4) Coupled inductances in series with fields aiding:

Lrorer,: Lr * L2+ 2M
(5) Coupled inductances in series with fields opposing:

L1661.: Lr * h- 2M
(6) Coupled inductances in parallel with fields aiding:

Lrmrr,:

(7) Coupled inductances in parallel with fields opposing:

I
Lrmrr,:

1 + 1
L l + M  

'  
L 2 + M

1 + 1
L r - M  

'  
L " - M

(8) Mutual induction of two rf coils with fields interacting:

M - �L ' -L '
4

TVhere

L1 is the total inductance of both coils with fields aiding
L, is the total inductance of both coils with fields oppming

(9) Coupling coefficient of two rf coils inductively coupled so as to give trans.
former action:

M
f , - -

'lLtL,

METER FORMTTI,/TS
1

(1) Ohms/volt: f

Where

I: Full scale current in amperes
(2) Meter resistance:

It

R nrn:ry
TFUIJ,SCAIS

(3) Current slnmt:

R--^- - RMerEn
--5srr 

N _ I



Where
N is the newfull-scale reading divided by the originalfull-scalereading (both
in same units)

OEM'S LAW FOR DC CIRCUITS

(1) I:.Rg

n(z) I- \l.R:

6)  I : ;

(4) R:?

(5) R:i
F3

(6) R-f
(7) E-IR

(8) E-?
(9) E:ffi

(10) P-IzR
(11) P-EI

r.2(u) P-t

OEIII'S IITW FOR AC CIRCTIITS

$ b 2
(2) r:

G)I-E#

(4) Z:+
(5)z-#

1%



E2 cos 0(o, Z:--F-

(7) B:lZ
p

(8) E:d;0

t v 7
(9) E:{ .*e

(10) P:lzZcs9
(11) P:IEcos0

s2)p-ry

PEAT VALUE
(1) VraAr: 1.414 (rurs value)
(2) Vtgltr: 1.570 (average value)

PEAT TO PEAK VALI'E
(1) Vp-p- 2.828 (rns ralue)
(2) Vp-p - 3.140 (aver4ge value)

PEASE ANGLE
x

0-arc tanfr

POW-ER FACTOR
(1) pJ.-cos0
(2) D-crlt0

NEACTANCE
(1) & -2nfl

1(2) xc-fu,

r97



NESISTANCE
(1) Resistcs in series:

Rrprp-Rt+Rs+Rs . . . etc.
(2) Resistors in parallel:

Rrvrrr.-
1 1 1

otf,^
R r  

'  
R r  

'  
R r  " ' - '

(3) 1\ro resistors in parallel:

Rm^,-ffi
RESONIINCE

1(l) fnrsorwcr:ffi,

QrL- 4fu
@>c-Th

ruGgT TRIANGI,E

(1) f ta-*

(2) cc A-*

(3) tan o-l

(4) sec0-*

(5) cot 0-8
H

(6) csc 0- O
ROOT IIIEAN SQUARE
(SINE WAVE SHAPE ONLY)
(1) rms - 0.707 Geak value)
(2) rns: 1.111 (avsage vahre)

SECANT

(1) sec A-x

tg



(2) sec 0- cosecant (90 - d)

(3) sec0- I 
=

CGI U

SINE
o(1) sin A:i

(2) sin 0- cos (90 - d)
1

( 3 ) s i n Q -  ' ' . >
- 

cosecant A

SUSCEPTANCE
x.(1)B,-pft

t
(2) B.: i- r \ c

(3) Bmmr:Br+Bs+Bs . . . etc,

TANGENT
o(1) tan 0_i

(2) tm0:ot(90-d)
1(3) tan ?-; i .re

TEMPERATTIRE
(1) C:0.556F-17.8
(2) F: 1.8 C + 32
(3) K: C+273

TRANSISTORS,
BIPOIITR
(1) I"-Iu f
(2) I"= 1"
(3) B" - Eu - 0.7 (silicon transistors)
(4) E. - Eu - 0.3 (gernaniun transistors)

F(5) I":ff
I\G

19



(6) 4-R.F
A i+-F

Wh€res

&is tle porvergain of a comnm co[ectcemi$radm

TRANSISTORS,
FISII) EFFECT

"- --AIo-
AVcr

Wbere:

Gb is the transconductance ralue
AVcs i8 a change in gate to source rroltage
AID iE a suhequent change in &ab curreot

INANSFONUER RATIO

N ' E t t T ,- - - - -  -  { r -
N E. t  lz ,

WAVEI,ENGTg

m
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