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PREFACE

Basic Electronics, is written for men and women of the U.S. Navy and
Naval Reserve whose duties require them to have a knowledge of the funda-
mentals of electronics. Electronics concerns itself with the emission,
behavior, and effect of electrons in vacuums, gases, and semiconductors.
Technically speaking, electronics is a broad term extending into many
fields of endeavor. Today, electronics projects itself into Navy life at
every turn, It facilitates a means of rapid communications, navigates
ships, helps control engineering plants, aims guns, drops bombs, and
perform logistic functions. It is, therefore, important to become well
informed in all areas of basic electronics in order to be able to qualify
for any of the many applicable rates or ratings.

The coverage of basic electronics principles is presented in two
volumes of which this is Volume I. The opening chapters treat general
information concerning Naval electronics equipments, testing devices,
and safety procedures. This is followed by a study of fundamental
electronics devices such as transistors and electron tubes, and some of
the basic circuit arrangements in which they are frequently found.

You will note that a broad area of this manual treats communications
theory. We have seen fit to do this since the concept of transmission
and reception is fundamental in the electronics field. The coverage
includes a detailed discussion of basic receiving and transmitting circuits
for conventional amplitude-modulated, frequency-modulated, and single-
sideband systems. Some troubleshooting techniques of these circuits are
also presented.

The concluding chapters present a discussion of transmission lines,
antennas, and wave propagation. This information will be helpful to
the reader in understanding the relationship between transmitting and
receiving equipments.

Basic Electronics, Volume II, NAVEDTRA 10087-Cl1, treats pulse shap-
ing circuits, microwave applications, basic logic circuits, and some funda-
mentals of synchro and servo systems. The reader should understand
the concepts treated in Volume I before any attempt is made to study the
more advanced subjects presented in Volume II.

As one of the basic Navy training manuals, this book was prepared
by the Training Publications Division of the Naval Personnel Program
Support Activity, Washington, D, C,, which is afield activity of the Bureau
of Naval Personnel. Technical assistance was provided by the Electronics
Technician (Class A) Schools at Great Lakes, Illinois and Treasure
Island, California, and the Naval Training Publications Center, Memphis,

Tennessee, '

Reprinted 1980

Stock Ordering No.
0502-LP-050-4350



THE UNITED STATES NAVY

GUARDIAN OF OUR COUNTRY

The United States Navy is responsible for maintaining control of the sea
and is a ready force on watch at home and overseas, capable of strong
action to preserve the peace or of instant offensive action to win in war.

It is upon the maintenance of this control that our country’'s glorious
future depends; the United States Navy exists to make it so.

WE SERVE WITH HONOR

Tradition, valor, and victory are the Navy's heritage from the past. To
these may be added dedication, discipline, and vigilance as the watchwords
of the present and the future.

At home or on distant stations we serve with pride, confident in the respect
of our country, our shipmates, and our families.

Our responsibilities sober us; our adversities strengthen us.

Service to God and Country is our special privilege. We serve with honor.

THE FUTURE OF THE NAVY

The Navy will always employ new weapons, new techniques, and
greater power to protect and defend the United States on the sea, under
the sea, and in the air.

Now and in the future, control of the sea gives the United States her
greatest advantage for the maintenance of peace and for victory in war.

Mobility, surprise, dispersal, and offensive power are the keynotes of
the new Navy. The roots of the Navy lie in a strong belief in the
future, in continued dedication to our tasks, and in reflection on our
heritage from the past.

Never have our opportunities and our responsibilities been greater.
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CHAPTER 1
INTRODUCTION TO ELECTRONIC EQUIPMENTS

The purpose of this chapter is to explain
the functional (as opposed to operational) char-
acteristics of various Navy electronic equipments,
and tell how these equipments are used in the
performance of Navy functions,

The equipments discussed and illustrated in
this chapter are selected as representative of the
many models and types of electronic equipments
used in the Navy today. No attempt is made to
cover all of the equipments in use.

Equipments to be covered can be broken
down into six broad categories; Communications,
Navigational, Radar, Identification Friend or Foe
(IFF), Countermeasures, and Sonar, Included in
‘communications are radio, radio teletype, multi-
plex, facsimile, and digital dataequipment, Radar
equipment can be divided into distinct types,
such as surface search, air search, altitude
determining, airborne search and fire control.

Modern Navy equipments must be of rugged
construction for long service life. Due to limited
space, vibrations, and stresses found aboard
ships and aircraft, compactness and ruggedness
must be important design considerations for
these equipments,

FREQUENCY SPECTRUM

Before actually describing the various equip-
ments, it will be advantageous to cover the
frequency spectrum, which generally applies to
all equipments,

Electronic equipments operate on frequencies
ranging from 10,000 hertz through frequencies
in the visible light range (see fig. 1-1). These
frequencies are generally divided into eightbands
as shown in table 1-1,

The Navy normally uses the VLF and LF
bands for shore station transmissions, The com=
mercial broadcast band extends from about 550

kHz to 1700 kHz, thereby limiting naval use to
the upper and lower ends of the MF band. The
HF band lends itself well for long-range com-
munications, therefore most shipboard radio
communications are conducted in the HF band,

A large portion of the lower end of the VHF
band is assigned to the commercial television
industry and is used by the Armed Forces only
in special instances., The upper portion of the
VHF band (225 MHz to 300 MHz) and the lower
portion of the UHF band (300 MHz to 400 MHz)
are used extensively by the Navy for its UHF

67.190
Table 1-1, — Bands of frequencies

Frequency Frequency
Abbreviation band range

VLF Very low below 30 kHz
frequency

LF Low 30-300 kHz
frequency

MF Medium 300-3000 kHz
frequency

HF High 3000-30,000 kHz
frequency

VHF Very high 30-300 MHz
frequency :

UHF Ultrahigh 300-3000 MHz
frequency

SHF Superhigh 3000-30,000 MHz
frequency

EHF Extremely 30-300 GHz
high
frequency
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72.50
Figure 1-2, — Basic radiocommunication system,

communications. The frequencies above 400 MHz
in the UHF band through the SHF and EHF bands
are normally used for radar and special equip-
ment.

COMMUNICATIONS EQUIPMENT

In the Navy the ships, planes and shore bases
do not act independently of one another butoperate
as a team working together to accomplish a
specific task., Radio equipment is used to coor-
dinate the activities of the many unitsinthe Fleet
by linking them with each other and with shore
stations,

The word ''radio'' can be defined briefly
as the transmission of signals through space by
means of electromagnetic waves, Usually, the
term is used in referring to the transmission
of intelligence code and sound signals, although
television (picture signals) and radar (pulse
signals) also depend on electromagnetic waves.

Radio equipment can be divided into two
broad categories, transmitting and receiving
equipment,

A basic radio communication system consists
of a transmitter and a receiver (fig. 1-2). The
electromagnetic variations are propagated
through space from the transmitting antenna to
the receiving antenna. The receiver converts
these signals into theintelligence thatis contained
in the transmission.

Of the several methods of radio communi-
cations available, those utilized most commonly
by the Navy are radiotelegraphy, radiotelephony,
radioteletype, radiofacsimile, and digital .data.
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VERY HIGH OR ULTRA HIGH
FREQUENCY

ULTRA HIGH FREQUENCY
(RESCUE BEACON)

(A) 32.278(76) (B) 120.65 (C) 76.32 (D) 32.40  (E) 120.5
Figure 1-3.— Representative Navy radio transmitters.
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MEDIUM FREQUENCY

{SIZE RELATIONSHIP IS APPROXIMATELY
ONE-HALF ACTUAL)

HIGH FREQUENCY
(EMERGENCY LIFEBOAT)

(A) 32.278(76) (B) 120.65 (C) 76.32 (D) 32.40 (E) 120.5
Figure 1-3.—Representative Navy radio transmitters — continued.
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TRANSMITTERS

A transmitter is a device for converting
intelligence, such as voice or code, into elec-
trical impulses for transmission either onclosed
lines, or through space from a radiating antenna,
Transmitters take many forms, have varying
degrees of complexity, develop various levels
of power, and employ numerous methodsfor
sending the desired information or energy com-
ponent from one point to another.

Transmitters operating in the medium- and
high-frequency bands of the frequency spectrum
are used chiefly for communication at medium
and long ranges. Some transmitters in these
bands, however, are designed for short-range
communication. In most instances, short-range
transmitters have a lower output power than
those designed for communication at medium
and long ranges,

The term ‘''short range'' (or ''distance'')
means a measurement less than 200 miles;
"medium range'' is between 200 and 1500 miles;
and ''long range'' exceeds 1500 miles. These
values are approximate, because the range of
a given equipment varies considerably accord-
ing to terrain, atmospheric conditions, frequen-
cies, and time of day, month, and year.

Transmissions in the VHF and UHF ranges
normeally are restricted to line-of-sight dis-
tances. Under unusual atmospheric conditions,
they have been received at considerably longer
distances— 500 miles or more,

Shipboard installations of VHF equipments
are retained for emergency communications,
and for communication with allied forces that
have not yet converted to UHF equipments, The
VHF equipment is also being used as a backup
to UHF equipment.

Most UHF radio transmitters (and receivers)
used by the Navy operate in the 225- to 400-
MHz frequency range. Actually, this range of
frequencies covers portions of both the VHF
band and the UHF band. For convenience, how-
ever, radio equipments operating within this
frequency range are considered to be UHF
equipments,

Some of the various types of transmitters
used in the Navy are illustrated in figure 1-3.

RECEIVERS

A receiver is a device which converts the
electrical impulses picked up by the receiving

VERY HIGH OR ULTRA HIGH
FREQUENCY

MEDIUM / HIGH FREQUENCY

(A) 1.157 (8) 50.40 (C) 32.42
Figure 1-4,—Representative Navy radio re-
ceivers,



BASIC ELECTRONICS VOLUME I

antenna back to the original transmitted in-
telligence.

Modern Navy radio receivers are capable of
receiving several types of signals and can be
tuned accurately over a wide range of frequencies.
Because they are not required to produce or
handle large currents and voltages, their size
is relatively small when compared to the size
of most transmitters. Figure 1-4 shows some
of the receivers used by the Navy.

TRANSMITTER-RECEIVERS

A transmitter-receiver comprises a separate
transmitter and receiver mounted in the same

HIGH
FREQUENCY

rack or cabinet. The same antenna may be used
for the transmitter-receiver arrangement. When
so used, the capability for simultaneous operation
of both the transmitting and receiving equip-
ments does not exist. The equipments may be
operated independently, using separate antennas,
An example of Navy type transmitter-receivers
is displayed in figure 1-5.

TRANSCEIVERS

A transceiver is a combined transmitter and
receiver in oneunit whichuses switching arrange-
ments in order to utilize parts of the same
electronic circuitry for both transmitting and

L

ULTRA HIGH FREQUENCY

(SIZE RELATIONSHIP IS APPROXIMATELY

ONE-HALF ACTUAL)

(A) 76.61 (B) 32.109.2

Figure 1-5.— Representative Navy transmitter-receivers,
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(CONTROL
UNIT)

HIGH FREQUENCY (AIRCRAFT)

HIGH FREQUENCY ' VERY HIGH FREQUENCY
(SHIPBOARD) (PORTABLE)
32.135:.120.5

Figure 1-6.— Representative Navy transceivers.
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receiving. Hence, a transceiver cannot transmit
and receive simultaneously, Some Navy trans-
ceivers are illustrated in figure 1-6,

RADIO TELETYPE

A radio teletype system is a series (loop)
connected telegraphic communications network
operating between two or more points, and
involving the transmission and reception of coded
signals,

The Navy uses two basic teletype systems
aboard ship. One is the audio frequency tone-
shift radioteletype (AFTSRATT) used for short
range operation. The other is the radiofrequency
carrier-shift radioteletype (RF(’fSRATT) used
Tor long Tange Operation.

A representative teletypewriter used in a
radio teletype system is shown in figure 1-7,

MULTIPLEX

The number of communication networks in
operation per unit of time throughout any given
area is increasing constantly. In the not-too-
distant past, each network was required to
operate on a different frequency. As a result,
all areas of the radio-frequency spectrum had
become highly congested.

1.361

Figure 1-7, — Representative Navy teletype-
writer,

120.26(120C)
Figure 1-8, — Representative Navy telegraph
multiplex terminal,

The maximum permissible number of intel-
ligible transmissions taking place in the radio
spectrum per unit of time can be increased
through the use of multiplexing. The main pur-
pose of a multiplex system is to increase the
message-handling capacity of radio communi-
cation, or teletypewriter channels and the trans-
mitters and receivers associated with them,
This increase in capacity is accomplished by
the simultaneous transmission of several mes-
sages over a common channel, A telegraph
multiplex terminal is shown in figure 1-8,

FACSIMILE

Facsimile (FAX) is a method for transmitting
still images over an electrical communication
system., The images, called pictures or copy
in facsimile terminology, may be weather maps,
photographs, sketches, typewritten or printed
text, or handwriting. A representative facsimile
transceiver is illustrated in figure 1-9.

COMPUTERS

The Navy’s reliance on computer technology
has greatly increased in recent years because
of the ability of computing systems to provide
fast and accurate analysis of logistical and
tactical operations. Computing systems are highly
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reliable and can perform several operations
simultaneously.

Computers are divided into two general types,
analog computers and digital computers. The
analog computer is one which solves problems
by translating physical conditions; such as flow,
temperature, pressure, angular position, and
size of displacement into. equivalent electrical
quantities. These electrical measurements are
continually being updated as the physical values
change. '

The gasoline gage on an automobile is one
type of analog computer. The liquid in the
gasoline tank operates a float which, in turn,
physically controls the amount of battery current
flowing through a rheostat mounted at the tank.
The amount of current is proportional to the
amount of gasoline in the tank and positions
the gasoline gage to a position on the scale
indicator which indicates the approximate amount
of gasoline in the tank, Thus an analog computer
gives an approximate solution in a continuous
form, whereas a digital computer gives exact
data solutions of discrete values.

The digital computer is one which solves
problems by repeated high speed use of the
fundamental arithmetic process of addition, sub-
traction, multiplication, or division in binary,
decimal or any pre-determined notation. The
digital computer uses increments (digits) to
express distinct quantities,

13.70
Figure 1-9,—Representative Navy facsimile transceiver.

An example of a digital computer is a cash
register., Certain specific digits are entered
at the console and stored, and upon request,
a digital output representing the sum (or dif-
ference) is printed out. Other digital computers
include the abacus, desk calculator, punchcard
machine, and the modern electronic computer.

Digital electronic computers are classified
as special-purpose or general-purpose com-
puters, The special-purpose computer is designed
to handle a specific type of data processing
task as exacting and as efficiently as possible.
A general-purpose computer isdesigned to handle
a variety of data processing tasks in which its
adaptability, storage capacity and speed are
adequate.

Some of the more common places where
computers are used (mostly ashore but some
afloat) are in command activities, operation
centers, communications, finance, medical,
weather, supply, maintenance, oceanography,
weapon systems, and Naval Tactical Data Sys-
tems. Figure 1-10 shows a representative digital
computer and a representative analog computer,

NAVIGATIONAL EQUIPMENT

Basically, piloting is a form of naviga-
tion, TPiloting is that branch of navigation in



BASIC ELECTRONICS VOLUME I

"MAGNETIC TAPE

eLecTrRiC  [NENRAN A < -
TYPEWRITER iy : READER
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Figure 1-10, — Representative Navy computers. 124.1x
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which a ship’s position is obtained by referring
to visible objects on the earth whose locations
are known, This reference usually consists of
bearing and distance of a single object, cross
bearings on two or more objects, or twobearings
on the same object with an interval between
them,

Position in electronic navigation is deter-
mined in practically the same way that it is
in piloting. There is one important difference,
however., The objects by which the ship’s posi-
tion is determined need not be visible from
the ship, Instead, their bearings (and in most
instances their ranges) are obtained by elec-
tronic means — usually radio.

The advantages of piloting by radio are
obvious. A ship’s position may be fixed elec-
tronically in fog or thick weather that other-
wise would make it impossible to obtain visual
bearings. Moreover, it may be determined from
stations located far beyond the range of even
clear-weather visibility.

RADIO DIRECTION FINDERS

Essentially, the radio direction finder (RDF)
is a sensitive receiver to which a directional
antenna is connected, Radio direction finding is
used primarily in air navigation, It is also used
in the location of personnel afloat in liferafts or

74.130.1
Figure 1-11.— Representative Navy radio direc-
tion finder indicator unit.

lifeboats, provided these craft are equipped with
a radio transmitter, and that the RDF equipment
is capable of receiving the transmitted frequen-
wes,

The RDF indicator unit, illustrated in figure
1-11, produces a visual indication of the bearing
of a received signal by means of an oscilloscopic
display of the output from a receiver.

Radio Compass

Radio compass equipment finds its greatest
present-day usage in aircraft. With a network
of radio beacons covering much of the earth’s
surface, the radio compass is essentially a
radio direction finder that automatically in-
dicates the plane’s bearing at all times and
thus helps the pilot to maintain his course and
to locate his position, Where the beamed energy
from the beacons cross, it is possible for the
pilot or navigator to fix his position with con=-
siderable accuracy.

Ground-station radio beacons transmit either
continuously or at automatically scheduled times;
the pilot tunes his compass receiver to the
frequency of the stations listed in the area
through which he is passing., Indicators auto-
matically show relative bearing information with
respect to the station being received.

TACAN

Tactical air navigation (tacan), is an elec-
tronic polar coordinate system that enables an
aircraft pilot to read —instantaneously and con-
tinuously —the distance and bearing of a radio
beacon transmitter installed on a ship or at a
ground station, In aircraft equipped with tacan
receiving equipment, an azimuth indicator shows
the position of the transmitting sources in de-
grees of magnetic bearing from the aircraft.
Also, the distance in nautical miles to the same
reference point is registered as a numerical
indication, similar tec that of an automobile odom=-
eter, The transmitter, receiver, and control units
of a shipboard and an aircraft TACAN system
are illustrated in figure 1-12,

LORAN

The long-range navigation (loran) system
provides 2 means of obtaining accurate navi-
gational fixes from pulsed radio signals radiated

11
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B. AIRCRAFT

179.1

Figure 1-12, — Representative Navy tacan equipment,

by shore-based transmitters. Depending on the
mode of loran operation and the time of day or
night, fixes are possible at distances up to 3000
nautical miles from the transmitting stations.

A loran set aboard ship (fig. 1-13A) or
airborne (fig. 1-13B) is a receiving set and indi-
cator that displays the pulses from loran trans-
mitting stations ashore.

RADAR EQUIPMENT

Radar (from the words radio detection and
ranging) is one of the greatest scientific devel-
opments that emerged from World War II. It
makes possible the detection and range deter-
mination of such objects as ships and airplanes
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i

T T e

A.SHIPBOARD
(SIZE RELATIONSHIP IS APPROXIMATELY
ONE-HALF ACTUAL)

B. AIRCRAFT

120.48

Figure 1-13. —Representative Navy loran equipment,

over long distances., The range of radar is un-
affected by darkness, but it often is affected by
various weather conditions; for example, heavy
fog or violent storms.

No single radar set has yet been developed
to perform all the combhined functions of air-
search, surface-search, altitude-determination,
and fire control because of size, weight, power
requirements, frequency band limitations, and so
on, As a result, individual sets have been de-
veloped to perform each function separately.
The function of the set is usually most readily

13

identified by the antenna associated with it (fig.
1-14). The information obtained from the radar
sets is presented as visual displays on repeaters
in CIC (CombatInformation Center), on the bridge,
and in spaces deemed necessary for efficient
operation of the ship.

SURFACE-SEARCH
The principal function of surface-search

radars is the detection and determination of
accurate range and bearing of surface targets
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FIRE CONTROL

AIR SEARCH {125"H X 204"W)
(180"H X 144°W) y

1

SURFACE SEARCH {76°H X 126" W)

ALTITUDE

DETERMINING
(320"H X 203" W)

NOTE:

179.2

Figure 1-14,— Navy radar type identification by representative antenna,

and low=-flying aircraft while maintaining 360°
search for all surface targets within line of sight
distance of the radar antenna. A representative
surface search radar antenna is shown in figure
1-14.

AIR-SEARCH

The chief function of an air-search radar is
the detection and determination of ranges and
bearings of aircraft targets at long ranges
(greater than 50 miles), while maintaining com-
plete 360° azimuth search, Figure 1-14 contains
an illustration of a representative air-search
radar antenna,

ALTITUDE-DETERMINING

The function of the altitude-determining radar
(antenna shown in fig, 1-14) is to find the accu-
rate range, bearing, and altitude of aircraft
targets detected by air-search radar.

FIRE CONTROL

A representative fire-control radar antenna
is pictured in figure 1-14, The principal function
of fire control radar is the acquisition of targets
originally detected and designated from search
radars. The determination of extremely accurate
ranges, bearings, and position angles of targets,
and the automatic tracking of a target provides
continuous information for the solution of fire
control problems and generation of gun/launcher
orders,

AIRBORNE SEARCH

An aircraft with a representative searchradar
antenna is shown in figure 1-15.

Search radar, the basic type used in most
radar-equipped aircraft, shows the range and
azimuth of targets such as ships, islands, coast-
lines, and other aircraft appearing within its
beam.

14
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179.3

Figure 1-15, — Aircraft with representative Navy search radar antenna.

AIRCRAFT FIRE CONTROL

The purpose of an aircraft fire control system
is to solve the fire control problem so as to
accurately direct an aircraft’s fire power. An
accurate means of range measurement is re-
quired for the solution of thefire controlproblem,
Also, a means of aiding the pilot in searching
out a target is desirable. The radar set antenna
(located in the nose of the aircraft) is shown
in figure 1-16.

15

179.4
Figure 1-16.— Aircraft with representative Navy fire-control radar antenna.

REPEATERS (INDICATORS)

As the tactics of warfare became more
sophisticated, there was more and more evi-
dence that the information obtained from radar
would have to be displayed at any one of several
physically separated stations. The size and weight
of the relatively bulky and complex radar console
made it unsuitable for remote installations. The
need was for a smaller and lighter general-
purpose unit, capable of accepting inputs from
more than one type of radar., To fulfill this need,
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RANGE AZIMUTH INDICATOR .
(PRIMARILY AIR SEARCH)

RANGE AZIMUTH INDICATOR
(PRIMARILY SURFACE SEARCH)

HEIGHT FINDING INDICATOR

. (A) 120.34 (B) 120.34 (C) 120.86
Figure 1-17. — Representative Navy radar repeaters,
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the present-day remote indicator (repeater) was
developed.

Three types of radar repeaters currently
installed on Navy ships are shown in figure 1-17,

IFF EQUIPMENTS

An Identification Friend or Foe (IFF) system
is employed with radar to permit a friendly
craft to identify itself automatically before ap-
proaching near enough to threaten the security
of other naval units, It consists of a pair of
special transmitter-receiver units. One set is
aboard the friendly ship (fig. 1-18A); the other
is aboard the friendly unit (ship or aircraft).

VIDEO DECODER

Because space and weight aboard aircraft are
limited, the airborne system (fig. 1-18B) is
smaller, lighter, and requires less power than
the shipboard transmitter-receiver., The air-
borne equipments are automatic, and operate
only when triggered by a signal from a shipboard
unit,

COUNTERMEASURES

Electronic Warfare (EW) is the use

of devices or techniques intended to impair the
operational effectiveness of enemy electronic
equipments or to detect the presence of enemy
counter

activities., Electronic warfare

RADAR
SET CONTROL

A. SHIPBOARD

B. AIRCRAFT

120.39

Figure 1-18, — Representative Navy IFF equipment.
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32,1
Figure 1-19,— Representative Navy electronic
countermeasures control and indicator units.

are classified as ''passive'' or ''active.'' Passive
ESM is the use of receiving equipments to inter-
cept enemy radar or radio transmissions. Active
ECM is the use of electronic or nonelectronic
means to jam or deceive the enemy transmission.
The control and indicator units of representative
sets are illustrated in figure 1-19.

SONAR

The future success of the Navy in maintaining
control of the seas will depend to a considerable
extent on her ability to cope with the high-speed
nuclear submarines,

Immediate and compelling, then, is the need
for submarine detection capabilities at signifi-
cantly increased ranges, with reliable perform-
ance independent of the water characteristics
of any particular operating area.

Sonar sets are used for detecting, tracking,
displaying underwater targets, and navigation,
This is accomplished by echo ranging and passive
listening., Target presentation is provided visually

18

A. SHIPBOARD

B. AIRBORNE
51.52(20C)
Figure 1-20, — Representative Navy sonar control
units,

on indicator scopes and audibly by loudspeakers
or headphones.

Passive (listening) sonars are used more
aboard submarines and at harbor defense activi-
ties than aboard ships.

Aircraft using sonar equipment can quickly
search a vast area of the ocean, and represent a
very effective countermeasure to the submarine
menace,

Representative shipboard and airborne sonar
set control units are illustrated in figure 1-20,



CHAPTER 2
SAFETY

A technician will install, maintain, and repair
electrical and electronic equipment in which
dangerously high voltages are present. This work
is often done in confined spaces. Among
the hazards of this work are electric shock,
electrical fires, harmful gases which are some-
times generated by faulty electrical and electronic
devices, and injuries which may be caused by
improper use of tools.

Because of these dangers, one should formu-
late safe and intelligent work habits since these
are fully as important as knowledge of electronic
equipment, One primary objective should be to
learn to recognize and correct dangerous condi-
tions and to avoid unsafe acts. A technician must
also know the authorized methods for dealing
with fires of electrical origin, for treating burns,
and for giving artificial ventilation (respiration) to
persons suffering from electric shock. In some
cases, artificial ventilation may have to be
accompanied by external cardiac massage (CPR)
to restore the heartbeat.

ELECTRIC SHOCK

Electric shock may cause burns of varying
degree, cessation of breathing and unconscious-
ness, ventricular fibrillation or cardiac arrest,
and death, If a 60-hertz alternating current is
passed through a person from hand to hand or
from hand to foot, the effects when current is
gradually increased from zero are as follows:

1. At about 1 milliampere (0.001 ampere)
the shock will be felt.

2, At about 10 milliamperes (0.01 ampere)
the shock is severe enough to paralyze muscles
and a person may be unable to release the
conductor.

3. At about 100 milliamperes (0.1 ampere)
the shock is usually fatal if it lasts for one second
or more. IT IS IMPORTANT TO REMEMBER
THAT FUNDAMENTALLY, CURRENT,
RATHER THAN VOLTAGE, IS THE
CRITERION OF SHOCK INTENSITY.
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It should be clearly understood that resistance
of body will vary. That is, if the skin is dry and
unbroken, body resistance will be quite high, on
the order of 300,000 to 500,000 ohms. However,
if the skin becomes moist or broken, body re-
sistance may drop to as low as 300 ohms, Thus,
a potential as low as 30 volts could cause a fatal
current flow. Therefore, any circuit with a po-
tential in excess of this value must be considered
dangerous.

IT SHOULD BE NOTED AT THIS POINT THAT
THE TAKING OF AN INTENTIONAL SHOCK IS
PROHIBITED BY NAVY REGULATION.

CARE OF SHOCK VICTIMS

Electric shock is a jarring, shaking sensation
resulting from contact with electric circuits or
from the effects of lightning. The victim usually
experiences the sensation of a sudden blow, and
if the voltage is sufficiently high, unconscious-
ness. Severe burns may appear on the skin at
the place of contact; muscular spasm can occur,
causing a person to clasp the apparatus or wire
which caused the shock and be unable to turn
loose. Electric shock can kill its victim by
stopping the heart or by stopping breathing, or
both. It may sometimes damage nerve tissue
and result in a slow wasting away of muscles
that may not become apparent until several
weeks or months after the shock is received.

The following procedure is recommended for
rescue and care of shock victims.

1. Remove the victim from electrical contact
at once, but DO NOT ENDANGER YOURSELF.
This can be done by: (1) throwing the switch, if
it is nearby; (2) using a dry stick, rope, leather
belt, coat, blanket, or any other nonconductor
of electricity; or (3) cutting the cable or wires
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to the apparatus, using a damage control ax
while taking care to protect your eyes from the
flash when the wires are severed. Even the
victim’s shoes, if dry, can be used to pull him
clear,

2. Determine whether the victim is breathing,
If so, keep him lying down in a comfortable
position. Loosen the clothing about his neck,
chest, and abdomen so that he can breathe
freely. Protect him from exposure to cold, and
watch him carefully.

3. Keep him from moving about. After shock,
the heart is very weak,and any sudden muscular
effort or activity on the part of the patient may
result in heart failure,

4, Do not give stimulants or opiates, Send
for a medical officer at once and do not leave
the patient until he has adequate medical care,

5. If the victim is not breathing, it will be
necessary to apply artificial ventilation without
delay, even though he may appear to be lifeless.

ARTIFICIAL VENTILATION

Artificial ventilation, the mechanical pro-
motion of breathing, is used to resuscitate
persons whose breathing has stopped as a result
of electric shock, drowning, asphyxiation, strangl-
ing, or the presence of a foreign body in the
throat, To revive persons suffering from elec-
trocution resulting in stoppage of breathing,
begin artificial ventilation immediately. Send
another person for competent medical aid. If
there is any serious bleeding, stop it first, but
do not waste time on anything else, Seconds
count, the longer you wait to begin, the less are
the chances of saving the victim,

The purpose of artificial ventilation is to
provide a method of air exchange until natural
breathing is reestablished. Artificial ventilation
should be given only when natural breathing has
been suspended; it must NOT be given to any
person who is breathing naturally, on his own. Do
not assume that a person’s breathing has stopped
merely because he is unconscious, or because he
has been rescued from the water, from poisonous
gas, or from contact with an electric wire.
Remember: DO NOT GIVE ARTIFICIAL
VENTILATION TO A PERSON WHO IS
BREATHING NATURALLY.

To check for breathing, look for chest
movement or put your ear next to the victim’s
nose and mouth to listen and feel for breath. If
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the victim needs assistance in breathing, first clear
the mouth of any food particles, foreign objects,
or loose dentures. Do this by sweeping the mouth
clean with your fingers.

When a victim becomes unconscious, the
muscles relax and the tongue may slide back into
the airway blocking it as illustrated in figure 2-1.
To open the airway in this situation, the head or
jaw tilt technique is recommended.

TONGUE
BLOCKING
AIR PASSAGE

136.52
Figure 2-1.—Blocked airway.

AIR PASSAGE

HEAD TILT

The head tilt technique is performed with the
victim on his back and the rescuer kneeling at his
side—head and neck level with the victim. Place
one hand on the victim’s forehead and the other
under his neck. Apply pressure on the forehead
and at the same time lift the neck. Tilting the head
in this manner opens the airway. An open airway
is shown in figure 2-2.

AIR PASSAGE OPENED

HEAD TILTED BACK

136.53
Figure 2-2.—Head tilt open airway.
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JAWTILT

A second technique for opening the airway is
the jaw tilt. This technique is accomplished by
kneeling by the top of the victim’s head and
placing your fingers behind the angles of the lower
jaw. Forcefully bring the jaw forward while tilting
the head backwards. Separate the lips with your
thumbs to allow breathing through the mouth as
well as the nose. If no air is exchanged, start
artificial ventilation immediately.

MOUTH TO MOUTH VENTILATION

If the victim is not breathing naturally, start
artificial ventilation, using the mouth-to-mouth
technique. This method is as follows:

Step 1. Clean mouth of all foreign material.

Step 2. Place victim on his back (face up)
(fig. 2-3). Lift his neck and place a folded coat,
blanket, etc, under his shoulders. Tilt his head
as far back as possible.

Step 3. Assume a position at the side of
victim’s head. Grasp the jaw with the thumbs in
one side of the mouth and pull it forward (fig.
2-4). Maintain this position to keep air passage
open.

Step 4. Pinch victim’s nostrils shut with the
thumb and forefinger (fig. 2-5). Take a deep
breath and place your mouth over his mouth and
your thumb, creating a tight seal. Blow into the
victim’s mouth until you see his chest rise.

Step 5. Remove your mouth and let victim
exhale passively (fig. 2-6). Inflate the lungs at
a rate of about 12 times per minute for adults
and 20 times per minute for children. Continue
until the victim begins to breathe normally.

o Keep the victim sufficiently covered so
that he will not suffer from exposure.

e Do not allow bystanders to crowd around
the victim and interfere with the first aid treat-
ment,

e Do not attempt to give the victim anything
to drink while he is unconscious, since this may
cause choking.
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4.224
Figure 2-3.—Placement of victim.
4.224
Figure 2-4.—Opening of air passage.
4.224
Figure 2-5.—Inflation
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Figure 2-6.—Exhalation.



BASIC ELECTRONICS VOLUME I

® Artificial ventilation must be continued
for at least 4 hours unless the natural breathing is
restored before that time or a medical officer
declares the person dead. Some people have been
saved after as much as 8 hours of artifical
ventilation.

® To assist shallow natural breathing, blow
in at the moment the victim inhales and take your
mouth off quickly when he exhales. CONTINUE
ARTIFICIAL VENTILATION UNTIL THE
VICTIM BREATHES NATURALLY OR

PROFESSIONAL MEDICAL AID ARRIVES!

MOUTH TO NOSE VENTILATION

Mouth to nose ventilation is effective when
the victim has extensive facial or dental injuries or
is very young, as it permits an effective air seal.

To administer this method, place the heel of
one hand on the victim’s forehead and use the
other to lift his jaw. After sealing the victim’s lips,
take a deep breath, place your lips over the
victim’s nose, and blow. To assist the victim to
exhale, you may open his lips. Observe the chest
for movement and place your ear next to the
victim’s nose to listen for, or feel, air exchange.
Again, you must continue your efforts at the rate
of 12 ventilations per minute, or one breath every
5 seconds until the victim can breathe on his own.

There are other methods of artificial venti-
|lation with which one should become familiar
and be able to master. These are described in
Standard First Aid Training Course, NAVEDTRA
10081-C.

| CARDIAC ARREST
(LOSS OF HEARTBEAT)

If the victim of an electrical shock has no
heartbeat, (no detectable pulse at wrist or neck,
and heart cannot be heard) he has then suffered
a cardiac arrest., In this case, severe brain
damage may occur if circulation is not re-
stored within four minutes, Closed cardiac mas-
sage is the recommended procedure to be used
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in such cases. The procedure is outlined in
NAVSEA 0967-LP-000-0100, EIMB, General,
Section 3, the Standard First Aid Training Course,
NAVEDTRA 10081-C, and in other various first
aid books and technical manuals. However, a
person should not attempt to perform closqd
cardiac massage, unless he has been instructed in
the proper procedure by competent personnel (a
doctor or hospital corpsman) and then pnly as a
last resort, since serious or even fatal injury may
result if improperly applied.

WORKING ON ENERGIZED CIRCUITS

Insofar as is practical, a technician should
NOT undertake repair work on energized circuits
and equipment. However, if it should become
necessary, as when making operational adjust-
ments, then one should carefully observe the
following safety precautions.

1. Ensure that you have adequate i\\umination.
You must be able to see clearly, if you are to
safely and properly perform the job.

2. Ensure that you are insulated from ground
by an approved type rubber mat, or layers of
dry canvas and/or wood.

3. Where practical, use only one hand, keep-

ing the other either behind you or in your pocket.

4, If the system voltage exceeds 150 volts,
rubber gloves should be worn.

5. An assistant should be stationed near the
main switch or circuit breaker, so that the
equipment may be immediately deenergized in
case of an em=rgency.

6. A man qualified in first aid for electrical
shock should be standing by during the entire
operation,

7. DO NOT WORK ALONE,
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8. DO NOT work on any type of electrical
apparatus when wearing wet clothing, or if the
hands are wet,

9. DO NOT wear loose or flapping clothing.

10, The use of thin-soled shoes and shoes
with metal plates or hob nails is prohibited.

11. Flammable articles, such as celluloid cap
visors should not be worn,

12, All rings, wristwatches, bracelets, and
similar metal items should be removed before
working on the equipment, Also ensure that
clothing does not contain exposed metal fasteners
such as zippers, snaps, buttons, and pins.

13. Do not tamper with interlock switches,
that is, do not defeat their purpose by shorting
them or blocking them open.

14, Ensure that equipmentis properly grounded
before energizing.

15. Deenergize equipment before attaching al-
ligator clips to any circuit.

16. Use only approved meters and other indi-
cating devices to check for the presence of
voltage,

17. Observe the following procedures when
measuring voltages in excess of 300 volts,

e Turn off the equipment power.

e Short circuit or ground the terminals of
all components capable of retaining a
charge.

o Connect the meter leads to the points to
be measured.

e Remove any terminal grounds previously
connected,

e Turn on the power and observe the voltage
reading.

e Turn off the power.

e Shor: circuit or ground all components
capable of retaining a charge.

e Disconnect the meter leads.

18, On all circuits where the voltage is in
excess of 30 volts and where the deck, bulkheads,
or work benches are of metallic construction,
the worker should be insulated from accidental
ground by use of approved insulating material.
The insulating material should have the following
qualities:

e It should be dry, without holes, and should
not contain conducting materials.

e The voltage rating for which it is made
should be clearly marked on the material, and
the proper material should be used so that ade-
quate protection f{rom the voltage can be supplied.

e Dry wood may be used, or as an alterna-
tive, several layers of dry canvas, sheets of
phenolic insulating material, or suitable rubber
mats.

® (Care should be exercised to ensure that
moisture, dust, metal chips, etc. which may
collect on insulating material is removed at once.
Small deposits of such materials can become
electrical hazards.

e All insulating materials on machinery and
in the area should be kept free of oil, grease,
carbon dust, etc., since such deposits destroy
insulation,

SAFETY SHORTING PROBE

ALWAYS ASSUME THAT THERE IS A VOLT-
AGE PRESENT when working withcircuits having
high capacitance even when the circuit has been
disconnected from its power source. Therefore,
capacitors in such circuits should be discharged
individually, using an approved type shorting
probe. High capacity capacitors may retain their
charge for a considerable period of time after
having been disconnected {rom the power source.
A representative type shorting probe is depicted in
figure 2-7. An approved type shorting probe is
shown in NAVSEA 0967-LP-000-0100, EIMB,
General, Section 3.

L_—APPROXY 25’

h—,ﬁ=‘,smnr PROBE

1.1
Figure 2-7.—Representative safety shorting probe.
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When using the safety shorting probe, always
be sure to first connect the test clip to a good
ground (if necessary, scrape the paint of the
grounding metal to make a good contact). Then
hold the safety shorting probe by the insulated
handle and touch the probe end of the shorting
rod to the point to be shorted out. The probe end
is fashioned so that it can be hooked over the
part or terminal to provide a constant connection
by the weight of the handle alone., Always take
care not to touch any of the metal parts of the
safety shorting probe while touching the probe
to the exposed ''hot'' terminal, It pays to be
safe; use the safety shorting probe with care,

Some equipments are provided with walk=-
around shorting {such ss fixed grounding studs or
permanently attached grounding rods). When this
is the case, these should be uzed rather than the
safety shorting probe desciibed previously.

WORKING ON DEENERGIZED CIRCUITS

When any electronic equipment is to be re=-
paired or overhauled, certain general safety pre-
cautions should be observed. They are asfollows:

1. Remember that electrical and electronic
circuits often have more than one source of
power, Take time to study the schematics or
wiring diagrams of the entire system to ensure
that all sources of power have been disconnected.

2, If pertinent, inform the remote station
regarding the circuit on which work will be per-
formed.

3. Use one hand when turning switches on or
off,

4, Safety devices such as interlocks, overload
relays, and fuses should never be altered or
disconnected except for replacement. In addition,
they should never be changed or modified in any
way without specific authorization,

5. Fuses should be removed and replaced
only after the circuit has been deenergized. When
a fuse blows, the replacement should be of the
same type and have the same current and voltage
ratings. A fuse puller should be used to remove
and replace cartridge type fuses.

6. All circuit breakers and switches from
which power could possibly be supplied should be
secured (locked if possible) in the open or off
(safety) position and tagged. Figure 2-8 shows one

~ type of tag used for this purpose.

7. After the work has been completed, the
tag (or tags) should be removed ONLY by the
same person who signed it when the work began.,
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COLOR: BLACK LETTERING ON
RED TAG.

40.67(67B)C
Figure 2-8.—Warning tag for marking open
position of switches and cut-out circuits.

8. Keep clothing, hands, and feet dry if at
all possible, When it is necessary to work in
wet or damp locations, use a dry platform or
wooden stool to sit or stand on, and place a
rubber mat or other nonconductive material on
top of the wood. Use insulated tools and insu-
lated flashlights of the molded type when re-
quired to work on exposed parts.

ELECTRICAL FIRES

Fire is a hazard. The three general classes
of fires are A, B, and C. Class A fires involve
wood, paper, cotton and wool fabrics, rubbish,
and the like, Class B fires involve oil, grease,
gasoline and aircraft fuels, paints, and oil-
soaked materials, Class C fires involve insula-
tion and other combustible materials in elec-
trical and electronic equipment.
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Electrical or electronic equipment fires re-
sult from overheating, short circuilis (parts
failure), friction (static electricity), or radio-
frequency arcs. Also, equipment may be ignited
by exposure to nearby Class A or B fires,
Since Class C fires involve electric:al circuits,
electrical shock is an added hazariious condi-
tion. Thus, whenever possible, any electrical
equipments exposed to a Class A or Class B
fire, or actually ignited by such a fire, should
be deenergized immediately. If the equipment
cannot be deenergized completely, protective
measures must be enforced to gmuard against
electrical shock, In addition, extinguishing agents
other than gases will contaminate delicate in=-
struments, contacts, and similar electrical de-
vices. Therefore, carbon dioxide (CO;) is the
preferred extinguishing agent for electrical fires
because it does not conduct electricity and rapidly
evaporates leaving little or no residue. Thus,
its use reduces the possibility of electrical shock
to personnel and damage to delicate equipment
as a result of contamination,

.A dry chemical type of extinguishing agent,
composed chiefly of potassium bicarbonate
(Purple-K), is suitablefor electrical fires because
it also is a nonconductor and, therefore, protects
against electrical shock. However, damsage to
electrical or electronic parts may result from
the use of this agent, The riry chemical ex-
tinguisher is similar in appearance to the CO,
extinguisher,

A SOLID STREAM OF WA'TER MUST NEVER
BE USED TO EXTINGUISH EILECTRICAL FIRES
IN ENERGIZED EQUIPMENT because water
usually contains minerals which make it con-
ductive; the conductivity of sea water is many
times greater than that of fresh water. (Pure
distilled water is not a good electrical conductor
and may be used in an emergency on small
electrical fires,) If circumstances demand the
use of fresh or sea water, fog produced by a
special hose nozzle (fog head or tip) may be
used in electrical or electronic equipment spaces.
However, even though the fog is afine diffusion
or mist of water particles, with very little
conductivity, there is still some danger of elec-
tric shock, unless the equipment is completely
deenergized, Also, fog condensation on electrical
equipment frequently damages the components,
and this damage must be corrected after thefire,
Exercise care when using the fire hose. Pres-
sure at the fireplug may loe as much as 100 psi
and an unrestrained fire hose may result in
whiplash,
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Foam is not recommended for electrical fires
because of equipment damage and possible shock
hazard to personnel; however, if necessary, foam
may be used only on DEENERGIZED circuits.
When a blanket of foam is applied to a burning
substance, the foam smothers the fire; that is,
it cuts off the air supply tothe burning substance.
Thus the supply of oxygen necessary to support
combustion is isolated from the substance, and
the fire will be extinguished.

The following general procedure is used for
fighting an electrical fire:

1, Promptly deenergize the circuit or equip=_
ment affected. :

2, Sound an alarm in accordance with station
regulations or the ship’s fire billl. When ashore,
notify the fire department; if afloat, notify the
Officer of the Deck. Give the fire location and
state what is burning, If possible, report the
extent of the fire, that is, what its effects are
upon the surrounding area.

" 3. Secure ventilation by closiing compartment
air vents or windows,

4, Control or extinguish the fire using a
CO; fire extinguisher,

5. Avoid prolonged exposure to high concen-
trations of carbon dioxide in confined spaces
since there is danger of ‘suffocation unless
special breathing apparatus is. available.

6. Administer artificial respiration and oxy-
gen to personnel overcome by carbon dioxide
fumes and keep the patient warm,

Fire aboard a Navy wiessel at sea under
normal conditions sometime:s is more fatal and
damaging to both personnel and the ship itself,
than that resulting from battle. It is extremely
important that all personnel know and under=-
stand the dangers of fire. They should know the
type and location of all firefighting equipment
and apparatus in the immediate working and
berthing spaces, and throughout the ship, It is
too late after a fire has started; the time to be-
come familiar with this equipmant is now.

WARNING. SIGNS, PLATES, AND TAGS

Warning signs and suitable guards shall be
provided to prevent personnel from coming into
accidental contact with dangerous voltages, to
warn personnel of possible presence of explosive
vapors, RF radiation hazards, poisonous effects
of stack gases, and of other dangers which may
cause injury or death., Equipment installation
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should not be considered completed until assur-
ance has been made that appropriate warning
signs hawve been posted-in full view of operating
personnel,

Certain types of standard electronics warning
signs are available for procurement from the
Navy Supply System. A list of signs that are
available has been distributed to all ships,
commands, and shore activities. Any warning signs
nat listed should be ordered on a separate
requesting document.

Some of the more commonly used warning
signs are discussed below, most of these were
designed by the Naval Sea Systems Command.

Figure 2-9 is a High Voltage Warning Sign.
This sign is to be displayed at all locations where
danger to personnel exists, either through direct
contact with high voltage or through high voltage
arc-over. Appropriate guards should also be
installed at these locations.

Warning Signi for Personnel Working Aloft in
Way of Smoke Pipe Gases is to be displayed at the
bottom and top of access ladders to electronic
gquig)ment in the way of smoke pipe gases (fig.

-10).

RF Radiation Hazard Warning Signs are of six
-types. These are shown in figure 2-11.

Warning Platess for Electronic Equipment
Installed in Small Craft—although the drawing
title indicates this warning plate is to be installed
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40.67(31)
I Figure 2-9.—High voltage warning sign.
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PEIRSONNEL ARE CAUTIONED TO GUARD
AGAINST POISONOUS EFFECTS OF SMOKE PIPE
GASES WHILE SERVICING EQUIPMENT ALOFT.

WHEN SERVICING EQUIPMENT IN THE WAY
OF SMOKE PIPE GASES USE OXYGEN BREATHING
APPARATUS: AND A TELEPHONE CHEST OR
THROAT MICROPHONE SET FOR COMMUNICATION
WITH OTHERS IN WORKING PARTY.

OBTAIN NECESSARY EQUIPMENT BEFORE

o GOING ALOF T.
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40.67(26D)
Figure 2-10.--Smoke pipe gases warning sign.

in small craft, it may and should be displayed in
all spaces where there is a possibility of the
accumulation of explosive vapors (fig. 2-12).

Warning Tags for Marking Open Position of
Switches and Cutout Circuits—this tag is used to
indicate a switch which must be left in the OFF or
OPEN (safe) position during repairs. These tags
(fig. 2-8) are availalble for ship and shore personnel
through normal supply channels.

PRECAUTIONS WHEN WORKING ALOFT

When radio or iradar antennas are energized
by transmitters, workmen must not go aloft un-
less advance tests show that little or no danger
exists. A casualty can occur from even a small
spark drawn from a charged piece of metal or
rigging. Although the spark itself may be harm-
less, the ''surprise'' may cause the man to let
go his grasp involuntarily. There is also shock
hazard if nearby antennas are energized, such
as those on stations ashore or aboard a ship
moored alongside or across a pier.

Danger also exists that rotating antennas
might cause men working aloft to fall by knocking
them from their perch. Motor safety switches
controlling the motion of rotating antennas must
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Figure 2-11.—Radio frequency radiation hazard warning signs.

be tagged and locked open before anyone is
allowed aloft near such antennas,

When working near a stack, draw and wear the
recommended oxygen breathing apparatus, Among
other toxic substances, stack gas contains carbon
monoxide, Carbon monoxide is too unstable to
build up to a high concentration in the open,
but prolonged exposure to even small quantities
is dangerous.
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Observe these safety precautions when going
aloft:

1. Obtain permission from the CIC watch of-
ficer, communication watch officer (CWO), and
OOD.

2. Ensure that the boiler safety valves arenot
being set by checking with the engineer officer.

3. Procure the assistance of another man
along with a ship’s Boatswain’s Mate qualified
in rigging.
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WARNING

DO NOT ENERGIZE ELECTRONIC EQUIPMENT

UNTIL VENTILATION BLOWERS HAVE BEEN
OPERATING A MINIMUM OF FIVE MINUTES
TO EXPEL EXPLOSIVE VAPORS

40.67(140)
Figure 2-12.— Warning plate for electronic
equipment installed in small craft.

4, Wear a safety belt. To be of any benefit,
the belt must be fastened securely as soon as
the work place is reached. Some men have com-
plained on occasion that a belt is clumsy and
interferes with movement, It is true the job may
take a few minutes longer, but it is also true
that a fall from the vicinity of an antenna is
usually fatal,

5. Do not attempt to climb loaded with tools.
Keep both hands free for climbing, Tools can
be raised by an assistant below., Tools should
be secured with preventer lines to avoid dropping
them,

6. Ensure good footing and grasp at all times,

7. Remember the nautical expression of old
seafarers: HOLD FAST.

RADIOACTIVE ELECTRON TUBES

Electron tubes containing radioactive material
are now cormnmonly used. These tubes are known
as TR, ATR, PRE-TR, spark-gap, voltage-regu-
lator, gas-switching, and cold-cathode gas-
rectifier tubes. Some of these tubes contain
radioactive material and have intensity levels
which are dangerous; they are so marked in
accordance with Military Specifications.,

So long as these electron tubes remain intact
and are not broken, no great hazard exists.
However, if these tubes are broken and the
radioactive material is exposed, or escapesfrom
the confines of the electron tube, the radioactive
material becomes a potential hazard, The con=-
centration of radioactivity in a normal collection
of electron tubes in a maintenance shop does
not approach a dangerous level, and the hazards
of injury from exposure are slight, However, at
major supply points, the storage of large quanti-
ties of radioactive electron tubes in a relatively
small area may create a hazard, For this reason,

personnel working with equipments employing
electron tubes containing radioactive material,
or in areas where a large quantity of radioactive
tubes is stored, should read and become thoroughly
familiar with the safety practices contained in
Radiation, Health, and Protection Manual, Nav-
Med P-5055. Strict compliancewiththeprescribed
safety precautions and procedures of this manual
will help to avoid preventable accidents, and to
maintain a work environment which is conducive
to good health,

The following precautions should be taken to
ensure proper handling of radioactive electron
tubes and safety of personnel:

1. Radioactive tubes should not be removed
from cartons until immediately prior to actual
installation,

2, When a tube containing a radioactive mate-
rial is removed from equipment, it should be
placed in an appropriate carton to prevent possi-
ble breakage,

3. A radioactive tube should never be carried
in ones pocket, or elsewhere on a person in such
a manner that breakage can occur,

4, If breakage does occur during handling or
removing of a radioactive electron tube, notify
the cognizant authority and obtain the services
of qualified radiological personnel immediately.

5. Isolate the immediate area of exposure to
protect other personnel from possible contamina-
tion and exposure.

6. Follow the established procedures setforth
in NavMed P-5055. '

7. Do not permit contaminated material to
come in contact with any part of a person’s body.

8. Take care to avoid breathing any vapor
or dust which may be released by tube breakage.

9. Wear rubber or plastic gloves at all times
during cleanup and decontamination procedures.

10. Use forceps for the removal of large frag-
ments of a broken radioactive tube. The remain-
ing small particles can be removed with a
vacuum cleaner, using an approved disposal

" collection bag. If a vacuum cleaner is not avail-
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able, use a wet cloth to wipe the affected area.
In this case, be sure to make one stroke at a
time, DO NOT use a back-and-forth motion.
After each stroke, fold the cloth in half, always
holding one clean side and using the other for the
new stroke, Dispose of the cloth in the manner
stated later.

11. No food or drink should be brought into
the contaminated area or near any radioactive
material.
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12, Immediately after leaving a contaminated
area, personnel who have handled radioactive
material in any way should remove any clothing
found to be contaminated, They should also
thoroughly wash their hands and arms with soap
and water, and rinse with clean water.

13, Immediately notify a medical officer if
a wound is sustained from a sharp radioactive
object, If a medical officer cannot reach the
scene immediately, mild bleeding should be
stimulated by pressure about the wound and the
use of suction bulbs, DO NOT USE THE MOUTH,
if the wound is of the puncture type, or the
opening is small, nmake an incision to promote
free bleeding, and to facilitate cleaning and
flushing of the wound,

14, When cleaning a contaminated area, seal
all debris, cleaning cloths, and collection bags
in a container such as a plastic bag, heavy wax
paper, or glass jar, and place in a steel can
until disposed of in accordance with existing
instruction. Decontaminate all tools and imple-
ments used to remove a radioactive substance,
using soap and water, Monitor the tools and
implements for radiation with an authorized
radiac set; they should emit less than 0.1 MR/HR
at the surface,

CATHODE-RAY TUBES (CRTS)

Cathode-ray tubes should always be handled
with extreme caution. The glass envelope en-
closes a high vacuum and, because of its large
surface area, is subject to considerable force
caused by atmospheric pressure. (The totalforce
on the surface of a 10-inch CRT is 3750 pounds,
or nearly two tons; over 1000 pounds is exerted
on its face alone,) Proper handling and disposal
instructions for CRTs are as follows:

1. Avoid scratching or striking the surface.

2. Do not use excessive force when removing
or replacing the CRT in its deflection yoke or
its socket,

3. Do not try to remove an electromagnetic
type CRT from its yoke until the high voltage
has been discharged from its anode connector
(hole).

4, Never hold the CRT by its neck.

5. Always set a CRT with its face down on
a thick piece of felt, rubber, or smooth cloth,

6. Always handle the CRT gently. Rough
handling or a sharp blow on the service bench
can displace the electrodes within the tube,
causing faulty operation,

7. Safety glasses and gloves should be worn
when handling CRT’s.

8. Before a CRT is discarded, it should be
made harmless by breaking the vacuum glass
seal. To accomplish this, proceed as follows:

e DPlace the tube that is to be discarded
in an empty carton, with its face down and
protection over its sides and back,

e Carefully break off the locating pin from
its base (fig. 2-13) to remove the vacuum, If
this does not break the vacuum use the alternate
method below.

WARNING

The chemical phosphor coating of the
CRT face is extremely toxic. When
disposing of a broken tube, be care-
ful not to come into contact with this
compound.,

An alternate method of rendering a CRT
harmless is to place it in a carton, Then, using
a long, thin rod, pierce through the carton and
the side of the CRT.

REPLACEMENT OF ELECTRON TUBES

Do NOT use bare hands to remove hot tubes
from their sockets; use a tube puller or asbestos
gloves. Before replacing high voltage tubes,
ensure that the plate (anode) cap or the lead
terminal (on CRT’s) has beenproperly discharged.
When replacing (or working close to) radioactive

NECK OF CRT

LOCATING
PIN GLASS

VACUUM
SEAL

20.320(40)
Figure 2-13.—Cathode-ray tube base structure.
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tubes, ensure that special precautions (discussed
previously) are observed.

GROUNDING OF POWER TOOLS
AND EQUIPMENT

The possibility of electrical shock can be
reduced by ensuring that all motor and generator
frames, metal bases, and other structural parts
of electrical and electronic equipment are at
ground potential.

Normally, on steel-hull vessels, suchgrounds
are inherently provided because the metal cases
or frames of the equipment are in contact with
one another and with the metal structure of the
vessel. In some instances where such inherent
grounding is not provided by the mounting ar-
rangements, such as equipment supported on
shock mounts, suitable ground connections must
be provided.

The conductors employed for this purpose
generally are composed of flexible material
(copper or aluminum) that provides sufficient
current-carrying capacity to ensure an effective
ground. In this manner, equipment cases and
frames which are not intended to be above ground
potential are effectively grounded, and the pos-
sibility of electrical shock to personnel coming
in contact with metal parts of the equipment is
minimized. The secondary function of grounds
is to improve the operation and continuity of
service of all equipments,

In all instances where equipment grounding
is provided, certain general precautions and
preventive maintenance measures must be taken
to ensure that all bonding surfaces (connection
points or metallic junctions) are securely fastened
and free of paint, grease, or other foreign matter
that could interfere with the positive metal-to-
metal contact at the ground connection point,
A few of the precautions are:

1. Periodically clean all strap-and-clamp type
connectors to ensure that all direct metal-to-
metal contacts are free from foreign maltter.

2, Check all mounting hardware for mechani-
cal failure or loose connections.

3. Replace any faulty, rusted, or otherwise
unfit grounding strap, clamp, connection, or
component between the equipment and the ground
to the ship hull,

4, When replacing a part of the ground con-
nection, make certain that the metallic contact
surfaces are clean, and that electrical continuity
is reestablished.
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5. After the foregoing steps have been com-
pleted, recheck to be sure that the connection is
securely fastened with the correct mounting
hardware, and paint the ground strap and hard-
ware in accordance with currently accepted
procedures,

Because of the electrical shock hazards that
could be encountered aboard ship, plugs and
convenience outlets for use with portable test
equipment and power tools normally are the
standard three-prong type. These are so de-
signed that the plug must be in the correct
position before it can be inserted into the re=-
ceptacle. To ensure that the safety factors
incorporated in these devices are in serviceable
condition and are safe for use, the following
precautions and inspections must be periormed.

1. Inspect the pins of the plug to see that they
are firmly in place and are not bent or damaged.

2. Check the wiring terminals and connec-
tions of the plug. Loose connections and frayed
wires on the plug surface must be corrected,
and any foreign matter removed, before the
plug is inserted into the receptacle.

3. Use a meter to ensure that the ground
pin has a resistance of less than 1 ohm to
equipment ground.

4, Do not attempt to insert a grounded-type
plug into a grounded receptacle without first
aligning it properly.

5. Remember, NEVER USE A POWER TOOL
OR A PIECE OF PORTABLE TEST EQUIP-
MENT UNLESS YOU ARE ABSOLUTELY SURE
THAT IT IS EQUIPPED WITH A PROPERLY
GROUNDED CONDUCTOR.

CLEANING SOLVENT

The Navy does not permit the use of gasoline,
benzine, ether, or like substances for cleaning
purposes. Only nonvolatile solvents should be
used to clean electrical or electronic apparatus.

In addition to the potential hazard of acci-
dental fires, many cleaning solvents are capable
of damaging the human respiratory system in
cases of prolonged inhalation. The following is
a list of ''Do Nots'* when using cleaning solvents.

1. DO NOT work alone in a poorly ventilated
compartment.

2. DO NOT breathe directly the vapor of any
cleaning solvent for a long time.
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3. DO NOT spray cleaning solvents on elec-
trical windings or insulation.,

4, DO NOT apply solvents to warm or hot
equipment, since this increases the toxicity
hazard.

The following reminders are positive safety
steps to be taken when cleaning operations are
underway.

1. Use a blower or canvas wind chute to blow
air into a compartment in which a cleaning solvent
is being used.

2. Open all usable portholes, and place wind
scoops in them.,

3. Place a fire extinguisher close by, ready
for use.

4, Use water compounds in lieu of other
solvents where feasible,

5. Wear rubber gloves to prevent direct
contact,

6. Use goggles when agolventis being sprayed.

7. Hold the nozzle close to the object being
sprayed.

Inhibited methyl chloroform (1,1,1 trichloro-
ethane) should be used where water compounds
are not feasible., Methyl chloroform is toxic
and should be used with care since concentra-
tions of the vapor can be fatal. Methyl chloroform
is an effective cleaner and safe when reasonable
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care is exercised. Care requires plenty of
ventilation and observance of fire precautions.

For additional information on the safety pre-
cautions to be observed when using solvents,
see chapter 400 of the Naval Ships Technical
Manual,

AEROSOL DISPENSERS

Deviation from prescribed procedures in the
selection, application, storage, or disposal of
aerosol dispensers containing industrial sprays
has resulted in serious injury to personnel be-
cause of toxic effects, fire, explosion, and so on,
Specific instructions concerning the precautions
and procedures that must be observed to prevent
physical injury cannot be given because there
are so many types of industrial sprays available.
However, all personnel concerned with the
handling of aerosol dispensers containing volatile
substances should clearly understand the hazards
involved and the need to use all protective meas-
ures required to prevent personal injury. Strict
compliance with the instructions printed on the
aerosol dispenser will prevent many of the
accidents which result from improper applica-
tion, mishandling, or improper storage of in-
dustrial sprays used in the Naval service for
electrical and electronic equipment.

SAFETY IS YOUR JOB—DO IT PROPERLY!



CHAPTER 3
BASIC TEST EQUIPMENT

In the field of electricity and electronics,
as in all the other physical sciences, accurate
quantitative measurements are essential. This
involves twoimportant items — numbers and units.
Simple arithmetic is used in most cases and
the units are well defined and easily understood.
The standard units of current, voltage, and re-
sistance, as well as other units are defined by
the National Bureau of Standards. At the factory
various instruments are calibrated by comparing
them with established standards.

The technician commonly works with am-
meters, voltmeters, and ohmmeters; but he may
also have many occasions to use wattmeters
and various other types of measuring devices,

Electrical equipments are designed to oper-
ate at certain efficiency levels. To aid the tech-
nician in maintaining the equipment, technical
instruction books and sheets containing optimum
performance data, such as voltages and re-
sistances, are prepared for Navy equipment.

To the technician, a good understanding of the
functional design and operation of electrical
instruments is important. In electrical service
work, one or more of the following methods are
commonly used to determine if circuits are
operating properly.

1. Use an ammeter to measure the intensity
of current flow in a circuit.

2, Use a voltmeter to determine the voltage
or potential existing between two points in a
circuit,

3. Use an ohmmeter or megger (megohm-
meter) to measure circuit continuity and total
or partial circuit resistance,

The technician may also find it necessary to
employ a wattmeter to determine the POWER
being consumed or emitted by certain equip-
ments, If he wishes to measure the TOTAL
ENERGY consumed by certain equipments or
certain circuits, a watt=hour or kilowatt-hour
meter is used.

For measuring other quantities the technician
must employ the appropriate instrument. In
order to employ the proper instrument the tech-
nician must be aware of the capabilities of various
instruments., In each case the instrument indi-
cates the value of the quantity measured, and
the technician interprets the information in a
manner that will help him understand the way
the circuit is operating. A thoroughunderstanding
of the construction, operation and limitations
of the basic types of measuring instruments,
coupled with the theory of circuit operation, is
most essential in selecting the proper instru-
ment and in servicing and maintaining electrical
equipment.

BASIC NONELECTRONIC METERS

All measuring instruments must have some
form of indicating device in order to be of any
use to the technician, The most basic indicating
device, used in instruments measuring current
and voltage, is called a GALVANOMETER, This
device (and many other indicating devices) oper-
ates by virtue of the magnetic field associated
with current flow, Therefore, it would be well
for the reader to review the properties of mag-
netism and electro-magnetism found in Basic
Electricity, NavPers 10086-B, before continuing,

BASIC METER MOVEMENT

The stationary permanent-magnet moving coil
meter is the basic movement used in most meas-
uring instruments for servicing electrical equip=-
ment. The basic movement consists of a stationary
permanent magnet and a movable coil. When
current flows through the coil the resulting
magnetic field reacts with the magnetic field
of the permanent magnet and causes the coil to
rotate. The greater the intensity of current flow
through the coil the stronger the magnetic field
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produced, and the stronger the magnetic field
the greater the rotation of the coil.

Galvanometer

A simplified diagram of one type of stationary
permanent-magnet moving coil instrument is
shown in figure 3-1. Such an instrument is com-
monly called a GALVANOMETER, The galvanom-
eter indicates very small amounts (or the relative
amounts) of current or voltage, and is distin-
guished from other instruments used for the
same purpose in that the movable coil is sus-
pended by means of metal ribbons instead of by
means of a shaft and jewel bearings.

The movable coil (bobbin) of the galvanometer
in figure 3-1 is suspended between the poles of
the magnet by means of thin flat ribbons of
phosphor bronze. These ribbons provide the
conducting path for the current between the
circuit under test and the movable coil. They
also provide the restoring force for the coil.
The restoring force, exerted against the driving
force of the coil’s magnetic field (to be described
later) is balanced in order to obtain measure-
ment of the current intensity. The ribbons thus
tend to oppose the motion of the coil, and will
twist through an angle that is proportional to
the force applied to the coil by the action of the
coil’s magnetic field against the permanent mag-
net’s field. The ribbons thus restrain or provide
a counter force for the magnetic force acting on
the coil. When the driving force of the coil
current is removed, the restoring force returns
the coil to its zero position, Inorder to determine
the amount of current flow a means must be
provided to indicate the amount of coil rotation.
Either of two methods may be used—(1) the
pointer arrangement, or (2) the light and mirror
arrangement. In the pointer arrangement, theend
of the pointer is fastened to the rotation coil
and as the coil turns the pointer also turns,
The other end of the pointer moves across a
graduated scale and indicates the amount of cur-
rent flow. An advantage of this arrangement is
that it permits overall simplicity. A disadvantage
of the pointer arrangement is that it introduces
the problem of coil balance, especially if the
pointer is long.

The use of a mirror and a beam of light
simplifies the problem of coil balance. When
this arrangement is used to measure the turning
of the coil, a small mirror is mounted on the
supporting ribbon (fig. 3-1). An internal light
source is directed to the mirror, and then re-
flected to the scale of the meter. As the moving
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Figure 3-1.—Simplified diegram of a galva-

nometer,

coil turns, so does the mirror, causing the light
reflection to move over the scale of the meter.
The movement of the reflection is proportional
to the movement of the coil; thus, the intensity
of current being measured by the meter is indi-
cated.

If a beam of light and mirrors are used, the
beam of light is swept to the right or left across
a central-zero translucent screen (scaled) having
uniform divisions, If a pointer isused, thepointer
is moved in a horizontal plane to the right or
left across a center-zero scale having uniform
divisions. The direction in which the beam of
light or the pointer moves depends on the direc-
tion of current through the coil.

This instrument is used to measure minute
currents as, for example, in bridge circuits. In
modified form, the galvanometer has the highest
sensitivity of any of the various types of meters
in use today.

D'Arsonval Meter Movement

Most d.c. instruments use meters based on
some form of the D'Arsonval meter movement,
In the D'Arsonval type meter, the length of the
conductor is fixed and the strength of the field
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between the poles of the magnet is fixed. There-
fore, any change in current causes a propor-
tionate change in the force acting on the coil.
The principle of the D'Arsonval movement
may be more clearly shown by the use of the
simplified diagram shown in figure 3-2,

In figure 3-2 only one turn of wire is shown;
however, in an actual meter movement many
turns of fine wire would be used, each turn
adding more effective length to the coil. The
coil is wound on an aluminum frame or bobbin,
to which the pointer is attached. OPPOSITELY
WOUND hair springs (one of which is shown in
fig. 3-2) are also attached to the bobbin, one
at either end. The circuit to the coil is completed
through the hairsprings. In addition to serving
as conductors the hairsprings serve as the re-
storing force that returns the pointer to the zero
position when no current flows.

As has been stated, the deflecting force is
proportional to the current flowing through the
coil, The deflecting force tends to rotate the
coil against the restraining force of the hair-
spring. The angle of rotation is proportional to
the deflection force. When the deflecting force
and the restraining force are equal, the coil and
the pointer cease to move. Since the deflecting
force is proportional to the current in the coil
and the angle of rotation is proportional to
the deflecting force, then the angle of rotation
is proportional to the current through the coil,
When current ceases to flow through the coil,
the driving force ceases and the restoring force
of the springs return the pointer to the zero
position.
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Figure 3-2, —D'Arsonval meter movement,
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If the current through the single turn of wire
is in the direction indicated (away from the ob-
server on the right-hand side and toward the
observer on the left-hand side), the direction of
force, by the application of the right-hand motor
rule, is upward on the left hand side and down-
ward on the right hand side. The direction of
motion of the coil and pointer is clockwise. If
the current is reversed in the wire, the direction
of motion of the coil and pointer is reversed.

A detailed view of the basic D'Arsonal move-
ment, as commonly used in ammeters and volt-
meters is shown in figure 3-3. The principle of
operation is the same as that of the simplified
version discussed previously. The iron core is
rigidly supported between the pole pieces and
serves to concentrate the flux inthe narrow space
between the iron core and the pole piece—in
other words in the space through which the coil
and bobbin move. Current flows into one hair-
spring, through the coil, and out of the other
hairspring. The restoring forces of the spiral
springs return the pointer to the normal, or
zero, position when the current through the coil
is interrupted. Conductors connectthe hairsprings
with the outside terminals of the meter, If the
instrument is not DAMPED, that is if some
type of loss is not introduced to absorb the
energy of the moving element, the pointer will
oscillate for a long time about its final position
before coming to rest., This action makes it
nearly impossible to obtain a reading and some
form of damping is necessary to make the meter
practicable. Damping is accomplished in many
D'Arsonval movements by means of the motion
of the aluminum bobbin upon which the coil is
wound, As the bobbin oscillates in the magnetic
field, an electro motive force (EMF) is induced
in it because it cuts through the lines of force.
Therefore, induced currents flow in the bobbin
in such a direction to oppose the motion, and
the bobbin quickly comes to rest in the final
position after going beyond it only once. In addi-
tion to factors such as increasing the flux
density in the air gap, the overall sensitivity
of the meter can be increased by the use of a
light-weight rotating assembly (bobbin, coil, and
pointer) and by the use of jewel bearings as
shown,

It is noted that the pole pieces (figs. 3-2 and
3-3) have curved faces. The advantage of this
type of construction can be seen if it is remem-
bered that lines of force enter and leave a
magnetic field in the air gap at right angles to
the coil regardless of the coil’s angular position,
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Figure 3-3,—Detailed view of basic D'Arsonval
meter movement,

This type of construction makes possible a more
linear scale than if the pole faces were flat.

D.C. AMMETER

The small size of the wire with which an
ammeter’s movable coil is wound places limits
on the current that may be passed through the
coil. Consequently, the basic D'Arsonval move-
ment discussed thus far may be used to indicate
or measure only very small currents,
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In order to measure a larger current, a shunt
must be used with the meter. A SHUNT is a
physically large, low-resistance, conductor which
is connected in parallel (shunt) with the meter
terminals, It is used to carry the majority of
the load current. This shunt has the correct
amount of resistance so that only a small portion
of the total current will flow through the meter
coil. The meter current will be proportional to
the total load current, If the shunt is of such a
value that the meter is calibrated in milli-
amperes, the instrument is called a MILLI-
AMMETER, If the shunt has such a value so
that the meter must be calibrated in terms of
amperes, it is called an AMMETER,

A single standardized meter movement is
normally used in all ammeters, no matter what
the range is for a particular meter, For example,
meters with working ranges of zero to 10 am=-
peres, zero to 5 amperes, or zero to 1 ampere
will all use the same meter movement. The
various ranges are achieved through the use of
different values of shunt resistance with the
same meter movement. The designer of the
ammeter simply calculates the correct shunt
resistance required to extend the range of the
meter movement to measure any desired value
of current. This shunt is then connected across
the meter terminals. Shunts may be located
inside the meter case (internal shunts) with the
proper switching arrangements for changing them,
or they may be located outside (external shunts)
the meter case with the necessary leads to connect
them to the meter.

External Shunts

An external shunt is shown in figure 3-4A.
The physical appearance of some typical external
shunts is shown in figure 3-4C. Figure 3-4B
shows a meter movement mounted in a case
which provides protection againstbreakage, mag-
netic shielding in som= cases, portability, etc.

The shunt strips are usually made of man-
ganin, This is an alloy which has an almost
zero temperature coefficient. The zero temper-
ature coefficient is desirable as the heavy cur-
rents which often flow through the shunts pro-
duce heat. Most materials would increase their
resistance as they are heated up. This would
cause the shunt to carry less current; the
additional current would flow through the meter
movement, and damage to the meter might
occur. Using shunts which are constructed with
zero temperature coefficient materials elimin-
ates this problem.
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Figure 3-4,—D.c. ammeter utilizing D' Arsonval movement with external shunts,

The ends of the shunt strips are embedded in
heavy copper blocks which are attached to the
meter coil leads and the line terminals, To
insure accurate readings, the meter leads for
a particular ammeter should not be used inter-
changeably with those for a meter of a different
range, Slight changes in lead length and size may
vary the resistance of the meter circuit and thus
its current, and may cause incorrect meter
readings. External shunts are generally used
where currents greater than 50 amperes must
be measured.,

It is important to select a suitable shunt
when using an external shunt ammeter so that
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the scale deflection is easily read. For example,
if the scale has 150 divisions and the load cur-
rent to be measured is known to be between 50
and 100 amperes, a 150 ampere shunt is suit-
able. Under these conditions each division of
the scale will represent 1 ampere. Inother words,
a full scale deflection of the pointer would rest
on the 150th division mark indicating that 150
amperes of load current is flowing. At half scale
deflection the pointer would rest on the 75th
division mark indicating that 75 amperes of load
current is flowing.

A shunt having exactly the same current rating
as the estimated normal load current should
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never be selected. If such a shunt were to be
selected, then it is possible for higher than
normal load currents to drive the pointer off
scale and damage the meter movement. A good
choice of shunt values will bring the needle
somewhere near the midscale indication, when
the load current is normal. For example, assume
that the meter scale is divided into 100 equal
divisions and it is desired to measure a current
of 60 amperes. The shunt to use would be a 100
ampere shunt as this would make each division
of the scale equal to 1 ampere and the meter
indication would fall on the 60th division showing

that 60 amperes of load current is flowing., This -

leaves room (40 amperes) for unexpected surge
currents,

Internal Shunts

For current ranges below 50 amperes, inter=
nal shunts are most often employed. In this
manner the range of the meter may be easily
changed by means of a switching arrangement
which will select the correct internal shunt
having the necessary current rating and resist-
ance. Before the required resistance of the shunt
for each range can be calculated, the total resist-
ance of the meter movement must be known,

For example, suppose it is desired to use a
100 microampere D'Arsonval meter having an
internal coil resistance of 100 ohms to measure
line currents up to 1 ampere. The meter will
deflect to its full-scale position when the current
through the deflection coil is 100 microamperes.
As the coil resistance is 100 ohms the coil’s
voltage is easily calculated by Ohm’s law,
E=1x R =.,0001 x 100 = ,01 volts, where E
is voltage in volts, I is current in amperes, and
R is resistance in ohms. When the pointer is
deflected to full scale there will be 100 micro-
amperes of currentflow through the coil and .01
volts dropped across it. It should be remembered
that 100 microamps is the maximum safe current
for the meter movement. More than this value
of current will damage the meter, It is therefore
required that the shunt carry any additional
load current,

There will be a .01 volt drop across the meter
coil, and because the shunt and coil are in
parallel, the shunt must also have a voltage
drop of .01 volts, The current that flows through
the shunt must be the difference between the
full-scale meter current and the line current
being fed in., In this case the meter current is
100 microamperes. It is desired that this cur-
rent cause full scale deflection only when the total
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current is 1 ampere. Therefore, the shunt current
must equal 1 ampere minus 100 microamperes
or .9999 amperes. Ohm’s law now provides the
value of required shunt resistance, R = E/I
.01/.9999 = .01 ohm (approximately).

The range of the 100 microampere meter
can be increased to 1 ampere (full scale de-
flection) by placing a .01 ohm shunt in parallel
with the meter movement,

The 100 microampere instrument may also
be converted to a 10 ampere meter by the use
of a proper shunt, For full-scale deflection of
the meter, the voltage drop, E, across the coil
(and the shunt) is still ,01 volt. The meter cur-
rent is still 100 microamperes. The shunt cur-
rent must therefore be 9.9999 amperes under
full-scale deflection conditions. The required
shunt resistance is R = E/I =,01/9.9999 = .001
ohm., Again the shunt resistance value is an
approximation,

The same instrument can likewise be con-
verted to a 50 ampere meter by the use of a
proper shunt, Calculating: R'= E/1=,01/49.9999 =
.0002 ohms (approximately).

The above method of computing the shunt re-
sistance is satisfactory in most cases when the
line current is in the ampere range and the
meter current is relatively small compared to
the load current. In such cases it is allowable
to use an approximate value of resistance for
the shunt as was done above. However, when
the total current is in the milliampere range
and the coil current becomes an appreciable
percentage of the line current, a more accurate
calculation must be made. EXAMPLE: It is
desired to use a meter movement which has a
full-scale deflection of 1 milliampere and a
coil resistance of 50 ohms to measure currents
up to 10 milliamperes., Using Ohm’s law the
voltage across the meter coil (and the shunt)
at full-scale deflection is: E =1 x R =.001 x 50
50 mv. The current that flows through the
shunt is the difference between the line current
and the meter current. I = 10 ma.- 1 ma. =9 ma,
The shunt resistance must be R = E/I = .05/.009
= 5.55 ohms. Notice that in this case the exact
value of shunt resistance has been used rather
than an approximation,

A formula for determining the resistance of
the shunt is given by Rs = I /Is x Rp where
Rs is the shunt resistance in ohms, I, is
the meter current at full-scale deflection, Is is
the shunt current at full-scale deflection, and
Rn is the resistance of the meter coil. If the
values given in the previous example are used
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in this equation it will yield 5.55 ohms, the value
previously calculated.

Various values of shunt resistance may be
used, by means of a suitable switching arrange-
ment, to increase the number of current ranges
that may be covered by the meter. Two switching
arrangements are shown in figure 3-5.

Part A is the simpler of the two arrangements
from the point of view of calculating the value
of the shunt resistors when a number of shunts
are used. However, it has two disadvantages:

1. When the switch is moved from one shunt
resistor to another the shunt is momentarily
removed from the meter and the line current
then flows through the meter coil. Even amomen-
tary surge of current could easily damage the
coil,

2. The contact resistance—that is, the re-
sistance between the blades of the switch when
they are in contact—is in series with the shunt
but not with the meter coil. In shunts that must
pass high currents the contact resistance be-
comes an appreciable part of the total shunt
resistance. Because the contact resistance is of
a variable nature, the ammeter indication may
not be accurate.

A more generally accepted method of range
switching is shown in figure 3-5B. Although only
two ranges are shown, as many ranges as needed
can be used. In this type of circuit the range
selector switch contact resistance is external to
the shunt and meter in each range position and
therefore has no effect on the accuracy of the
current measurement,
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Ammeter Connections

CURRENT MEASURING INSTRUMENTS MUST
ALWAYS BE CONNECTED IN SERIES WITH A
CIRCUIT, NEVER IN PARALLEL WITH IT. If an
ammeter were connected across a constant po-
tential source of appreciable voltage, the low
internal resistance of the meter bypasses the
circuit resistance. This results in source volt-
age (or a good portion of it) being applied
directly to the meter terminals and the re-
sulting excessive current burns up the meter.

If the approximate value of currentinacircuit
is not known, it is best to startwith the HIGHEST
RANGE of the ammeter and switch to progres-
sively lower ranges until a suitable reading is
obtained.

Most ammeter needles indicate the magnitude
of the current being deflected from left to right.
If the meter is connected with reversed polarity,
the needle will be deflected backwards, and this
action may damage the movement. Hence the
proper polarity should be observed in connecting
the meter in the circuit. That is, the meter
should always be connected so that the current
flow will be into the negative terminal and out
of the positive terminal. Figure 3-6 shows various
circuit arrangements and the proper ammeter
connection methods to measure currentinvarious
portions of the circuits,

Ammeter Sensitivity

METER SENSITIVITY is determined by the
amount of current required by the meter coil to
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PREFERRED ARRANGEMENT
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179.5

Figure 3-5.—Ways of connecting internal meter shunts,
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produce full scale deflection of the pointer. The
smaller the current required to produce this
deflection the better the sensitivity of the meter,
Thus, a meter movement which required only
100 microamperes for full scale deflection would
have a better sensitivity than a meter movement
which requires 1 milliampere for the siame de-
flection.

Good meter sensitivity is especially im=-
portant in ammeters which are to be used in
circuits where small currents are flowing., As
the meter is connected in series with the load
device, the current flows through the meter. If
the internal resistance of the meter is an ap-
preciable portion of the load resistance e METER
LOADING EFFECT will occur. Meter loading is
defined as ''the condition which exists when
the insertion of a meter into a circuit changes
the operation of that circuit.'" This condition is
not desired. When a meter is inserted into a
circuit its use is intended to allow the measure-
ment of circuit current in the normal operating

+ G

| = Ima
100mv 100
SOURCE OHMS
-G

' 179.6
Figure 3-6,— Proper ammeiter connections.

condition, If the meter alters the circuit opera-
tion and changes the amount of current flow,
the readding obtained must be erroneous. An
example of this is shown in figure 3-7,

In figure 3-7A the circuit to be tested is
shown. There is an applied voltage of 100 milli-
volts, and 2 resistance of 100 ohms, The current
normally flowing in this circuit would then be
1 milliampere. In figure 3-7B we insert an
ammeter whizh requires 1 milliampere for full
scale deflection and has an internal resistance
of 100 ohms. As there is 1 milliampere of current
flow in figure .3-7A there is the tendency to say
that with the meter inserted a full scale deflec-
tion will occur and the 1 milliampere of circuit
current will be measured. THIS DOES NOT
HAPPEN, In figure 3-7B, with the ammeter in-
serted into the circuit, the total resistance of the
circuit now becomes 200 ohms, With an applied
voltage of 100 millivolts Ohm’s law yields the
current as I = 13/R = 100 x 10-%200 = 5 x10~°
= .0005 amperes or .5 milliamperes instead of
the desired 1 milliampere. Since the meter will

. +-_fA'\L | e 0.5ma
© W

100

ohms
100mv 100
SOURCE OHMS

R+ = 100 + 100 = 200
-0 T
B
179.7

Figure 3-7. — Ammeter loading effect.
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1

' 5.104
Figure 3-8.—Internal construction and circuit
of simplified voltmeter.

read .5 milliamperes instead of the normal value
of current the meter has a definite loe.ding effect.
In such cases as this it is desi'rable to use
ammeters which have a better current sensi-
tivity and a lower internal resistanc:e.

D.C. VOLTMETERS

The 100 microampere D'Arscnval movement
used as the basic meter for the: ammeter may
also be used to measure voltage if a high
resistance (multiplier) is placed in series with
the moving coil of the meter, For low-range
instruments this resistance is mounted inside the
case with the D'Arsonval movement and typically
contains a wire wound resistance having a low
temperature coefficient and wound on either
spools or card frames. For ‘the higher voltage
ranges, the series resistance: may be connected
externally. A simplified diagi;ram of a voltmeter
is shown in figure 3-8,

Wire wound resistors are treated in such a
way that a minimum amount of moisture will be
absorbed by the insulation. Moisture will reduce
the insulation resistance and increase leakage
currents, which cause incorrect readings, Leak=-
age currents through the insulation will increase
with the length of resist.ance wire ancl become
a factor that limits the: magnitude of voltage
that can be measured.

It must be remembered that the I)'Arsonval
meter movement operates by use of a current

flow to produce a magnetic field which is pro-
poritional to the current, This meter movement
is therefore an indicator of current flow rather
than voltage. The addition of a series resistance
allows the meter to be calibrated in terms of
voltage, It still operates because of the current
flow through the meter but the scale may be
marked off in volts,

The meter movement being used in figure
3-9, for an example, has an internal resistance
of 1000 ohms, requires 100 microamperes for
full scale deflection, and will have a voltage drop
of 10 millivolts when full scale deflection is
achieved. If this meter were placed directly
across a 10 volt source, an excessive current
would flow (I = E/R =10/100 = 100 milliamperes
or 99.9 milliamperes too many), and the meter
movement would be destroyed.

Since the normal meter voltage drop is 10
millivolts for full scale deflection condition,
some means is required to drop 9.99 volts with-
out applying it directly to the meter, This is the
function of the multiplier resistor shown in
figure 3-9.

Extendings Voltmeter Ranges

The value of the necessary series resistance
is deterrnined by the current required for full
scale deflection of the meter and by the range
of voltages to be measured. Because the current
through the meter circuits is directly propor-
tional to the applied voltage, the meter scale
can be calibrated directly in volts for a fixed
value of series resistance.

For example, assume that the basic meter
is to be made into a voltmeter with a full scale
reading of 1 volt. The coil resistance of the
basic meter is 100 ohms, and 100 microamperes
of current causes a full scale deflection. The
total resistance which is required of the circuit
(to limit total current to 100 microamperes) is
given by Ohm’s law as R = E/I =1 v/100 ua =
10 kohms (for a full scale 1 volt range). As the
meter coil already contains 100 ohms the series
resistance is therefore required to be 10 kohms -
100 ohms = 9.9 kohms,

Multirange voltmetersutilize one meter move-
ment with the required resistances connected
in series with the meter by a conventional
switching arrangement, A schematic diagram
of a multirange voltmeter with three ranges is
shown in figure 3-10. The total resistances for
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Figure 3-9,— Usage of multiplier resistors with a D'Arsonval meter movement.
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Figure 3-10, — Multirange voltmeter.

each of the three ranges, beginning withthel volt
range, is given by Ohm’s law as;

For 1 volt range - R = 1/,0001 = 10 kohm

For 100 volt range -R=100/.0001 = 1 megohm

For 1000 volt range - R = 1000/.0001 =10
megohms

The multiplying series resistor (Rj) for
each of these circuits is 100 ohms less than the
total resistance,

Voltmeter Connection

VOLTAGE MEASURING INSTRUMENTS ARE
CONNECTED ACROSS (IN PARALLEL WITH)
A CIRCUIT, If the voltage to be measured is
not known, it is best to start with the highest
range of the voltmeter and progressively lower
the range until a suitable reading is obtained.
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In many cases, the voltmeter is not a center-
zero indicating instrument. Thus it is necessary
to observe the proper polarity when connecting
the instrument to the circuit. As the case in
connecting the circuit to the d.c. ammeter pre-
viously covered, the voltmeter is connected so
that current will flow into the negative terminal
of the meter.

Influence In a Circuit

The function of a voltmeter is to indicate the
potential difference between two points in a
circuit. When the voltmeter is connected across
a circuit, it shunts the circuit. If the voltmeter
has a low resistance it will draw an appreciable
amount of current. The effective resistance
of the circuit will be lowered and the voltage
reading will consequently be changed. When
voltage measurements are made in high-resist-
ance circuits, it is necessary to use a high-
resistance voltmeter to prevent this shunting
action of the meter. The effect is less noticeable
in low-resistance circuits because the shunting
effect is 1ess. The problem of voltmeter shunting
is illustrated in figure 3-11.

In part A of figure 3-11 a source voltage of
150 volts is applied to a series circuit con-
sisting of two 10-kohm resistors. As shown in
figure 3-11A the voltage drop across each re-
sistor is 75 volts. It is now assumed that in
the 150 volt range the voltmeter to be used has
a total internal resistance of 10 kohms. Figure
3-11B shows the voltmeter conr.ected. It is in
parallel with R2, The parallel combination of
R2 and the meter now exhibit a total resistance
of 5 kohms. As a result the voltage drops change
to 100 volts across R1 and 50 volts across R2,
which is in parallel with the meter, It is eusily
seen that this is not the normal voltage drop
across R2,
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Figure 3-11.— Shunting action caused by a voltmeter.

Sensitivity

The sensitivity of a voltmeter is given in
ohms per volt, (2/E), and may be determined
by dividing the resistance, R, of the meter
plus the series resistance R;, by the full scale
reading in volts. Thus, in equation form,
sensitivity = (R, + R,)/E. This is the same as
saying that the sensitivity is equal to the
reciprocal of the full scale deflection current.
In equation form then,

. _omms _ 1 _ 1
Sensitivity = -~ volts ~ amperes
ohms

Thus, the sensitivity of a 100 microampere
movement is the reciprocal of .0001 ampere,
or 10,000 ohms per volt.

Accuracy

The accuracy of a meter is generally ex-
pressed in percent, For example, a meter that
has an accuracy of 1 percent will indicate a value
that is within 1 percent of the correct value.
The statement means that if the correct value
is 100 units, the meter indication may be any-
where within the range of 99 to 101 units,

METERS USED FOR MEASURING
RESISTANCE

The two instruments most commonly used to
check the continuity, or to measure the resistance
of a circuit or circuit element, are the OHM-
METER and the MEGGER (Megohmmeter). The
ohmmeter is widely used to measure resistance
and check the continuity of electrical circuits
and devices, Its range usually extends to only a
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few megohms. The megger is widely used for
measuring insulation resistance, such asbetween
a wire and the outer surface of its insulation,
and insulation resistance of cables andinsulators.
The range of a megger may be extended to more
than 1000 megohms,

The Ohmmes=ter

The ohmmeter consists of a d.c. milliam-
meter, which was discussed earlier in this
chapter, with a few added features. The added
features are:

1. A d.c. source of potential.

2. One or more resistors (one of which is
variable).

A simple ohmmeter circuit is shown in

figure 3-12.

The ohmmeters pointer deflection is con-
trolled by the amount of battery current passing
through the moving coil, Before measuring the
resistance of an unknown resistor or electrical
circuit, the ohmmeter must be calibrated. If
the value of resistance to be measured can be
estimated within reasonable limits, a range is
selected which will give approximately half scale
deflection when this resistance is inserted be-
tween the probes. If the resistance is unknown
the selector switch is set on the highest scale,
Whatever range is selected the meter must be
calibrated to read zero before the unknown re-
sistance is measured.

Calibration is accomplished by first shorting
the test leads together as shown in figure 3-12,
With the test leads shorted, therc will be a com-
plete series circuit consisting of the 3 volt
source, the resistance of the meter coil, R,
the resistance of the zero-adjust rheostat,
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Figure 3-12,— Simple ohmmeter circuit.

and the series multiplying resistor, Rgs. Current
will flow and the meter pointer will be de-
flected. The zero point on the ohmmeter scale
(as opposed to the zero for voltage and current),
is located at the extreme right side of the scale.
With the test leads shorted, the zero-adjust
potentiometer is set so that the pointer rests
on the zero mark. Therefore, full scale deflection
indicates zero resistance between the test leads.

If the range is changed the meter must be
""zeroed'' again to obtain an accurate reading.
When the test leads of an ohmmeter are sepa-
rated, the pointer of the meter will return to
the left side of the scale, due to the spring
tension acting on the movable coil assembly.
This reading indicates an infinite resistance,

After the ohmmeter is adjusted for zero
reading, it is ready to be connected in a circuit
to measure resistance. A typical circuit and ohm=-
meter arrangement is shown in figure 3-13.
The power switch of the circuit to be measured
should always be in the OFF position. This pre-
vents the circuit’s source voltage from being
applied across the meter, which could cause
damage to the meter movement.

As indicated above the ohmmeter is an open
circuit when the test leads are separated. In
order to be capable of taking a resistance read-
ing the path for current produced by the meter’s
battery must be completed. In figure 3-13 this
is accomplished by connecting the meter at
points A and B, (putting the resistors R1 and R2
in series with the resistance of the meter coil,
zero-adjust rheostat, and the series multiplying
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Figure 3-13,— Measuring circuit resistance with
an ohmmeter,

resistor). Since the meter has been preadjusted
(zeroed) the amount of coil movement now de-
pends solely on the resistance of R1 and R2.
The inclusion of R1 and R2 raised the total
series resistance, decreased the current, and
thus decreased the pointer deflection, The pointer
will now come to rest at a scale figure indicating
the combined resistance of R1 and R2. If Rl or
R2, or both, were replaced with a resistor having
a larger ohmic value, the current flow in the
moving coil of the meter would be decreased
still more. The deflection would also be further
decreased and the scale indication would read
a still higher circuit resistance, Movement of
the moving coil is proportional to the intensity
of current flow, The scale reading of the meter,
in ohms, is inversely proportional to current
flow in the moving coil,

The amount of circuit resistance to be meas-
ured may vary over a wide range. In some cases
it may be only a few ohms, and in other cases
it may be as great as 1 megohm, To enable the
meter to indicate any value being measured,
with the least error, scale multiplicationfeatures
are incorporated in most ohmmeters. Most ohm=
meters are equipped with a selector switch for
selecting the multiplication scale desired. For
example, a typical meter may have a six position
switch, marked as follows: RX1l, RX10, RX100,
RX1000, RX10,000, and RX100,000. This is shown
in figure 3-14,
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Figure 3-14,— Ohmmeter with multiplication
switch.

The range to beused in measuring any particu=-
lar unknown resistance (Rx in fig. 3-14) depends
on the approximate ohmic value of the unknown
resistance, For instance, assume the ohmmeter
scale of figure 3-14 is calibrated in divisions
from zero to 1000, If Ry is greater than 1000
ohms, and the R x 1 range is being used, the
ohmmeter cannot measure it. This occurs because
the combined series resistor R x 1 and Ry is
too great to allow sufficient battery current to
flow to deflect the pointer away from infinity
(). The switch would have to be turned to
the next range R x 10,

When this is done, assume the pointer de-
flects to indicate 375 ohms, This would indicate
that Rx has 375 x 10 = 3,750 ohms of resistance,
The change of range caused the deflection be-
cause resistor R x 10 has only one tenth the
resistance of resistor R x 1. Thus, selecting the
smaller series resistance allowed a battery cur-
rent of sufficient value to cause a useful pointer
deflection, If the R x 100 range were used to
measure the same 3,750 ohm resistor, the
pointer would deflect still further, to the 37.5-
ohm position, This increased deflection would
occur because resistor R x 100 has only one
tenth the resistance of resistor R x 10,

The foregoing circuit arrangement allows
the same amount of current to flow through the
meter moving coil whether the meter measures
10,000 ohms on the R x 1 scale, or 100,000 ohms
on the R x 10 scale, or 1 megohm on the R x 100
scale,

It always takes the same amount of current
to deflect the pointer to a certain position on the
scale (midscale position for example), regard-
less of the multiplication factor being used. Since
the multiplier resistors are of different values,
it is necessary to ALWAYS ''zero'' adjust the
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meter for each multiplication scale selected.
The operator of the ohmmeter should select the
range that will result in the pointer coming to
rest as near midpoint of the scale as possible.
This enables the operator to read the resistance
more accurately, because the scale readings
are more easily interpreted at or near mid-
point,

The Megohmmeter

An ordinary ohmmeter cannot be used for
measuring multimillion ohm resistances, such
as conductor insulation. To adequately test for
insulation breakdown, it is necessary to use a
much higher potential than is furnished by an
ohmmeter’s battery., This potential is placed
between the conductor and the outside of the
insulation,

An instrument called a MEGGER (megohm-
meter) is used for these tests. The megger (fig.
3-15) is a portable instrument consisting of two
primary elements; (1) a hand driven d.c. gen-
erator which supplies the necessary voltage
for making the measurement, and (2) the in-
strument portion, which indicates the value of the
resistance being measured. The instrument por-
tion is of the opposed coil type as shown in
figure 3-15A. Coils A and B are mounted on the
movable member C with a fixed angular rela-
tionship to each other, and are free to turn as
a unit in a magnetic field. Coil B tends to
move the pointer counterclockwise, and coil
A clockwise.

Coil A is connected in series with R3 and
the unknown resistance, Ry, to be measured.
The combination of coil A, R3, and R; form
a direct series path between the + and - brushes
of the d.c. generator, Coil B is connected in
series with R2 and this combination is also
connected across the generator. There are no
restraining springs on the movable member of
the instrument portion of the megger. There-
fore, when the generator is not operated, the
pointer floats freely and may come to rest at
any position on the scale,

The guard ring intercepts leakage current.
Any leakage currents intercepted are shunted
to the negative side of the generator. They do
not flow through coil A; therefore, they do not
affect the meter reading.

If the test leads are open-circuited, no cur-
rent flows in coil A. However, current flows
internally through coil B, and deflects the pointer
to infinity, which indicates a resistance too large
to measure., When a resistance such as R, is
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Figure 3-15.— Megger internal circuit and external view,

connected between the test leads, current also
flows in coil A, tending tomove thepointer clock-
wise, At the same time, coil B still tends to
move the pointer counterclockwise. Therefore,
the moving element, composed of both coils
and the pointer, comes to rest at a position
at which the two forces are balanced. This
position depends upon the value of the external
resistance, which controls the relative magnitude
of current in coil A, Because changes in voltage
affect both coil A and coil B in the same pro-
portion, the position of the moving system is
independent of the voltage, If the test leads are
short=-circuited, the pointer rests at zero because
the current in coil A is relatively large. The
instrument is not injured under these circum-
stances because the current is limited by R3.
The external view of one type of megger is
shown in figure 3-15B.

Meggers provided aboard ship usually are
rated at 500 volts, To avoid excessive test
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voltages most meggers are equipped with fric-
tion clutches. When the generator is cranked
faster than its rated speed, the clutch slips and
the generator speed and output voltages are not
permitted to exceed their rated values, For
extended ranges, a 1,000 volt generator is avail-
able. When extremely high resistance such as
10,000 megohms or more are to be measured,
a high voltage is needed to cause sufficient cur-
rent flow to actuate the meter movement.

ELECTRODYNAMOMETER
TYPE METER

The electrodynamometer type meter differs
from the galvanometer type in that no permanent
magnet is used. Instead, two fixed coils are
utilized to produce the magnetic field. Two
movable coils are also used in this type meter,

The two fixed coils are connected in series
and positioned coaxially (in line), with a space
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between them. The two movable coils are also
positioned coaxially, and are connected inseries,
The two pairs of coils (fixed pair and movable
pair) are further connected in series with each
other., The movable coil is pivot-mounted between
the fixed coils. This meter arrangement is
illustrated in figure 3-16.

The central shaft on which the movable
coils are mounted is restrained by spiral springs
which hold the pointer at zero when no current
is flowing through the coil. These springs also
serve as conductors for delivering current to the
movable coils. Since these conducting springs
are very small, the meter cannot carry a very
heavy current.

When used as a voltmeter, no difficulty in
construction is encountered, because the current
required is not more than 0.1 ampere, This rate
of current can be brought in and out of the
moving coil through the springs. When the electro-
dynamometer is used as a voltmeter, its internal
connections and construction are as shown in
figure 3-17A. The fixed coils A and B are wound
of fine wire, since the current through them will
be no more than 0.1 amperes., They are connected
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Figure 3-16.—Inside construction of electro-
dynamometer.,
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Figure 3-17.—Circuit arrangement of electro-
dynamometer for voltmeter and ammeter,

directly in series with the movable coil C and
the series current-limited resistance. For am-
meter applications, however, a special type con-
struction must be used, becausethelarge currents
that flow through the meter cannot be carried
through the moving coils,

In the ammeter, the stationary coils A and B
(fig. 3-17B) are generally wound of heavier wire,
to carry up to five amperes. In parallel with
the moving coils is an inductive shunt, which
permits only a small part of the total current to
flow through the moving coil. This current through
the moving coil is directly proportional to the
total current through the instrument, The shunt

" has the same ratio of reactance to resistance as

has the moving coil, thus the instrument will be
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reasonably correct at all frequencies of usage
if a.c. currents are to be measured.

The meter is mechanically damped by means
of aluminum vanes that move in enclosed air
chambers, Although electrodynamometer type
meters are very accurate, they do not have the
sensitivity of the D'Arsonval type meter move-
ment, For this reason they are not widely used
outside the laboratory., The big advantage of the
electrodynamometer type meter movementis that
it can be used to measure alternating current as
well as direct current,

If alternating current is applied tothe standard
galvanometer type meter, it will produce no
reading. Instead, the meter will vibrate about
the zero reading. On one half cycle of the a.c., the
meter will be deflected to the left and on the other
half cycle to the right, As the frequency being
measured is usually 60 Hz or greater, the meter
is incapable of mechanically responding at this
speed. The result is simply a vibration around
the zero point and no useful reading of voltage
or current is obtained. In order to use the
D'Arsonval type meter movement to measure
a.c., currents and voltages, some means must
be obtained to change the a.c. to d.c. sothata
unidirectional current will be applied to the
meter,

It should be noted that this problem does not
exist with the electrodynamometer type move-
ment. The current flow through the stationary
coils sets up a magnetic field. The current flow
through the moving coils sets up an opposing
magnetic field, With two magnetic fields which
are opposing, the pointer deflects to the right.
If the current now reverses direction, the mag=-
netic fields of BOTH sets of coils are reversed.
By reversing both fields, they still oppose, and
the pointer still deflects to the right, Conse-
quently, no rectifying devices are required for
the electrodynamometer type meter movement,
It will work equally well with a d.c. current or
an a.c. current,

WATTMETER

Electric power is measured by means of a
wattmeter, This instrument is of the electro-
dynamometer type. It consists of a pair of fixed
coils, known as current coils, and a moving coil,
known as the voltage (potential) coil (fig. 3-18).
The fixed coils are made up of a few turns of
comparatively large conductor. The potential coil
consists of many turns of fine wire; it is mounted
on a shaft, carried in jeweled bearings, so that
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Figure 3-18,— Simplified electrodynamometer
wattmeter circuit,

it may turn inside the stationary coils. The mov-
able coil carries a needle which moves over a
suitably graduated scale, Flat coil springs hold
the needle to a zero position,

The current coil (stationary coil) of the
wattmeter is connected in series with the circuit
(load), and the potential coil (movable coil) is
connected across the line, When line current
flows through the current coil of a wattmeter, a
field is set up around the coil. The strength of
this field is proportional to the line current and
in phase with it, The potential coil of the watt-
meter generally has a high resistance resistor
connected in series with it, This is for the
purpose of making the potential-coil circuit of
the meter as purely resistive as possible. As a
result, current in the potential circuit is prac-
tically in phase with line voltage. Therefore,
when voltage is impressed on the potential
circuit, current is proportional to and in phase
with the line voltage.

The actuating force of a wattmeter is derived
from the interaction of the field of its current
coil and the field of its potential coil. The force
acting on the movable coil at any instant (tending
to turn it) is proportional to the product of the
instantaneous values of line current and voltage.

The wattmeter consists of two circuits, either
of which will be damaged if too much current is
passed through them. This fact is tobe especially
emphasized, because the reading of the instru-
ment does not serve to tell the user that the
coils are being overheated. If an ammeter or
voltmeter is overloaded, the pointer will''be
indicating beyond the upper limit of its scale.
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In the wattmeter, both the current or potential
circuit may be carrying such an overload that
their insulation is burning, and yet the pointer
may be only part way up the scale, This is be=-
cause the position of the pointer depends uponthe
power factor of the circuit as well as upon the
voltage and current. Thus, a low power factor
circuit will give a very low reading on the
wattmeter even when the current and potential
circuits are loaded to the maximum safe limit,
This safe rating is generally given on the face
of the instrument,

A wattmeter is always distinctly rated, not
in watts but in volts and amperes.

Figure 3-19 shows the proper way to connect
a wattmeter into a circuit,

AUDIO SIGNAL GENERATORS

Audio signal generators produce stable fre-
quency signals from about 20 hertz to 200,000
hertz, They are used primarily for testing audio
sections of equipment., The major components of
an audio signal generator are an oscillator (or
oscillators), one or more amplifiers, an output
control and a power supply. In addition, voltage
regulator circuits are necessary to ensure sta-
bility of the oscillator, because the a.c. line
voltage sources may vary.

A representative audio frequency signal gen-
erator is shown in figure 3-20, This unit is in-
tended primarily for bench testing of electronic
equipment, It operates from line voltage (115
v.a.c.) and produces the output frequencies over
a continuous range in conjunction with a four
position multiplier,

Any frequency from 20 to 200,000 Hz may
be selected by setting the main tuning dial and
the range switch so that the two readings, when
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Figure 3-19, — Wattmeter connection,
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multiplied together, equal the desired frequency.
For example, to select an output frequency of
52,000 Hz, set the main tuning dial to “52” and
the range switch to “X1000”. Voltages from zero
to 10 volts may be selected by using the
“OUTPUT LEVEL” control in conjunction with
the attenuator switch. The attenuator is calibrated
in seven decade steps so that with the output
meter set to 1.0, output voltages of 10 volts to 10
microvolts can be obtained by simply switching
the attenuator. For intermediate values of output
voltage, the “OUTPUT LEVEL” control is varied
so that the output meter reads the desired voltage.
The attenuator switch is then set so that its value,
multiplied by the output meter reading, gives the
desired output voltage level. For example, to
obtain an output voltage of 0.04 volts set the
meter by means of the “OUTPUT LEVEL”
control to read .4 and set the “ATTENUATOR”
switch to the “X.1” position. The output voltage
will then be the meter reading multiplied by the
attenuator setting, or 0.04 volts.

Oscillator frequency calibration may be
checked, during operation, on the first two bands,
by means of the built-in frequency meter. To
check the operation of the oscillator at 60 Hz,
set the main tuningdial to ''60'' and the '"RANGE"'
switch to '"X1.'' This sets the frequency of the
oscillator at 60 hertz, Turn the "FREQUENCY
METER?" switch on and move the main dial back
and forth slightly until the reed vibrates with
maximum amplitude, This point is rather criti-
cal, and care must be used to see that the point
of maximum response is located. Themain tuning
dial should indicate ''60'' within one division,
if the frequency calibration is correct, Similarly,
the output frequency may be checked at 400
hertz, by means of the 400 hertz reed in the
frequency meter,

RADIO FREQUENCY SIGNAL
GENERATORS

Signal generators that cover the frequency
range from about 10 kHz to 4.5 GHz are classi-
fied as RF signal generators. One signal gen-
erator alone does not cover this range. A number
of RF frequency generators are required todo so.
As an example; one may cover 10 kHz to 50
MHz, another 100 kHz to 110 MHz, a third 4 to
405 MHz, a fourth 800 to 2400 MHz, and still
another 1.8 to 4.5 GHz.

As an example in this text we will usea
representative RF signal generator which covers
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Figure 3-20.— Representative audio signal generator.

the 10 kHz to 50 MHz range (fig. 3-21). This unit
is intended primarily for bench testing -of elec-
tronic equipment, It operates from line voltage
(115 v.a.c.) and produces frequencies over a
continuous range from 10,000 to 50,000,000 hertz
in eight bands. The band selector control is
located on the front panel.

The RF output for the entire frequency range
is continuously variable from 0.1 to 100,000
microvolts at the RF OUTPUT X-MULT jack,
while approximately 2 volts is available at the
RF OUTPUT X200K jack., The voltage at the
RF OUTPUT X-MULT jack is varied by the RF
MULTIPLIER switch and the MICROVOLT con-
trol, whereas the voltage at the RF OUTPUT
X200K jack is varied only by the MICROVOLT
control, The RF MULTIPLIER is a six step
attentuator in multiples of 10. The RF voltage
at the jack is determined by multiplying the meter
reading by the multiplier factor on the front
panel, For instance, if the meter reads 5 and
the attenuator is set to the 100 position, the out-
put will be 500 microvolts,

An audio signal of 400 or 1,000 hertz, adjust-
able from 0 to spproximately 3 volts by means
of the § MOD AUDIOOUT-XTALCALOUT control,
is available at the AUDIOOUT-XTALCALOUT-
EXTMODIN jack, This audio voltage is used
mainly to modulate the RF carrier, Modulation

is adjusted by the  MOD-AUDIOOUT=-XTALCAL-
OUT control from 0 to 50 percent. Percentage
modulation is read directly on the lower scale
of the same meter used to measure the RF
voltage.

CATHODE-RAY OSCILLOSCOPE

The most versatile piece of test equipment
that a technician has at his disposal is the
Cathode-Ray Oscilloscope (CRO). This device
gives a visual presentation of any voltage wave-
form present in a circuit,

The oscilloscope permits many character-
istics of a circuit to be observed and measured.
Some of these are: (1) frequency- of operation;
(2) duration (or time) of occurrence of one or
more cycles; (3) phase relationships between
voltage waveforms appearing at different points
in the circuit; (4) shape of the waveform;and (5)

amplitude of the waveform,

The oscilloscope is used for alignment of
radio and radar receiving and transmitting equip-
ment, frequency comparison, percentage of modu-
lation checks, and many other applications.

BASIC OSCILLOSCOPE

The principal components of a basic oscillo-
scope include a cathode-ray tube (CRT); a sweep
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Figure 3-21.— Representative RF signal generator.

generator; deflection amplifiers (horizontal and
vertical); a power supply; and suitable controls,
switches, and input connectors for proper opera-
tion, Figure 3-22 shows the block diagram of
a basic oscilloscope,

The horizontal and vertical deflection ampli-
fiers increase amplitude of the input voltage to
the level necessary for deflection of the beam,
The sweep generator supplies a sawtooth voltage
to the input of the horizontal amplifier. The power
supply provides d.c. voltages for operation of
the amplifiers and CRT.

The cathode-ray tube is the heart of the
oscilloscope., The CRT contains an electron
gun, a deflection system, and a screen inside
an evacuated glass envelope., The electron gun
is an arrangement of tube elems=nts to introduce
electrons into the envelope, accelerate them,
and focus them into a narrow beam, The de-
flection system controls position of the narrow
beam of electrons arriving at the screen. The
screen is a chemical phosphor that converts
the energy of electrons into light. Figure 3-23
shows construction of a cathode-ray tube.
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Deflection

The deflection system, electrostatic in this
type of cathode-ray tube, consists of two pairs
of metal plates, mounted at right angles to each
other, and placed inside the neck of the CRT.
Figure 3-23 shows the location of the plates.
When a difference of potential is applied to the
plates, an electrostatic field is developed between
the plates, This field acts upon the beam of
energy and controls the point at which it will
arrive at the screen, Figure 3-24 shows a simpli-
fied arrangement of the front screen and de-
flection plates for explanatory purposes.

In figure 3-24A, all plates are at the same
potential and no field exists to act upon the
beam, so the beam arrives at the center of the
screen, In figure 3-24B, a positive potential is
applied to the top plate, resulting in beam moving
towards the top of screen. The greater the ampli-
tude of positive potential, the farther the beam
moves away from the center toward the positive
potential,

In figure 3-24C, a positive potential is applied
to the bottom plate and the beam moves towards
the bottom of the screen. In figure 3-24D, the



Chapter 3—BASIC TEST EQUIPMENT

HORIZONTAL
DEFLECTION
AMPLIFIER \I_
HORIZONTAL o——og A
INPUT .
= | SWEEP
GENERATOR W CRT POWER
SUPPLY
EXT. SYNC ]
SIGNAL Sl
VERTICAL «—
VERTICAL DEFLECTION >\/ ]
SIGNAL °l AMPLIFIER \V ]
INPUT — ‘
20.324

Figure 3-22,—Block diagram of a basic oscilloscope.
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Figure 3-23,— Construction of a cathods ray tube,

potential is applied to the right horizontal deflec-
tion plate, and the beam moves correspondingly.
In figure 3-24E, the potential is applied to the
left horizontal deflection plate and the beam
moves left. In figure 3-24F, a positive potential
is applied to.the left horizontal deflection plate
and the top vertical deflection plate causing
beam movement to the upper left. By controlling
the amplitude of voltage on one plate withrespect
to the others, the beam can be positioned.

In a practical oscilloscope deflection ampli=-
fiers replace batteries. In many circuits, the
voltage waveform to Ye examined does not have
sufficient amplitude to cause beam movement
across the screen. Deflection amplifiersincrease
the voltage waveform amplitude, without changing
its shape, to a level necessary for deflection,

In figure 3-25, with a sine wave applied to
the vertical signal input terminal, the vertical
deflection amplifiers amplify this signal and
deliver two sine waves of opposite polarities to
the vertical deflection plates., (How two sine
waves were developed will be explained later.)

This will result in beam movement up and down
at a rate determined by the sine wave frequency.
Usually, this beam movement is so rapid that
the eye cannot follow it, and instead the eye
sees just a bright vertical line,

Since the beam has negligible mass, it re-
sponds to peak-to-peak excursions of the sine
wave, By marking a faceplate in inches or centi-
meters, the oscilloscope can be calibrated with
a known voltage before applying the sine wave,
and then with the sine wave applied, its amplitude
can be calculated,

Figure 3-26 shows a CRT with a vertical
line drawn 8 centimeters long with 1 centimeter
graduations, Assuming a 1 volt peak-to-peak
signal moved the beam 1 cm, the amplitude of
the vertical trace shown would be 3 volts
peak-to-peak.

Since a voltage waveform is a graphical
presentation of a voltage varying with respect
to time, it is desirable that the oscilloscope
gives this type of presentation. To accomplish
this, a voltage is applied to the horizontal de-
flection plates and varied in such a manner as
to move the beam at a linear rate from
left to right, and then return the beam back to
the left side as rapidly as possible. A sawtooth
waveform is used for this purpose, and it is
developed in the sweep generator section of the
oscilloscope. Figure 3-27 shows a sawtooth
waveform, The horizontal axis represents time,
in seconds, while the vertical axis represents
amplitude in volts. The values assigned were
arbitrarily chosen to demonstrate a linear rate
of change.
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Figure 3-26,— Calculating voltage amplitude with

calibrated faceplate.
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Figure 3-27, —Sawtooth waveform,

At the end of 1 second, the amplitude has
risen to 10 volts, In this example, for a linear
rate of change to occur, the amplitude of the
sawtooth should increase 10 volts for each 1
second increase in time., Thus, at the end of 2
seconds, the amplitude should be 20 volts, and
at the end of 3 seconds, the amplitude should be
30 volts.

Figure 3-28 shows the results of applying a
sawtooth waveform to the horizontal deflection
plates. At the start of the sweep, the beam is
at the left side of the screen. As sawtooth
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179.23
Figure 3-28, —Horizontal deflection,

amplitude increases, the beam moves to the
right until the sawtooth reaches its maximum
amplitude. At this time, the sweep is ended,
sawtooth amplitude drops down rapidly, pulling
the beam back to the left., This action continues
to repeat at a frequency determined by the sweep
generator, This sweep, or base line, is referred
to as the ''time base,''

During the brief period that the sawtooth is
pulling the beam back to the left side of the
screen, called the retrace or flyback time, no
useful information is displayed. Therefore, the
oscilloscope contains a circuit (the blanking
circuit) that turns the beam off during flyback
time so that this portion of the cycle is not seen.

Figure 3-29 shows results of applying a saw=
tooth to the horizontal deflection plates and a
sine wave to the vertical deflection plates. As
the sawtooth moves the beam from left to right,
the sine wave simultaneously acts upon the beam
to pull it up and down, The combined result of
these two actions is the visual reproduction of
the sinewave, with the vertical axis representing
the amplitude of the sinewave, and the horizontal
axis representing the duration, or time, of the
sinewave,

Notice the necessity of applying a sawtooth
waveform to the horizontal deflection plates.
If any other waveform were used, such as a
sinewave, the beam would not move at a constant
or linear rate from left to right, and the wave=-
form applied to the vertical deflection plates
would not be faithfully reproduced.
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Figure 3-29,—Sinewave reproduction.

There is a definite relationship between the
frequency of the signal applied to the vertical
deflection plates and the frequency of the saw=
tooth, Figure 3-30 illustrates this relationship.
Figure 3-30A shows the sinewave and the saw-
tooth operating at the same frequency. Recall
that during retrace the beam is cut off (blanked),
therefore a full cycle of the sinewave cannot be
observed, Figure 3-30B shows the results when
the sinewave is twice the frequency of the saw=
tooth, Now one full cycle can be observed. In
operating the oscilloscope, it is usually best to
set the operating controls so that a minimum
of two cycles of the input waveform may be
viewed, This is done by setting the sweep gen-
erator (time-base) frequency to a lower fre-
quency than the vertical input signal.

Just as the vertical axis can be calibrated
to measure amplitude, the horizontal axis can be
calibrated to measure time. In figure 3-31, the
horizontal axis is graduated in centimeters. By
knowing the frequency of the sweep generator,
the time of one cycle of the input waveform can
be calculated. Suppose the frequency of the sweep
generator is 1 Hz, and the horizontal scale is
10 cm wide with l1-cm graduations, The time
required for one sawtooth to move the beam from
left to right (10 cm) is;

= 1 second.

Each centimeter then, in time, is 1/10 = 0.1
second., Since one cycle of the input sinewave
shown in figure 3-31 occupies 5 cm, the time is:
5 x 0.1 = 0.5 seconds; and the frequency is:
f=1/t =1/0.5 = 2 Hz,

Rather than mark the faceplate with gradua-
tions, oscilloscope manufactures provide separate
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Figure 3-30.— Relationship between horizontal and vertical signal frequencies.

179.26
Figure 3-31.— Calculating frequency with
graticule,

plates of glass or plastic that are accurately
marked and mounted on the oscilloscope in front
of the CRT. These plates are called graticules,

Controls

Figure 3-32 is a drawing of the front panel of
a general purpose oscilloscope. Oscilloscopes
vary greatly in the number of controls and con-
nectors. Usually, the more controls and con-
nectors, the more versatile is the instrument,
Regardless of the number, all oscilloscopes have
similar controls and connectors, and once the
operation of these are learned, the techniciancan
move with ease from one model oscilloscope to
another, Occasionally identical controls will be
differently labeled from one model to another,
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but most controls are logically grouped, and
the names are indicative of their function,

The POWER switch may be a toggle, slide,
or rotary switch, and it may be mounted sepa-
rately or on a shaft that is common to another
control, such as the intensity control. Its function
is to apply the line voltage to the power supply.

The INTENSITY (sometimes called bright-
ness or brilliance) control adjusts the brightness
of the beam on the CRT, and is a rotary control.
The control is turned clockwise to increase the
intensity of the beam and should be adjusted to
a minimum brightness level for comfortable
viewing,

The FOCUS control is a rotary control that
adjusts the spot (beam) size., Figure 3-33 shows
the in-focus and out-of-focus extremes. In figure
3-33A, no deflection is applied and the beam is
centered, but out of focus. The focus control is
adjusted to give a small, clearly defined, cir-
cular dot, as shown in figure 3-33B. In figure
3-33C, horizontal deflection is applied with the
focus control misadjusted. The focus control is
adjusted to give a thin, sharp line as in figure
3-33D.

The HORIZONTAL POSITION and VERTICAI:
POSITION controls are rotary controls used to
position the trace. Since the graticule is often
drawn to represent a graph, some oscilloscope
have the positioning controls labeled to cor-
respond to the "'X'* and "'Y'' axis of the graph.
The "'X'' axis represents the horizontal move-
ment while the ''Y'' axis represents the vertical
movement, Figure 3-34 shows the effects of the
positioning controls on the trace.

In figure 3-34A, the horizontal control has
been adjusted to move the trace too far to the
right while in figure 3-34B the trace has been
moved too far to the left, In figure 3-34C the
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Figure 3-32,— Typical basic oscilloscope.

vertical positioning control has been adjusted to
move the trace to close to the top while in
figure 3-34D the trace has been moved too close
to the bottom, Figure 3-34E shows the trace
properly positioned.

The vertical INPUT (or "'Y'' INPUT or
SIGNAL INPUT) jack connects the desired signal
to be examined to the vertical deflection ampli-
fiers. On som= oscilloscopes, there may be two
input jacks, one labeled AC and the other

DO

labeled DC. Other models may have a single
input jack with an associated switch to select
the AC or DC connection, In the DC position,
the signal is connected directly to the vertical
deflection amplifiers while in the AC position
the signal is fed through a capacitor first.
Figure 3-35 shows the schematic of one arrange-
ment,

The deflection amplifiers increase the ampli-
tude of the input signal level required for the
deflection of the CRT beam. These amplifiers
must not have any other effect on the signal,
such as changing the shape (called distortion).
Figure 3-36 shows the results of distortion
occuring in a deflection amplifier.

An amplifier can handle only a limited range
of input amplitudes before it begins to distort
the signal. To prevent this, oscilloscopes in-
corporate circuitry to permit adjustment of the
input signal amplitude to a level that will prevent
distortion from occurring. This adjustment is
the ATTENUATOR control. This control extends
the usefulness of the oscilloscope dy enabling
it to handle a wide range of signal amplitudes.

The attenuator usually consists of two con-
trols. One is a multi-position switch and the
other is a potentiometer (fig. 3-37). Each posi-
tion of the switch may be marked; (1) as to the
amount of voltage required to deflect the beam
a unit distance, such as volts/cm, or (2) as
to the amount of attenuation given to the signal,
such as 100, 10, or 1.

In the first case, suppose the .05 volt/cm
position were selected. In this position, the
beam will be deflected vertically 1 centimeter
for every .05 volts of applied signal. If a sine-
wave occupied 4 cm peak-to-peak, its amplitude
would be 4 x .05 = .2 volts pk/pk (refer to fig.
3-38).

179.27 o

Figure 3-33.— Focus extremes.
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Figure 3-36, — Deflection amplifier distortion,

The attenuator switch provides a means of ad-
justing the input signal level to the amplifiers
by steps. These steps are in a definite sequence,
such as 1-2-5 as shown in figure 3-37, Another
sequence used is 1-10-100. The potentiometer
control provides a means of fine, or variable,
control between steps. This control may be
mounted separately or it may be mounted on the
attenuator switch, When the control is mounted

STEPPED
ATTENUATOR
2
5
VARIABLE
ATTENUATOR
179.31

Figure 3-37, — Attenuator control,

OUTPUT separately, it is often marked as ''Fine Gain"'

or simply ''Gain.'"' When mounted on the attenu=-
ator switch, it is usually marked ''Variable,''
with the panel markings and knob of a different
color for ease of identification,

The variable control adds attenuation to the
switch step that is selected. When the control
is turned fully counterclockwise, it is at the
minimum gain, maximum attenuation setting.
Since it is difficult to accurately calibrate a
potentiometer, the variable control is either left
unmarked, or the front. panel is arbitrarily
marked off in some convenient units (e.g., 1-10,
1-100). The attenuator switch, however, can be
accurately calibrated to the front panel designa-
tions. To do this, the variable control is turned
fully clockwise to cut it out of the attenuator
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179.32
Figure 3-38,—Sinewave attenuation.

circuit, and this position is usually marked CAL
(calibrate) on the panel,

As mentioned previously, the sweep generator
develops the sawtooth waveform that is applied
to the horizontal deflection plates of the CRT.
This sawtooth causes the beam tomove at a linear
rate from the left side of the screen to the right
side, This trace, or sweep, is the TIME BASE
of the oscilloscope. To enable the oscilloscope
to accept a wide range of input frequencies,
the frequency of the time base is variable,
Again, two controls are used. One is a multi-
position switch that changes the frequency of the
sweep generator in steps, and the second control
is a potentiometer that varies tbe frequency
between steps (fig. 3-39). The switch has each
step calibrated and the front panel is marked
TIME/CM. A 1-2-5 sequence is usedfor number-
ing the switch positions and the front panel has
markings that group the numbers into micro-
seconds (us), milliseconds (ms), and seconds
(SEC).

The potentiometer is labeled variable and
the panel is marked with an arrow indicating the
direction to turn the pot to the calibrated (CAL)
position. When it is desired to accurately meas-
ure the time of one cycle of an input signal, the
variable control is turned to the CAL position
and the TIME/CM switch is turned to select
the appropriate time base, Suppose the 5 usec
position was chosen and two cycles of an input
signal were being displayed as shown in figure
3-40. One cycle occupies 5 centimeters along the
horizontal axis., Each cm is worth 5 pusec in time,
so the time of one cycle equals 5 x 5 = 25 usecs,
Frequency may be found by using f = 1/t.

In selecting a time base, remember that it
should be lower in frequency than the input
signal, If the input signal requires 5 psec to

57

TIME/CM

VARIABLE

msec

usec

179.33
Figure 3-39.— Time base control.

179.34
Figure 3-40.— Time measurement,

complete one cycle, and the sawtooth is set for
0.5 upsec/cm with a 10 cm wide graticule,
approximately one cycle will be displayed. If
the time base is set for 1 psec/cm, approxi-
mately two cycles will be displayed. If the time
base is set at a frequency higher than the input
frequency, only a part of the input signal will be
displayed.

In the basic oscilloscope, the sweep gener-
ator runs continuously (free-running) while inthe
more elaborate oscilloscopes, it is normally
turned off. In the oscilloscope shown in figure
3-32, the sweep generator requires a signal
from some source to start (trigger) it. This type
of oscilloscope is called a ''Triggered Oscil=-
loscope.'" The triggered oscilloscope permits
more accurate time measurements to be made
and gives a more stable presentation,

Front panel controls are provided to permit
the selection of the source and polarity of the
trigger signal and the amplitude. In addition,
provision is usually made to adjust the sweep
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generator to free-run, These controls are the
TRIGGERING and LEVEL controls., The TRIG-
GERING control is a multi-position switch and
the LEVEL control is a potentiometer,

The TRIGGERING control chooses the source
and polarity of the trigger signal. The source
may be LINE, INTERNAL, or EXTERNAIL, and
the polarity selected may be negative (=) or posi=-
tive (+). When LINE is selected, the power line
frequency (e.g., 60 Hz) is the trigger frequency.
When internal (INT) is selected, part of the input
signal is tapped off from the vertical deflection
amplifiers, and the input signal frequency is
also the trigger frequency. In external (EXT),
a front panel binding post is connected through
the switch to the sweep generator circuit, and
a signal from any external source that is appro-
priate may be connected to the binding post.

The LEVEL control sets the amplitude level
that the triggering signal must exceed to start
the sweep generator, With the stability control
misadjusted, or no signal available for trigger-
ing, the oscilloscope screen will be blank. When
the level control is fully counterclockwise, it is
in a position marked AUTO. In this position the
sweep generator will be free-running, As the
level control is turned slowly clockwise, the trace
will disappear from the CRT. Continue turning
the control clockwise until the trace reappears,
and then stop turning. At this point, there will be
a stable presentation on the screen,

The triggering and level controls are used
to synchronize the sweep generator with the
input signal. This gives a stationary waveform
display. If they are unsynchronized, the pattern
tends to. jitter or move across the screen making
observation difficult.

Most oscilloscopes provide a test signal to a
front panel connector. This signal may be a few
volts a.c. tapped from the power transformer,
or it may be an accurately calibrated square
wave, There may be just one panel connector
with only one amplitude of voltage available, or
there may be several connectors, each providing
a different amplitude signal. Some models pro-
vide one connector with a switch to select any
one of a wide range of amplitudes. The connector,
or connectors may be labeled TEST SIGNAL,
LINE, or VOLTAGE CALIBRATOR. The oscil-
loscope in figure 3-32 uses three jacks labeled
VOLTAGE CALIB, with the output amplitude
of a square wave marked over each jack. The
voltages available are 5 volts, 0.5 volts, and 0,05
volts peak-to-peak, The voltage calibrator pro-
vides a known reference voltage for checking
the calibration of the VOLTS/CM control. As

an example, suppose the VOLTS/CMcontrolis set
to the 1 VOLT/CM position and the VARIABLE
control is in the calibrated position. With the
5 volt calibrated waveform connected to the
vertical input terminal, the presentation should
occupy 5 centimeters in height as shown in
figure 3-41.

Most oscilloscopes provide a means of con-
necting an external signal to the horizontal
deflection amplifiers in place of the sawtooth
from the sweep generator. In figure 3-32, when
the TIME/CM control is rotated fully clockwise
to the position marked EXT (external), the sweep
generator will be disconnected from the hori-
zontal deflection amplifiers, and a front panel
binding post (HORIZ.) will be connected to the
input of the amplifiers. A signal may now be
connected to this binding post. The VARIABLE
TIME/CM control becomes an amplitude (gain)
control to provide a means of controlling the
width of the trace when a signal is applied.
With no signal applied to the vertical or hori-
zontal input connectors, a small, stationary dot
will be present on the CRT. CAUTION: this dot
should not be allowed to remain on the CRT,
Either a signal should be applied to one of the
inputs, or the INTENSITY control should be
turned counterclockwise until the dot disappears.
Once a signal is applied, the intensity may be
turned back up to view the trace., If the dot is
allowed to remain on the CRT, it will damage the
chemical coating and necessitate the replace-
ment of the CRT.

The horizontal input provides a means of
connecting a second signal for the purpose of
comparing the phase or frequency difference

1

5 cm

179.35
Figure 3-41.,— Calibration check.
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with respect to a signal applied to the vertical
input, The resultant display on the CRT is called
a LISSAJOUS figure.

Figure 3-42 shows the resultant pattern, and
how it was formed, when two sine waves of the
same frequency, but differing in phase by 90
degrees, are applied to the vertical and horizontal
inputs. Notice that the pattern is a circle.
Figure 3-43 shows the patterns that will re-
sult from various sine waves differing in phase,
For accurate measurements, both signals should
be the same amplitude on the screen. This is
accomplished by applying only one signal at a
time and adjusting the respective gain control.,

Figure 3-44 shows the pattern that will result
from applying a sine wave to the vertical input
at twice the frequency of a sine wave applied
to the horizontal input. To determine the actual
frequency, one of the input frequencies must be
known, otherwise the only information that will
be obtained is the ratio of the two frequencies.

Using lissajous figures to determine an un-
known frequency is accomplished by first estab-
lishing a ratio, This is done by counting the
number of times the pattern touches a horizontal
line, A in figure 3-44, and the number of times
the pattern touches a vertical line, B in figure
3-44, In this example, the ratio is 2:1, and
represents the ratio of the vertical frequency
to the horizontal frequency. If the horizontal
frequency was known to be 1 kHz, then the
vertical frequency would be 2 kHz. The number
of patterns that may be obtained is quite varied,
and range from the simple to the complex.

The ILLUM (illuminate) control turns on
several small light bulbs mounted around the

179.36
Figure 3-42,— Forming a lissajous pattern.
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Figure 3-44,—Frequency ratio lissajous pattern.,

edge of the graticule making the lines visible
so that measurements of the displayed signal
can be made easily.

The DC BAL (balance) control is a screw-
driver adjustment to prevent the whole trace
from shifting vertically as the VARIABLE VOLTS/
CM control is turned through its range, This
control may be mounted on the front panel or
it may be a service adjustment located inside the
oscilloscope. This control, once set, only re-
quires adjustment at periodic intervals, not
every time the oscilloscope is used.
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The STABILITY control is an adjustment
that works in conjunction with the LEVEL con-
trol to provide a stable display. On the model
in figure 3-32 it is a screwdriver adjustment
and normally requires no adjustment by the
operator. On more advanced oscilloscopes, it
is a knob adjustment.

The 5X MAG (magnifier) essentially expands
the sweep. When the magnifier is turned on, it
increases the sweep speed by a factor of five.
If the TIME/CM control were set at 1 milli-
second, and then the 5X MAG turned on, the new

sweep speed would be: l—lémﬂ: 0.2 msec.

The magnifier pernuts the operator to examine
more closely one cycle of a group of cycles
rapidly, without necessitating the resetting of
the TIME/CM control. Figure 3-45 shows the
visual presentation with the magnifier off and
then turned on. On the oscilloscope in figure
3-32 the 5X MAG is turned on by pulling the
horizontal positioning control straight out,

Operation

The oscilloscope is one of the many tools
that a technician uses for troubleshooting. Be-
fore using the oscilloscope, a check should be
made to verify that it is in good operating
condition, If the oscilloscope is faulty, it will
give false readings and the technician will find
himself wasting many hours trying to find a
trouble where none exists,

The technician should also be familiar with
the operation and limitations of the oscilloscope
available, Misadjusting controls will cause false
readings to be obtained. Attempting to take
measurements in a circuit operating beyond the
capabilities of the oscilloscope will give false
readings, and may even result in the instrument
being damaged. When using an oscilloscope for
the first time, consult the technical manual

MAG OFF MAG ON

179.38
Figure 3-45.— 5 X MAG presentation.

for that particular equipment to determine the
correct operating procedure and any limitations,

Since the oscilloscope provides a visual dis-
play which is affected by the manupulation of
the controls, and usually has its own built in test
signal source, its operating condition can be
checked rapidly.

For the initial setup of the oscilloscope in-
figure 3-32, the controls should be set as listed
below:

POSITION, FOCUS, AND in the center

INTENSITY controls of their range
of rotation
TRIGGERING INT +
LEVEL AUTO
TIME/CM 1 msec
VARIABLE : CAL
POWER : ON

Allow approximately two minutes for the in-
strument to warm up. After the warm up period,
a trace should be visible., Turn the positioning
controls, one at a time, to sce if the trace can
be moved to the edges of the CRT face, and
then center the trace., Adjust the intensity control
for comfortable viewing, and the focus control
for a thin, well defined line,

Turn the VOLTS/CM control to the 0,02 posi-
tion and the VARIABLE control to CAL. Connect
the 0.05 volt output from the voltage calibrator
to the vertical input. Turn the LEVEL control
from the AUTO position. As this is done, the
trace will disappear. Continue turning until the
trace reappears. The display should be a stable
display of several cycles of a square wave, 2.5
centimeters in height, Disconnect the lead from
the voltage calibrator. The equipment is now
ready for use.

Before connecting a signal to the input termi=-
nal, turn the input attenuator (VOLTS/CM) to
the highest attenuation setting (10 volts/cm).
Connect the input signal and rotate the attenuator
control until the display occupies approximately
2/3 of the screen height. Adjust the time base
and level controls to select the desired number
of cycles of the input and stabilize the display.

BASIC TRANSISTOR TESTER

The basic transistor tester (shown in fig.
3-46) consists of a bias source, a meter circuit,
switching arrangements and a 1-kliz oscillator,

Transistors can be tested in-circuit with
either of the two test leads provided. Or they
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Figure 3-46,— Basic transistor tester.

can be tested out-of-circuit with either the
alligator=-clip test lead or the transistor socket
on the front panel, If a transistor being tested
out-of-circuit has solder on its leads, do not
use the transistor socket. Excessive solder on
the leads may damage the transistor socket.

The function of the basic transistor tester
is to measure (1) current gain(Beta), (2) emitter-
base, collector-base and collector-emitter re-
sistance and (3) Icp (which can be measured
only when the transistor is out of the circuit),

Controls and Functions

The controls (as numbered in figure 3-46)
have the following functions:

1. Transistor socket Used for testing tran-
sistors out of the cir=
cuit, To be used only
for transistors that
have no solder ontheir
leads,

2. In=-circuit probe

Meter

4. PNP/NPN

Function switch

6. Beta Cal

61

Allows the use of alli-
gator test leads (2A) or
the '"'‘backscratcher"
test prod (2B). Note:
alligator test leads
(2A) are used whenever
doing an out-of=-circuit
test on atransistor that
has solder onitsleads,

Has four scalesinclud=-
ing one eachfor battery
check, beta, I, and
resistance,

Internally sets up pro-
per bias for transistor
under test.

Selects the particular
test and rangedesired,

Establishes a refer=-
ence level of collector
current,
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MATH REVIEW

This section of the chapter deals with some
of the mathematical skills necessary for under-
standing electronics. The mathematical subjects
covered are not difficult; they are taught in the
first semester of high school algebra. However,
they are important as a review,

Do not be misled by the simplicity. Although
the mathematics used is not very advanced, you
will find many topics later in this manual that
are very hard to understand unless you can work
easily with mathematical symbols and can follow
mathematical arguments,

APPLYING FORMULAS

You will find some of the numerical problems
in this manual difficult if you do not learn to
use formulas. In some instances two different
formulas are required to obtain a solution to a
problem. It is important that you be able to do
this with ease, for in addition to being able to
apply a formula to the text, you must know which
formula to apply. In later chapters you will
constantly be called upon to use simple math-
ematical formulas in order to understand elec-
tronics.

EXPONENT NOTATION

You should be skilled enough in using mathe-
matical symbols to solve simple algebraproblems
at a glance, You should also be able to work with
ease in exponent notation of whole numbers and
fractions. (Exponent notation is frequently used
in electronics. It is a method of expressing very
large quantities in a small space,) In expeonent
notation, 6,600,000 is written 6,6 x 10~ and
0.000043 is written 4.3 x 105, This notation is
very handy in electronics. For instance, it would
be very awkward to write the equation for deter-
mining the resonant frequency of a series LCR
circuit in the long form when the value of the
capacitor (C) is 159 pF by placing nine zeroes
to the right of the decimal point. The long
form (0.000000000159) can be quickly expressed
in exponent notation as 1.59 x 10~*°, The fol-
lowing discussion of exponent notation will be
of help if you are unfamiliar with this method,
or need review,

Whole Numbhers

Place a decimal point to the right of the
first figure in the number. Count the number of
figures to the right of this decimal point. This
is the exponent of 10 in the exponent notation.

Example: 64,230,000,000. Place a decimal
point between the 6 and the 4. There are 10
figures to the right of this. Thus, this number
is 6,423 x 10'°, The figures 6.423 are called
the significant digits of this number.

Place a decimal point to the right of the
first figure in the number that is not a zero.
Count the number of figures between this decimal
point and the original decimal point. This is
again the exponent of 10, but it is a negative
exponent,

Example: 0,000257, Place a decimal point
between the 2 and the 5. There are four figures
between the decimal points. Thus this number
is 2.57 x 10™*. Here the significant digits are
2,57.

Multiplying and Dividing

When multiplying two numbers in exponent
notation, multiply the significant digits and add
the exponents, When dividing, divide the signifi-
cant digits of the numerator (dividend) by the
significant digits of the divisor, and subtract
the exponent of the denominator from the ex-
ponent of the numerator. Study the following
examples until you understand this thoroughly.

(2x10*) x (3x107) = (2x3) x (10* x107)

= (2x3) x 106+7?

= 6x10*!

) = (2x3) x (10° x10’$1)

(2x10°) x (3x1071?
(2x3) x 10°t €

6x107% = 0.06
6x1071° 10°2° %xw-ls'(“”’ = 2x10'?

3x10-27 " 3%10727

The following examples illustrate the rule
that when the decimal point of the significant
digits is moved to the left, then the exponent of
the multiplicand is raised by the same number of
places that the decimal point was moved. Con-
versely, when the decimal point of the signifi-
cant digits is moved to the right, then the ex-
ponent of the multiplicand is lowered by the
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same number of places that the decimal point
was moved.,

13 13
A =i = £x101°-°=0.5x10° =5.0x10"

5.4x10° = 0.54x10° = 54x10°

Since students of electronics and personnel
working with electronics are required to handle
cumbersome numbers rangingfrom the extremely
small fractions of electrical units to the very
large numbers represented by radio frequencies,
you can see that a thorough knowledge of ex-
ponent notation and the ability to apply the
theory of exponents will greatly assist you in
reducing unnecessary work,

Table 3-1 is furnished as an aid to assist
you in acquiring the skills necessary to work
rapidly and correctly with exponents, Note that
table 3-1 provides only some of the values of
the powers of 10.

Non-Intergral Exponents

When a root of a number is to be found, the
operation may be indicated by the radical sign
a/n, "a" indicating the desired root. It is fre-
quently more useful to write this operation as
the number to the reciprocal power of the de-
sired root. For example:

Ya=nE I =, W

Exponents of this type are treated exactly the
same as integral exponents, For example;

\/H.\/H:n% on%:n(%+%)=n

1
n n
3. 3

]
=}
[
|
|
I

- I
Jn n®
Raising to Powers
When a number is raised to any power, the
exponent of the number is multiplied by the

power., This follows from the rule of addition
of exponents;

ﬁ.ﬁ:ngz(n%z =n%.n%=n(l/2+1/2)=n
Vi/a = @ = o3

Table 3-1,— Table of powers of 10

NUMERICAL NUMBER OF

MAGNITUDE 10 FACTORS PREFIX SYMBOL

| 000 000 000 000= 1012 TERA T

T 000 000 000= 109 GIGA G

1 000 000 = 106 MEGA M

1 000 = 103 KILO *

100 = 102 HECTO h

10= 10 DEKA dk

0.1= 10-1 DECI d

0.0l = 10°2 CENTI ©

0.001= 10°3 MILLI m

0.000 001= 10-6 MICRO vorw

0.000 000 00! = 109 NANO

0.000 000 000 000 001« 10-15

n

0.000 000 000 001= 10°12 PICO P
FEMTO

o

0.000 000 000 000 000 00I= 10-18 ATTO

20.384.1

Note that when a term consisting of more than
one factor is raised to a power, each factor is
raised to the power. For example:

(ash)® = &b?
(a-105)%= a¥x 1072 = a¥x 10°

If you have experienced difficulty in under-
standing the above mathematical review, you are
referred to the latest revision of Mathematics,
Vol. 1, NavPers 10069-( ); Mathematics, Vol. 2,
NavPers 10071-( ); and Mathematics, Vol. 3,
NavPers 10073-( ) as sources of further study
material on the mathematical processes required
in the science of electronics.

Knowledge of the mathematics represented
in the preceding discussion is essential to learn=
ing much of the material in this manual, Both
you and the Navy will profit if you study the
manual, even though you do not improve your
mathematical abilities further. However, if you
desire a complete understanding and mastery
of electronics, you will find that knowledge of
the type of mathematics discussed here isessen=
tial,

Although the use of a slide rule is not re-
quired, you will find the ability to use a slide
rule of great value in arriving at speedy solutions
to some of the problems in subsequent chapters.




CHAPTER 4
CHARACTERISTICS OF MATTER AND ENERGY

A technician will encounter many different
types of materials in his association with elec-
trical and electronic equipments. Thus, a basic
introduction to the structure of matter and an
understanding of its characteristics will enable
one to know the basic components of matter and
the role of these components in the production
of electric current,

MASS AND ENERGY

Matter is defined as anything which has mass
and occupies space, It exists as solids, liquids,
or gases,

Energy is the ability to do work., Mass is
the amount of matter an object possesses, Energy
and mass, taken together, are indestructible but
the two are interchangeable., This means that
in order for mass to go out of existence (as
occurs in many sub-atomic particle reactions)
new energy must simultaneously become present
in some form., Or, some available energy might
disappear resulting in mass being '‘created.'’
This may be otherwise expressed as: the total
mass and energy in the universe is constant,
Thus, energy and mass are different forms of
the same thing. The effect on the surroundings
determine the particular form at a given time,
but the two forms are simply and inseparably
related. Therelationis stated simply in Einstein’s
equation:

E = MC?

where E is energy, M is mass, and C? repre-
sents the speed of light squared. Since is
a constant, the equation states that energy and
mass are directly related. Thus, for two sta-
tionary particles (or matter) free from external
forces, if the one has greater mass, it must also
have greater energy, and, if one has greater
energy, it must also have greater mass, The
mass of a particle (or matter) stationary and
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free from external forces is known as its ''rest
mass,"!

A particle may be stationary yet be under
the influence of equal but opposite forces; so if
the cancelling forces become unbalanced, the
mass would be subjected to some net force and
it would be accelerated according to the second
law of Newton:

F = MA

where F is the net force, M is the mass, and
A is the resulting acceleration, Under these
circumstances, the particle has the possibility
of, or potential for, doing some work. Therefore,
the particle here possesses potential energy,
or energy due to position. A familiar example
of potential energy is a book sitting on a table,
The mass of the book is stationary because the
net force on the book is zero, It is true that
gravity tends to force the book down so that the
book exerts a force on the table, but at the same
time the table exerts an equal but oppositely
directed force on the book, so that the net force
on the book is zero., The book has potential
energy due to its position in the gravitational
field.

Another type of energy to be considered is
energy of motion, known as kinetic energy. Any
moving mass possesses this energy, and the
amount of kinetic energy depends on its mass
and its velocity. The book on the table has some
potential energy but no kinetic energy with re-
spect to the table. If the table were suddenly
removed, the possibility of performing work, or
potential energy of the book, would become ac-
tual work since the book would fall.

Rest energy, potential energy, and kinetic
energy depend on the particle’s mass. In addition,
the kinetic energy depends on the particle’s
velocity. Energy, mass, and velocity are closely
interrelated. The molecules of some substances
normally move about with random velocity. This
means that at any instant their directions are
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random and their speeds are random—some
high, some low, It is the average of these veloci-
ties which in part determines their average
kinetic energy and therefore what is commonly
known as the temperature of the substance. If
heat is added, the average velocity of the mole-
cules increases, their average kinetic energy
increases, and the substance’s temperature rises.

One example of these energy, mass, and
velocity relationships would be two cars, each
having an equal mass of 1000 kilograms, If the
first car runs on a track at 100 kilometers per
hour and the second car runs at 120 kilometers
per hour, the second mustpossessgreater kinetic
energy. Therefore, in order to stop both in the
same length of time, the brakes of the second
car would have to dissipate more energy than
the first (to reduce the velocity and kinetic
energy to zero).

The mass of a particle increases as its
velocity increases, although the amount of in-
crease in our relatively slow world goes virtually
undetected. When velocity becomes high enough
to be near the speed of light, the mass in-
crease becomes appreciable. And, of course,
as the mass and velocity change, the energy
of the particle will also change.

BASIC PARTICLES OF MATTER

An atom is defined as the smallest particle
into which an element can be divided and still
retain the chemical properties of that element.

The atom is the smallest part of an element
that enters into a chemical change, but it does
so in the form of a charged particle. These
charged particles are called IONS, and they are
of two types—POSITIVE and NEGATIVE. A
positive ion may be defined as an atom that has
become positively charged. A negative ion may
be defined as an atom that has become negatively
charged. One of the properties of charged ions
is that ions of the same charge tend to repel
one another, whereas ions of unlike charge will
attract one another, (The term charge has been
used loosely, At present, charge will be taken
to mean a quantity of electricity which can be
one of two kinds, positive or negative.)

MOLECULE

The combination of two or more atoms to
form the smallest part of a compound com-
prises a structure known as a MOLECULE, For
example, when the compound water is formed,
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two atoms of hydrogen and one atom of oxygen
combine to form a molecule of water. A single
molecule is very small and is not visible to the
naked eye. Therefore, a few drops of water
may contain as many as a million molecules,
A single molecule is the smallest particle into
which the compound can be broken down and
still be the same substance. Once the last
molecule of a compound is divided into atoms,
the substance no longer exists,

All atoms of all elements are similar in
structure because their components are alike.
Atoms are composed of minute particles, the
discovery and the characteristics of which will
now be discussed. Atoms basically conslst of
ELECTRONS, PROTONS, and NEUTRONS.

AN ATOMIC MODEL

Once the basic constituents of the atom are
known, an attempt can be made to construct a
suitable atomic model. This model must accu-
rately represent and be compatible with all of
the facts known at the time the model is con-
structed. Dalton, an English chemist and physi-
cist who lived in the late 18th and early 19th
century, viewed the atom as a small indestructi-
ble sphere having the ability to become firmly
attached to other atomic spheres. Later and
more advanced experimentation proved that tiny
charged particles could be removed from inside
the atom. As a result, Dalton’s model could no
longer be considered satisfactory.

Joseph Osgood Thompson, an American phy-
sicist, advanced the theory that atoms must
have a structure since a fundamental particle
may be extracted from them. He envisioned
the atom as being a sphere in which were con-
tained a sufficient number of positive and nega-
tive charges to make the overall charge of the
atom neutral, Thompson’s idea that the positive
and negative charges were evenly distributed
throughout a sphere was disproved in an experi-
ment conducted by Sir Ernest Rutherford.

In this experiment, a narrow beam of alpha
particles (positive double charged helium ions)
was obtained from a sample of radium and
directed through a small hole in a lead block
toward a thin sheet of gold foil. If the atom
were constructed as Thompson visualized, the
positive alpha particles should have had their
paths deflected by small amounts due to the
positive charge distributed evenly through the
atom, The results were hardly what was ex-
pected. Rutherford found that most of the alpha
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particles went right through the gold foil with-
out being deflected at all. The remaining par-
ticles received large amounts of deflection,
some as high as 180° This could only be ex-
plained by assuming that all of the positive
charge in the atom was concentrated in one
area away from the negative charge. Any alpha
particle coming close to this center of charge
would be severely deflected, while one passing
some distance away would go through the foil
undeflected.

From the results of Rutherford’s experi-
ments, emerged our present concept of the
structure of the atom. The atom is now be-
lieved to consist of a group of positive and
neutral particles (protons and neutrons) called
the NUCLEUS, surrounded by one or more neg-
ative orbital electrons, Figure 4-1 shows the
arrangement of these particles for an atom of
the element boron. This concept of the atom
can be likened to our solar system in which the
sun is the massive central body, and the planets
revolve in orbits at discrete distances from the
sun, The nucleus commands a position in the
atom similar to the position held by the sun in
the solar system, The electrons whirl about
the nucleus of the atom much as the planets
whirl about the sun. In both the solar system
and the atom practically all the matter in the
system is contained within the central body.

THE ATOMIC NUCLEUS

Excluding short lived subatomic particles
such as mesons and neutrinos, which are of little
importance to electronics, the nucleus of an
atom (fig. 4-1) is made up of heavy particles
called PROTONS and NEUTRONS. The proton
is a tiny charged particle containing the smallest
known unit of positive electricity. The neutron
has no electrical charge.

In the lighter elements the nucleus contains
approximately one neutron for each proton while
in the heavier elements there is a tendency for
the neutrons to out-number the protons. The
nucleus of the helium atom consists of two
protons and two neutrons. In contrast an atom
of mercury has eighty protons and one hundred
and twenty neutrons in its nucleus,

The mass of a proton and a neutron is very
nearly the same and is equal to approximately
1.67 x 107®* gram, This mass is about 1845
times as great as the mass determined for the
electron,

To obtain some idea of the relative dimen-
sions of a typical atom, assume the atom to be
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NUGCLEUS
(5 PROTONS ,
5 NEUTRONS)

PLANETARY
ELECTRON
IN ORBIT

5.37:.38
Figure 4-1,—Boron atom,

expanded in size until its outer diameter is
equal to twice the length of a football field.
The nucleus, positioned in the center, would
appear as a sphere having a diameter equal to
that of a penny! This example vividly illus-
trates the vast emptiness which exists within
the atom., One can now readily see why most
of Rutherford’s alpha particles streamed through
the thin gold foil with little or no deflection.

THE PLANETARY ELECTRONS

Surrounding the positive nucleus of a typical
atom is a cloud of negative charge made up of
planetary electrons, Each of these electrons
contains one unit of negative electricity equal
in amount to the unit of positive electricity con-
tained in the proton. In a normal atom the number
of electrons in this cloud is exactly equal to
the number of protons in the nucleus. The net
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charge of a normal atom is therefore zero,
since the equal and opposite effects of the posi-
tive and negative charges balance one another,

If an external force is applied to an atom
one or more of the outermost electrons may be
removed, This is possible because the outer
electrons are not attracted as strongly to the
positive nucleus as are the inner electrons,
When atoms combine to form an elemental sub-
stance, the outer electrons of one atom will
interact with the outer electrons of neighboring
atoms to form bonds between the atoms. These
atomic bonds constitute the binding force which
holds all matter together. When bonding occurs
in some substances, each atom retains its full
complement of electrons. In other substances
one or more outer electrons will be gained or
lost as a result of bonding. As indicated by the
above statements, the electron configuration of
the atom is of great importance. The chemical
and electrical properties of a material are almost
wholly dependent upon the electron arrangement
within its atoms,

As might be expected, the nucleus is well
shielded by the electron cloud and does not
enter into chemical or electrical processes,
To disrupt the nucleus of an atom requires a
vast amount of energy such as is released by
each atom in the explosion of an atomic bomb,

AN ELEMENTARY ATOM

The structure of an atom is best explained
by a detailed analysis of thesimplestof all atoms,
that of the element hydrogen. The hydrogen
atom (fig. 4-2) is composed of a nucleus contain-
ing one proton and a single planetary electron,
As the electron revolves around the nucleus it
is held in this orbit by two counteracting forces,
One of these forces is called CENTRIFUGAL
FORCE, and is the force which tends to cause
the electron to fly outward as it travels in
its circular orbit. This is the same force which
causes a car to roll off a highway when rounding
a curve at too high a speed. The second force
acting on the electron is CENTRIPETAL FORCE,
This force tends to pull the electron in towards
the nucleus and is provided by the mutual attrac-
tion between the positive nucleus and negative
electron, At some given radius the two forces
will exactly balance each other providing a
stable path for the electron. For the hydrogen
atom this radius is approximately 5.3 x 10~**
meters,
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5.40
Figure 4-2, — The hydrogen atom,

Energy Levels

Since the electron in the hydrogen atom has
both mass and motion it contains two types of
energy. By virtue of its motion the electron
contains KINETIC energy. Due to its position
it also contains POTENTIAL energy. The total
energy contained by the electron (kinetic plus
potential) is the factor which determines the
radius of the electron orbit. The orbit shown
in figure 4-2 is the smallest possible orbit
the hydrogen electron can have., In order for
the electron to remain in this orbit it must
neither gain nor lose energy.

Light energy exists in tiny packets or bundles
of energy called photons. Each photon contains
a definite amount of energy depending on the
color (wavelength) of light it represents, Should
a photon of sufficient energy collide with the
orbital hydrogen electron, the electron will ab-
sorb the photon’s energy as shown in figure 4-3.
The electron which now has a greater than
normal amount of energy will jump to a new
orbit farther from the nucleus. The first new
orbit to which the electron can jump has a radius
four times as large as the radius of the original
orbit. Had the electron received agreater amount
of energy, the next possible orbit to which it
could jump would have a radius nine times the
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NEW ORBIT

OLD ORBIT; ]

179.40
Figure 4-3,.— Excitation by a photon.,

original, Thus, each orbit may be considered
to represent one of a large number of energy
levels that the electron may attain. It must be
emphasized that the electron cannot jump to
just any ORBIT. The electron will remain in
its lowest orbit until a sufficient amount of
energy is available, at which time the electron
will accept the energy and jump to one of a
series of PERMISSIBLE orbits. An electron
cannot exist in the space between permissible
orbits or energy levels. This indicates that
the electron will not accept a photon of energy
unless it contains enough energy to elevate the
electron to one of the allowed energy levels,
Heat energy and collisions with other particles
can also cause the electron to jump orbits,

Once the electron has been elevated to an
energy level higher than the lowest possible
energy level, the atom is said to be in an EX-
CITED state. The electron will not remain in
this excited condition for more than a fraction
of a second before it will radiate the excess
energy and return to a lower energy orbit., To
illustrate this principle assume that a normal
electron has just received a photon of energy
sufficient to raise it from the first to the third
energy level. In a short period of time the
electron may jump back to the first level emit-
ting a new photon identical to the one it received.

A second alternative would be for the elec-
tron to return to the lower level in two jumps;
from the third to the second, and then from the
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second to the first. In this case the electron
would emit two photons, one for each jump.
Each of these photons would have less energy
than the original photon which excited the elec-
tron and would represent a longer wavelength
of light,

This principle is used in the fluorescent
light where ultraviolet light photons, which are
not visible to the human eye, bombard a phos-
phor coating on the inside of a glass tube. The
phosphor electrons in returning to their normal
orbits emit photons of light that are of a visible
wavelength (longer wavelength), By using the
proper chemicals for the phosphor coating any
color of light may be obtained, including white
(all colors combined). This same principle is
also used in lighting up the screen of a television
picture tube,

Complex Atoms

Although hydrogen has the simplest of all
atoms, the basic principles just developed apply
equally well to the atoms of more complex ele-
ments, The manner in which the orbits are estab-
lished in an atom containing more than one
electron is somewhat complicated and is part
of a science known as quantum mechanics. In
an atom containing two or more electrons, the
electrons interact with each other and the exact
path of any one electron is very difficult to
predict. However, each electron will lie in a
specific energy band and the above mentioned
orbits will be considered as an average of the
electrons positions.

Shells and Subshells

The difference between the atoms, insofar
as their chemical activity and stability is con-
cerned, is dependent upon the number and posi-
tion of the particles included within the atom,
Atoms range from the simplest, the hydrogen
atom containing one proton and one electron, to
the very complex atomic structures such as
silver containing forty-seven protons and forty-
seven electrons. How then are these electrons
positioned within the atom? In general, the
electrons reside in groups of orbits called
shells, These shells are elliptically shaped and
are assumed to be located at fixed intervals.
Thus, the shells are arranged in steps that
correspond to fixed energy levels. The shells,
and the number of electrons required to fill
them, may be predicted by the employment of
PAULI'S EXCLUSION PRINCIPLE. Simply stated,
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this principle specmes that each shell may
contain no more than 2n® electrons, where (n)
corresponds to the shell number starting with
the one closest to the nucleus, By this principle
tbe second shell for example, would contain
2(2)® or 8 electrons when full, In addition to
being numbered, the shells are also given letter
designations as pictured in figure 4-4,

Starting with the shell closest to the nucleus
and progressing outward, the shells are labeled
K, L, M, N, O, P, and Q respectively. The
shells are considered to be full or complete
when they contain the following quantities of
electrons; two in the K shell, eight in the L
shell, eighteen in the M shell, and 32 in the N
shell. (The formula 2n® can be used todetermine
the number of electrons only in the four shells
closest to the nucleus of an atom, Succeeding
shells have, as maximum number of electrons;
O shell —18 electrons, P shell —12electrons, and
Q shell —2 electrons.) Each of these shells is a
major shell and can be divided into subshells of
which there are four labeled s, p, d, and f. A sub-
shell exists at a given energy level (that is, at
a given distance from the nucleus). There may be
one or more subshells at a specified distance
from the nucleus with the electron(s) of each
moving in a different direction,

LETTER DESIGNATION 7

179.41
Figure 4-4,—Shell designation,

Like the major shells, the subshells are also
limited as to the number of electrons which
they can contain, Thus, the s subshell is com=-
plete when it contains two electrons, the p sub-
shell when it contains six, the d subshell when it
contains ten, and the last subshell when it con-
tains fourteen electrons,

Inasmuch as the K shell can contain no more
than two electrons, it must have only one sub-
shell, the s subshell. The M shell is composed
of three subshells: s, p, and d. If the elec-
trons in the s, p, and d subshells are added,
their total is found to be eighteen the exact
number required to fill the M shell, This rela=-
tionship exists between the shells and subshells
up to and including the N shell, Notice the dif-
ference between the electron configurations for
copper and sodium illustrated in figure 4-5.

Atomic Weight and Atomic Number

There are a wide variety of atoms, a differ-
ent type of atom comprising each of the 104
known elements, Each atom is similar in that
all atoms consist of protons and electrons.
However, atoms of different elements contain
varying numbers of basic particles, thus caus-
ing a difference in weight. A classification,
based on the ATOMIC WEIGHT AND ATOMIC

SOD/UM

COPPEI /?

179.42
Figure 4-5. —Copper and sodium atoms.
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NUMBER of the atoms, has been devised to
differentiate between different atoms.

Although atoms are far too small to be
weighed, a system has been set up whereby the
weight of one atom is given with reference to a
universally accepted standard. This system of
weights, called the atomic weight of the ele-
ments, uses the element oxygen as a reference.
The atomic weight of oxygen is assigned a nu-
merical value of sixteen, and the atomic weights
of other elements are determined by comparison
with oxygen. No element will have an atomic
weight less than one. The lightest element known,
hydrogen, has an atomic weight equal to 1.008,
The atomic weight of the atoms of different
elements is found in the periodic table (shown in
the appendix).

As previously stated, the proton and the
neutron have very nearly the same mass, If the
mass of a proton represents an atomic weight
of one, the mass of an electron (1/1845 that of
a proton) is negligible, The mass of an atom
would therefore be governed by the number of
protons and neutrons in its nucleus. An element
such as the gas helium, with an atomic weight of
4,003, obtains its mass from two protons and
two neutrons in its nucleus,

Two atoms of the same element may not have
the same number of neutrons in their nuclei.
These atoms are isotopes. Isotopes are defined
as atoms whose nuclei have the same number
of protons, but different numbers of neutrons,
Isotopes of the sames element have different
atomic masses (but the same atomic number)
and therefore different mass numbers., The aver-
age weight of isotopes’ atomic masses, based on
their relative abundance, determines an element’s
atomic weight. This is why atomic weights are
not whole numbers,

Included in the periodic table along with the
atomic weight is another system of classifying
the elements called the atomic number. The
atomic number is the number of protons found
in the nucleus, therefore, it also indicates the
number of electrons associated with the atom
in a stable state, The atomic number is the same
for all isotopes of a given element. Atoms in
their natural state have an equal number of
electrons and protons,

Valence

The number of electrons in the outermost
shell determines the VALENCE of the atom.,
For this reason, the outer shell of an atom
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is called the VALENCE SHELL; and the elec-
trons contained in this shell are called the
valence electrons. The valence of an atom de-
termines its ability to gain or lose an electron,
which, in turn, determines the chemical and
electrical properties of the atom., An atom that
is lacking only one or two electrons from its
outer shell will easily gain electrons to com-
plete its shell, but a large amount of energy
is required to free any of its electrons. An
atom having a relatively small number of elec-
trons in its outer shell in comparison to the
number of electrons required to fill the shell
will easily lose the valence electrons.

The valence shell always refers to the outer-
most shell, whether it be a major shell or a
subshell. The copper and sodium atoms each
have one electron in the outermost shell. Even
though the atomic weights and atomic numbers
of copper and sodium are quite different, the
atoms are similar in that they both contain one
valence electron, Since copper (Cu) and sodium
(Na) have one valence electron (refer to fig. 4-5),
they both appear in group one of the periodic
table., Group one designates all elements having
one valence electron,

Ions and Ionization

It was mentioned previously that ions do
exist and that they are atoms that have assumed
a charge, It was stated that there are positive
and negative ions. The process whereby an atom
acquires a charge will now be discussed.

It is possible to drive one or more electrons
out of any of the shells surrounding the nucleus.
In the case of incomplete shells, it is also
possible to cause one or more additional elec-
trons to become attached to the atom. In either
case, whether the atom loses electrons or gains
electrons, it is said to be IONIZED. For ioniza-
tion to take place there must be a transfer of
energy which results in a change in the internal
energy of the atom. An atom having more than
its normal count of electrons is called a NEGA-
TIVE ION. The atom that gives up some of its
normal electrons is left with fewer negative
charges than positive charges and is called a
POSITIVE ION. Thus, ionization is the process
by which an atom losses or gains electrons,

To drive electrons out of the shells of an
atom requires that the internal energy of the
atom be raised. The amount of energy required
to free electrons from an individual atom is
called the ionization potential.
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The ionization potential necessary to free an
electron from an inner shell is much greater
than that required to free an electron from an
outer shell, Also, more energy is required to
remove an electron from a complete shell than
an unfilled shell.

CRYSTAL STRUCTURE

Now that all matter has been shown to con-
sist of a fundamental unit called an atom, the
arrangement of the atoms within a material
may be investigated. Practically all of the in-
organic (non-living) solids occur in CRYSTAL-
LINE form. Even materials like iron, copper,
and aluminum are crystalline in nature, A piece
of iron is made of a great number of crystals
lying in random positions throughout the mate-
rial. A substance composed of a large number
of crystals is called a POLYCRYSTALLINE
material,

Crystal Lattice

If one were to examine common table salt
under a magnifying glass the small grains would
appear as tiny cubes of salt. Each of these
cubes has a precise atomic structure and con-
stitutes a single crystal of salt. The arrange-
ment of atoms in a salt (sodium chloride) crys-
tal is shown in figure 4-6, In a saltcrystal
the atoms become ionized as the crystal is
formed., The lines between the ions of sodium
and chloride represent the chemical bonds which
hold the crystal together. Due to the way in
which the bonds form, every perfect crystal
will be like every other crystal. This precise
repeating arrangement of atoms within a crystal
is called a crystal LATTICE. The physical
properties of a material (hardness, tensile
strength, etc.) are to a great degree dependent
upon the lattice structure of the material,

Conductors, Semiconductors
and Insulators

In the study of electronics, the association
of matter and electricity is of paramount im-
portance, Since every electronic device is con=-
structed of parts made from ordinary matter,
the effects of electricity on matter must be
well understood. As a means of accomplish-
ing this, all the elements of which matter is
made may be placed into one of three categories:
CONDUCTORS, SEMICONDUCTORS, and INSU-
LATORS. Conductors for example, are elements
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Figure 4-6,— Atomic lattice structure of salt.

such as copper and silver which will conduct
a flow of electricity very readily. Due to their
good conducting abilities they are formed into
wire and used whenever it is desired to transfer
electrical energy from one point to another.
Insulators (non-conductors) on the other hand,
do not conduct electricity to any great degree
and are therefore used when it is desirable to
prevent a flow of electricity. Substances such
as sulphur, rubber, and glass are goodinsulators,
Materials such as germanium and silicon are
not good conductors but cannot be used as
insulators either, since their electrical char-
acteristics fall between those of conductors
and insulators. These in-between materials which
do not make good conductors, or good insulators
are classified as semiconductors.

The electrical conductivity of matter is ulti-
mately dependent upon the energy levels of the
atoms of which the material is constructed.
In any solid material such as copper, the atoms
which make up the molecular structure are
bound together in the crystal lattice. Since the
atoms of copper are firmly fixed in position
within the lattice structure, they are not free
to migrate through the material, and therefore
cannot carry the electricity through the con-
ductor without application of external forces as
will be explained in the following discussion,

(p!
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Free Electrons

It has been shown earlier that by the process
of ionization, electrons could be removed from
the influence of the parent atom. These elec-
trons, once removed from the atom, are capable
of moving through the copper lattice under
the influence of external forces, It is by virtue
of the movement of these charged electrons that
electrical energy is transported from place to
place.

The ability of a material such as copper to
conduct electricity must therefore depend on
the number of dislodged electrons normally
available within the lattice. Since copper is a
good conductor, it must contain vast numbers
of dislodged or FREE electrons,

To understand how the electrons become
free, it is necessary to refer back to the elec-
tron energy levels within the atom, It was
previously stated that if precisely the right
amount of energy were added to an orbital elec-
tron, it would jump to a new orbit located far-
ther from the nucleus, If the energy is suffi-
ciently large, the jump may carry the electron
to such a distance from the positive nucleus
that the electron becomes free. Once free, the
electron constitutes the charge carrier dis-
cussed above. The only problem remaining is
to determine how the electron in the piece of
copper obtains enough energy to become free.

After a moments consideration, a person
realizes that the average piece of copper con-
tains some amount of heat energy. In fact, a
piece of copper at room temperature (72°F.) is
approximately 531°F. above absolute zero! This
temperature indicates that the copper, although
only warm to the touch, must contain a con-
siderable amount of heat energy. The phonons
of heat energy, along with other forms of nat-
ural radiation, elevate the electrons to the en-
ergy levels where they can become free.

Energy Gaps

From the preceding theories, one might won-
der why all materials containing the same amount
of heat energy do not conduct electricity equally
well. The answer lies in the fact that the elec-
trons in various materials require different
amounts of energy to become free. This idea
may be best developed by using energy level
diagrams like the one in figure 4-7. In this
model, the outer shell is depicted as having
two energy bands called the valence bond band
and the conduction band. Between these two
energy bands is an energy gap called the for-
bidden gap or forbidden band. Electrons re-
siding in the lower band are considered to be
firmly attached to the parent atoms and are not
available for the conduction of electricity. In
order for an electron to become a free electron,
it must gain enough energy from external forces
to jump the forbidden gap and appear in the
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Figure 4-7, — Energy level diagrams,
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conduction band. Once in the conduction band,
the electron is free and may be made to move
along through the conductor in the form of an
electric current. The energy diagram for the
insulator shows the insulator to have a very
wide energy gap. This means that a large amount
of energy must be added to each electron in
an insulating material before it can become
free, Thus at room temperature sufficient en-
ergy is not available to cause electrons to
jump to the conduction band and the material
has practically no free electrons. In comparing
the energy level diagrams for an insulator and
a conductor, the conductor is seen to have
little or no forbidden gap. Since this is true,
under normal conditions the conduction band
for a conductor contains a sufficient number
of free electrons to make it a good conductor
of electricity.

The semiconductor being neither a good con-
ductor nor a good insulator has an energy gap
which, on the energy level diagram, has a width
between that of a conductor and that of an
insulator,

In the following discussion the role of the con-
ductor, semiconductor, and insulator will assume
greater and greater importance as the various
electronic devices are developed and discussed.
In fact, in the final analysis, all electronic
phenomena are based on the electrical nature
of matter,

TWO KINDS OF CURRENT

The degree of difficulty in dislodging valence
electrons of an atom determines whether the
element is a conductor, semiconductor, or an
insulator. When an electron is freed in a block of
pure semiconductor material, it creates a “hole”
which acts as a positively charged current carrier.
Thus, electron liberation creates two currents,
known as electron current and hole current.

Holes and electrons do not necessarily travel
at the same velocity, and when an electric field is
applied, they are accelerated in opposite
directions, The life spans (time until recom-
bination) of a hole and a free electron in a given
semiconductor sample are not necessarily the
same, Hole conduction may be thought of as
the unfilled tracks of a moving electron, Because
the hole is a region of net positive charge, the
apparent motion is like the flow of particles
having a positive charge. An analogy of hole
motion is the movement of the hole as balls
are moved through a tube (fig. 4-8). When ball

SPACE LEFT BY BALL NO. 8

20.21
Figure 4-8, — Analogy of hole movement,

number 1 is removed from the tube, a space
is left, This space is then filled by ball number
2, Ball number 3 then moves into the space
left by ball number 2, This action continues
until all the balls have moved one space to the
left at which time there is a space left by ball
number 8 at the right-hand end of the tube,

A pure specimen of semiconductor material
will have an equal number of free electrons
and holes, the number depending on the tem-
perature of the material and the type and size
of the specimen. Such a specimen is called an
intrinsic semiconductor; and the current, which
is borne equally by hole conduction and electron
conduction, is called intrinsic conduction,

If a suitable '"'impurity'' is added to the
semiconductor, the resulting mixture can be
made to have either an excess of electrons, thus
causing more electron current, or an excess
of holes, thus causing more hole current. An
impure specimen of semiconductor material is
known as an extrinsic semiconductor.

IMPURITY DONORS AND ACCEPTORS

In the pure form, semiconductor materials
are of little use in electronics. When a certain
amount of impurity is added however, the mate-
rial will have more (or less) free electrons
than holes depending upon the kind of impurity
added. Both forms of conduction will be present,
but the ''majority carrier'' will be dominant,
The holes are called positive carriers, and
the electrons negative carriers. The one present
in the greatest quantity is called the majority
carrier; the other is called the minority carrier,
The quality and quantity of the impurity are
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carefully controlled by a process known as
""doping.'" The added impurities will create
either an excess or a deficiency of electrons
depending upon the kind of impurity added.

The impurities that are important in semi-
conductor materials are those impurities that
aline themselves in the regular lattice structure
whether they have 1 valence electron too many,
or 1 valence electron too few. The first type
loses its extira electron easily and in so doing
increases the conductivity of the material by
contributing a free electron. This type of im-
purity has 5 valence electrons and is called a
pentavalent impurity. Arsenic, antimony, bis-
muth, and phosphorous are pentavalent impuri-
ties, Because these materials give up or donate
1 electron to the material they are called donor
impurities.

The second type of impurity tends to compen=-
sate for its deficiency of 1 valence electron by
acquiring an electron from its neighbor. Im-
purities of this type in the lattice structure have
only 3 electrons and are called trivalent im-
purities, Aluminum, indium, gallium, and boron
are trivalent impurities, Because these mate-
rials accept 1 electron from the material they
are called acceptor impurities,

N-TYPE GERMANIUM
When a pentavalent (donor) impurity like

arsenic is added to germanium it will form
covalent bonds with the germanium atoms, Figure

COVALENT
BONDS

EXCESS
ELECTRON

COVALENT
BONDS

(A) DONOR IMPURITY ADDED

(B) ACCEPTOR IMPURITY ADDED

4-9A illustrates an arsenic atom (As) in a
germanium lattice structure. The arsenic atom
has 5 valence electrons in its outer shell but
uses only 4 of them to form covalent bonds
with the germanium atoms, leaving 1 electron
relatively free in the crystal structure. Because
this type of material conducts by electron move-
ment it is called a negative-carrier type or N-
type semiconductor. Pure germanium may be
converted into an N-type semiconductor by ''dop-
ing'' it with a donor impurity consisting of any
element containing 5 electrons in its outer shell.
The amount of the impurity added is very small;
it is of the order of 1 atom of impurity in 10
million atoms of germanium,

P-TYPE GERMANIUM

A trivalent (acceptor) impurity element can
also be added to pure germanium to ''dope'!
the material. In this case the impurity has 1
less electron than it needs to establish covalent
bonds with 4 neighboring atoms, Thus in 1
covalent bond there will be only 1 electron in-
stead of 2, This arrangement leaves a hole in
that covalent bond.

Figure 4-9B, shows the germanium lattice
structure with the addition of an indium atom
(In). The indium atom has 1 electron less than
it needs to form covalent bonds with the 4
neighboring atoms and thus creates a hole in
the structure. Gallium and boron also exhibit
these characteristics. The holes are present

OF HOLE

PATH OF ELECTRON
FILLING HOLE

(C) HOLE MOVEMENT
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Figure 4-9, —Germanium lattice with impurities added.
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only if a trivalent impurity is used. Note that
a hole carrier is not created by the removal
of an electron from a neutral atom, butis created
when a trivalent impurity enters into covalent
bonds with a tetravalent (4 valence electrons)
crystal structure. Because this semiconductor
material conducts by the movement of holes
which are positive charges, it is called a posi-
tive carrier-type or P-type semiconductor, When
an electron fills a hole (fig. 4-9C) the hole
appears to move to the spot previously occupied
by the electron,

CHARGES IN N AND P
TYPE MATERIALS

When a donor material such as arsenic is
added to germanium, the fifth electron in the
outer ring of thz arsenic atom does not be-
come a part of a covalent bond. This extra
electron (when acted on by some force) may
move away from the arsenic atom to one of the
nearby germanium atoms in the N-type ma-
terial.

The arsenic atom has a positive charge of 5
units on the inner circle, as shown in figure
4-9A, and when the electron moves away from
the arsenic atom there will be only 4 electrons
to neutralize the positive charge and as a re-
sult there will be a region of positive charge
around the arsenic atom. Similarly, the excess
electron that has moved into the germanium
atom outer shell makes a total of 5 electrons
instead of 4 electrons for that atom of germa-
nium. Thus, there is a region of negative charge
around this atom.

Although there is a region of positive charge
around the arsenic atom after the electron has
moved away, and a region of negative charge
around the germanium atom with the extra elec-
tron, the total charge on the N-type crystal re-
mains the same. In other words the total charge
is zero. There are exactly enough electrons to
neutralize the positive charges on the nuclei
of all the atoms in the crystal. However, be-
cause some of the electrons may move about in
the crystal, there will be regions in the crystal
where there are negative charges and other
regions where there will be positive charges,
even though the net charge on the crystal is
zero,

In a P-type material having an impurity such
as indium added to it, a similar situation may
exist. Indium has only 3 electrons in its outer
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ring, Three electrons are all that are needed to
neutralize the net positive charge of 3 units on
the inner circle (fig. 4-9B). Bowever, with
only 3 electrons in the outer shell, there is a
hole in one of the covalent bonds formed between
the indium atom and the 4 adjacent germanium
atoms. If an electron moves in to fill this hole
(fig. 4-9C) there is one more electron in the
indium atom than is needcd to neutralize the
positive charge of 3 units, Thus there will be a
region of negative charge around the indium
atom.

Similarly, if one of the germanium atoms
gives up an electron to fill the hole in the co-
valent bond, the germanium atom will be short
an electron and there will be a region of positive
charge around this atom. While the giving up of
an electron by a germanium atom and the acqui~
sition of an electron by the indium atom charges
(lonizes) both atoms involved, the net churge
on the P-type crystal is still zero. There is
one atom that is short an electron and another
atom that has one too many. The crystal itself
does not acquire any charge,

These ionized atoms produced in both N= and
DP-type germanium are not concentrated in any
one part of the crystal, but instead are spread
uniformly throughout the crystal. If auny region
within the crystal were to have a very large
number of positively charged atoms, these atoms
would attract free electrons from other parts
of the crystal to neutralize part of the charged
atoms so that the charge would spread uniformly
throughout the crystal. Similarly, if a large
numher of atoms within a small region had an
excess of electrons, these electrons would re-
pel each other and spread throughout the crystal.

As stated previously, both holes and electrons
are involved in conduction. In N-type material
the electrons are the majority carriers and holes
the minority carriers. In P-type material the
holes are the majority carriers and electrons
the minority carriers,

CURRENT FLOW IN N-TYPE
MATERIAL

Current flow through an N-~type material is
illustrated in figure 4-10. Conduction in this type
of semiconductor is similar to conduction in a
copper conductor, That is, the application of
voltage across the material will cause theloosely
bound electron to be released from the impurity
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Figure 4-10, —Current flow in N-type material,

atom and move toward the positive potential
point,

Certain differences do exist however, between
the N-type semiconductor and a copper con-
ductor. For example, the semiconductor resist-
ance decreases with temperature increase, be-
cause more carriers are made available at
higher temperatures. Increasing the tempera-
ture releases electrons from more of the im-
purity atoms in the lattice causing increased
conductivity (decreased resistance). In the cop-
per conductor, increasing the temperature does
not increase the number of carriers but in-
creases the thermal agitation or vibration of
the structure so as to impede the current flow
further (increase the resistance).

LATTICE
SITES

HOLES

ELECTRONS

CURRENT FLOW IN P-TYPE
MATERIAL

Current flow through a P-type material is
illustrated in figure 4-11. Conduction in this
material is by positive carriers (holes) from
the positive to the negative terminal. Electrons
from the negative terminal cancel holes in the
vicinity of the terminal while at the positive
terminal, electrons are being removed from
the covalent bonds, thus creating new holes.
The new holes then move toward the negative
terminal (the electrons shifting to the positive
terminal) and are canceled by more electrons
emitted from the negative terminal. Thisprocess
continues as a steady stream of holes (hole
current) moving toward the negative terminal,

In both N-type and P-type materials, cur-
rent flow in the external circuit is out of the
negative terminal of the battery and into the
positive terminal.

PN JUNCTIONS

Elements whose atoms contain four valence
electrons are classified as semiconductors. Ex-
amples of such elements are germanium and
silicon. These semiconductor materials are of
little use in electronics in their pure or intrinsic
form, However, when they are tainted or doped
with a small amount of impurity material, they
form the basis for a myriad of solid state

ELECTRONS

ELECTRON

HOLE MOVEMENT —=

Hil

L=
F

MOVEMENT
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Figure 4=11,— Current flow in P-type material.



Chapter 4 —CHARACTERISTICS OF MATTER AND ENERGY

electronic devices. The impurity elements, added
to semiconductor material, fall into one of
two categories: Pentavalent—those with five
valence electrons; and Trivalent—those with
three valence electrons, When a pentavalent
impurity is added to a semiconductor material,
the result is called N type material. When a
trivalent impurity is added, P type material
is formed.

THE BASIC PN JUNCTION

Both N type and P type semiconductor mate-
rial are electrically neutral. Howsver, a block
of intrinsic semiconductor material may be
doped with pentavalent and trivalent impurities,
so as to make half the crystal N material and
the other half P material. A force will then
exist across the junction of the N and P mate-
rial. The force is an electro-chemical attrac-
tion by the P material for electrons in the N
material. This force exists because the trivalent
impurity has caused a deficiency of electrons
within the structure of the P material, while
the pentavalent impurity has caused an excess
of electrons within the structure of the N mate-
rial,

Due to the above mentioned force, electrons
will be caused to leave the N material and enter
the P material. This will make the N material
in proximity to the junction positive with respect
to the remainder of the N material. Also the
P material in proximity to junction will become
negative with respect to the remaining P mate-
rial, This is illustrated in figure 4-12,

After the initial movement of charges, further
migration of electrons ceases, due to the equali-
zation of electron concentration in the immediate

JUNCTION
| | BARRIER
! |
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N | l P
l+|—1
| |
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| ]
JUNCTION/
20.23

Figure 4-12, — PN junction,

s

vicinity of the junction. The charged areas on
either side of the junction constitutes a potential
barrier, or junction barrier, which prevents
further current flow, This region is also called
a depletion region,

Several facts must be emphasized. The junc-
tion barrier exists only for a minute distance
on either side of the junction. The formation of
a barrier occurs only in a homogeneous crystal
which has been properly doped. That is, doping
two separate sections of crystal and then placing
them in contact will not produce the desired
phonomenon. Finally, the barrier is formed at
the instant the crystal is manufactured, and
the magnitude of the barrier is a function of the
particular crystal.

BIASING PN JUNCTIONS

The device described above is a semicon-
ductor junction diode, The schematic symbol
for a semiconductor diode is illustrated in figure
4-13, This device allows appreciable current
flow in one direction, while restricting current
flow to an almost negligible value in the other
direction, The N material section of the device
is called the cathode, and the P material section
is called the anode. The device permits current
flow from cathode to anode, and restricts current
flow from anode to cathode., This action will
be described in the following paragraphs.

Consider the case wherein a potential is
placed, externally, across the diode, positive
on the anode with respect to the cathode. This
is depicted in figure 4-14. The applied voltage,
called bias, is in opposition to the junction bar-
rier potential, If this voltage is increased from
zero, the junction barrier will be progressively
reduced, and current flow through the device will
increase. This is depicted in figure 4-15, Eventu-
ally, the barrier will be eliminated, and current

CATHODE
“N"MATERIAL g

ANODE
L~ "P"MATERIAL

179.45
Figure 4-13.— Schematic symbol for a semicon=-
ductor diode.
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width, width,
flow will increase rapidly with an increase in
voltage. This polarity of voltage (anode positive
with respect to the cathode) is called forward
bias, since it causes the device to conduct an
iabl t flow,
appreciable current flow. IFwWD
Next, consider the case wherein the anode is
made negative with respect to the cathode, Figure
4-16 illustrates this reverse bias condition,
Note that the reverse bias voltage aids the junc- <+—REV BIAS
tion barrier potential. In effect the barrier is
increased. This is depicted in figure 4-17. It e AKDOWN FWD BIAS —
would seem that no current flow should be possi- VOLTAGE
ble under this reverse bias condition, However,
since the block of semiconductor material is

not a perfect insulator, a very small reverse,
or leakage current will flow., At normal operating
temperatures this current may be neglected.
It is noteworthy, however, that leakage current
increases with an increase in temperature,
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179.50
Figure 4-18, —Semiconductor diode character-

istic curve.
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Figure 4-18 is a graph of the current flow
through a semiconductor diod=, plotted by values
of anode to cathode voltage. Note that the forward
current increases slowly at low values of forward
bias. As the forward bias is increased, the bar=-
rier is neutralized, and current increased rapidly
for further increases in applied voltage. It should
be noted that excessive forward bias could
destroy the device through excessive forward
current,

With reverse bias applied, a very small re-
verse current exists, This reverse current in-
creases minutely, with an increase in reverse

bias. However, if an excessive reverse voltage
is applied, the structure of the semiconductor
material may be broken down by the resulting
high electric stress, and the device may be
terminated. The value of reverse voltage at
which this breakdown occurs is called the ava-
lanche or breakdown voltage., At this voltage,
current increases rapidly with small increases
in reverse bias. This region of rapidly increas=-
ing current flow is called the avalanche region,
Certain semiconductor devices are designed and
doped to operate in the avalanche region with-
out harm, These special devices will be discussed
in subsequent chapters,
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CHAPTER 5
PN JUNCTION POWER SUPPLIES

The use of PN junction rectifiers in the
design of power supplies for electronic equip-
ment is increasing, Reasons for this include
these characteristics; no requirement for fila-
ment power, immediate operation without need
for warm-up time, low internal voltage drop
substantially independent of load current, low
operating temperature, and generally small phy-
sical size. PN junction rectifiers are particu-
larly well-adapted for use in the power supplies
of portable and small electronic equipment where
weight and space are important considerations.,

Semiconductor materials treated to form PN
junctions are used extensively in electronic cir-
cuitry., Variations in doping agent concentrations
and physical size of the substrate produce diodes
which are suited for different applications, There
are signal diodes, rectifiers, zener diodes, refer-
ence diodes, varactors and others,

DIODES

Pictorial representations 'of various diodes
are shown in figure 5-1. This is but a very
limited representation of the wide assortment
in case design. However, the shape of character-
istic curves of these diodes is very similar;
primarily, current and voltage limits and rela-
tionships are different. Figure 5-2 shows a typical
curve of a junction diode. The graph shows
two different kinds of bias, Bias in the PN
junction is the difference in potential between
the anode (P material) and the cathode (N mate=-
rial), Forward bias is the application of a
voltage between N and P material, where the
P material is positive with respect to the N
material. When the P material becomes negative
with respect to the N material, the junction is
reverse biased. Application of greater andgreater
amounts of forward bias causes more and more
forward current until the power handling capa-
bility of the diode is exceeded, unless limited
by external circuitry. Small amounts of forward

bias cause very little current flow until the
internal barrier potential is overcome. The
potential difference varies from diode to diode,
but is usually no more than a few tenths of a
volt. Reverse bias produces a very small amount
of reverse current until the breakdown point
is reached, then an increase in reverse bias
will cause a large increase in reverse current,
Therefore, if breakdown is not exceeded, the
ratio of forward current to reverse current is
large —for example, milliamperes to micro-
amperes or amperes to milliamperes. Changes
in temperature may cause alterations in the
characteristic curve, such as: slope of curve
at any point, breakdown point, amount of reverse
current, etc,

DIODE SPECIFICATIONS

There are many specifications listed in vari-
ous manufacturers’ specification sheets and in
semiconductor data manuals, Descriptions of
various diode types and their more important
electrical characteristics follow,

Rectifier Diodes

Rectifier diodes are used primarily in power
supplies. These diodes are primarily of the
silicon type because of this material’s inherent
reliability and higher overall performance com-
pared to other materials, Silicon allows higher
forward conductance, lower reverse leakage cur-
rent and operation at higher temperatures com-
pared to other materials,

The major electrical characteristics of recti-
fier diodes are listed below:

D. C. BLOCKING VOLTAGE (VR ) — maximum
reverse d.c. voltage which will not cause break-
down,

AVERAGE FORWARD VOLTAGE DROP
(V .)—average forward voltage drop across
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Figure 5-1.—Junction diodes,
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Figure 5-2.—Diode characteristic curve,

the rectifier given at a specified forward cur-
rent and temperature, usually specifiedfor recti-
fied forward current at 60 Hz,

AVERAGE RECTIFIER FORWARD CURRENT
(I ) —average rectified forward current at a
specified temperature, usually at 60 Hz with a
resistive load. The temperature is normally
specified for a range, typically -65 to +175
degrees centigrade,

AVERAGE REVERSE CURRENT (I ) —aver-
age reverse current at a specified temperature,
usually at 60 Hz,

PEAK SURGE CURRENT (Ig;rgg) —Peakcur=-
rent specified for a given number of cycles
or portion of a cycle. For example, 1/2 cycle
at 60 Hz.

Signal Diodes

Signal diodes fall into various categories,
such as general purpose, high-speed switch,
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paramatric amplifiers, etc. These devices are
used as mixers, detectors and switches, as well
as in many other applications,

Signal diodes major electrical characteristics
are:

PEAK REVERSE VOLTAGE (PRV)—maxi-
mum reverse voltage which can be applied before
reaching the breakdown point, .

REVERSE CURRENT (Ig)—small value of
direct current that flows when a semiconductor
diode has reverse bias,

MAXIMUM FORWARD VOLTAGE DROP AT
INDICATED FORWARD CURRENT (V@I p)—
maximum forward voltage drop across the diode
at the indicated forward current,

REVERSE RECOVERY TIME (t,r)—time re=-
quired for reverse current to decrease from a
value equal to the forward current to a value
equal to IR when a step function of voltage is
applied.

The schematic diagram for the rectifier and
signal diode is shown in figure 5-3. Forward
current flows into the point of the arrow and
reverse current is with the arrow,

Zener Diodes

The zener diode is unique compared to other
diodes in that it is designed to operate reverse
biased in the avalanche or breakdown region.
The device is used as a regulator, clipper,
coupling device and in other functions.

The major electrical characteristics of zener
diodes are:

NOMINAL ZENER BREAKDOWN V 7znoM) —
sometimes a Vzax) and Vzon) are used
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Figure 5-3.—Diode schematic symbol.

to set absolute limits between which breakdown
will occur,

MAXIMUM POWER DISSIPATION (Pp)—
maximum power the device is capable of handling,
Since voltage is a constant, here is a correspond-
ing current maximum (Izy).

Schematic diagrams of the zener are shown
in figure 5-4. Zener current flows in the direc-
tion of the arrow. In many schematics a distinc-
tion is not made for this diode and a signal
diode symbol is used.

Reference Diodes

Reference diodes were developed to replace
zener diodes in certain applications because of
the zener’s temperature instability. Reference
diodes provide a constant voltage over a wide
temperature range. The important characteristic
of this device, besides Vg, is Ty, and Tp .,

. h m jn max
which specifies the range over wfuch an indi-
cated temperature co-efficient is applicable.

The temperature co-efficient is expressed as a
percent of change of reference (V) per degree
centigrade change in temperature,

Varactor Diodes

PN junctions exhibit capacitance properties
because the depletion area represents a di-
electric and the adjacent semiconductor material
represents two conductive plates. Increasing
reverse bias decreases this capacitance while

179.54
Figure 5-4, — Zener diode schematic symbols,

increasing forward bias increases it. When for-
ward bias is large enough to overcome the bar-
rier potential, high forward conduction destroys
the capacitance effect, except at very high fre-
quencies. Therefore, the effective capacitance
is a function of external applied voltage. This
characteristic is undesirable in conventional
diode operation, but is enhanced by special doping
in the varactor or variable-capacitance (varicap)
diodes. Application categories of the varactor
can be divided into two main types, tuning and
harmonic generation., Different characteristics
are required by the two types but both use the
voltage dependent junction capacitance effect.
Figure 5-0 shows the voltage capacitance rela-
tionships. The use of this diode for frequency
multiplication (harmonic generation) will be ex=-
plained in a later section.

As a variable capacitor, the varactor is
rugged and small, is not affected by dust or
moisture, and is ideal for remote control and
precision fine tuning., The current uses of tuning
diodes span the spectrum from AM radio to the
microwave region. The most significant para-
meters of a tuning diode are the capacitance
ratio, ''Q,'' series resistance, nominal capacit-
ance, leakage current, and breakdown voltage.

The capacitance ratio, which defines the
tuning range, is the amount of capacitance varia-
tion over the bias voltage range, It is normally
expressed as the ratio of the low voltage capa-
citance divided by the high voltage capacitance.
For example, a typical specification which reads
C,/Cg0=3 indicates that the capacitance value
at 4 volts is 3 times the capacitance value at
60 volts, The high voltage in the ratio is usually
the minimum breakdown voltage specification.
A 4 volt lower limit is quite common since it
describes the approximate lower limit of linear
operation for most devices. The capacitance

600
400 <
20 = - VARACTOR (A)
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Figure 5-5.— Typical voltage capacitance rela-
tionship in varactors,
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ratio of tuning diodes varies in accordance with
construction,

'"Q'" is inversely proportional to frequency,
nominal capacitance, and series resistance,
Ideally, tuning diodes should have high ''Q,'' low
series resistance, low reverse leakage, and high
breakdown voltage at any desired capacitance
ratio; however, as might be expected, these
parameters are not unrelated and improving one
degrades another so that often a compromise
must be reached, As a rule, diodes with low
capacitance values have the highest ''Q.'"

Various schematic symbols are used to
designate varactor diodes, as shown in figure 5-6.
The application of the varactor as a control device
in LC tanks will be described. The resonant
frequency of any tank circuit containing L and C

1
2n/IC" By
changing the values of either L or C we change the
resonant frequency of the tank. The resonant
frequency of a tank can be changed mechanically
(i.e., the use of a movable slug in the coil or the
movement of plates on a variable capacitor).
However, the varactor provides a means of
obtaining electronic control of the tuned tank.

Capacitors in parallel add so as to give an
increased capacitance value. If one of the capa-
citors is variable, the range of the combination
is also variable, Figure 5-7 shows a varactor
that is controlled by a variable voltage supply;
the junction capacitance of the device is part

St

179.56
Figure 5-6,—Schematic symbols of varactors.

I ’l' C2
L1 cl
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179.57

Figure 5-7,—Changing resonant frequency with
a varactor,

is found by the formula F, =

-
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of the tank’s reactive components. The degree
of reverse bias across the varactor will deter-
mine the capacitance of the varactor. C2 blocks
d.c. current flow through 1.1, As the varactor’s
capacitance is varied, the resonant frequency of
the tuned tank composed of L1, Cl, and the
junction capacitance, will change. If C2 is large
in comparison to the junction capacitance, C2
will have a minimal effect in determining the
resonant frequency. A decrease in the reverse
bias on the varactor will cause an increase in
its capacitance. The increase in capacitance
causes the overall capacitance (C1 and varactor)
to increase with a resultant decrease in reso-
nant frequency of the circuit. An increase in
reverse bias of the diode causes an opposite
effect on resonant frequency.

PN Junction Diode

Figure 5-8 shows how an ordinary PN junction
diode might be used as a switch to control the
frequency of an LC tank circuit, Although a switch
(SW1) and a battery are used for ease of ex-
planation, the control voltage may be taken from
other voltage sources. Therefore, the battery
and switch can be replaced by control lines,
The combination of C2 and CR1 inparallel with C1
and L1, will be resonant at some specific fre-
quency according to the values of capacitance
and inductance present. With SW1 open the value
of capacitance presented by the PN junction
diode is much lower than it is when the switch
is closed. This change in capacitance occurs
when the PN junction diode conducts heavily
(SW1 closed) due to the forward bias, and is an
effective short, The value of capacitance pre-
sented in parallel with C1 and L1 isnow approxi-
mately equal to the value of C2, When the switch
is open, the value of capacitance in parallel with
C1 and 11 is the series value of C2 and the junc-
tion capacitance of CR1. The junctioncapacitance

L1 Cl _W\'-l
CRL oy T

<

179.58
Figure 5-8.— Changing resonant frequency with
a PN junction diode.
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of the diode chosen in this application will be
inconsequential and the resonant frequency will
be determined primarily by L1 and C1. The high
resonant frequency condition of this circuit is
determined by the non-conducting state of CR1,
and the low resonant frequency occurs when
CR1 is conducting heavily.

One application of a PN junction diode is as
a switch, as was shown above. Remember that a
conducting PN junction diode acts as a very low
resistance and that a reverse biased PN junction
diode presents a very high resistance., This
switching characteristic has many other appli-
cations, The PN junction diode, as a switch, will
be encountered in various equipment.

DIODE APPLICATIONS

So far two applications of the PN junction
diode have been presented—one, as a varactor
for frequency control and two, as an ordinary
junction diode functioning as a switch, There are
several other uses such as rectification, detec-
tion, and voltage regulation—to name a few.
The particular use of a PN junction diode can
usually be recognized by the bias on the diode
and the circuit in which it is found. Rectifier
and detector biasing will be covered in more
detail in later sections of this text.

DIODE TESTING

The general condition of a PN junction diode
may be tested for a good/bad indication through
the use of an ohmmeter, Since an ohmmster
uses a battery for its operation, polarity of
the voltage appearing at the leads must be known,

Remember that a forward biased PN junc-
tion diode exhibits a very low resistance when
the negative (battery) lead of an ohmmeter is
connected to the cathode (N material) and the
positive (battery) lead of the meter makes con-
tact with the anode (P material), a very low
resistance reading will be obtained for a normal
diode. Reversing the leads should result in a
very high resistance reading since reverse bias
causes a high resistance across the junction.

By using a known good PN junction diode,
polarity of an ohmmeter’s leads can be ascer-
tained as follows: Connect the ohmmeter leads
to the diode terminals, and note the resistance
reading. If a low resistance reading is obtained,
the diode is forward biased, indicating that the
negative battery lead is connected to the cathode,
and the positive battery lead is connected to
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the anode. A high resistance reading would indi-
cate opposite polarities,

The ohmmeter being used should be set to
the R x 100 scale in order to assure the best
readings, A bad diode will be one that either
reads extremely high in both directions (indi-
cating an open diode) or extremely low in both
directions (indicating a shorted diode). Care
must be taken to insure that the battery voltage
and series resistance contained in the meter
are such that the current and/or voltage rating
of the diode under test are not exceeded.

PN JUNCTION DIODE RECTIFIER
CIRCUITS

A description of how the PN junction diode
may be used as a switch and as a device to auto-
matically change the frequency of a circuit has
been given. Now an area of common usage will
be presented — rectification, .

Rectification is described as the changing
of an alternating current (a.c.) to a unidirec-
tional or direct current (d.c.). The normal PN
junction diode is well suited for this purpose
as it conducts very heavily when forward biased
(low resistance direction) and only slightly when
reverse biased (high resistance direction).

Figure 5-9 is a block diagram of a power
supply showing an a.c. input to and a d.c. output
from a block labeled positive power supply
and filter network. Although figure 5-9 shows a
power supply that provides a unidirectional cur-
rent which causes a positive voltage output, it
might well be designed to furnish a negative
voltage output. A detailed explanation of this
will be supplied later,

The question of why a change of a.c. to d.c.
is necessary probably arises. The answer, sim-
ply, is that for proper operation many electronic
circuits depend upon d.c. As already pointed
out the PN junction diode conducts more easily

o

1

OUTPUT

POSITIVE POWER
SUPPLY AND FIL-
TER NETWORK

INPUT

179.59
Figure 5-9.—Positive voltage output from an a.c.
input,
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in one direction than in the other. Transistors
and electron tubes are also unidirectional and
a constantly alternating source voltage would
be undesirable,

Before describing how an a.c. input is con-
verted into a d.c. output the definition ''load''
as it applies to power supplies must be under-
stood, '"'Load'' is the current supplied to the
power consuming device or devices connected
to the power supply. The power consuming
device needs voltage and current for proper
operation and this voltage and current is sup-
plied by the power supply. The power consuming
device may be a simple resistor or one or more
electronic circuits using resistors, capacitors,
coils, and active devices,

HALF-WAVE RECTIFIER

Figure 5-10 shows the PN junction diode
functioning as a half-wave rectifier, A half-wave
rectifier is one that uses only half of the input
cycle to produce an output,

The induced voltage across L2 (the trans-
former secondary) will be as shown in figure
5-10. The dots on the transformer indicate
points of the same polarity. During that portion
of the input cycle which is going positive (solid
line), CR1, the PN junction diode, will be forward
biased and current will flow through the circuit.
L2, acting as the source voltage, will have
current flowing from the top to the bottom, This
current then flows up through R; causing a
voltage drop across Ry equal to the value of
current flowing times the value of Ry . This
voltage drop will be positive at the top of R| ,
with respect to its other side, and the output
will therefore be a positive voltage with respect
to ground. It is common practice for the end of
a resistor receiving current to be given a sign

AC SOURCE X

representing a negative polarity of voltage, and
the end of the resistor through which current
leaves is assigned a positive polarity of voltage.
The voltage drop across R , plus the voltage
drops across the conducting diode and L2, will
equal the applied voltage. Although the peak
output voltage will nearly equal the peak input
voltage, it cannot reach this value due to the
voltage drops, no matter how small, across CR 1
and L2.

The negative half cycle of the input is illus-
trated by the broken line, When the negative
half cycle is felt on CR1, the PN junction diode
is reverse biased. The reverse current will be
very small—but it will exist. The voltage re-
sulting from the reverse current, as shown
below the line in the output is exaggerated in
figure 5-10 to bring out the point ofits existence.
Although only one cycle of input is shown in
figure 5-10 it should be realized that the action
described above continually repeats itself, so
long as there is an input,

By reversing the diode connection in figure
5-10 —having the anode on the right instead of
the left —the output would now become a nega-
tive voltage. The current would be going from
the top of R} toward the bottom —making the
output at the top of R; negative in respect
to the bottom or ground side.

The same negative output can be obtained
from figure 5-10 if the reference point (ground)
is changed from the bottom (where it is shown)
to the top, or cathode connected end of the re-
sistor. The bottom of R} is shown as being
negative in respect to the top, and reading the
output voltage from the ''hot'' side of the re-
sistor to ground would result in a negative
voltage output,

PN JUNCTION DIODE

X s
CRI +
A of Tl Je i
IN%UTA—.- _A_,_ OUTPUT FOR INPUT
) Lt L2 \ R, SHOWN
\V) L “ L
INPUT ACROSS R = LOAD
SECONDARY OF T1 _ — RESISTOR

4

DIRECTION OF CURRENT THROUGH R |_
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Figure 5-10.— Positive voltage output half-wave PN junction diode rectifier.
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The half-wave rectifier will normally indi-
cate improper functioning in one of two man-
ners—there is no output or the output is low,
The NO OUTPUT condition can be caused by
no input—the fuse has blown, the transformer
primary or secondary winding is open, the
PN junction diode is open.

The low output condition might be caused
by an aged diode, A check of both forward and
reverse resistance of the diode may reveal
the condition of the diode. Low output can be
the result of an increased forward resistance
or a decreased reverse resistance of the diode.

It is necessary to check the a.c. input voltage
to see if it is of the correct value—a low input
voltage will result in a low output voltage. A
check of the transformer secondary voltage
should be made to see if it is of the correct
value also, as a low secondary voltage will
also result in a low output voltage,

By removing the input voltage, the technician
can make resistance checks of the components.
Is the primary open? The secondary open? Has
the diode increased in forward resistance value
or decreased in reverse resistance value? Is
the diode open? Has the load resistance be-
comz shorted? Do the components show signs
of excessive heat dissipation —have they become
discolored? Does energizing the circuit and
putting an ammeter in series with the load make
the load current excessive?

All these questions should be answered by
the technician when troubleshooting the half-wave
rectifier, If a trouble is discovered in the recti-
fier, one should then determine if the cause is
a local one (in the rectifier itself) or due to
some changes in the following circuitry, such
as the power supply filter components or chang-
ing load impedance, While it is important that
the trouble be repaired, elimination of the cause
of the trouble is of greater importance.

FULL-WAVE RECTIFIER

The PN junction diode works just as well
in a full-wave rectifier circuit as shown in
figure 5-11., The circuit shown has a negative
voltage output, however, it might just as well
have a positive voltage output., This can be ac-
complished by either changing the reference
point (ground side of R, ) or by reversing the
diodes in the circuit,

The a.c. input is felt across the secondary
winding of T1. This winding is center tapped
as shown—the center of the secondary is at
ground potential, This seems to be a good time
to define ground as a reference point which is
of no particular polarity. When the polarity is
such that the top of T1 secondary is negative,
the bottom is positive. At this time, the center
tap, as shown, has two polarities, positive with
respect to the top half of the winding, and nega-
tive with respect to the bottom half of the
winding. When the secondary winding is positive
at the top, the bottom is negative and the center
tap is negative with respect to the top and
positive with respect to the bottom. What is
the polarity of the reference point (ground)?
The answer must be in terms of ''with respect
to.'"" For each alternation of the input, one of
the diodes will be forward biased and the other
one reverse biased.

. For ease of explanation, the negative alterna-
tion will be considered when the rectifier circuit
is initially energized by the a.c. source. CR1
will be forward biased —negative voltage felt on
its cathode —and CR2 will be reverse biased— a
positive voltage felt on its cathode. Therefore,
the top of T1 secondary must be negative with
respect to the bottom, When forward bias is
applied to CR1, it conducts heavily from cathode
to anode (dashed arrow), down through R —this
current flow creates a voltage drop across R; —
negative at the top with respect to the bottom
or ground side of R . Thecurrentpassingthrough
R; is returned to CR1 by going through the
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Figure 5-11.— Unfiltered negative output full-wave rectifier.
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grounded center tap and up the upper section of
the center tapped secondary winding of T1. This
completes the first alternation of the input cycle.
The second alternation of the input now is of
such polarity as to forward bias CR2— anegative
voltage at the bottom of T1 secondary winding
with respect to ground. CR1 is now reverse
biased. CR2 conducts, current moves in the same
direction through R; (solid arrow)—top to
bottom — back through the lower half of thecenter
tapped secondary to CR2, One may wonder why
current does not flow from the anode of one of
the diodes through the anode to cathode of the
other diode., The answer is simple—it does—
however, current flow through a reverse biased
diode is very slight due to the high resistance
of the diode when reverse biased. This rectifier
has a slightly reduced output—as shown in
figure 5-11 —because of the reverse currentflow,

As can be seen in the output waveform of
figure 5-11, there are two pulses of d.c. out for
every cycle of a,c. in—this is full-wave rectifi-
cation, Current flow through R; is in the same
direction, no matter which diode is conducting.
The positive going alternation of the input allows
one diode to be forward biased and the negative
going alternation of the input allows the other
diode to be forward biased. The output—for the
full-wave rectifier shown—is a negative voltage
measured from the top R; to ground.

As in the half-wave rectifier, there can be
two indications of trouble —NO OUTPUT or LOW
OUTPUT. No output conditions are indications
of no input, shorted load circuits, open primary
winding, open or shorted secondary winding, or
defective diodes. Low output conditions are pos-
sible indications of aging diodes, open diodes,
or opens in either half of the secondary winding
(allowing the circuit to act as a half-wave recti-
fier).

The method for troubleshooting the full-wave
rectifier is the same as used for the half-wave
rectifier. Check voltages of both primary and
secondary windings, check current flow, and,
when the circuit is deenergized, take resistance
measurements, Shorted turns in the secondary
windings give a lower voltage output and possi-
bly shorted turns in the primary winding will
produce a lower voltage input, (Shorted turns
are hard to detect with an ohmineter — they are
more easily detected by taking a voltage reading
across various terminals of the energized trans-
former.)
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BRIDGE RECTIFIER

Now, the PN junction diode will be described
as it is used in a bridge rectifier circuit. Figure
5-12 shows such a circuit capable of producing
a positive output voltage. When the a.c. input is
applied across the secondary winding of T1, it
will forward bias diodes CR1 and CR3, or CR2
and CR4. When the top of the transformer is
positive with respect to the bottom, asillustrated
in figure 5-12 by the designation number 1, both
CR1 and CR2 will feel this positive voltage.
CR1 will have a positive voltage on its cathode,
a reverse bias condition, and CR2 will have a
positive voltage on its anode, a forward bias
condition. At this same time the bottom of the
secondary winding will be negative with respect
to the top—placing a negative voltage on the
anode of CR3 (a reverse bias condition) and on
the cathode of CR4 (a forward bias condition).

During the half cycle of the input designated
by the number 1 in figure 5-12, we find that
CR2 and CR4 are forward biased and will there-
fore conduct heavily. The conductingpath is shown
by the solid arrows, from the source (the second-
ary winding of T1) through CR4 to ground, up
through R; making the top of R; positive
with respect to the grounded end, to the junction
of CR2 and CR3. CR2, being forward biased,
offers the path of least resistance to current flow
and this is the path current will take to get back
to the source,

During the alternation designated by the num-
ber 2 in figure 5-12, shown by the dashed arrows,
the top of the secondary winding is going negative
while the bottom is going positive. The negative
voltage at the top is felt by both CR1 and CR2,
forward biasing CR1 and reverse biasing CR2.
The positive voltage on the bottom of T1 second-
ary is felt by CR3 and CR4, forward biasing
CR3 and reverse biasing CR4, Current flow—
starting at the source (T1 secondary winding)
is through CR1 to ground, up through R; (this
is the same direction as it was when CR2 and
CR4 were conducting, making the top of R
positive with respect to its grounded end) to the
junction of CR2 and CR3. This time CR3 is
forward biased and offers the least opposition
to current flow, and current takes this path to
return to its source,

As can be seen, the diodes in the bridge
circuit operate in pairs; first one pair —CR1
and CR3—conduct heavily and then the other
pair —CR2 and CR4 —conduct heavily. As shown
in the output waveform we get one pulse out for
every half cycle of the input—or two pulses out
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Figure 5-12,— PN junction diode in a bridge rectifier circuit.

for every cycle in. This is the same as for the
full-wave rectifier circuit explained previously.

The bridge circuit will also indicate a mal=-
function in one of two manners— it has no output
or a low output., The causes for both conditions
are the same as they were for the half- or full-
wave rectifier, If any one of the diodes open,
the circuit will act as a half-wave rectifier
with a resultant lower output voltage.

JUNCTION DIODE
CONSIDERATIONS

The junction diode has four important ratings
that must be taken into consideration when de-
signing a power supply. They are the maximum

e gverage forward current

e repetitive reverse voltage

e surge current

e repetitive forward current

These ratings are important to the techni-
cian when it becomes necessary to troubleshoot
a power supply or when selecting junction diodes
for replacement, when the desired one is not
readily available,

The maximum average forward current is
the maximum amount of average current that
can be permitted to flow in the forward direc-
tion., This rating is usually given for a specified
ambient temperature and should not be exceeded
for any length of time as damage to the diode
will occur. The maximum repetitive reverse
voltage is that value of reverse bias voltage
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that can be applied to the diode without causing
it to break down,

The maximum surge current is that amount
of current allowed to flow intheforwarddirection
in non-repetitive pulses. Current should not be
allowed to exceed this value at any time and
should only equal this value for a period not
to exceed one cycle of the input. The maximum
repetitive forward current is the maximum value
of current that may flow in the forward direction
in repetitive pulses.

All of the ratings mentioned above are subject
to change with temperature variations. If the
temperature increases, the ratings given on the
specification sheet should all be lowered or
damage to the diode will result,

POWER TRANSFORMERS

Power transformers are used in power supply
circuits because of the efficiency and ease with
which they transfer energy. The power trans-
former is capable of receiving a voltage at one
level and delivering it at the same level, some
higher level, or some lower level. Transformers
that convert voltage to a higher level are called
step=up transformers; those that convert voltage
to a lower level are called step-down trans-
formers; and those that provide the same output
voltage level as the applied input level are
""one-to-one'' transformers. The references in
all cases, are to voltage levels.

In power transformers, even though the coils
are wound on the same material, the separate
windings are each insulated and are therefore
electrically isolated from one another, The source
of energy for the primary is thus isolated from
the secondary and any associated circuitry. The
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efficiency of power transformers is very high,
approximately 90 percent of the input power is
usable in the output.

A quick review of voltage, current, and power
relationships is in order. The voltage induced
into the secondary winding of any given trans-
former is determined by the ratio of the number
of turns in the primary winding to the number of
turns in the secondary winding and the amount of
voltage applied to the primary. For every volt
per turn of the primary winding there will be a
volt per turn in the secondary winding, For
example, if the primary has 10 windings (turns)
and each winding (turn) has 10 volts the entire
primary has 100 volts applied.

The secondary windinginthis example has only
five windings (turns). Since the number of volts
per turn must be the same for primary and
secondary windings, we find that the secondary
winding has only 50 volts —five windings (turns)
and 10 volts per winding (turn) = 50 volts, This
is an example of a step-down transformer. If,
instead of five windings (turns) in the secondary,
we had 15 windings, the voltage across the second-
ary would be 150 volts (15 windings at 10 volts
per winding) and the transformer would be a
step-up transformer,

From the information given, a simple rela-
tionship can be derived. The voltage in the
primary (E;) is equal to the number of volts
per turn times the number of turns (Np) in the
primary, and the voltage in the secondary (Es)
is equal to the number of volts per turn times
the number of turns (Ns) in the secondary. The
voltage induced in the secondary is determined
by the ratio Ep/Es = N,/Ns. It is now a simple
matter to calculate any missing value when the
other three are given.

Primary power (Eplp) would equal secondary
power (Eglg) in an idea'l) transformer (the power
taken from the source would be equal to the
power delivered to the load). However, as men-
tioned previously, the power transformer is an
efficient element, but not 100% efficient. The
reasons for the losses will not be reiterated at
this time, only the types of losses encountered
in power transformers: (1) Copper or I°R Losses,
(2) Eddy Current Losses, and (3) Hysteresis
Loss. Due to these losses the efficiency of the
power transformer encountered in electronic
equipments is, as previously stated, about 90%,.

The efficiency of the power transformer is
found by the formula % of Efficiency = P oy /P g
x 100, The current ratio is the reverse of the
voltage or turns ratio (Is/Ip). This means that
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in a step-up transformer the current flow in the
secondary is less than that in the primary.In a
step-down transformer, the current flow in the
secondary is greater than that in the primary,
When the voltage in the primary remains the
same — no changes — and the voltage in the second-
ary increases, the current in the secondary de-
creases (power out = power in), This is true
because the flux lines developed in atransformer
core are proportional to the ampere turns of the
associated windings —since the flux is the same
for both windings the ampere turns must be the
same for both—NpIp equals NsIs. It can be seen
that since Np/Ns equals Ep/E; it follows that
Eplp equals EgIg. It has beennoted that secondary
voltage may be higher or lower than the primary
voltage. This being true, then Ep/Es equals Is/1;
or the primary and secondary currents are in-
verse to the voltage.

POWER SUPPLY FILTERS

As previously indicated the operation of most
electronic circuits is dependent upon a direct
current source, 1t has been illustrated how
alternating current can be changed into a pulsating
direct current—that is, a current that is always
positive or negative with respect to ground al-
though it is not of a staady value; it has ''ripple,'’

Ripple can be defined as the departure of the
waveform of a rectifier from pure d.c. It is the
amplitude excursions, positive and negative, of a
waveform from the pure d.c. value —the alternat-
ing component of the rectifier voltage. Ripple
contains two factors which must be considered—
frequency and amplitude. Ripple frequency, in
the rectifiers that have been presented is either
the same as line frequency for the half-wave
rectifier, or, twice the line frequency for the
full-wave rectifiers,

In the half-wave rectifier, one pulse of d.c.
output was generated for one cycle of a.c. input;
the ripple frequency is the same as the input
frequency. In the full-wave rectifiers (center
tapped and bridge) two pulses of d.c. output were
produced for each cycle of a.c. input —the ripple
frequency is twice that of the line frequency.
With a 60-hertz input frequency there will be a
60-hertz ripple frequency in the output of the
half-wave rectifier and a 120-hertz ripple fre-
quency in the output of the full-wave rectifier,

The amplitude of the ripples in the output of
a rectifier circuit will give us a measure of
the effectiveness of the filter being used—the
ripple factor. The ripple factor is defined as
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the ratio of the r.m.s. value of the a.c. com-
Er.m.s.

Egc °
The lower the ripple factor the more effective
the filter. The term ''percent of ripple'' may
be used. This is different from the ripple factor
only because the figure arrived at in the ripple
factor formula is multiplied by 100 to give us a

x 100.

ponent to the average d.c. value, r

E r.m.s.

I?‘d.c.

In both formulas given, E; ;. is the r.m.s.
value of ripple voltage and E4 .. isthed.c, value
(average value) of the output voltage.

Filter circuits used in power supplies are
usually low pass filters. (A low pass filter is a
network which passes all frequencies below a
specified frequency with little or no loss but is
highly discriminate against all higher frequen-
cies.) The filtering is done through the use of
resistors or inductors, and capacitors. The
purpose of power supply filters is to smooth out
the ripple contained in the pulses of d.c. obtained
from the rectifier circuit while increasing the
average output voltage or current,

Filter circuits used in power supplies are of
two general types, capactior input and choke in-
put. There are several combinations that may
be used, although they are referred to by different
names (Pi, RC, L section, etc.). The closest
element electrically to the rectifier determines
the basic type of filter being used.

Figure 5-13 depicts the basic types. In A a
capacitor shunts the load resistor, therein by-
passing the majority of ripple current which
passes through the series elements, In B an
inductor (choke) in series with the load resistor
opposes any change in current in the circuit,
The capacitor input filter will keep the output
voltage at a higher level compared to a choke
input. The choke input will provide a steadier
current under changing load conditions. From
this it can be seen that a capacitor input filter

percent figure, % Ripple =

@EIT{ VE

A CAPACITOR INPUT FILTER

would be used where voltage is the prime factor
and the choke input filter is used where a steady
flow of current is required.

CAPACITOR INPUT FILTER

First, an analysis will be made of the simple
capacitor input filter depicted in figure 5-14A.
The output of the rectifier, without filtering, is
shown in B, and the output, after filtering, is
illustrated in C. Without the capacitor, the output
across R| will bepulses aspreviously described.
The average value of these pulses would be the
E4 .. output of the rectifier.

With the addition of the capacitor the majority
of the pulse changes are by-passed through the
capacitor and around R; . As the first pulse
appears across the capacitor, changing it from
negative to positive, bottom to top, the peak
voltage is developed across the capacitor. When
the first half cycle has reached its peak and
starts its negative going excursion, the capacitor
will start to discharge through R maintaining
the current through R; in its original direction,
thereby holding the voltage across R;p at a
higher value than its unfiltered load. Before the
capacitor can fully discharge, the positive excur-
sion of the next half cycle is nearing its peak,
recharging the capacitor. As the pulse again
starts to go negative the capacitor starts to
discharge once again. The positive going excur-
sion of the next half cycle comes in and re-
charges the capacitor; this action continues as
long as the circuit is in operation.

The charge path for the capacitor is through
the transformer secondary and the conducting
diodes, and the discharge path is through the
load resistor. The reactance of the capacitor, at
the line frequency, is small compared to R [,
which allows the changes to by-pass R; and,
effectively, only pure d.c. appears across R .

B CHOKE INPUT FILER

179.63

Figure 5-13.—Filter circuits,
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. B Egyy- N0 FILTER
E.. ¢SAPACITOR CHARGE
DC_

R CAPACITOR

DISCHARGE

-[—CI

C Eqyy- FILTERED

179.64

Figure 5-14,— Low voltage power supply with simple capacitor filter,

This illustrates the use of an RC time constant.
If the value of Cl1 or R; were such that the
discharge time was the same, or less than that of
the charge time we would have no filtering action.
The larger the values of Cl1 and R, , the longer the
discharge time constant, and the Ilower the ripple
factor. The charge time of the capacitor is the RC
values of the capacitor, the conducting diodes, and
the transformer secondary. The impedance offered
by these elements is very small when compared to
the impedance in the discharge path of the
capacitor—the value of R} . The output voltage is
practically the peak value of the input voltage.
This circuit provides very good filtering action for
low currents, but results in little filtering in higher
current power supplies due to the smaller
resistance of the load.

CHOKE INPUT FILTER

The next filter to be analyzed is the choke
input filter, or the L-section filter, Figure 5-15
shows this filter and the resultant output of the
rectifier after filtering hastakenplace, The series
inductor, L (choke), figure 5-15, will oppose rapid

changes in current, The output voltage of this
filter is less than that of the capacitor input filter
since the choke is in series with the output
impedance, The parallel combination of R} and
C in connection with L smooths out the peaks of
the pulses and results in a steady, although re-
duced, output.

The inductance chokes off the peaks of the
alternating components of the rectified waveform
and the d.c. voltage is the average, or d.c. value,
of the rectified wave. The choke input filter
allows a continuous flow of current from the
rectifier diodes rather than the pulsating current
flow as seen in the capacitor input filter. The
X, of the choke reduces the ripple voltage by
opposing any change in current during either the
rapid increases in current during the positive
excursions of the pulses or decreases in current
during the negative excursions, This keeps a
steady current flowing to the load throughout the
entire cycle. The voltage developed across the
capacitor is maintained at a relatively constant
value approaching the average value of input
voltage because of this steady current flow.

VRl

LOADI
FaVaVataVaVa'al
Epc
0
— —  DISCHARGE
179.65

Figure 5-15.—L-section (choke input) filter showing representative waveforms.
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Multiple Section Choke
Input Filter

The filtering action provided by the choke input
filter can be enhanced by using more than one
such section. Figure 5-16 shows two sections
with representative waveforms approximating the
shape of the voltage with respect to ground at
different points in the filter networks.

While figure 5-16 shows two choke input sec-
tions being used as a multiple section filter,
more sections may be added as desired. While
the multiple section filter does redu:e the ripple
content— and they are found in applications where
only a minimum ripple content can be tolerated
in the output voltage —they also result inreduced
regulation., The additional sections add more
resistance in series with the power supply which
results in increased voltage variations in the
output when the load current varies.

PI FILTER

A filter, called the Pi filter because of its
resemblance to the Greek letter Pi, m , is
a combination of the simple capacitor input filter
and the choke input filter, This filter is shown
in figure 5-17,

The resistor, R, is known as a bleeder re-
sistor and is found in practically all power
supplies, The purpose of this resistor is two
fold: when the equipment has been working and
is then turned off it provides a discharge path
for the capacitors, preventing a possible shock
to maintenance personnel; and it also provides
a fixed load, no matter what equipment is con-
nected to the power supply. It is also possible
to use this resistor as a voltage dividing network
through the use of appropriate taps. More on this
will be suhsequently discussed.

The Pi filter is basically a capacitor input
filter with the addition of an L-section filter.
The majority of the filtering action takes place
across Cl which charges through the conducting
diode(s) and discharges through R, L, and C2.
As in the simple capacitor input filter, thecharge
tim= is very fast compared to the discharge time.
The inductor smooths out the peaks of the current
pulses felt across C2, thereby providing additional
filtering action. The voltage across C2, since
C2 is in parallel with the output, is the output
voltage of the power supply. Although the voltage
output is lower in this filter than it would be if
taken across Cl and the load, the amount of
ripple is greatly reduced.

Even though C1 will charge to the peak voltage
of the input when the diodes are conducting and
discharge through R when they are cut off, the
inductor is also in the discharge path and opposes
any changes in load current. The voltage dividing
action of L, and C2 is responsible for the lower
output voltage in the Pi filter when compared to
the voltage available across C1,

In figure 5-17 the charge path for both C1
and C2 is through the transformer secondary,
through the capacitors, and, in the case of C2,
through L. Both charge paths are through the con-
ducting diodes. However, the discharge path for
C1l is through R and L while the discharge path
for C2 is through R only. How fast the input
capacitor, C1, discharges is mainly determined
by the ohmic value of R. The discharge tim:2 of
the capacitors is directly proportional to the value
of R. If C1 has very little chance to discharge,
the output voltage will be high, For lower values
of R the discharge rate is faster, and the output
voltage will decrease., With a lower value of
resistance the current will be greater and the
capacitor will discharge further. The E output

———— L1 —_— L2
O—— T TV U : o
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Figure 5-16. — Multiple section choke input filter with representative waveforms.
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I'igure 5-17,— Pi filter,

is the average value of d.c.and the faster the dis-
charge time the lower the average value of d.c.
and the lower the E oat,

RC Capacitor Input Filter

While the Pi filter previously discussed had
an inductor placed between two capacitors, the
inductor can be replaced by a resistor, as shown
in figure 5-18. The main difference in operation
between this Pi filter and the one previously
discussed is the reaction of an inductor to a.c.
when compared to the resistor, In the former
filter the combination of the reactances of L and
C2 to a.c. was such as to provide better filter-
ing, giving a relatively smooth d.c. output.

In figure 5-18 both the a.c. and d.c. com-
ponents of rectified current pass through R1.
The output voltage is reduced due to the voltage
drop across Rl and the higher the current thz
greater this voltage drop. This filter is effective
in high voltage—-low current applications. As in
choke input filters, the capacitor input filters
shown may be multiplied; i.e., identical sections
may be added in series.

The choice of a filter for a particularuseis a
design problem, but the purpose and operation of
filters should be understood by all technicians
because of their importance to the proper opera-
tion of equipment following the power supply.

o ]
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0
179.68
Figure 5-18, —Capacitor input filter and associ-
ated waveforms.
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BLEEDER RESISTOR
VOLTAGE DIVIDER

IFigure 5-19 shows how the bleeder resistor
may function as a voltage divider network.
Terminal 3 is grounded. Current is flowing as
indicated, from the bottom to the top, making
terminal 4 negative with respect to ground
(terminal 3), Terminals 1 and 2, on the other
hand, are positive with respect to ground,

Since collector voltage from NPN and PNP
transistors used in amplifier circuits needs
positive and negative values, respectively, a
voltage dividing network, such as that shown in
figure 5~19 is typical. At point X, 50 ma, of
current enters the junction of R3 and terminal 4
(load A), At point X this current divides, 40 ma.,
flows through R3 and 10 ma. throughload A. They
both have a voltage drop of 22.5 volts across
them.

At point Y the current again divides into the
parallel paths of R2, load B, and load C. As
indicated, 40 ma. flows through loads B and C,
and 10 ma, flow up through R2. The current
through R2 causes a voltage drop of 10v. The
top of R2 is positive 10 volts with respect to
the bottom, or ground side, of R2, Load B, being
in parallel with R2, is also a positive 10 volts,
although there are 15 ma, of current flowing
through load B. It should be evident that the
value of R2 is greater than the impedance of
load B by a ratio of 1.5 to 1, If it isn’t evident,

work it out using the formula R(Z) =-§;:' » since

you have the values of both E andI. At point Y' the
currents through R2 and load B rejoin at terminal
2 and flow up through R1. The 25 ma. flowing
through R1 make the voltage drop across Rl a
positive 12,5 volts, with respect to its lower end.
The voltage measured from point Z to ground,
however, will be 22.5 volts since the voltage
drops across R1 (12.5 volts) and R2 (10 volts)
are between point Z and ground. (The voltage
across load C is in parallel with the series com-
bination of R1 and R2, with load B in parallel
with R2.) At point Z the 25 ma. flowing in load C
combines with the 25 ma. through R1, which
satisfies Kirchhof f’s current law.

Figure 5-20 shows this division and joining
of current in line form with the arrowheads
indicating the direction of current, While it may
seem that current is flowing in two directions
at one time, if you just think in terms of
Kirchhoff’s current law— '*The algebraic sum of
currents entering and leaving a junction of con-
ductors is zero,'' it will be evident that it is not.
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Figure 5-19,— Voltage divider network with bleeder resistor.
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Figure 5-20.— Flow chart of figure 5-19.

VOLTAGE REGULATORS

It is often required that the output voltage
from a power supply be maintained at a constant
value regardless of input voltage or load varia=-
tions. The device used to give us this control is
the voltage regulator. Regardless of the specific
operating device used, the action is basically
the same —that of providing a constant value of
output voltage from the power supply irrespective

of reasonable variations in input voltage or load
current,

A voltage regulator, then, is an electronic
device connected in the output of a power supply
to maintain the output voltage at its constant
rated value, It reacts automatically within its
rated limits to any variations in the output
voltage. Should the output voltage rise or fall,
the voltage regulator automatically compensates
for the change and maintains the output voltage
at the required value. Although there may be
large changes in load current drawnfrom apower
supply, or changes in the applied voltage, the
voltage regulator maintains a constant output
voltage.

The regulating action of the voltage regulator
is, in effect, that of a variable resistor which
responds to any changes in the current flowing
through it. This ''variable resistance'' may be
in series or in shunt with the load.

SIMPLE SERIES VOLTAGE
REGULATOR

A simple series voltage regulator is shown
in figure 5-21. Here we see a variable resistor
(R) connected in series with aload resistor (R ).

As in any series circuit the current through
R and Ry will depend upon the value of source
voltage and the totalamountof resistance (R +R )
in the circuit. It can be seen that the amount
of current through R | , and therefore, the amount
of voltage drop across R; , will be dependent
on the setting of R. If the value of R is increased
the current will decrease and the voltage drop
across Ry will also decrease, If the value of R
is decreased, the value of total resistance also
decreases and current will increase causing a
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179.71
Figure 5-21.—Simple series voltage regulator.

larger voltage drop to be felt across Ry . If a
fixed value for the voltage across R | is set, the
regulator will insure that this value remains
constant by properly varying the resistor R to
compensate for circuit changes.

If the input voltage increases, without changing
R, the output voltage would increase, However, if
R is increased in value, a larger voltage drop
across R results. The increase in the value of
R and the voltage drop across it are proportional
to the rise in input voltage (a 5v. increase in
the input results in a 5v. increase in the drop
across R) so that the output voltage (the drop
across R ) remains exactly what it was before
the increased input voltage. Conversely, a de-
crease in the input voltage requires a decrease
in the value of R so that the voltage drop across
R is propoxrtional to the decreased input voltage
(a 5 volt decrease in the input results in a 5
volt decrease in the voltage drop across R) and
the output voltage remains constant,

SIMPLE SHUNT VOLTAGE
REGULATOR

Figure 5-22 depicts a simple shunt voltage
regulator. As in the simple series voltage regu-
lator, a voltage dividing action is used to
obtain regulation. The amount of current through
R is now determined by the shunt regulating
device R, . The larger the current through Rg,
the higher its voltage drop, and the lower the
voltage across R .

The shunt voltage regulator operates in the
following manner. Rs (the series resistance)
is in series with Ry (the shunt regulating device)
and Ry (which represents the load impedance).
Ry and Ry, being in parallel, will have the
same voltage drop across them. R, being in
series, will have the total currentflowing through
R, and Ry flowing through it, To keep the
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Figure 5-22.—Simple shunt voltage regulating
circuit,

voltage constant R, must be adjusted to com-~
pensate for changes in the input voltage as well
as for changes caused by load impedance changes.

Analysis of an increasing source voltage will
exemplify the regulating action. The voltage
across Ry and R; would tend to increase with
this increase of source voltage. To compensate
for this undesired change, the value of Ry must
be decreased. This results in more current
flowing through the entire circuit (the total
resistance has been decreased) and the increase
in current through Rs causes a larger voltage
drop across Rg, consequently, the output voltage
remains constant.

Conversely, when the source voltage de-
creases, the voltage across the parallel leg,
Ry and R; , would tend to decrease. To com-
pensate for this change the value of Ry must be
increased. This increases the total resistance
and decreases total current, Less current through
Rs means less voltage drop across Rs, and more
voltage available across Ry and R . Once again
the voltage is held constant. The amount of
voltage increase or decrease from the source
is the same amount of increase or decrease in
the voltage drop across Rg, resulting in the
desired amount of voltage for the load.

If the value of R; were to decrease (the
equivalent of adding another resistor in parallel
with Ry and R ) the total resistance would
decrease. Current would increase, causing a
greater voltage drop across Rs. This would tend
to cause the output voltage to decrease. To
compensate for this change, the value of R,
must be increased, reducing the amount of
current through Rs and bringing the output
voltage to the desired amount,

If the value of R; were to increase (the
equivalent of removing a circuit from the system)
the total resistance would increase. Total current
would decrease, and the decrease in current
through Rs would result in a lower voltage drop
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across the element. This would tend to cause
the output voltage tc rise. To compensate for
this change the value of R, must be decreased,
increasing the amount of current through R
increasing the voltage drop across Rs, and de-
creasing the voltage across the load to the de-
sired amount.

Both the voltage regulators discussed rely upon
a mechanical adjustment and would require con-
tinuous monitoring of the equipment to obtain, at
best, barely satisfactory results, These voltage
regulators were used for explanation purposes.
Electronic devices (discussed next) accomplish
the function of the variable resistors electroni-
cally and automatically to provide ecxcellent
results, immediately.

ZENER VOLTAGE REGULATOR

The breakdown diode, or zener, is anexcellent
source of variable resistance, Zener diodes come
in voltage ratings ranging from 2.4 volts to 200
volts, with tolerances of 5, 10, and 20 percent
and with power dissipation ratings as high as
50 watts,

The zener diode will regulate to its rated
voltage with changes in load current or input
voltage. Referring to the zener diode shunt-type
regulator in figure 5-23, the zener diode VR1
is in series with fixed resistor R . The voltage
across the zener is constant, thus holding the
voltage across the parallel load R| constant,
Although the circuit shown depicts a positive
voltage output, it is a simple matter to have a
negative output voltage —reverse the zener and
the polarities shown in figure 5-23,

The value of R in figure 5-23 has been fixed
so that it can handle the combined currents of
the diode and the load and still allow the diode
to conduct well within the breakdown region. R
stabilizes the load voltage by dropping the dif-
ference between the diode operating voltage and
the unregulated input voltage.

The zener diode is a PN junctionthat has been
specially doped during its manufacture so that
when reverse biased it will operate at a specific
breakdown voltage level. It operates well within
its rated tolerance over a considerable range of
reverse current,

Now for the operation of the zener diode shunt
regulator as shown in figure 5-23. If input voltage
to the regulator circuit decreases, the voltage
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Figure 5-23,—Simple zener diode shunt type
regulator circuit,

across the zener diode must also decrease
causing zener current to decrease. The total
current in the circuit decreases, much the same
as when the value of Ry was increased in the
simple shunt regulator of figure 5-22. The cur-
rent through R, having decreased, resultsin a
lower voltage drop across Rgs. This results in
the voltage drop across the zener and the load
returning to the desired voltage. The zener
diode has replaced the variable resistor of
figure 5-22 and makes the necessary adjustment
automatically with the change in input voltage
or load current.

Effectively, the variable resistor that re-
quired manual adjustment has been replaced
with an electronic equivalent—the zener diode.

Zener operation when input voltage decreases
has been discussed; now, an analysis of opera-
tion will be made for an increaseininput voltage.
When input voltage increases, the change is im-
mediately felt across the zener. This effectively
biases the zener so that there is an increase in
zener current. The increase in zener current
means an increase in total circuit current. Rs,
in series with the source, will have an increase
in current through it, resulting inalarger voltage
drop across it, With the larger drop across Rs,
the voltage across the zener, and, therefore, the
load, is reduced to the desired output voltage.
The zener, in this instance, has a lower re-
sistance,

For changes in load current the zener makes
the adjustment so that source current remains
constant, and the output voltage will also be con-
stant. For instance, if the current drawn by the
load decreases, the zener current will increase
a corresponding amount. The total current re-
mains the same. If the voltage across Ry is
the same as it was before the load current
decrease, and if source voltage has not changed,
then it is logical to infer that the output voltage
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is at the desired regulated amount, Conversely,
if the current drawn by the load increases, the
zener current decreases by the same amount
and total current in the circuit remains the
same, Since total current is the same, the voltage
drops across Rs and VR1 (and therefore, R
also) cannot change because the source voltage
has not changed.

Some words of caution about the shunt type
voltage regulator are in order. Do not operate
this circuit without a load. If a no-load condition
exists, the zener must dissipate more power than
usual —the load power as well as its normal
power, If this condition occurs, it is quite possi-
ble that the maximum power rating, or the maxi-
mum reverse current rating, of the zener will
be exceeded and damage to the zener will resuilt.

If there is a failure in the voltage regulator
circuit just discussed, the following checks should
help in locating the trouble:

1. Check to find out if there is a load on
the regulator circuit., The lack of a load might
indicate a damaged zener asthe source of trouble.

2, Check the d.c. voltage measurements at
the input to determine whether voltage is applied
and whether it is within tolerance.

3. Since the operation of this regulator is
based upon the voltage divider principle, meas-
urements of the voltages across the output
terminals and across Rg might be necessary to
determine if the output voltage is within toler-
ance or if the drop across series resistor R
is excessive (be sure to observe correct voltage
polarity when making these checks).

4, If the load is shorted, or if Rg is open,
a voltage measurement across Rg will indicate
source voltage. In both cases there will be no
output. It will now be necessary to check the
value of Rg. (Disconnect Rs from the circuit
when making the measurement.)

5. If the zener diode becomes open there
will be no regulation and the output voltage
should be higher than normal.

6. If the zener diode becomes shorted there
will be no output,

In general, if the output voltage is above
normal, it is an indication of an open circuit in
the shunt elements, either VR1 or the-load, or
an increase in impedance of these same elements,
An output voltage that is below normal is an
indication of an increased value of Rg, a low
input voltage, or an excessive load current due
to a decrease in load impedance.
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COMBINATIONAL VOLTAGE SUPPLIES

Power supplies found in modern electronics
equipment must supply a great variety of volt-
ages and current. The need for combination power
supplies becomes evident when equipment re-
quirements are voltages in ranges of =-5v.,
-15v,, =55v., +5v., +120v., +2400v., and -580
volts for a typical oscilloscope, or -90v, at6 ma.,
+28v. at 180 ma. and 580 ma., +130v. at 315 ma.,,
and 250 v, at 37 ma. as used in the low voltage
power supply for a typical radio transceiver,

The necessity of having a power supply
capable of delivering a high voltage-low current
output— a low voltage-high current output— and
a high voltage-high current output, simultane-
ously, is the reason for having combinational
power supplies.

It is not the purpose of this section to present
all possible varieties of combinational power
supplies. It has been described how both nega-
tive and positive voltages can be obtained from
a voltage dividing network connected to a power
supply. In the section dealing with voltage multi-
pliers it will be shown how aiding voltages are
combined to increase the output. It should be
realized that, in addition to the sum of the
voltages available, any of the voltages comprising
that sum might also be used. Two basic com-
binations will be presented here —the full-wave-
bridge and the full-wave full-wave.

FULL-WAVE BRIDGE

Figure 5-24 is an example of the full-wave-
bridge combinational power supply. Part A shows
a simplified schematic drawing and part B shows
the entire schematic, including the filtering net-
work, It is a typical arrangement of the full-
wave bridge combination supply, quite often called
the ''"economy'' power supply.

In figure 5-24B, CR1 and CR3 form the full-
wave rectifier circuit and C2A, C2B, and L2 form
the filter network. R1 is a current-limiting resistor
used to protect the diodes from surge currents. R4
is the bleeder resistor and also assures that the
power supply has a minimum load at all times.
CR1, CR2, CR3, and CR4 form the bridge
rectifier circuit with L1, R2, C1A and CI1B doing
the filtering; R3 is a bleeder resistor and assures
that the bridge always has a minimum load. Each
circuit, of itself, works in the conventional
manner. Troubleshooting will be the same as for
the other power supplies covered, entailing the NO
OUTPUT-LOW OUTPUT factors.
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Figure 5-24, —Full-wave bridge combination power supply.

FULL-WAVE FULL-WAVE

Figure 5-25 illustrates afull-wave full-wave
combinational power supply, with positive and
negative outputs, It has one primary distinguish-
ing feature compared to a bridge circuit—the
center tapped transformer secondary. The com-
ponents associated with the negative voltage
output are CR1, CR3, L2, C2, and R2, while
CR2, CR4, L1, C1, and R1 are the components
in the positive voltage output. Transformer T1
is a component common to both supplies.

The operation of each full-wave rectifier is
identical., As a refresher, the operation will
be reiterated, When point A is negative with
respect to ground, point B will be positive,
This condition causes both CR1 and CR4 to
conduct, Both these diodes are associated with
different full-wave rectifiers, The negative power
supply will be described first—this is the one
associated with the conduction of CR1. Current
through CR1 flows through L2, C2, and R2 and
completes the path via ground to transformer
centertap, thence to A, This is the path during
the first half cycle while CR1 is conducting. At
the same time this action is taking place CR4 is
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conducting in the positive power supply. Since
point B is positive and the lower half of the
transformer secondary acts as a source, current
from point B to ground flows up through C1,
charging it as shown, L1, CR4 and back to the
source. When the polarities at point A and point
B are reversed, point A now being positive and
point B being negative, with respect to ground,
the conducting diodes are now CR3 in the nega-
tive supply and CR2 in the positive supply.

Again, teking the negative supply first, CR3
conducts and the current path, from point B and
back to point B, is through CR3, L2, up through
C2 in the same manner as when CR1 was con-
ducting, to ground and through the center tap of
the transformer to point B. This completes the
full cycle of operation for the negative supply
and CR1 and CR3 will be conducting alternately
so long as there is an input,

At the time CR3 is conducting in the negative
power supply, CR2 is conducting in the positive
power supply. Current, from point A back to
point A, is going down the upper half of the
transformer secondary to ground, up through
Cl and L1, through CR2 and back to point A.
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Figure 5-25.—Full-wave full-wave combinational power supply with positive and negative output volt-
ages,

Again, the charge path for Cl is the same as
it was when CR4 was conducting.

While it has been said, that when trouble-
shooting the combhinational power supply, the
troubles to look for are of the NO OUTPUT —
LOW OUTPUT type, it should be realized that
in the full-wave bridge combinational power
supply that a low output can occur in either
section or the voltage out of the full-wave
rectifier can be normal, while the bridge recti-
fier might indicate a low output. If the load
currents are not excessive, and the filter com-
ponents have checked satisfactorily, the defective
diodes, in the first case, would be assumed to
be CR1 or CR3 and, in the second case to be
CR2 or CR4,

VOLTAGE MULTIPLIERS

Figure 5-26 depicts a simple half-wave recti-
fier circuit that is capable of delivering avoltage
increase (more voltage output than voltageinput),
providing the current being drawn is low, It is
shown that it is possible to get a larger voltage
out of a simple half-wave rectifier so long as
the current is low., If the current demand in-
creases, the output voltage will decrease. This
can best be explained by the use of RC time
constant. The charge time for the circuitinfigure
5-26 is very fast since the circuit elements in
the capacitor’s charge path are the diode, CR1,
the surge resistor, R, and the secondary of the
transformer. These elements combine to form
a very low impedance, since CR1 is conducting
during the charge time and the value of R is about
20 ohms, In comparison, the discharge path for
the capacitor is through the load which offers
an impedance several hundred times higher than
that of the charge path. The lower the load
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Figure 5-26.— Simple half-wave rectifier used to
deliver an increased voltage output,

0

impedance the greater the current, If the discharge
path for the capacitor offers a lower impedance,
the capacitor will discharge further, lowering
the output voltage.

Rectifier circuits that can be used to double,
triple, and quadruple the input voltage will now
be discussed. All these circuits have one thing
in common—they use the charge stored on
capacitors to increase the output voltage. Figure
5-27 is a block diagram of a voltage multiplier
circuit, The input is a.c. and the output is d.c.
multiple.

HALF-WAVE VOLTAGE
DOUBLER

The first voltage multiplier circuit is the half-
wave voltage doubler. As the name implies, this
circuit gives a d.c. output that is approximately
twice that obtained from the equivalent half-
wave rectifier circuit,

Figure 5-28 shows a typical half-wave voltage
doubler circuit., While the circuit shown uses a
transformer and the output voltage is positive
with respect to ground, it could just as well
operate as a negative voltage output by reversing

/
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Figure 5-28, —Half-wave voltage doubler circuit,

the diodes. The transformer, which may be used
to step up secondary voltage or as an isolation
transformer, may also be eliminated with the
proper choice of circuit elements,

When the top of the transformer secondary
in figure 5-28 is negative, C1 will charge through
conducting CR1 to approximately the peak of the
secondary voltage. The direction of charge is
indicated by the polarity signs. At this time
there is no output. On the next alternation, when
the top of the transformer secondary is positive
with respect to the bottom, C1 will discharge
through the transformer and CR2, which is now
conducting, C2, which is also in this discharge
path, is charged to approximately twice the peak
of the secondary voltage because the charge on
C1 is in series withthe applied a.c. and therefore,
adds to the voltage applied to C2,

Since C2 receives only one charge for every
cycle of operation, the ripple frequency, as in
the half-wave rectifier, is the same as the input
frequency. Also, as in the half-wave rectifier,
C2 will discharge slightly between charging
cycles so that filtering is required to smooth
the output and give us a relatively pure d.c.

The procedures for troubleshooting the half-
wave voltage doubler are the same as those
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used for the half-wave rectifier. No output condi-
tions might be caused by a defective transformer,
defective rectifiers, an open C1, or short cir-
cuited C2. The low output condition might be
caused by a low input, rectifier aging, or exces-
sive load current (caused by a decrease in load
impedance).

The voltage multiplier circuits which follow
all have one thing in common with the circuit
just described —they use the charge stored on a
capacitor to increase the output voltage. As the
voltage across C1 is added to the input voltage
to approximately double the charge applied toC2,
so will the charges on other capacitors add to
the charge applied to an input capacitor todouble,
triple or quadruple the output voltage.

FULL-WAVE VOLTAGE
DOUBLER

The full-wave rectifier circuit can also be
adapted to a voltage doubling circuit. Figure
5-29 depicts a basic full-wave voltage doubler
circuit, Depending upon the circuit application
it may or may not use a power or isolation
transformer. The resistor R is a ''surge"
resistor that is used to limit the charge current
and protect the diode; it might not be necessary
in some equipments and when used it is placed
in series with the a.c. source, Resistors R1 and
R2 are not necessary for circuit operation but
may be used to act as bleeder resistors to dis-
charge their associated capacitors when the
circuit is deenergized. When used they also tend
to equalize the voltages across Cl and C2,

The circuit operates much the same as the
full-wave rectifier previously discussed with
the exception that now two capacitors are em-
ployed, each one charging to approximately the
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Figure 5-29,— Basic full-wave voltage doubler,
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peak voltage of the input, adding their charges
to provide an output. When point A is positive
with respect to point B, C1 will charge through
the conducting diode, CR1, and the source. It
will charge to approximately the peak of the
incoming voltage. On the next half cycle of the
input point A is now negative with respect to
point B, CR2 conducts charging C2 in the direc-
tion indicated. The voltage across the load will
be the total of the voltages across Cl and C2.
Cl and C2 will be equal value capacitors and
Rl and R2 will also be equal value resistors.

c2 SRI
] LOAD
3
:]l:cs éna
A Ncm'. - ;
- -\t
: , i
AC INPUT CR2
B e
+ -
-~— +
j_%cﬂ %
'l‘caa'
C
-—— -+ |4
= CT +$ CRI 1‘% RIS LOAD
c2

The value of Rs will be small, probably in the
20-500 ohm range.

VOLTAGE TRIPLER

Figure 5-30 depicts a typical voltage tripler
circuit with waveforms and circuit operation.
Part A shows the complete circuit. In part B,
C1 is shown charging as CR2 is conducting. In
part C, C3 is illustrated charging as CR3 is con-
ducting. Part D reveals the charge path for C2
while CR1 is conducting, In part E a comparison
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Figure 5-30.— Typical voltage tripler circuit operation and waveforms.
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is made of the input signal and its effects on the
voltages felt across Cl, C2, C3, and the load.
The following explanation uses figure 5-30 as the
operating device:

Close inspection of figure 5-30A should reveal
that removal of CR3, C3, R2 and the load resistor
results in the voltage doubler circuit previously
described. The connection of circuit elements
CR3, and the parallel network C3 and R2 to the
basic doubler circuit is arranged so that they are
in series across the load. The combhination pro-
vides approximately three times more voltage in
the output than is felt across the input. Funda-
mentally, then, this circuit is a combination of a
half-wave voltage doubler and a half-wave recti-
fier circuit arranged so that the output voltage
of one circuit is in series with the output voltage
of the other,

Figure 5-30B shows how C1 is initially
charged., Assume the input is such that CR2 is
conducting. A path for charging current is from
the right hand plate of C1 through CR2 and the
secondary winding of the transformer, to the left
hand plate of Cl., The direction of current is
indicated by the arrows.,

At the same time that the above action is
taking place, CR3 is also forward biased and is
conducting, and C3 is charged with the polarities
indicated in figure 5-30C. The arrows indicate
the direction of current., There are now two
energized capacitors, each charged to approxi-
mately the peak value of the input voltage.

On the next half cycle of the input the polari-
ties change so that CR1 is now the conducting
diode. Figure 5-30D indicates how capacitor C1,
now in series with the applied voltage, adds its
potential to the applied voltage. Capacitor C2
charges to approximately twice the peak value of
the incoming voltage (E;, + E;). As can be
seen C2 and C3 arein series and the load resistor
is in parallel with this combination, The output

voltage then will be the total voltage felt across
C2 and C3, or approximately three times the peak
voltage of the input.

Figure 5-30E indicates the action takingplace
using time and the incoming voltage. At time
zero (t,) the a.c. input is starting on its posi-
tive excursion, At this time the voltage onC1 and
C3 is increasing. When the input starts to go into
its negative excursion, t,, both C1 and C3 start
to discharge and the voltage across C2 is in-
creasing, The discharge of C1 adds to the source
voltage when charging C2 so that the valueof E >
is approximately twice the value of the peak value
of the input, Since Ec; and E3 are in series
across the load resistor, the output is their sum.,

The charge paths for capacitors C1, C2, and
C3 are comparatively low impedance when com-
pared to their discharge paths and therefore, even
though there is some ripple voltage variations in
the output voltage, the output voltage will be ap-
proximately three times the value of the input
voltage. The ripple frequency of the output, since
capacitors C2 and C3 charge on alternate half
cycles of the input, is twice that of the input ripple
frequency.

Troubleshooting the voltage tripler circuit
follows the general practice given for rectifier
circuits. The two general categories of failure
are no output or low output. For the no output
condition look for a no input condition, a lack of
applied a.c., a defective transformer, or a shorted
load circuit. For a low output condition, check
the input voltage., Low input voltage means a
correspondingly low output voltage. Low output
voltage might also be aresult of any of the follow=-
ing: rectifier aging causing an increased forward
resistance or adecreased reverse resistance; any
leakage in the capacitors or decrease in their
effective capacitance; an increase inthe load cur-
rent (decrease in load impedance).
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Figure 5-31.— Voltage quadrupler circuit.
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VOLTAGE QUADRUPLER

Figure 5-31 shows atypical voltage quadrupler
circuit. Essentially this circuit is two half-wave
voltage doubler circuits connected back to back
and sharing a common a.c. input, In order to
show how the voltage quadrupler works, figure
5-31 has been shown as two voltage doublers.
The counter parts of the one circuit are shown
as a prime (') in the second circuit. (C1 in the
first circuit is the same as C1' in the other cir-
cuit; CR1 and CR1' conduct at the same time,
etc.) When the circuit is first turned on it will
be assumed that the top of the secondary winding,
point A, is negative with respect to B. At this
instance CR1 is forward biased and conducts
allowing Cl to charge. On the next alternation
point B is negative with respect to point A. At
this time two things are going to occur: (1) C1,

which was charged to approximately the peak
voltage across the secondary winding, will aid
the source and, since CR2 is now conducting, C2
will be charged to approximately twice the in-
coming voltage; and (2) CR1' will conduct charg-
ing C1' to approximately the peak voltage of the
input, During the following alternation C1' adds
to the input which allows CR2' to conduct,
charging C2' to twice the input voltage.

When CR2 conducts, Cl1 will aid the input
voltage in charging C2 to approximately twice the
peak voltage of the secondary and CR2'; conduct-
ing at the same time charges Cl'. On the next
alternation CR1l' conducts, and since C1l is in
series with the input, it aids in charging C2' to
twice the peak of the secondary. The voltages
across C2 and C2' add to provide four times
the peak secondary voltage in the output,
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CHAPTER 6
TRANSISTORS

A transistor is a device which utilizes a small
change in current to produce a large change in
voltage, current, or power, The transistor, there=-
fore, may function as an amplifier or an elec-
tronic switch. An amplifier is a device which
increases the voltage, current, or power level
of a signal applied to that device. The output of
an amplifier may or may not be an exact replica
of the input waveshape. An electronic switch is
a device which utilizes a small voltage or cur-
rent to turn on or turn off a large current flow,
with great rapidity.

ANALYSIS OF TWO JUNCTION
TRANSISTORS

There are two fundamental types of junction
transistors, These are the NPN and PNP, Their
basic construction, or chemical treatment is as
implied by their names. That is, either a section
of P material is separated, by junction barriers,
from two sections of N material; or a section of
N material is separated, by junction barriers,
from two sections of P material. Simplified
cross section diagrams and schematic symbols
of the devices are depicted in figure 6-1.

Note that the devices are not simply two
junction diodes. The base section is extremely
thin compared to the collector and emitter
sections, Also, the surface area of the emitter-
base junction is less than that of the collector-
base junction,

BIASING AND BASIC
CURRENT PATHS

Consider the case wherein a reverse bias is
applied across the collector-base junction, This
is depicted in figure 6-2, The reverse bias will
cause almost no current flow, As in the basic PN
junction diode, a very small reverse current

exists. At normal operating temperatures this
reverse current may be considered negligible.

In the case of the transistor, the reverse
bias from collector to base is made close to the
reverse breakdown voltage of the junction. This

JUNCTION
BARRIERS

N N
COLLECTOR EMITTER
N N
COLLECTOR EMITTER
P
BASE
JUNCTION
BARRIERS
P P
COLLECTOR EMITTER
P P
COLLECTOR EMITTER
N
BASE

179.82
Figure 6-1,— Transistor cross section diagrams

and schematic symbols,
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179.83
Figure 6-2,— Reverse bias acress collector-
base junction.

is depicted in figure 6-3, agraphofthe collector-
base current versus voltage,

If a small forward bias is now applied to the
emitter-base junction, its junction barrier will
be eliminated, Also, a concentrated field will
now exist between emitter and collector, This
is depicted in figure 6-4. The concentrated field,
resulting from the emitter-base forward bias,
aids the field caused by the collector-base re-
verse bias and causes the collector-base junction
to move into the avalanche (reverse breakdown)
region, This is depicted in figure 6-5.

With the collector-base junction in a form of
avalanche breakdown, current flow through the
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Figure 6-3.—Graph of collector-base current
versus voltage.
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Figure 6-4.— Adding forward bias to emitter-
base junction. 179.85
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Figure 6-5,— Characteristic curve showing effect
of forward bias on operating point.

device is now possible. In the NPN transistor
current will flow from the emitter, through the
very thin base region, and through the collector-
base junction to the collector. A small current
will also exist between emitter and base., The
majority of current, however, by virtue of its
velocity will pass through the very thin base
region and on to the collector, This is depicted
in figure 6-6A.

In the PNP transistor the majority of current
will flow from the collector, through the base to
the emitter. Again, a small base current will
exist. This is depicted in figure 6-6B. Here also,
the collector current passes through the base
region due to the velocity of the currentcarriers,
and the narrowness of the base.

With the device operating in the reverse
breakdown region, a small change in emitter-
base forward bias will result in a very large
change in current flow through the device. It
must be understood that it is the emitter-base
forward bias which has caused the collector-
base junction to move into the reverse breakdown
region, due to the concentration of the emitter
to collector field. It would require a much larger
collector voltage increase to cause the same
effect, since the collector field is distributed
over a larger area.

If the emitter-base junction is reverse biased,
along with the collector-base junction, the device

will be, for all practical purposes, unable to
conduct current, This is depicted in figure 6-7,

BASE LEAD CURRENT

At this point, a brief discussion of base lead
current is appropriate. In figure 6-6A the base
current (Ig) in an NPN transistor is shown to
flow away from the base, and in the PNP transis-
tor (fig. 6-6B) toward the base. Itwillbe recalled
that with the emitter circuit open (fig. 6-2) a
small reverse current exists between collector
and base. The reverse, or leakage, current is
called Icgg (current, collector to base, with the
emitter circuit open). The flow of Icpp is in
opposition to the base current flow in a forward
biased transistor. However, at normal operating
temperatures Icgp is8 too small to subtract
significantly from the base current. It is note-
worthy, however, that Icgp increases rapidly
with an increase in temperature. As a rule of
thumb, I-go may be considered to double for
every 8 to 10 degree centigrade increase in
temperature. At high operating temperatures
Icgo may affect transistor operationunfavorably.

Figure 6-8 depicts an alternate method of
applying bias voltages to a transistor. The col-
lector supply voltage is such that it reverse
biases the collector-base junction. The emitter-
base junction is controlled by the base voltage
supply. The operation of the device in this con-
figuration is identical to that previously discussed.

A list of common symbols and abbreviations
used in connection with semiconductor devices
is included in the appendix. These symbols and
abbreviations will be used in the following dis-
cussions,

CURRENT GAIN IN THE
BASIC TRANSISTOR

Current in the emitter circuit can be varied
by changing the emitter-base voltage. The change
in the emitter current will cause an almost equal
change in the collector current. The change in
the collector current is always slightly less than
the change in the emitter current because some
of the emitter current will leave the transistor
as base current, The collector current is thedif-
ference between the emitter current and the
base current, or:

Ic =1Ig -1
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Ie=EMITTER CURRENT
Ig=BASE CURRENT
Ic=COLLECTOR CURRENT
Ig=Ig+I¢

179.87
Figure 6-6, —Current flow in NPN and PNP transistors,

A transistor has one of three current gains current gain is designated as alpha (a) e .
depending upon the circuit configuration. Current = The equation is:
gain in the common base configuration is the ratio
of the change in collector current to the corre-

Al
sponding change in emitter current for a con- A oo = c
stant collector to base voltage. In this circuit, =K Ig Vcp constant
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179.88
Figure 6-7,— Transistors with both junctions re-
verse biased.

In the common emitter configuration, current
gain is the ratic of the change in collector cur-
ren{ to the corresponding change in base current
for a constant collector to emitter voltage. In
this circuit, current gain is designated as 3 (pro=
nounced beta). The equation is:

C
B: A—IB— VCE constant

The method for solving for current gain can best
be expressed by use of an example, Withcollector
voltage adjusted to -10 volts and base current
equal to 25 microamperes, collector current
Ic =1 ma, or 1000 pa. Increasing Ig to
125 pa. (with constant V) increases the col-
lector current to approximately 5 ma. or 5000

pa. Thus, the increase in input base current
of 100 p a. (125-25) causes an increase in col-
lector current of 4000 pa. (5000-1000)., The
current gain is:

AI. 4000
= = = 40
B=%&1, =100

Most transistor manuals give either the a .
or beta figures, If it is desired to determine
either one of these quantities when the other is
known, the following equations may be used:

X ce
B = —
1 -ce
_ B
AXee = ——
1+8

For instance, if a transistor has an a e Of

0.97, the beta is;

a

B = ce
1 - Oce
B = 0,97
-1 -0.97
_ 0,97
A =303
B = 32,33

Gamma () is the current gain of a common
collector configuration. Gamma is based on the
emitter to base current ratio because the output
is taken from the em'tter circuit. The equation
is:

Al

Alg

‘y:

with V¢ constant

The conversion equations from alpha or beta
are:

Y= B+1
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Figure 6-8, — Alternate method of applying bias to transistors.

BASIC TRANSISTOR AMPLIFIERS

Before going into the basic transistor ampli-
fier, there are three terms to be defined, ampli-
fication, amplifier, and classes of operation,
Amplification is the process of increasing the
strength of a signal, An amplifier is the device
used to increase the.current, voltage, or power
of an input signal. Amplification is the result of
controlling a relatively large quantity of current
(output circuit) with a small quantity of current
(input circuit).

The transistor amplifier may be connected
in any one of three basic configurations. These
circuits are (1) common emitter, (2) common
base, and (3) common collector., The word com=-
mon, as used here, means’ the element named
is part of (common to) both the input and output
circuits.

Transistor amplifiers may be operated class
A, class B, class AB, and class C. A class A
amplifier is an amplifier in which the emitter-
base junction bias and the alternating voltages
applied to the emitter-base junction are such
that collector current (I ) inspecific transistors
flows at all times, It is operated so that the
wave shape of the output is the same as that
of the signal applied at the input,

A class B amplifier is an amplifier in which
the emitter-base bias is approximately equal to
the cutoff value, so that I- is approximately
zero when no excitation voltage is applied to the
emitter-base junction. I~ flows, in a specific
transistor, for approximately one-half of each

cycle when an alternating signal voltage is
applied to the emitter-base junctian,

A class AB amplifier is an amplifier in which
the emitter-base bias and the alternating voltages
applied to the emitter-base junction are such
that I~ in a specific transistor flows for appreci-
ably more than half but less than the entire
electrical cycle.

A class C amplifier is an amplifier in which the
emitter-base bias is appreciably greater than the
cutoff value. I in the transistor is zero when no
alternating voltage is applied to the emitter-base
junction and flows in a specific transistor for
appreciably less than one-half of each cycle when
an alternating signal voltage is applied to the
emitter-base junction.

COMMON EMITTER TRANSISTOR
AMPLIFIER

The NPN and PNP common emitter transistor
amplifiers are shown in figure 6-9A and B,
respectively. Bias (the average difference of
potential across the emitter-base junction) of the
transistors shown in figure 6=9 is in theforward,
or low resistance, direction. This means that
direct current is flowing continuously, with or
without an input signal, throughout the entire
circuit, The bias current, flowing through the
emitter-base junction, is supplied by bias battery
Vee . The average base voltage, as measured
with respect to the emitter, depends upon the
magnitude of the bias voltage supply in the
emitter-base circuit and the base resistor. The
current and the amplitude of the input signal
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20.413
Figure 6-9.— NPN and PNP common emitter

transistor amplifiers.

determine the class of operation of the transistors.
(In this explanation the transistor is operating
class A.) The average collector voltage depends
upon the magnitude of the collector supply
voltage, V.

When a signal is supplied to the input circuit
of the transistor (the base-emitter junction here)
the bias current varies about the average, or no
signal, value, That portion of the signal that aids
the bias causes transistor current to increase,

while that portion of the signal that opposes the
bias causes transistor current to decrease.

Since the input signal is capable of causing
transistor current to increase or decrease, ac-
cording to its polarity, it is also capable of
controlling the greater amplitude of current
flowing in the collector circuit. This, as already
explained, is amplification,

The input to the common-emitter amplifier
is between the base and the emitter as shown
in figure 6-9. The output voltage for this type
circuit is that voltage felt across the collector
to emitter terminals, The emitter is common to
both the input and output circuits, hence the
designation of the common emitter configuration,

The output voltage will vary with collector
current. This is the same as stating that the
voltage on the collector will vary with collector
current, As collector current increases, collector
voltage decreases and vice versa due to the drop
across the collector resistor RC.

It is possible to visualize thetransistor acting
as a variable resistance, When the transistor
is allowing more current to flow, its resistance
is lower than when it is causing less current
to flow. Figure 6-10 will be referred to for
further explanation, That portion of the input
signal indicated by point 1 in the input circuit
effectively aids the bias, thereby reducing re-
sistance of the transistor tocurrentflow,Current
flowing in the transistor increases sothatcurrent
in the entire circuit is increased. This increased
current must flow through Rc and thereby in-
creases the voltage drop across R . The in-
creased voltage drop across R leaves less
voltage to be dropped across the transistor. Since
the output is taken from the collector terminal
to the emitter terminal (ground) it is evident
that collector voltage (V) is less than it had
been at its no signal value of +4 volts. At point 1

OUTPUT
SIGNAL
VC +4V 2 +5v
INPUT °
SIGNAL +.2V v
] i
2.8V
. 5V R
[\/ é\? R c I 43V
B !
2 - T 10 )
v vl voLov
BB - cc

20.413

Figure 6-10,— Basic NPN common emitter transistor amplifier.
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of the output waveform (corresponding to point
1 of the input signal) the collector voltage is
at +3 volts,

As the input signal goes from point 1 to point
2 the transistor is increasing its resistance
until, at point 2, it offers its maximum resistance
to current flow, Less current flowing in the
transistor means less current is flowing in the
circuit, This reduction in current flowing through
R results in a reduced voltage drop across
Rc. The reduction in the voltage drop across
R means that the collector voltage is higher.
This increase is shown as +5 volts at point 2 on
the output signal. Again point 2 onthe input signal
and point 2 on the output signal occur essentially
at the same time,

In succeeding cycles, as the input signal aids
the forward bias, transistor current increases
causing an increased voltage drop across R c,
thereby decreasing the output voltage. As the
input signal opposes the forward bias, transistor
current decreases, This decrease in current
through R~ means a reduced voltage drop
across Rc and more voltage available in the
output,

In any of the amplifier circuits which are
presented, moving the base potential towards
the collector voltage (V) increases transistor
current, and moving the base voltage away from
collector voltage decreases transistor current.
As shown in figures 6-9 and 6-10, the input and
output signals are 180° out of phase. The common
emitter amplifier, whether it be an NPN or PNP
circuit, provides a phase inversion,

COMMON BASE TRANSISTOR
AMPLIFIER

The common base amplifier, using an NPN

and a PNP transistor, is shown in figure 6-11,
. In these amplifier circuits the input signal is

~

placed on the emitter of the transistor and the
output signal is taken from the collector, with
the base element being common to both,

As noted previously, a PN junction, whether
it be in the diode or a transistor, will react to
a difference of potential applied across the junc-
tion. When this difference of potential is such
that the depletion area is reduced, the junction
is biased in the forward, or low resistance
direction, allowing more current to flow., Con-
versely, when the difference of potential in-
creases the depletion area, resistance increases
and less current flows,

The input signal, being applied to the emitter
of the common base amplifier, will cause the
emitter-base junctiontoreactinthe same manner
it did in the common emitter circuit. An input
signal that aids the bias willincrease the transis-
tor current, and one that opposes the bias will
decrease transistor current,

Using figure 6-12, the operation of a common
base amplifier will be explained at this time.
As the input signal to the emitter is going in
the direction of point 1 its magnitude adds to
the positive voltage on the emitter. The differ-
ence of potential between emitter and base in-
creases, reducing the resistance of this junction
and allowing more current to flow in the transis-
tor, This increased magnitude of current flowing
through Rc causes an increased voltage drop
across R —the voltage drop goes from $ volts
to 6 volts. The collector voltage (V. ) which had
been at a =4 volts in the quiescent (no signal)
stage will now become =3 volts —or more posi-
tive than it had been. Again, point 1 on the input
signal and point 1 on the output signal represent
the same period in time., When the input signal
moves toward point 2 its magnitude subtracts
from the value of positive voltage on the emitter
and the difference of potential across theemitter-

179.90

Figure 6-11,— NPN and PNP common base amplifier circuits,
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Figure 6-12,— Basic PNP common base transistor amplifier,

base junction decreases, This decrease in po-
tential across the emitter-base junction results
in an increase in the junction resistance. This
higher junction resistance decreases the magni-
tude of current flowing in the transistor, Less
current flowing through R- means a reduction
in the voltage drop across Rc —from § volts in
the no signal condition to -4 volts at point 2 on
the input. Collector voltage now becomes a =5
volts or more negative, The output voltage at
point 2 occurs at the same time as the input
signal is at point 2, Note that the output voltage
is taken from the collector to ground, rather
than across Rc.

As can be observed from the waveforms, there
is no phase inversion in the common base ampli-
fier. The input signal and the output arein phase,
Although the input signal in the common base
amplifier was applied to the emitter element,
and made the emitter more, or less, positive, it
had the same effect on the collector as making
the base more, or less, negative,

If -two points of reference are to be con-
sidered such as the emitter and the base, and
one is made more positive or negative with
respect tc the other; the other becomes more
negative or positive with respect to the first,
When the emitter was made more positive in the
previous explanation, the base was moving to-
wards the collector voltage (negative in this
case), and transistor current increased.

COMMON COLLECTOR TRANSISTOR
AMPLIFIER

The last configuration to be presented is the
common collector, In this configuration the input
signal is applied to the base element and the
output will be taken from the emitter with the
collector common to both input and output. The
common collector amplifiers are shown in figure
6-13 (NPN) and figure 6-14 (PNP).

179.92
Figure 6-13.— NPN common collector transistor
amplifier.

L

179.93
Figure 6-14,— PNP common collector transistor
amplifier,

The common collector transistor amplifier
is often referred to as an emitter follower
circuit. Since the input signal is across the base=-
collector junction—the reverse biased, high re-
sistance direction—the input impedance of the
common collector configuration is high, On the
other hand, the output impedance of this circuit
is low, since it is taken in the forward bias,
low resistance direction of the base-emitter
junction, The high input impedance and low output
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impedance of the common collector circuit makes
it useful as an impedance matching device. Figure
6-14 will be used to explain the circuit operation
of the basic common collector transistor ampli-
fier circuit,

As shown in figure 6-14, the transistor is
forward biased. When the input signal is moving
the base potential away from the collector voltage
(point 1 on the input signal), forward bias on the
emitter-base junction is opposed and less current
flows in the circuit. Less current flowingthrough
Rg means that the negative potential, with
respect to ground on the output end of R, is
something less than its quiescent value of -5
volts, The output signal is moving in a positive
direction as shown by point 1 on the output
signal. Again points 1 and 2 on the input and
output waveforms occur at approximately the
same period in time, The input signal at point
2 is of the polarity necessary to increase the
difference of potential across the emitter-base
junction., This aids the forward bias, causing
an increase in transistor current. Increased
current flow through Rg results in a larger
voltage drop across Rg , and the output voltage
becomes more negative as shown by point 2
on the output waveform,

The reason that the common or grounded
collector configuration is called an emitter fol-
lower is because the output voltage on the
emitter is practically a replica of the input
voltage. That is, it has the same waveform and
amplitude. In a practical circuit, the output
amplitude will be slightly less than the magni-
tude of the input. It was stated that the input is
across the base-collector junction, however, a
closer examination will reveal that the input is
also across the series combination consisting of
the base-emitter junction and the output load
resistor, Since the input is across two resistors
and the output is across only one of these,
the ocutput voltage must be less than the input.
However, since all currents in the circuit flow
through the load resistor and only asmall amount
of current flows in the inmput circuit, a con-
siderable current gain may be obtained.

In summary, the transistor behaves like a
variable resistance. When it is- so biased as to
cause decreased resistance, current flow in-
creases and vice versa., A comparison chart
for the three configurations is shown intable6-1.

GAIN IN TRANSISTOR CIRCUITS

Gain is the ratio of output voltage, power, or
current with respect to an input reading in the

Table 6-1,— Transistor amplifier comparison

chart
AMPLIFIER COMMON COMMON COMMON
TYPE BASE EMITTER COLLECTOR
INPUT/OUTPUT
PHASE (1 180° ®
RELATIONSHIP
VOLTAGE GAIN HIGH 2t iU LOw
CURRENT GAIN LOW(ax) MEOIUM (B) HIGH ()
POWER GAIN LOwW HIGH MEDIUM
INPUT RESISTANCE Low MEDIUM HIGH
OUTPUT RESISTANCE HIGH MEDIUM Low
179.94
same unit of measurement. Each transistor

configuration will give a different value of gain
even though the same transistor is being used.
The configuration used is a matter of design
consideration, however the technician is in-
terested in the ratio of output with respect to
the input. This is important in determining
whether or not the tramsistor is performing its
circuit application function. Transistor specifi-
cations usually 'state the normal current gain
for a given transistor, at a particular voltage.

Generally, if the output circuit has a low
impedance the transistor provides a large cur-
rent or power gain, Conversely, a high output
impedance is an indication of a voltage gain.
Some transistor circuits have a low input im-
pedance, others high input impedances. Some
transistor circuits have low output impedances
and others high output impedances,

OPERATING LIMITS

Some of the limits imposed on oOperating
transistors are: maxirnum collector current,
maximum collector voltage, maximum collector
power dissipation, and collector cutoff (leakage)
current. The first three limitations listed are
transistor ratings, and the last item is a char-
acteristic of the transistor. A rating is defined
as a limiting value which, if exceedzd, may
result in permanent damage to the device. On
the other hand, a characteristic is a measurable
property of the device under specific operating
conditions.
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Collector cutoff current, also called collector-
base leakage current, or I-gg for the common
base configuration (Icgp for the common emitter
configuration), is determined primarily by two
factors, temperature and voltage,

The rating of Icgg oOr Icgp is given as
some maximum at a specified collector-to-base
or collector-to-emitter voltage and a particular
temperature, If either the temperature or the
collector voltage increases, cutoff current will
increase. The rating must be proportionally in-
creased for voltages or temperatures which are
higher than those specified.

The peak collector power dissipation rating
Pc is that value of power that can safely be
dissipated by the collector. P represents the
limit of the product of the d.c. quantities V¢
and I . If the maximum power dissipation rating
is 5 watts, the product of collector voltage times
collector current flow must not exceed 5 watts,

The maximum collector voltage rating is the
maximum d.c. potential that can be applied to the
collector with safety. The maximum collector
voltage rating is usually given in terms of the
collector-emitter voltage (Vcgo ). The value of
this voltage, in part, determines the quantity of
reverse bias across the collector-base junction
and the quantity of forward bias across the
emitter-base junction. For a specified value of
Iz both Ic and Iz will remain relatively con-
stant until the maximum value of Vcgo is
reached, When this value Vcgo is exceeded,
both I and Iy begin increasing. When the
breakdown voltage (BV cgo ), wWhich is just above
the maximum value of V. , is reached, Ic and

I increase very rapidly, and the device breaks
down,

The maximum collector current rating is the
maximum value of d.c. that can flow through the
collector. As may be seen from the above in-
formation, permanent damage to the device will
occur if this value is exceeded.

BASE LEAD CURRENT

Transistor current is dependent upon many
variables, Some of these variables are: (1) the
type of bias, i.e., fixed bias, self bias; (2) the
magnitude of the input signal; (3) the configura-
tion being used; (4) the type of transistor being
used; and (5) the direction of current flow in
the base lead.

Of the variables mentioned the direction of
current flow in the base lead deserves further
examination, Whether the majority of current
flow is in the emitter or the collector is deter-
mined by this variable, If the base lead current
is flowing into the base material in the PNP
(fig. 6=-15A), or out of the base material into the
base lead in an NPN (fig. 6-15B), the majority of
current is flowing in the emitter, If the reverse
is true (fig. 6-15C and D), then the majority
of current is flowing in the collector.

REVERSE CURRENT

Reverse current in transistors as in the PN
junction diode, is that portion of electron flow
taking place across a reverse biased junction,
Normally, the magnitude of this reverse current

179.95

Figure 6-15.— Base lead current flowing into, or out of, the base material
in NPN and PNP transistors,
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is very low (in the microampere range) and does
not subtract any significant quantity from the
base current (current in the base lead or I g).
However, since this reverse current increases
rapidly as temperature increases, it might reach
a magnitude where damage to the transistor or
malfunctioning of the circuit would occur.

In order to explain how this reverse current
may cause trouble by reducing the magnitude
of Ig, or even reversing the normal flow of I,
the block diagram of an NPN transistor shown in
figure 6-16 will be used. The solid lines indicate
the normal flow of current while the dotted lines
indicate the direction of reverse current, when
the transistor is biased as shown,

In figure 6-16, when S1 is closed, current
flow is as indicated by the solid lines: 100% of
the current flows in the emitter, some small
percentage flows out of the base lead, and the
remaining current flows in the collector. With
the switch open there is a small amount of cur-
rent flowing into the base material from the
base lead and the collector electrode, continu-
ing through the collector back to the source,
VCC .

This is the previously discussed reverse cur-
rentIgo, which was defined previously as fol-
lows; I-current, C-collector electrode, B-base
electrode and O-open., The ''open'' in this case is
the emitter electrode. Icgg isthecurrentflowing
in the collector-base elements with the emitter
open,

As may be observed infigure 6=16,I-gq flows
in a direction that opposes normal base lead
current flow, Normal flow is out of the base
material into the base lead, and Icgp is into
the base material from the base lead. These
opposing currents will produce a net magnitude
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Figure 6-16, — Normal and reverse current in an
NPN transistor,

of their difference with the larger magnitude of
current prevailing. Normally, in an NPN, the
larger current is that flowing out of the base
material which is reduced by some amount of
Icro -

Icpo Wwill exist even though the emitter is not
actually open. To measure the magnitude of
Icgo the opposing current of the emitter-base
must be eliminated, and the easiest way is to
open the emitter, The reverse current, called
Iso,» is flowing, thereby reducing Ig , at all
times. When, due to increased ambient tempera=-
tures, the collector-base junction resistance
reduces to the point where I-gy is greater than
normal, it may be found that the transistor is
not functioning properly and the circuitry using
this transistor is also malfunctioning. Every
transistor has a stated value of permissiblel cgo
that may be found in transistor specifications,
in equipment manuals, or in separate manuals,
Once the value of I-g5 is exceededthetransistor
is of little use as it has, at least, started to
destroy itself,

While Icgp has been explained in the NPN
transistor it must be realized that the samefacts
hold true for the PNP transistor., To prove it,
draw a diagram similar to that in figure 6-16,
making the transistor a PNP and reversing the
polarities of the batteries. Insert the solid and
dotted lines, making sure to observe the correct
directions. You should be able to determine if
normal current flow is into, or out of, the base
material, and what direction in the base lead
Icro flows.

An understanding of Icpg is important not
only for the detrimental effects explained here
but also because it can be put to beneficial use.
Its specific benefits will be explained in the
proper place. For now, rememier that itis always
present and opposing normal base current flow
in transistors biased in the forward (low re-
sistance) direction on the emitter-base junction
and in the reverse (high resistance) direction on
the collector-base junction.

While the transistor amplifiers that have
been presented up to now were biased in forward
and reverse directions through the use of two
batteries, this is very seldom the case. The
purpose for using two batteries was to simplify
the explanation of transistor operation. Single
source biasing, which is covered later in this
chapter, will point out the necessity for knowing
in which direction base lead current is normally
flowing,
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TRANSISTOR LEAD IDENTIFICATION

Identification of the leads or terminals of a
semiconductor device is necessary before it can
be connected into a circuit., As there is no
standard method of identifying transistor leads
or terminals it would be quite possible to mistake
one lead for another,

In figure 6-17 the bases of four sets of trans-
istors are shown, Each set, while similar in
appearance, has different elements connected to
the leads. In the first set, the leads are emitter,
base, collector, reading from left to right, for
the top transistor, while in the bottom transistor
the leads are emitter, collector, and base, If
one of these transistors was connected into a
circuit as a replacement for the other, the
circuit would not function properly or the transis-
tor might be destroyed., The same general results
apply for the other sets of transistors. Note that
in the right hand set, the cases can and are
used for emitter and/or collector connections.

To further- complicate matters, field effect
transistors also have the same casing as those
shown above, It is emphasized that you CANNOT
TRUST to shape in replacing one transistor
with another, Be sure the leads are where they
should be and that the transistor chosen as a
replacement is suitable for performingthe circuit
application. If there is any doubt, consult the
equipment manual or a transistor manual showing
the specifications for the transistor being used.

FREQUENCY LIMITATIONS

The range of frequencies over which atransis-
tor performs a useful function in a circuit is
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limited by inherent parameters. Manufacturer’s
data sheets usually specify only one or two of
these parameters, while the user may need
others. Therefore, a clear understanding of these
parameters and the relationships between them
is of value in evaluating transistor perform ance.

COMMON BASE CURRENT
GAIN

Typical of such parameters is hg,, which
denotes the common base a.c. short circuit
forward current gain, better known as alpha,
Another parameter consists of h g, , the common
base a.c. short circuit forward current gain at
a frequency of 1 kHz. As the frequency is in-
creased, hg remains approximately equal to
h g, . After the upper frequency limit is reached,
h 4 begins to decrease rapidly.

The frequency at which a significant decrease
in hg occurs provides a basis for comparison
of the expected high frequency performance of
different transistors. The common base current
gain cut-off frequency, f,;, is defined as that
frequency at which hg is 3 db below hg, .
Expressed in magnitude, hg, at f,,, is 70.7
percent of hg, . A curve of hg versus fre-
quency is shown in figure 6-18A.

The curve in figure 6-18 has the following
characteristics: (1) at frequencies below f,,
hg, is nearly constant and approximately equal
to hg, ; (2) hg begins to decrease significantly
in the region of f.;,, and (3) above f,,, the rate
of decrease in hp, with an increasing frequency
approaches 6 db per octave,

MOUNTING HOLES
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Figure 6-17, —Bottom view of some common transistor cases,
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Figure 6-18, —Common base and emitter current

gainplotted against frequency.

COMMON EMITTER
CURRENT GAIN

The common emitter parameter which corre-
sponds to f;p is fae, the common emitter current
gain cut-off frequency. By definition, fae is the
frequency at which h¢, (the common emitter a.c.
short circuit current gain, known as beta) has
decreased 3 db below hge, (the value of h¢ at
1 kHz). A typical curve of hy, versus frequency
is shown in figure 6-18B.

TRANSIT TIME

An important characteristic in establishing the
frequency behavior of a transistor is the time
required for an electron totravel fromtheemitter
to the collector (transit time)., If signals are
applied whose frequency changes so rapidly that
the electrons are unable to be dislodged rapidly
enough to allow travel from the emitter to the
collector before another frequency alteration
occurs, the frequency limit of the transistor
is said to be exceeded.

As mentioned earlier, if the frequency limit
of a given transistor is exceeded, the output
will be greatly reduced., Manufacturers are very
rapidly overcoming this problem by continuously
developing newer devices with higher cut-off
frequencies, This is mainly accomplished by
making the base material as thin as possible
without reducing the power gain,

INTERELEMENT CAPACITANCES

Another facter which makes the gain of a
transistor dependent on frequency is the inter-
element capacitances within the transistor, Figure
6-19 shows the interelement capacitances asso-
ciated with the transistor. The capacitances are
shown externally; however, the actual capacit-
ances are produced by the energy depletion
regions within the transistors, Bécause the width
of these regions vary in accordance with the
voltages across them and the energy trans-
ferred through them, the capacitance values also
vary,

The increase in the width of the energy
depletion region between the base and the col-
lector, as the reverse bias voltage is increased,
is reflected in lower capacitance values, This
phenomenon is equivalent to spreading apart the
plates of a capacitor so that lower capacitance
results,

An increase in emitter current flow, most
of which flows to the collector through the base-
collector junction, increases the collector-base
capacitance. This increased current flow through
the junction may be considered as effectively
reducing the width of the energy depletion region.,
This phenomenon is equivalent to reducing the
distance between the plates of a capacitor so
that an increased capacitance results,

Effect on High Frequency Gain

In wide hand amplifier applications, a uni-
form gain is required from very low frequencies

INPUT O

-O OUTPUT

179.99
Figure 6-19.— Effective interelement capaci=-
tances of the transistor,
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to very high frequencies. These interelement
capacitances cause the voltage gain of resistance
coupled amplifiers to fall off at high frequencies.
The output capacitance of a stage and the input
capacitance of the next stage shunt the load
resistance of the first stage as shown in figure
6-20. The stray capacitance and the -output
capacitance for this common emitter circuit is
represented by Coe Whereas the capacitive com-
ponent of the input impedance to the next stage
is represented by Cje . When the X. of Coe +
Cie equals Rc, the voltage gain drops 3 db.
Transistor design can reduce these capacitances
somewhat and the resistance of R- can be
reduced. The reduction of Rc reduces overall
voltage gain, but the frequency range is extended
because the frequency at whichX . of the shunting
capacitance equals R is raised. In addition to
the reduction of R, different types of com-
pensating circuits may be added to maintain
uniform gain at higher frequencies.

SERIES COMPENSATION, — Series high fre-
quency compensation is illustrated infigure 6-21.

It is so called because the coil (commonly re-
ferred to as a pesaking coil) is in series with the
signal path. Analysis of this circuit may be made
in two ways. First, the coil isolates the input
capacitance from the load resistor. Since the
input capacitance is much larger than the output
capacitance, there is much less shunting across
Rc . Secondly, the inductance of L2 is very
small, which causes the inductive reactance to
be appreciable only at those frequencies close
to the area of roll off, The inductance is chosen
so that it will resonate with the input capacitance
at some frequency near the desired upper fre-
quency limit, The increased current now that
occurs as L2 and C;je approach resonance causes
a larger voltage drop across C;. and a larger
input current to the input of the transistor.
Therefore, the reduction in voltage gain at high
frequencies should be offset by the resonant
rise in input current of the following stage.

The resonant rise of current is very gradual
because the circuit has a low ''Q,'' The low "'Q"!
is due to the resistance of the input junction
and the low inherent ''Q'' of the coil. The proper

"
|
|
L
T Coe RC
|
|

oot

—0

179.100

Figure 6-20,— Interelement capacitance in relation to external circuit.
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Figure 6-21,— Two stage amplifier employing high frequency series compensation.
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Figure 6-22,— Two stage amplifier employing shunt compensation for high frequency applications.

value of inductance used in the series circuit
will determine the high end of the frequency
response curve and will provide a flat response
over a wide range of frequencies,

If the output decreases as applied frequency
increases, it may be an indication that the com-
pensating component L2 is short circuited. In
that case, only a resistance reading across the
component will reveal the malfunction, Of course,
an open in the inductor would prevent a signal
from arriving at the base of the following stage.

SHUNT COMPENSATION, — For shunt com-
pensation (fig. 6-22) inductor L1 is added in series
with the load resistor Rc but in shunt with the
output signal path, This compensates for the
shunting effect of the output capacitance Coe and
the input capacitance C;.. These capacitive
reactances shunt inductor L1 and resistor R
at the high end of the frequency range. Capacitor
Ccc, coupling capacitor, appears as a short
circuit at high frequencies. Peaking coil L1,
in series with the load resistor, forms a parallel
resonant circuit (with capacitive reactances C,.
and C;.) which has a very broad frequency re-
sponse. Tha resonant peak of this parallel com-
bination maintains a practically uniform gain
throughout the high frequency range.

In the uncompensated circuit (fig. 6-20) the
high frequency gain was reduced by the capacitive
reactances of C,. plus C;.. The impedance of the
parallel resonant circuit has a value that is
approximately the same as the load resistorR .
Therefore, when the frequency increases, the
decrease in the capacitive reactances of C, and
C; is exactly compensated by the increase in
the inductive reactance of inductor L1, The fre-
quency response is thus increased, extending
the flatness of the frequency response curve
over a much broader range of frequencies. The

high frequency gain of a wide band amplifier
using shunt peaking is approximately 50 percent
less than if it were using series peaking.

A shorted peaking coil in either compensation
network would result in a reduction of high
frequency gain. An open inductor would result in
an open circuit to the signal, and, consequently,
there would be no output possible,

SERIES SHUNT COMPENSATION, — Figure
6-23 illustrates the case where series compensa=-
tion and shunt compensation are combined; the
frequency response_is approximately the same as
that of a shunt or series network; however, the
high frequency gain of this combined setup is
approximately 80 percent greater than that of
the series peaking coupling circuit.

The graph in figure 6-24 illustrates the com-
parative gain of the various forms of compensa=-
tions. It should be noted that the difference in
gain characteristics results from the fact that
with series compensation a larger value of load
resistance may be used and, therefore, more gain
from the amplifier may be obtained.,

Effect on Low Frequency Gain

On the low end of the frequency response
range, the input and the output capacitances of
the transistors have no effect on the frequency
response. The low frequency response is, how=
ever, limited by capacitor Ccc (fig. 6-25) and
resistor Rg .

COMPENSATION, — The time constant Rg Ccc
must be large to prevent the low frequency re-
sponse from falling off and to prevent phase
distortion, At low frequencies, the reactance of
Ccc is very high and thus a good deal of signal
voltage is dropped across it. One method of
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Figure 6-23, —Series shunt compensation,
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Figure 6-24,—Graph illustrating gain character-
istics with various methods of compensation,

FREQUENCY

compensating for this drop is to increase the
gain of the previous stage by increasing the
load impedance of that stage, of course, this
increase must occur only at the low end of the
frequency range, This is accomplished by the
compensating filter, R1 and C1l. The filter in-
creases the collector load impedance at low
frequencies and compensates for the phase shift

and low frequency attenuation produced by capa-
citor C.. and resistor Rp . As the frequency
is increased, the reactance of C1 decreases and
so does the collector load impedance, producing
less gain from that stage. But as the frequency
is decreased, the reactance of Cl increases and
with it the collector load impedance resulting
in more gain from that stage. This combination
extends the frequency response over a much
lower range of low frequencies. The gain and
phase response become more uniform over the
low frequency range. Effectively, this filter is
compensating for the voltage drop across the
coupling capacitor C.. over the low range of
frequencies.

HIGH AND LOW FREQUENCY
COMPENSATION COMBINED

A wide band amplifier must be abletoproduce
an undistorted amplified output of anonsinusoidal

v,
l

20.423

Figure 6-25, — Low frequency compensation,
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signal input. It finds many applications in tele-
vision, radar, and many other electronic appli-
cations, Figure 6-26 shows a typical wide band
amplifier (30 hertz to 40 megahertz) using both
high and low frequency compensation., The high
and low compensating networks operate inde-
pendently of each other., At low frequencies the
series reactance of inductor L2 is very small
and has no effect on the input circuit. The
reactances of the output capacitance C,, and
input capacitance C;, are so large that they have
no effect on the signal at low frequencies. This
means that the combination peaking circuitry has
no effect at low frequencies; however, the low
frequency compensating network of C1 and of R1
are increasing the gain of Q1 and compensating for
the voltage drop across C,. at the low end of the
frequency range. As the frequency is increased the
combination compensation network starts to form
a resonant circuit with the output and input
capacitances. Simultaneously, the reactance of Cl
starts to decrease, short circuiting R1, so that this
network no longer has any effect at the high end
of the frequency range.

Examining the components in figure 6-26, it
may be easily determined what malfunction would
result from their change in value., For instance,
Cl opens: the gain is normal at the low end of
the frequency range, but as the frequency is
increased, Cl1 can no longer short out R1,
therefore, the collector load impedance remains
high and the gain of that stage is abnormally
high, since there is a decreasing drop in the
reactance of Ccc. The overall gain of the am=-
plifier is high at the mid frequency range but it
is no longer flat across the band. An open in
one of the series components, R1, R, L1, or
L2 would cause a complete loss of signal in the
first three cases, because of loss of collector
voltage and in the latter because of an open
in the signal path,

CCC

Q2

179.102
Figure 6-26,—High and low frequency compensa-

tion combined,

INTERNAL FEEDBACK

A unilateral electrical device is one which
permits the transfer of energy in one direction
only. The transistor is not naturally a unilateral
device. Every transistor, due to interelement
capacitances, has aninternal feedback mechanism
which feeds voltage back from the output to
the input. In a transistor configuration when the
feedback voltage aids the input voltage, it is
termed positive feedback — also called regenera=-
tive feedback, If the positive feedback voltage
is large enough, the amplifier will oscillate,
At low frequencies, audio frequencies for ex-
ample, the voltage feedback is low; therefore,
precautions to prevent oscillation are not nor-
mally required. High frequency amplifiers, on
the other hand, with tuned coupling networks
are susceptible to oscillations so that precau-
tions must be taken.

The effect of positive feedback on the input
circuit of an electrical device is to alter its
input impedance. Normally, both resistive and
reactive components of the input impedance are
affected. The change in input impedance of a
transistor caused by internal feedback can be
eliminated by using an external feedback circuit.
If the external circuitry cancels the resistive
and reactive internal feedback to the input cir-
cuit, the transistor is considered to be UNI-
LATERALIZED, If the external feedback circuit
cancels only the reactive changes to the input
circuit, the transistor amplifier is considered
to be NEUTRALIZED. Actually, neutralization
is a special case of unilateralization. In either
case, the external feedback circuit prevents
oscillations in the amplifier,

Besides altering input impedance, this re-
generative feedback also increases the gain of
the amplifier, since part of the output signal
is fed back internally to the input circuit in-
creasing the input signal. This effect can easily
snowball and cause the output waveform to
become distorted as a result of overdriving the
stage,

Figure 6-27 shows a tuned common base
amplifier, The internal elements of the transistor
that may cause sufficient feedback and oscilla-
tions are shown in dashed lines. Resistor R',
represents the resistance of the base and is
referred to as the base spreading resistance,
Capacitor C. represents the capacitance of the
collector-base junction., Resistor R. represents
the resistance of the collector-base junction,
This resistance is very high in value because
of the reverse bias on the collector-base junction,
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Figure 6-27, — Properly neutralized (unilateralized) common base amplifier.

At very high frequencies, capacitor C. effec-

tively shunts resistor R .

Assume that the incoming signal aids forward
bias, causing the emitter to go more positive
with respect to the base, Collector current flow
increases in the direction shown (solid arrow).
A portion of the collector current passes through
capacitor C. and through resistor R'y in the
direction shown, producing a voltage with the
polarities shown, The voltage across R'y aids
the incoming signal and therefore represents
a positive or regenerative feedback that may
cause oscillations,

To overcome the possibility of oscillations,
the external circuit, consisting of resistors
R,1 and Ry  and capacitor C,, can be added
to the circuit, as shown in figure 6-27., Re-
sistors R,1  and R,2 and capacitor C, corre-
spond to resistors R's;, and Rc and capacitor
C. respectively, The need of R;2 depends on
the frequency being amplified; the higher the
frequency, the less the need for resistor Rg;.

When the incoming signal aids the forward
bias, the collector current increases. A portion
of the collector current passes through capacitor
C. and through resistor R'y in the direction
shown, producing a voltage with the polarities
shown, A portion of the collector current also
passes through capacitor C, and through resistor
R,1 (dashed arrow), producing a voltage with
the indicated polarity. The voltages produced
across resistors R'y and R, are opposing
voltages, If the voltages are equal, no positive
feedback from the oOutput circuit to the input
circuit occurs, The amplifier is then considered
neutralized.

SINGLE SOURCE BIASING

Single source biasing has the advantage of
using the existing power supply to satisfy the
needs for transistor biasing. This not only
eliminates the need for a separate power supply,
but also simplifies circuit wiring, The main
reason for this simplification is that both the
collector and the base require voltages, which
possess the same polarity with respect to the
emitter, for biasing purposes.

A transistor with its three doped elements
may be simplified to three resistances in series
with each other, Figure 6-28A shows the sche-
matic diagram of an NPN transistor. It’s three
elements can be broken down into their equivalent
electrical representation (fig. 6-28B). Now, by
application of a negative source to the emitter
material, that point is made the most negative
in the branch, while the collector material is
the least negative. In figure 6-28C, point B is
less negative than point A, or positive in respect
to point A. In effect, this makes the base posi-
tive in respect to the emitter, and in an NPN
transistor this satisfies the requirements for
forward bias,

It should be noted that the base material is
situated between the collector and the emitter;
it will always find itself electrically at some
potential between the collector and the emitter,
Also, the base is represented in figure 6-28C
as a variable resistance to show that an increase
in forward bias should decrease this resistance.
By moving the arm from point B to point D, the
total resistance in the circuit is effectively de-
creased; flow from point D is at the same poten-
tial as point B with respect to point A, giving
more forward bias; and more current is allowed
to flow from the collector to the emitter. When
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Figure 6-28.—Schematic diagram of an NPN

179.104
transistor broken down to equivalent electrical

representation and resistance equivalent,

the arm is moved back to point B, the total
resistance is increased, decreasing the current
flow in the circuit; now point B is less positive
than point D with respect to point A, resulting
in less forward bias.

Figure 6-29 illustrates the PNP, again three
equivalent resistances are used and this time
a positive source is applied to the emitter
source terminal. It may be noted that point A
is the most positive point in the network and that
point B is less positive than point A, while
point D is less positive than (negative with
respect to) point B, In this PNP, the bias is
negative with respect to the emitter, which
satisfies the forward bias requirement for this
type of transistor. Once more, the base is shown
as a variable resistance to illustrate that for-
ward bias can be increased or decreased.

The addition of a single resistor from the
base to the emitter source terminal simply
shunts the base-emitter junction, further de-
creasing its resistance, permitting more forward

bias to be applied. Should the base current flow
increase and, consequently, the transistor cur-
rent flow, with no signal input, you should check
the value of Rp; an open base resistor would
allow a greater difference of potential to be felt
between the base and the emitter and therefore
more current through the transistor. The base-
emitter resistor reduces the resistance of the
base-emitter junction, reducing the amount of
forward bias with no signal applied. A direct
short circuit from the base to the emitter would
of course cause all signal to be lost and an ex-
cessive amount of current flow through the de-
vice, By considering the transistor as being
three resistances in series, one can always
easily establish the polarity of any given mate-
rial in respect to an adjacent material, regard-
less of the polarity of the source, as shown in
figure 6-30.

The NPN transistor may have its collector
connected to a positive source as shown in
figure 6-31A. In this case, point E of figure

179.105

Figure 6-29,— Schematic diagram of a PNP transistor broken down to equivalent electrical represen-
tation and resistance equivalent,
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Figure 6-31.— NPN and PNP transistor equivalent circuit.

6-31C is positive in respect to point D, point D
is positive in respect to point C, and point C
is positive with respect to point B. The base is
positive with respect to the emitter, and, there-
fore, it is forward biased. In figure 6-31B a PNP
transistor has a negative source on its collector,
making point E (of fig. 6-31C) negative with
respect to point D, point D negative with re-
spect to point C, and point C negative with
respect to point B. The base is thus negative
with respect to the emitter and in a PNP this
is forward bias. In both cases Ry is shunting
the base to emitter junction.

BIASING BY SUCCEEDING
STAGES

Bias considerations increase as anincreasing
number of stages are involved. It is possible to
use a succeeding stage to change the bias of a
previous one as shown in figure 6-32. In Q1, it
may be seen that the base is negative in respect
to the emitter which permits current flow from
the collector source to the emitter terminal.
In Q2 the base, due to voltage divider action,
is negative with respect to the emitter; this
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bias stabilization, 179.108

forward bias allows current flow from the col-
lector source through R, to the emitter source
terminal, also, some current flow from the
collector terminal of Q1 to the base of Q2
and to the emitter terminal. Lastly, a path for
current flow exists from the collector of Q2
through the transistor and from the top of R g;
through R2 and R1 to the base of Q1. The purpose
of C1 is to isolate Ql from Q2 by preventing
the amplified a.c. signal variations from reach-
ing the base of Q1 while variations in the d.c.
voltage level are fed back to the base of Q1.
The potential difference from the top of Rg)
to ground is the source for base-emitter bias
of Ql. For instance, let’s say the value of R g;
decreases -allowing more current flow through
Ql. This would cause a larger voltage drop
across Rc) , the collector load, and a decrease
in potential difference from collector to ground.
Since the collector of Q1 and base of Q2 are
directly coupled, this decrease in potential makes

the base of Q2 less negative in respect to its
emitter and decreases forward bias. This will
cause less current flow through Q2 and make
the potential at the top of Rg; less negative,
Since the base of Q1 is tied to this point, this
base is made less negative with respect to the
emitter of Q1, which decreases the current
flow through Q1 minimizing the effects caused
by a small change in ohmic value of Ry .

BIASING VIA Rp

Another method of providing proper biasing
potentials is to use a resistor from the base
to the collector source terminal. It may be
seen in figure 6-33A that the base is less neg-
ative than Vcc but more negative than the
emitter, providing forward bias for the PNP
transistor. Also, it may be seen in figure 6-33B
that the base is less positive than +Vcc but
more positive than the emitter, providingforward
bias for the NPN transistor. The value of Rp
must, however, be high for two reasons: (1) to
prevent loading of the a.c. signal, and (2) to
lower the base-emitter bias sufficiently from
the value of V¢ .

SHUNT FEEDBACK

The circuits shown in figure 6-34 use straight
shunt feedback. The purpose of returning Rg to
the collector instead of returning it to the power
supply is to stabilize the bias under variations
of current flow due to changes in transistors
or temperature., If the current flow should in-
crease through a transistor, the voltage at the
collector would decrease and thus decrease the

179.109
Figure 6-33.—Shunt biasing,
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179.110
Figure 6-34, — Shunt feedback circuits,

potential at the base. This would decrease the
forward bias on the transistor and reduce the
current flow, On the other hand, should the cur-
rent flow through the transistor decrease, the
collector voltage would increase, increasing the
potential on the base and increasing the forward
bias which will allow more current to flow. This
configuration stabilizes the d.c. bias level on the
base., This degenerative voltage feedback does,
however, decrease the gain of the transistor be-
cause a portion of the signal is also fed back.
Compensation for this may be made by eliminat-
ing the a.c. component from the collector poten-
tial, This is done by breaking up Rg into R |
and Rp; with a decoupling capacitor between
them (fig. 6-35).

A variation of this stabilization circuitis shown
in figure 6-36. Here, the base is connected to a
voltage divider., This arrangement provides
greater stabilization, but the additional resistor
does absorb more power from the source. In
that sense, this circuit is less efficient; Rr;, and
Rg can assume a wide range of valuesin achiev-
ing the proper voltage division for the base,
however; the smaller their value, the greater
stability the circuit assumes, With the common
emitter configuration, care must be taken not
to make Ry and Rpg of such a small value
that they bypass the signal current arriving from
the preceding stage around the input impedance,
This low ohmic value may also load down the
preceding stages, which would lower the overall
gain, In selecting higher value, circuit stability
is sacrificed, so a compromise is made.

BIASING AMPLIFIERS

A common collector configuration class A
amplifier (NPN or PNP) can also be biased by a
single positive or negative source., In figure
6-37 it is shown how, through voltage divider

X

179.111
Figure 6-35.—Compensating for degenerative
feedback.

action, the collector is positive with respect
to the emitter, Forward bias is therefore estab~
lished for this NPN transistor, Rg shunts the
base-emitter resistance to obtain the precise
value of voltage needed for proper forward bias.

A forward bias voltage may also be provided
by returning the base resistor to the collector
(fig. 6-38). The ohmic 'value of this resistor
sets the voltage level on the base,

A Dbiasing arrangement for a common base
class A amplifier is shown in figure 6-39. Base-
to-emitter voltage is established by the base volt-
age divider network, R2 and R3, and the emitter
resistor, R1l. Good stability is achieved due to
the low ohmic value exhibited by the base re-
sistors and because the emitter resistor is not
bypassed. This is because the input signal is
applied across R1, The amount of base current
flow will be neligible compared to the current
flow in the base biasing circuit, Therefore, base
voltage is determined by the ratio of R2 to R3,
Two fifths (6 volts) of the source voltage will be
dropped across R2, and will be the base voltage
for the transistor. The voltage on the emitter
will be slightly less than the base voltage because
of the forward voltage drop across the emitter-
base junction. A PNP transistor is used in this
example, but an NPN may be used by reversing
the source voltage polarities,
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179.112
Figure 6-36,— Stabilization circuits.
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Figure 6-37, — Forward biased NPN transistor.

179.114
Figure 6-38, — Forward biased transistors,
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179.115
Figure 6-39, — Common base class A amplifier,

In the case of class B amplifiers it is desir-
able to reduce their current drain to practically
zero under no signal conditions. As shown in
figure 6-40, the base potential is only very slightly
more negative than the emitter and only a minute
amount of forward bias is developed.

For certain applications, as in the case of
oscillators, it is necessary to utilize a biasing
arrangement that will cause the transistor to act
as a simulated class C amplifier, as shown in
figure 6-41. Either a positive or negative source
may be used, depending on the transistor type.

Under static conditions, the transistor is
forward biased and there is a voltage drop across
Rl and a charge on C1l., The base current flows
from the source through L1, R1 and the base
emitter junction. When the input signal is applied
so that it opposes the source, C1 will discharge
through R1. Due to the large resistance, the time
constant will be such as to maintain reverse bias
for more than 180° of the input signal. Note
that the discharge. of Cl places the base at a
positive potential in respect to the emitter,
establishing a reverse bias on the base-emitter
junction,

TEMPERATURE COMPENSATION

Temperature rise is a problem in transistors
because as the temperature goes up it tends
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Figure 6-40,—Class B amplifier.
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Figure 6-41,—Class C amplifier,

to increase the flow of electrons in both the P
and the N materials. This allows more current
flow through the transistor for the same applied
voltages. It should be mentioned that as the state
of the art progresses, better transistors are
being developed which are not as sensitive to
rises in temperature. However, in older types
this condition causes more current flow, hence
more heat, until the transistor is entirely over-
heated and damaged. This effect tends to be
cumulative and is commonly referred to as
thermal runaway. It should be noted that a de-
crease intemperature would decrease the electron
flow. Effects of changes in transistor parameters
and temperature drifts may be greatly reduced
by the insertion of a resistor in the emitter
circuit,

As illustrated in figure 6-42 all the collector
current will flow throughthe emitter resistor Rg.
The voltage drop across Rg serves to make
the emitter negative with respeet to ground.
However, the base is also at a negative potential
with respect to ground. The bias level, therefore,

179.118
Figure 6-42,—Emitter biasing a PNP transistor.
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179.119
Figure 6-43,—Emitter biasingan NPN transistor.

will be the difference between the negative base
potential and the negative emitter potential., For
instance, if the collector current flow should
increase due to a rise in temperature, the voltage
drop across the emitter resistor will increase
due to the increase in current flow, The emitter
will now become more negative and this will
reduce the forward bias and the current flow
through the transistor is reduced. Consequently,
collector current flow is reduced by decreasing
base-emitter current flow. In figure 6-43, with
an NPN transistor, the emitter resistor has the
same purpose, The voltage drop across it makes
the emitter positive with respect to ground.
The base is, also through voltage divider action,
positive with respect to ground, If collector cur-
rent flow increases, the emitter becomes more
positive, and the difference between base potential
and emitter potential decreases. Forward bias,
and collector current flow, is reduced by a de-
crease in the base-emitter current flow,

This degenerative effort greatly improves
the stability of the transistor, yet under dynamic
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(signal) conditions this causes a reduction in
gain. A bypass capacitor, C);, may be added in
parallel to Ry . Temperature drifts would occur
at a very slow rate and Cg would not bypass
this change in potential; however, signal varia-
tions wouldn’t affect the emitter potential. As
a rule Cg is chosen for a reactance value equal
to 1/10 the bypassed resistor at the lowest fre-
quency to be amplified.

Effects of temperature drifts can also be
minimized by the use of temperature compensat-
ing devices such as thermistors, varistors, and
diodes properly located in the circuit, Resistance
of a thermistor will decrease as temperature
increases. In figure 6-44A, it may be seen that
as the temperature rises the base potential is
decreased, since there is less resistance to
develop a potential, A forward hiased diode may
also be used, as illustrated in figure 6-44B, as an
increase in temperature will lower its voltage
drop and thus decrease the base potential, due
to the drop in its forward resistance.

COMPOUND-CONNECTED TRANSISTORS

The compound-connected transistor amplifier
finds use in the output stage of receivers, public
address amplifiers, and modulators, in other
words, where large audio power outputs are
required. Compound=-connected transistors will
have at least two active elements. A greater
number of transistors may be used in the com-
pound connection but we are going to examine
only circuits using two transistors compound-
connected. Although two transistors will be used,
effectively only three leads will be used: the
base lead of one transistor, the emitter lead of
the second transistor, and the collector leads
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179.126
Figure 6-44, — Temperature compensation.
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of both transistors which are connected to a
common point,

The input to a compound-connected power
amplifier will be a series connection and the
output will be a parallel connection, To better
explain the foregoing statements, we shall use
figure 6-45 to show the operation of a compound=-
connected common emitter audio amplifier cir-
cuit as well as its circuit configuration. That
part of the circuit enclosed by the dashed lines
can be considered as a single transistor with
connection points A, B, and C representing the
base, collector, and emitter, respectively, of
the equivalent transistor.

Fixed class A bias is supplied to the base
of transistor Q1 through voltage divider re-
sistors R1 and R2 connected across the common
power supply. The bias of Q2 is supplied by
emitter current flow through Q1 andQ2toground.
Capacitive input coupling is provided by C1.,
The output load, R, is connected in series with
both transistors and the common source of power,
The collectors of both transistors are connected
in parallel and thus share a common load. The
output is taken through coupling capacitor C2.
If greater power output is desired, R and C2
may be replaced by a transformer,

Both transistors are connected in the common
emitter configuration., The base of Q2, being

directly connected to the emitter of Q1, provides
a certain portion of negative feedback. Since
both transistors are series connected across
the input, a much higher input impedance (100
or more tim2s as large) is offered than with a
single common emitter stage. In the absence
of an input signal both transistors operate in the
class A region, The bias on Q2 is slightly less
than that appearing on the base of Q1 because of
the small voltage drop between the base and
emitter of Q1.

Assuming a negative going input signal at
the base of Q1 we find the collector current
increasing due to the increase in forward bias.
The amount of increase in collector current is
determined by the amplitude of the incoming
signal and the gain of the transistor. The in=-
coming signal also forward biases Q2, increasing
the collector current. The increase in the col-
lector current of Q2 is not as great as that of
Q1l, since Q2’s forward bias is not as large.
The collectors, being connected in parallel, have
their currents add in the output, since both
flow in the same direction through Rc. The
increase in current flow through the load will
increase the voltage drop across the load and
will reduce the voltage on the collectors. Since
Vcc is a negative voltage in the case of PNP’s
(being used in fig, 6-45), the output waveform is
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Figure 6-45, — Compound connected common emitter audio amplifier circuit.
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going in a positive (less negative) direction. The
negative going input signal produces a positive
going output signal,

Conversely, when the input signal is going in
a positive direction, it opposes forward bias and
reduces the current in the circuit. A reduction
in collector current means a lower voltage drop
across the load resistor, less voltage across
R ¢ and more voltage on the collector. A positive
going input signal produces a negative going
output signal, The characteristic of phase re-
versal, input to output, in common emitter con-
figurations is still present in the compound-
connected common emitter amplifier,

Current gain in compound-connected transis-
tors is greater than that of two transistors
connected in cascade by approximately 10%. The
addition of reactive elements which affect fre-
quency response in the cascaded amplifier circuit
is not present in the compound-connected ampli-
fier due to the direct connection of the transis-
tors. Frequency response, therefore, in the
compound-connected amplifier is not deterior-
ated.

Although the input impedance in the compound-
connected amplifier is much higher than that of
a single transistor amplifier, the drive required
for operation is the same in both circuits,
Remembering that current in a series circuit
is uniform and that a smaller current through
a high resistance can produce the samaz voltage
drop as a higher current through a smaller
resistance, it can be seen that more drive is
not necessary., The additional gain is due to
the collector currents adding in the output cir-
cuitry, The dynamic output impedance of a
compound-connected amplifier is lower than that
of a conventional amplifier, This is due to in-
creased currents through the load.

The compound-connected, common collector
amplifier uses the same arrangement of transis-
tors as does the CE amplifier. The major change,
of course, is in the output circuit. In the CE
amplifier we take our output from the collector
circuit, and in the CC amplifier the output is
taken from the emitter circuit.

Although the voltage gain is less than unity,
the current gain is high as is the power gain,
Figure 6-46 shows a compound-connected com-
mon collector amplifier, Note that this circuit
uses four leads in this configuration (B1, B2, C,
and E).

82

179.122
Figure 6-46,—Compound-connected common col-
lector amplifier,

UNIJUNCTION TRANSISTORS

The unijunction transistor (UJT) is a three
terminal semiconductor device. Sometimes re-
ferred to as a double base diode, its character-
istics are quite different from those of the
conventional two junction transistor. Some of its
features are: (1) a stable triggering voltage,
(2) a very low value of firing current, (3) a
negative resistance characteristic, and (4) a high
pulse current capability, They find use in oscil-
lators, timing circuits, voltage and current sens-
ing circuits, SCR (to be discussed) trigger cir-
cuits, and bistable circuits.

Figure 6-47 is a block diagram of the uni-
junction transistor showing the leads, types of
materials used, and the names of the elements,
If terminals 2 and 3 were connected together,
the resulting device would have the character-
istics of a conventional junction diode.

Figure 6-48A represents the schematic sym-
bol for the unijunction transistor., A simplified

€«———— BASE

E

179.123
Figure 6-47,—Block diagram of UJT,
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Figure 6-48.— UJT schematic symhol and simplified equivalent circuit.

equivalent circuit is shown in figure 6-48B.
Rg; and Rpy , in figure 6-48B represent the
resistances of the N type silicon bar between the
ohmic contacts, called base one (Bl) and base
two (B2), at opposite ends of the base, A single
rectifying contact called the emitter (E) is made
between base one and base two, The diode in
figure 6-48B represents the unijunction emitter
diode. In normal circuit operation base one is
grounded and a positive bias voltage (Vgp) is
applied at base two, For example, if the bias
voltage applied at base two is 10 volts positive
with respect to base one (Rg; is equal to Rp; ),
the voltage drop across each resistor is equal to
5 volts. There is no emitter current flowing, and
the silicon bar acts as if it were a simple voltage
divider. The emitter, being halfway along the bar,
sees & volts (with respect to Bl) opposite it,
So long as the emitter voltage (V:) remains 5
volts or less, very little emitter current flows,
as the emitter will be either in a neutral state
or reverse biased, When the emitter voltage (V. )
rises above 5 volts, the junctionbecomes forward
biased, emitter current increases very rapidly,
and the resistance (R g, ) decreases very rapidly.
(“n‘rent flow at this time is from base one to the
emitter.,

Referring to figure 6-48B, Rp; is shown as
a variable resistor and Ry, is fixed. Exact
values are not important, but the realization that
the combination of Rp1 and Rp; represents
the total resistance between base one and hase
two contacts will aid in the understanding of how
the UJT functions.

When the emitter-base one contacts are in
the reverse biased condition the resistance R
is at its maximure value, and currcnt flows
through the silicon bar from base one to base
two. However, with the emitter potential is such

that it hecomes forward biased the resistance,
Rp1 , decreases to 2 minimuin value and current
flow is now from base one to the emitter.

The unijunction transistor exhibits three dis-
tinct regions of operation. These are: (1) the
cutoff region, (2) the negative resistance region,
and (3) the saturation region. Figure 6-49 is a
curve depicting these regions. That portion of the
emitter current graph shown to the left of the
zero reference is where the emitter is either
reverse biased or neutral, and this is the cutoff
region, which ends at the point marked ''peak.,'
At the ''peak point'' the current between base
one and the emitter increases rapidly as now a
forward bias condition exists, That part of the
resistance of the silicon bar, Rp; , in figure
6-48B, between base one and the emitter is now
minimal, and emitter current is increasing while
emitter voltage is decreasing., This, in effect,
is the negative resistance region shown between
the peak and valley points of figure 6-49, Beyond
the valley point the resistance of the device
behaves as a positive resistance; current again

negative Saturation

resistance VALLEY Region
(3)
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Region
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EMITTER CURRENT

179.125
Figure 6-49,— UJT regions of operation.
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increases slowly with voltage. This area of
positive resistance is the saturation region of
the unijunction transistor.

A typical circuit application of the unijunction
transistor is a sawtooth generator. Figure 6-50
shows the schematic diagram of such a circuit
with the resultant sawtooth waveform output,
Initially, C1 (fig. 6-50) is not charged, and the
smitter potential is zero. When power is applied,

1 will start tocharge slowly sinceitis connected
to the battery through R1. This charging will
continue until the potential on the emitter (the
top of C1) becomes positive with respect to base
one and forward biases the emitter-base one
junction, As soon as this point is reached, cur-
rent from base one to the emitter rises rapidly
and Cl will discharge through base one and the
low resistance of the PN junction, When C1 is
discharged the cycle repeats. The voltage across
C1, then, is a sawtooth waveform possessing a
slow rise time (t, to t,, t3 to t,, tstotg) and
a rapid descent (t; to 5, t, to t5, t; to t,), When
the emitter-base one junction is forward biased,
current through the silicon bar also rises, As
can be seen, this is a very simple method of ob-
taining a sawtooth waveform.,

FIELD EFFECT TRANSISTORS

The Junction Field Effect Transistor (JFET)
and the Insulated Gate Field Effect Transistor
(IGFET) operate on a similar principle (current
controlled by an electric field) but differ in the
method that the control element is made. This
difference results in a considerable difference
in device characteristics, and, therefore, circuit
design variances become a necessity. The first
FET to be discussed is the JFET (fig. 6-51).

JFET

Basically, a JFET is a bar of doped silicon,
called a channel, that behaves as a resistor,
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Figure 6-50,— UJT sawtooth generator,
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Figure 6-51.— Schematic symhols for N and P
types JFETs,

The doping may be N or P type, creating either
an N channel or P channel JFET. There is a
terminal at each end of the channel. One terminal
is called the source, and the other is called the
drain, Current flow between source and drain,
for a given drain-source voltage, is dependent
upon the resistance of the channel, This resistance
is controlled by a gate. The gate consists of
P type regions diffused into an N type channel,
or N type regions diffused into a P type channel.
Cutaway views of both types are shown in figure
6-52,

As with any PN junction, a depletion region,
or better, an electric field, surrounds the PN
junction when thz junctions are reverse biased.
As the reverse voltage is increased, the electric
fields spread into the channel until they meet,
creating an almost infinite resistance between
source and drain,

Consider now the case of zero gate voltage
(Vg), but with an external voltage applied be-
tween source and drain (Vp). Drain current
(Ip) flow in the channel sets up a reverse bias,
along the surface of the gate parallel to the
channel. As the drain source voltage (Vp)
increases, the depletion regions increase until
they meet, There is now an effective increase
in channel resistance that will prevent any
further increase in drain current, This Vp th
causes this current limiting condition is calle
the "'pinch-off'' voltage (Vg ). Further increase
in drain source voltage produces only a slight
increase in drain current, A typical curve show-
ing this action is shown in figure 6-53,

As can be seen in figure 6-53, in the low
current region, Ip is linearly related to Vp.
As Ip increases, the depletion region between
the gate and the silicon bar increases, This
causes the ''channel'' to deplete and the slope
of the Ip curve decreases, At the point where
the drain source voltage (Vp ) is equal to the
pinch-off voltage, (Vg ), the drain current (I )
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Figure 6-52, — Cutaway view of N and P channel junction field effect transistors.

saturates and reaches an avalanche voltage point
between gate and drain, At this point (V4 ), drain
current increases rapidly and control of the
device is lost.

If a reverse bias (Vg ) is applied to the
gate channel, ''pinch-off'' will occur at a lower
level of I, because the depletion area at the
gate is larger to begin with and is further in-
creased by drain current flow. The greater the
reverse bias applied to the gate, the sooner we
reach ''pinch-off'' and the lower the value of
Ip . Figure 6-54 illustrates this point.

IGFET

Details of the construction of an N channel
depletion mode, IGFET, are shown in figure
6-55. As can be seen, the main body is composed
of a P substrate. (In this sense, substrate is the
physical material on which a circuit is fabri-
cated. While its primary purpose is to furnish
mechanical support, it may also serve a useful
thermal or electrical function,) The source and
drain material is diffused into the body. In this
case it is a low resistivity N type material
indicated by N+ in the figure. Between the source
and drain materials a moderate resistivity N
channel is also diffused into the body. Covering
the main body of the IGFET is a layer of in-
sulating oxide. Holes are cut into the oxide
layer, allowing metallic contact to the source
and drain, The gate metal area is now overlaid
in the area between the source and drain con-
tacts on the oxide. There is no physical contact
between these metal contact areas.

The N channel between source and drain will
allow current flow when a potential is applied
between the source and the drain, with a zero
gate voltage., When a reverse bias voltage is
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Figure 6-53, —Ip characteristics with V; equal to
zero,
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Figure 6-54.—Drain current characteristics for
different values of V.

applied to the gate, drain current will be re=-
duced. The greater the reverse voltage on the
gate, the lower the drain current,

For the N channel IGFET shown in figure
6-55, a negative voltage applied at the gate will
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Figure 6-55, —Construction of depletion mode IGFET and schematic symbol.

cause an increasing in the depletion of the
channel, increasing the resitance of-the channel,
and lowering Ip. Figure 6-56 shows this occur-
rence,

When the gate voltage on an IGFET is zero,
there will be an electric field set up across the
oxide insulating material due to drain current
flow. The metal contact of the gate forms one
side of a capacitor, while the oxide material acts
as the dielectric and the N channel is the
other side of the capacitor. As the drain current
flows from left to right the N channel will exhibit
a greater positive potential. The upper plate of
our capacitor, thes metal of our gate, will be
negative with respect to the bottom of the plate,
the N channel. We have an electric field that is
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179.132
Figure 6-56, —Characteristic of depletion mode
IGFET.

exhibiting a negative potential at the top of the
"'"capacitor!" and a positive potential at the
bottom. The increasingly positive potential due
to drain current flowing from left to right,
makes the field across our capacitor stronger
on the right so that the field appears in the
shape shown in figure 6-57,

An increase in the reverse bias potential on
the gate will increase the strength of the field
shown in figure 6-57 and the drain current will
be reduced. One of the uses of the IGFET is
in electronic voltmeters, You will recall (chapter
3) that the higher the resistance of the voltmeter,
the more accurate it is for making measure-
ments in high resistance circuits, Since the input
impedance of an IGFET is very high, it is
practical to use it in the input of an electronic
voltmeter, Remembering that the greater the
reverse bias applied to the gate of an IGFET
the lower the drain current, and, conversely,
the lower the reverse bias applied to the gate,
the higher the drain current, it can be seen that

lfow T+ + + + + 4

179.133
Figure 6-57, — Potential distribution,
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Figure 6-58. — Schematic and pictorial diagram of a simple IC device.

by connecting the drain terminal to meter cir-
cuitry, the nmeter will respond to changes in
drain current,

INTEGRATED CIRCUITS

Another development in solid state electronics
is the integrated circuit (IC). As the term
integrated implies, several components are con-
tained in one package., One semiconductor chip
can contain two or more transistors, several
resistors and capacitors, as well as many in-
dividual diodes. How this may be accomplished
is our next topic. Figure 6-58 is a pictorial and
schematic of a simple IC.

As can be seen from figure 6-58 it is easy
for one IC device to replace many separate or
discrete components with a single chip by using
the variousproperties of semiconductor elements,
such as resistance, capacitance, and conduc-
tivity, The circuit shown in figure 6-58 will
probably be enclosed in the same size case now
associated with transistors., In addition to the
space saving features of IC’s, the fact that they
receive almost identical processing enables them
to be closely matched in characteristics. The
closer such circuit elements are matched, the
greater the reliability of the circuit.

IC’s come in various packages but the one to
be described at this time is the differential

67.159
Figure 6=-59, —Schematic symbol for IC differ-
ential amplifier.

amplifier; a schematic symbhol for this circuit
is shown in figure 6-59, while figure 6-60 is the
complete schematic, A differential amplifier is
basically an amplifier that responds to the dif-
ference between two voltages or currents and
effectively suppresses like voltages or currents,

Inspection of figure 6-60 shows that the signal
inputs are applied to the bases of Q1 and Q2
through leads 2 and 3 respectively. These input
signals are amplified by Q1 and Q2 and applied to
the bases of Q3 and Q4, and the outputs of the
emitter followers Q3 and Q4 are available atpins
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Figure 6-60,— Differential amplifier, integrated circuit device.

10 and 7, respectively, of the integrated circuit.
The output signals of Q1 and Q2 (the collector
signals) are also available at pins 1 and 6 of the
device. The constant current source, Q5, deter-
mines the gain of the circuit by determining
the emitter currents of Q1 and Q2. Control of
the amplifier gain can be accomplished by apply-
ing a signal to base of Q5 through pin 8 and R6,
If it is desired to bypass the constant current
source, a signal may be applied directly to the
emitters of Q1 and Q2, at pin 4, Lead 9 is the
connecting lead for the positive V¢ , and lead
5 is the common connection for the device.

It should be noted that all the components
shown in figure 6-60 are contained on the IC
chip and that it might be necessary to connect
external biasing or coupling components depend-
ing upon the required operating conditions, For
example, external resistors might be connected
from pin 9 to pins 2 and 3 to provide bias for
Q1 and Q2. This type of construction, with pri=-
mary connections, increases the flexibility of
the device; less different types are required,
and, thus, the cost is less. The values given for
figure 6-60 are nominal and are not necessarily
those that would be found in any particular IC.

PRINTED CIRCUIT BOARDS

A printed circuit board is an insulator sur-
face upon which conductors and other circuit
components have been ''printed.'' To be most
effective, the printed circuitry should adhere
permanently to the base plate. The printed
wiring should have low resistance and be able
to pass the desired current without overheating.
The other printed components, resistors, capa-
citors, and inductors, should remain stable under
their rated loads.

By using a mold of the desired shape it is
possible to produce uniform (as far as physical
dimensions are concerned) units, Since printed
circuit boards are readily adapted to plug-in
units, the elimination of terminal boards, fittings
and tie points results in a substantial reduction
in the overall size of equipment.

Printed circuit boards come in various sizes
depending upon the type of circuitry being used.
Common sense dictates that a printed circuit
board using transistors will be smaller than one
used for the same functionutilizingelectron tubes,
Regardless of the size of the printed ci::cuit
board, you can be sure that the same circuit(s)
built in the conventional manner would occupy
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a much larger space., The functions of a printed
circuit board are to replace as many of the
passive circuit components as possible.

MODULAR CIRCUITRY

The basic building block for modular cir-
cuits is a specially constructed ceramic wafer
on which is mounted or printed the various
components and circuits that make a particular
electronic stage. A number of these wafers are
then stacked to form a module, Since there is
a great similarity between parts and circuits
in modern electronic equipment, and the con-
struction of the module permits the necessary
variations to conform to the various needs of
circuits, the module is a very versatile sub-
assembly unit,

Because of the difficulty in repairing the
printed or subminiature portions of a module,
servicing will be largely the matter of localizing
the defect to a particular module, When the de-
fective module has been found, it will be re-
moved and a replacement module inserted into
the circuit,

SILICON CONTROLLED
RECTIFIER (SCR)

The Silicon Controlled Rectifier (SCR) is a
three junction semiconductor device. It is nor-
mally an open circuit until a proper signal is
applied to the gate element at which time it
rapidly switches to a conducting state, Figure
6-61 depicts the SCR pictorially and sche-
matically.

The following characteristics of the SCR will
be used to explain the operation of the device.
They are as follows:

Forward Blocking Voltage: That value of
voltage (anode terminal positive with respect

Y |
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NN

GATE

NSO

o—]

ANODEO

to the cathode) that puts the SCR in a forward
bias state but which does not switch it to the
conducting state,

Breakdown Voltage: The voltage (anode termi-
nal positive with respect to cathode) that causes
the SCR to switch to the conductive or ON state,

Holding Current: That minimum value of
anode-cathode current that is required to keep
the SCR in conduction, If the anode current
drops below this minimum value the SCR will
return to its blocking state.

Reverse Blocking Region: That region of SCR
operation where the anode terminal is negative
with respect to the cathode (reverse bias) but
not in avalanche. A light current will flow until
the reverse voltage is great enough to cause
avalanche (heavy current flow),

Reverse Avalanche Region: That region of
SCR operation where the maximum reverse
voltage (negative anode) has been exceeded and
avalanche current flows,

Gate Trigger Current: That value of gate
current, in the forward direction (gate to cathode)
required to trigger an SCR whose anode is posi-
tive with respect to its cathode,

Gate Trigger Voltage: That value of voltage
across the gate to cathode element of an SCR
caused by Gate Trigger Current flow., This
voltage is measured prior to the SCR reaching
a conduction state,

Inspection of figure 6-62 indicates that the
forward blocking region is largest when gate
current is zero, it takes a greater value of
forward anode-cathode voltage to cause break-
over, As gate current is increased the forward
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179.135

Figure 6-61,— Pictorial and schematic representation of SCR.
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Figure 6-62,— Voltage-current characteristics
of an SCR.

blocking region is decreased- and the breakover
voltage point occurs sooner. When the break-
down voltage value is reached, the gate region
of the SCR is effectively eliminated and the SCR
goes into heavy conduction and stays there until
anode current drops below the minimum value of
holding current at which time the SCR reverts
to the forward blocking state,

Gate current is an important characteristic
of the SCR. With gate current at zero, a high
value of anode-cathode voltage in the forward
direction would be necessary to cause the SCR
to reach the breakover voltage and go into high
conduction, As gate current is increased to
increase forward bias, the forward blocking
region is reduced and breakover voltage occurs
sooner, It is possible to set a value of gate
current that would eliminate the forward block-
ing region entirely at which time the SCR would
perform as a conventional PN rectifier,

Once the SCR reaches the high conduction
region the gate has no control, the gate area has
been effectively eliminated, To regain control,
external methods must be applied to the SCR to
reduce the flow of anode current., One method is
to apply a voltage to the anode that will make
the anode negative with respect to the cathode.
This will turn the SCR off, putting it back to a
forward blocking condition. Another method is
to divert enough anode current to some external
circuit for a period of time long enough to cause
holding current to drop below its minimum value,
thereby turning the SCR off, A switch across the
anode-cathode terminals, electronically activated
or otherwise, will divert the anode current flow.
Still another method of turning the SCR off is
to cause a heavy reverse current flow from gate

to cathode by injecting a reverse voltage which
will cause the gate region to increase its opposi-
tion to anode current flow and allow the gate to
regain control of the device.

Figure 6-63 illustrates how the SCR can be
used to control a high power circuit. The break-
over voltage with switch 1 open is higher than
E source; therefore, the SCR is not conducting
and there is no current flow through the load.
When switch 1 is closed, the breakover voltageis
reduced (the forward blocking region is reduced)
because of the voltage applied to the gate, The
gate voltage causes the SCR to conduct, and
current flows through the load. This arrange-
ment enables a low power line to control a high
power circuit,

The SCR may also be used as a phase control
device in various power supply applications,
""Phase Control' is a rapid on-off switching
process used to connect an a.c. supply to a load
for a controlled fraction of each cycle. By govern-
ing the phase angle of an a.c. wave at which the
SCR is allowed to conduct, control of the output
of a circuit is accomplished.

A very simple variable resistance half-wave
circuit is shown in figure 6-64. This circuit will
control the output from essentially zero (full on)
to 90 electrical degrees of the anode voltage
wave, With the circuit shown (fig, 6-64) it is not
possible to prevent the SCR from conducting
beyond the 90 degree point, because the supply
voltage to the gate and the voltage necessary to
trigger the gate allowing the SCR to conduct,
are in phase, That is, when E source is offering
maximum resistance, the voltage, anode to
cathode, is sufficient to cause breakover and
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179.137
Figure 6-63.—SCR being used to control high
power circuits,
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Figure 6-64.—Simple variable resistance half-
wave phase control.

the SCR can be caused to conduct at any point
from zero degrees to 90 degrees by adjusting
the control resistor, because the SCRf will conduct
at the point where gate trigger current is reached.
Of course, during the entire negative alterna-
tion of the source the anode-cathode voltage is
reversed and the SCR reverts to a reverse
blocking or OFF state. In order to prevent re-
verse avalanche a diode is placed in series with
the control resistor and the gate, This diode is
shown in figure 6-64 enclosed in dotted lines.
Figure 6-65 depicts the voltage and current
characteristics of the circuit when R control is
adjusted.

Although we have shown the operation of a
single phase control circuit that allows control of
up to 90 degrees of the positive alternation of
the input, it is possible to control the entire
360 degrees of the input through the addition of
other SCR’s, unijunction transistors, and diodes,
as well as through other methods,

TRANSISTOR TESTING

The first step in troubleshooting transistor
circuits is to visually inspect printed circuit
boards for loose connections, short circuits due
to poor soldering and open circuits due tocracked
foil, Careful visual inspection may save hours
of troubleshooting.

Whenever a particular transistor is suspected
to be faulty, it may be tested in the circuit if
there are no low resistance shunts (such as
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R AT MAXIMUM

R AT MINIMUM

E SOURCE Y

E GATE-R MAXIMUM

| LOAD-R MAXIMUM m

E GATE-R MINIMUM

1 LOAD-R MINIMUM

179.139
Figure 6-65,— Characteristics of a simple vari=-
able resistor half-wave control circuit,

coils, forward biased diodes, low value resis-
tors, etc.) across any of its leads. A low re-
sistance shunt across any two of the transistor
leads can easily cause erroneous indications on
the transistor test set.

Erroneous indications can be eliminated by
removing the suspected transistor from the cir-
cuit. Some manufacturers have simplified the
removal and replacement of transistors by using
transistor sockets. Whenever a circuit board
without transistor sockets is encountered, tran-
sistors will have to be carefully unsoldered in
order to test them out of circuits,
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Any meter used for voltage measurements in
transistor circuits should have a sensitivity of
greater than 20,000 ohms per volt on all ranges,
Meters with a lower sensitivity may draw ex-
cessive current from the circuit under test
when using the lower voltage ranges, Meters
with an input impedance of 100,000 ohms per
volt or more are preferred. Precautions to be
observed when taking measurements in transis-
tor circuits are:

1. BEFORE making any resistance measure-
ments, make sure that all power to the circuit
under test has been disconnected and that all
capacitors have been discharged.

2, Do not use an ohmmeter which passes
more than one milliampere through the circuit
under test,

3. Ensure that all test equipment is isolated
from the power line either by the equipment’s
own power supply transformer or by an external
isolation transformer,

4, Always connect a ground lead between
COMMON for the circuit under test and COMMON
on the test equipment.

5. Do not short circuit any portion of a
transistor circuit, Short circuiting individual
components or groups of components may allow
excessive current to flow, thus damaging com-
ponents,

6. Do not remove or replace any transistors
in an energized circuit.

Ico TEST

Age and exposure to higher than normal temp-
eratures may cause excessive collector leakage
current, generally designated as Icg. I i8
greatly dependent on ambient temperature, thus
care must be taken to see that temperature is
controlled when measuring Icq .

One sign of a defective transistor is in-
stability of I~y . Whenever I-; increases slowly
while being measured, it is quite evident that
the transistor is defective. Excessive leakage
current indicates transistor deterioration and
usually is accompanied by lower than normal
beta.

Figure 6-66 shows the test circuit for meas-
uring I . The transistor must be out of the
circuit for this test. If I were measured with
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Figure 6-66. — Measurement of I .

the transistor in the circuit, the indicated Icg
will be higher than the actual I-5 due to shunt
current paths in the circuit.

TRANSISTOR TESTING
USING AN OHMMETER

While an ohmmeter cannot test all the char-
acteristics of transistors, especially transistors
used for high frequencies or switching, it is
capable of making many simple transistor tests.
Since transistor testers might not always be
available, and the ohmmeter is usually available,
some hints on how to test transistors using an
ohmmeter are in order,

Since damage to transistors could occur when
using voltages above approximately 6 volts, care
must be taken to avoid using resistance scales
where the internal voltage of the ohmmeter is
greater than 6 volts. This higher potential is
usually found on the higher resistance scales.,
Excess current might also cause damage to the
transistor under test. Since the internal current
limiting resistance generally increases as the
resistance range is increased, the low range of
the resistance scale should also be avoided.
Basically, if we stay away from the highest
resistance range (possible excessive voltage)
and the lowest resistance range (possible ex-
cessive current), the ohmmeter should present
no problems in transistor testing. Generally
speaking, the RX10 and RX100 scales may be
considered safe.

The polarity of the battery, as well as the
voltage value, must be known when using the
ohmmeter for transistor testing. Although, in
some cases, the ground or common lead (black)
is negative and the hot lead (red) is positive,
this battery set-up is not always the case.
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It is possible to reverse the polarity of the under the common and a positive sign under the
ohmmeter leads by changing the function switch other jack, these do not indicate the internal
position. This means that the black or common polarity of the battery connected to the jack.
lead is now the positive battery and the red lead In addition, do not use any ohmmeter for tr ansis-
is the negative battery, Caution: Although the tor testing that draws more than one milli-
jacks of the meter may show a negative sign ampere.
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CHAPTER 7
ELECTRON TUBES

A most important device which performs as
an amplifier/rectifier in communications and
navigation' systems is the electron tube. Electron
tubes have been replaced in many applications
by solid-state devices. However, innumerable
uses for tubes will exist for some time,

ELECTRON TUBE DIODES

Basically, the electron tube diode behaves
as a PN junction diode. Preparation for current
flow through the two devices is slightly different,
however.

Considering first the thermionic or heated
cathode electron tube, one discovers that its
major components are a cathode (emitter), an
anode, and an evacuated envelope (as their
environment). Cathodes are formed of compounds
which lend themselves to rapid and easily ac-
complished emission of electrons. Anode mate-
rial does not readily lend itself to suchbehavior.

When the cathode is heated, it immediately
starts to emit electrons. (This emission of
electrons from hot bodies is known as Edison
effect.) Although this emission is low the po-
tential between the anode and cathode can be
measured (before an external potential differ-
ence is applied between them) if adequately
sensitive equipment is used. Such an indication
is achieved by comparing the stable or reference
state of the anode material to the electron emis-
sion from the cathode material.

At the instant a difference of potential is
applied externally between anode (positive) and
cathode (negative), an electric field exists be-
tween the electrodes of the diode, Electrons, now
under the directed influence of the electric field,
flow toward the anode through the source to
cathode and in the complete cycle path as long
as the field exists.

In electron tube diodes, the intensity of
current flow is directly proportional to the level
of potential difference between the cathode and

anode., This potential difference may also be
described as the electric field which exists
between the cathode and anode, or, such field’'s
strength and/or density.

Since the material of an electron tube’s anode
is not conducive to the emission of electrons,
and this material is not heated to prepare it
for such emission, current flow from the anode
to cathode does not normally occur. Hence, the
electron tube diode performs as a unidirectional
valve or switch.

Should a difference of potential, high in value
and reversed in polarity be placed across an
electron tube diode, the ''dielectric'' between
anode and cathode may be ''broken down,'' and
an excessive quantity of reverse current flow
will naturally occur. Electron tube reverse cur-
rent breakdown may be closely compared to the
breakdown of a capacitor’s dielectric., Each is
due to excessive electric field strength or extra=-
ordinarily high difference of potential across
device elements. Note that in each case of
breakdown there exists some physical means
of current conduction between the poles of po-
tential difference. In capacitors this medium is
the dielectric; in electron tubes it is also a form
of dielectric. Specifically, in electron tubes,
the evacuated envelope is not an absolute void
or ''perfect'' vacuum,

OPERATION OF THE ELECTRON
TUBE DIODE

As has been stated, the evacuated envelope
surrounding the electron tube diode is not a
perfect vacuum,., Therefore, some matter re-
mains in the existing space. When the cathode
is heated, it begins to emit electrons. Upon
application of an electric field, these electrons
are directed through the material of the ''vacu-
um'' to the anode, through the source and back
to the cathode,

A question which frequently arises concerning
the operation of electron tube diodes is the one
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of improving its efficiency by not evacuating the
envelope. Such thinking results from the fact
that residual matter in the evacuated tube pro-
vides the current conduction path from cathode
to anode. However, increasing this matter by
leaving air in the device has two fundamental
obstacles to effective operation, One, the oxygen
in air would encourage the rapid burn-out of
the heater and, two, an abundance of matter
in the tube would allow excessive electron dis-
sipation in the forms of ionization and heat,
even should problem one be overcome. Ioniza-
tion, incurred in the process just discussed,
develops whenever electron flow occurs. Visible
evidence of ionization is manifested when the
ionized matter is principally composed of an
inert gas or gases.,

COLD CATHODE ELECTRON
TUBE DIODES

In some cases electron tube diodes are con=-
structed without facilities for heatingthecathode,
Such diodes are frequently used as voltage regu-
lators as well as conventional rectifiers.

Operation of cold cathode diodes occurs when
a difference of potential is placed across the diode
anode (positive) and cathode (negative) causing an
electric field to exist between these elements.
Since cathode material is of a relatively high
electron emission level, some of these electrons
are started on their path to the anode. Usually,
the medium of conduction is an inert gas such
as neon, argon, krypton or xenon. When electron
flow in these gases occurs, the gases glow in one
of several colors and are said to have become
ionized.

Since some energy is dissipated in theform of
heat while ''cold'' cathode electron tubes are
operating, the cathode temperature does rise,
Therefore, the term ''cold'' cathode is not com-
pletely accurate and at best only indicates the
lack of a cathode heating element in suchelectron
tubes,

As current flow through an inert gas diode
increases more energy is dissipated in ionizing
the gas, Within the limits established by the
quantity and type of gas, such diodes will main-
tain a constantvoltagedrop across their elements,
though current flow through the devices varies,

CATHODE CONSTRUCTION
This chapter, for the most part, will be con-

cerned with electron tubes which employ thermio-
nic emission, Thermionic cathodes are heated in
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Figure 7-1.— Methods of heating the cathodes of
electron tubes.

one of twoways —directlyor indirectly. A directly
heated cathode is one in which the current used
to supply the heat flows directly through the
emitting material, In anindirectly heated cathode,
the heating current does not flow through the
emitting material., Figure 7-1 illustrates the
construction of the two types of cathodes.

The directly heated cathode, commonly called
a filament, has the advantage of being fairly
efficient, and capable of emitting large amounts
of energy. However, due to the small mass of
the filament wire, the filament temperature
fluctuates with changes in current flow. If an a.c.
source is used to heat the filament, undesired
hum may be introduced into the circuit. This
is especially evident in low level signal circuits,

A relatively constant rate of emission under
mildly fluctuating current conditions may be
obtained with an indirectly heated cathode. This
type of cathode is in the form of a cylinder, in
the center of which is a twisted, electrically
insulated wire called the heater. The cathode is
maintained at the correct temperature by heat
radiated from the heater. The emitting material
in this type of cathode remains at a relatively
constant temperature, even with an alternating
heater current, Figure 7-2 illustrates the sche-
matic symbols for directly and indirectly heated
cathodes,

DIODE CONSTRUCTION

As the name implies, the diode electron tube
contains two electrodes or elements (the heater
in an indirectly heated cathode type of tube is
not considered an element). These electrodes are
called the cathode and plate or anode, Physically,
the cathode is normally placed in the center of
the tube structure, and is surrounded by the plate.
Examples of directly and indirectly heated diodes
are shown in' cut-away views, in figure 7-3.
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Figure 7-2, — Schematic symbols for directly and
indirectly heated cathodes.

PLATE

179.142
Figure 7-3.,—Cutaway views of directly and in-
directly heated diodes.

The plate, as previously stated, is made of a
material which is not conducive to the emission
of electrons, It must also be capable of dissi-
pating the heat generated by electrons striking
the plate,

The schematic symbols used to represent
diode tubes are shown in figure 7-4. In many
cases, two or more diodes may be included in
the same envelope, in order to conserve space.
A tube which contains two plates and one or two
cathodes is called a duo-diode or twin diode.
Figure 7-5 illustrates the construction and sche-
matic symbols of duo-diode electron tubes.

As a rule, electron tubes do not have as long
a life expectancy as resistors, capacitors, or
other circuit components, This is due, in large
part, to wearing out or breaking down of the fila-
ment or heater, To provide for easy removal
and replacement of the tube, the base of the tube
(fig. 7-5) is constructed in the form of a plug,
which is inserted into a socket on the chassis,
The electrical connections between the tube
elements and the circuit are completed through
the plug terminals, called pins (fig. 7-5).
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4.140
Figure 7-4,—Schematic symbols used to repre=

sent diode tubes,
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Figure 7-5,— Construction and schematic sym-

bols of duo-diodes.

There are various types of tube bases, con-
taining different numbers and sizes of pins. Each
type of tube base has some kind of guide or key
to prevent the tube from bveing plugged into the
socket improperly. For ease of circuit tracing,
the tube pins are assigned numbers., At the
BOTTOM of the tube or socket, the pins are
numbered in a clockwise direction, beginning
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with pin number one at the key or guide, The
pin numbering systems for several types of
tubes are shown in figure 7-6.

DIODE CHARACTERISTICS

As was previously explained, when a dif-
ference of potential of the proper polarity (i.e.,
plate positive — cathode negative) is placed across
a diode electron tube, current flows from cathode
to plate. The magnitude of this current is deter-
mined by the amplitude of the potential applied
and the opposition to current flow presented
by the tube,

The characteristics of a particular tube may
be determined from a graph of its plate current
designated I, versus its plate to cathode volt-
age (commonly called plate voltage), designated
Ep. The graph is known as an E} - I char-
acteristic curve, A representative E;, - I, curve
and the circuit used to obtain it are illustrated
in figure 7-17,

The plate supply voltage is designated E y, .
In the circuit in figure 7-7 E is equal to E .
However, in practical circuits, E, will not
equal E, , and the two voltages should not be
confused. These terminologies were derived from
the now obsolete use of batteries to supply the
electrode potentials. The plate to cathode poten-
tial was supplied by what was called a ''B"!
battery, hence the designations E,, and E,, are
now used.

To obtain an Ep-Ip characteristic curve,
the plate voltage (E,) is increased, from zero,
in steps, and the corresponding increases in
plate current (I, ) are plotted as shown in figure
7=1.

4
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Figure 7-6.— Pin numbering systems for several

tube types.
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Figure 7-7.—Representative E,-I, curve and
circuit used to obtain it.

The curve obtained from the circuit in figure
7-7 consists of three distinct regions; O to A,
A to B, and B to C. Note that in the regions of
O to A and B to C appreciable non-linearity
exists, The region from A to B is essentially
linear,

As the curve is plotted, a point is finally
reached (point C) where a further increase in
plate voltage no longer produces an increase in
plate current, At this point the plate is attract-
ing all the electrons the cathode is capable of
emitting. This condition is known as saturation,
and at this point the upper limit of the tube’s
conduction capabilities have been reached.

Note that the current flow through a tube is
some finite value. This indicates that the tube is
effectively offering opposition to current flow,
The opposition offered to the flow of direct cur-
rent, by an electron tube, is called D.C. PLATE
RESISTANCE, D.c. plate resistance is measured
in ohms and designated as Rp. This resistance
is thought of as existing from the cathode to the
plate of the tube. Rp may be calculated by the
formula

_E
RP - TgL
Where: Ry, = d.c. plate resistance in ohms
E, = the voltage from plate to cathode

in volts
I, = plate current in amperes

The d.c. resistance of a diode is not constant
throughout the operating current range of the
tube. This can be verified by calculating the Rp
at several points along the E I, characteristic
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Figure 7-8.—Calculating R, from the Ey-I,
characteristic curve,

curve, as shown in figure 7-8, However, it is
practically constant throughout the linear portion
of the curve,

D.c. plate resistance is a ''static'' character-
istic. A static characteristic is one which is
obtained with d.c. potentials applied to the tube,
Another characteristic, a.c. plate resistance, is
a dynamic characteristic. That is, it is indica-
tive of tube performance under signal, or a.c.,
conditions.

The term n.c. plate resistance is defined as
the opposition offered by an electron tube to the
flow of alternating current. The symbol designat-
ing a.c. plate resistance is rp . The r, of a diode
electron tube may be found with the use of the
formula

A ep
P TR,

Where: r, = a.c. plate resistance in ohms
Aep = a small change in plate voltage
Ai, = a small change in plate current

The values reqiired to calculate r, may be
obtained from the E,-I, characteristic curve of
the tube concerned. This is illustrated in figure
7-9. A.c. plate resistance also varies through-
out the operating range of the tube; however, it
too is essentially constant in the linear portion
of the curve,

DIODE RATINGS
Each diode has certain voltage, current and

power values which should not be exceeded in
normal operation, These values are called ratings.
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Figure 7-9,—Calculating r, from the E.-I,
characteristic curve.

The following are the most important diode
electron tube ratings:

Plate Dissipation is the maximum average
power, in the form of heat, which the plate may
safely dissipate,

Maximum Average Current is the highest
average plate current which may be handled
continuously, It is based on the tube’s permis-

sible plate dissipation,

Maximum Peak Plate Current is the highest
instantaneous plate current that a tube can safely
carry, recurrently, in the direction of normal
current flow,

Peak Inverse Voltage (PIV) is the highest
instantaneous plate voltage which the tube can
withstand recurrently, acting in a direction op-
posite to that in which the tube is designed to
pass current (i.e., plate negative — cathode posi-
tive).

It should also be noted, that the correct fila-
ment or heater voltage and current is required
for proper operatpon of an electron tube. If heater
current is too low, the cathode will not emit
sufficient electrons. This will result inlow emis=-
sion, and the tube will be incapable of proper
operation, Excessive heater or filament current
may reduce the life of the tube or destroy the
heater or filament,

DIODE RECTIFIERS

There is little practical difference between a
solid state diode rectifier circuit and an electron
tube diode rectifier circuit, It should be men-
tioned, however, that most electron tube rectifiers
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require a source of filament or heater voltage
(supplies). Also, there is no possibility of re-
verse current in an electron tube rectifier,
Figure 7-10 illustrates electron tube half wave,
full wave, and bridge rectifier circuits,

As can be seen, these circuits are identical,
with the exception of the heater or filament
connections, to their solid state counterparts
(chapter 5). Filters used with these rectifier
circuits will also be identical to those previously
discussed.

TRIODES

If a third electrode, called a control grid, is
placed between the cathode and plate of an
electron tube, a device known as a triode (three
element tube) is created, Figure 7-11 illustrates
a cutaway view and schematic symbol of a triode
tube.

The addition of a control grid makes possible
the use of an electron tube as an amplifier. The
grid usually consists of fine wire wound on two
support rods, extending the length of the cathode.
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Figure 7-10.— Electron tube rectifier circuits,
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Figure 7-11,— Cutaway view and schematic symbol of a triode tube.

Two types of grid structure are illustrated in
figure 7-12,

The grid wire is made of a material which
has a low level of electron emission, The spacing
between the turns of the grid wire is large
compared to the size of the wire., This allows
the passage of electrons from the cathode to the
plate to be practically unobstructed by the grid
structure,

N

LADDER TYPE

CONTROL OF PLATE ELLIPTICAL
CURRENT HELIX

179.146

The purpose of the control grid is to control Figure 7-12,—Typical grid structures.

the flow of plate current. The grid acts as an
electric shield between cathode and plate, There-
fore, both grid and plate potentials are effective
in controlling plate current, However, as explained
later, the grid voltage has much more control
over plate current than does the plate voltage.
It is this fact which accounts for the triode’s
ability to amplify.

Basic to an understanding of triode operation,
is an understanding of the effect of the control
grid on an electricfield betweenplate and cathode.
Consider the circuit of figure 7-13, In this cir-
cuit, the plate to cathode voltage (E,) is such
that the plate is positive with respect to the
cathode (in this case E, = E,). The grid is —
connected directly to the cathode., Therefore,
the control grid voltage with respect to the 179,147
cathode, designated E., is zero. The control Figure 7-13.— Triode with grid at samepotential
grid and cathode are at the same potential, as cathode,

L

< Epp

——
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An electric field exists within the tube, as
illustrated in figure 7-14, The lines of force
which make up this field originate at the plate
and terminate on either the control grid or
cathode, Since the control grid and cathode are
at the same potential (E. = 0), and the wind-
ings of the control grid are spaced wide apart,
the majority of the lines of force will terminate
on the cathode. Electrons emitted by the cathode,
under the directed influence of the electric
field, will flow from cathode to plate and return
to the cathode through the plate voltage supply,
E -

Now consider the result of making the gri.
somewhat negative with respect to the cathode,
This is done with the use of a grid voltage
supply designated E.. (fig. 7-15A). A greater
number of lines of force will now terminate
on the grid, and fewer will terminate on the
cathode, This is illustrated in figure 7-15B. The
corresponding attraction for electrons, by the
plate, is effectively reduced, resulting in a lower
plate current flow, A small increase in the
negative grid to cathode voltage will cause an
appreciable decrease in plate current,

If E. is made sufficiently negative all the
electric lines of force will terminate on the grid.
There will be effectively no attraction to the
plate felt by the cathode electrons, thus no
plate current will flow., This is illustrated in
figure 7-16, The condition resulting from the
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<
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<
<
CATHODE
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179.148
Figure 7-14.— Electric field with zero grid
potential.
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Figure 7-15.—Circuit and electric field for a
triode with a negative grid.
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Figure 7-16,— Electric field at or beyond cutoff,
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grid’s prevention of current flow is called ''cut-
off.'" The negative grid to cathode voltage re-
quired to achieve cutoff is called cutoff voltage
(Eco). '

If the grid is made positive with respect to
the cathode, a large current will flow, This cur-
rent will be divided between the plate and control
grid. Control grid current is designated I .
The total current emitted by the cathode is
called cathode current and is designated I,.
The sum of plate current and control grid cur-
rent equals cathode current, That is

=1 +1,

Normally, a tube will not be operated with
a positive E.. However, in many cases the grid
will be driven positive with respect to thecathode
by the positive peak of an input signal.

Grid current causes heating of the grid. The
grid must be capable of dissipating this heat,
The grid current and power dissipation ratings
of a tube must not be exceeded, or destruction
of the grid structure may result,

It should be noted that if E. is held constant,
the magnitude of plate current will be a function
of plate voltage, much the same as in a diode.
However, a large change in plate voltage is re-
quired to cause the same change in plate current
as a small change in grid voltage.

In practical triode circuits, a d.c. difference
of potential between grid and cathode is used to
set the operating level of the tube. This d.c.
voltage is called bias. In most electron tube
circuits the bias is such as to make the control
grid negative with respectto the cathode, Although
there are some applications requiring the grid
to be biased positive with respect to the cathode,
these will be covered separately, when required.
For the remainder of this chapter, we will be
concerned only with circuits utilizing negative
grid to cathode bias,

The bias required for the operation of an
electron tube may be obtained by one of two
general methods, fixed bias, or self bias, Fixed
bias is obtained from a power supply or battery.
Self bias is obtained by using the tube’s own
current to develop a bias voltage. These two
methods will be discussed in detail later on,
For the present, we will represent bias voltage
with a battery (E. ), as was illustrated in
figure 7-15A.

The input signal voltage normally applied to
the control grid of an electron tube is alternating
in character; at least, it is a voltage which
varies in amplitude and perhaps in polarity. The

input signal (e;) and bias voltage (E .. ) arein
series, between the control grid and cathode.
This is illustrated in figure 7-17.

The relationship between the input signal,
bias, and plate current is illustrated in figure
7-18. Figure 7-18A represents an input signal of
5 volts peak, This is the instantaneous a.c.
component of grid to cathode voltage (eg). It
varies between +5 and =5 volts, The grid bias
is arbitrarily set at -6 volts, as shown in figure
7-18B. As shown in figure 7-18C, the instan-
taneous grid to cathode voltage (e.) will ride
on the -6 volt level. As the input signal (eg)
goes positive, the instantaneous grid to cathode
voltage (e.) becomes less negative. This re-
sults in more plate current (ip), as illustrated
in figure 7-18D. As e, goes negative, e. be-
comes more negative, resulting in less plate
current,

Note that figures 7-18C and 7-18D represent
changes in grid to cathode voltage and plate
current, respectively, These changes are in
phase, and represent a combination of d.c. and
a.c. components, The instantaneous a.c. com-
ponent of plate current is designated ip.

TUBE CONSTANTS

The behavior of the plate current in a triode,
under the influence of various control grid and
plate voltages, does not occur at random, It is
a design function of the tube, specifically the
geometric organization of the tube electrodes.
Separation between electrodes, shape and dimen-
sions of the electrodes, and other physical
details, are examples of factors which deter-
mine tube behavior. All of these factors are
expressed by a group of tube constants. The
constants may be used to predict tube behavior.

€g

T
179.151

Figure 7-17, —Input signal and bias voltage repre-
sentation,
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Figure 7-18,— Relationship between input signal,

bias, and plate current.

The three primary tube constants are amplifi-
cation factor, a.c. plate resistance, and trans-
conductance,

Amplification factor is a measure of the
effectiveness of the control grid as compared to
the effectiveness of the plate in controlling plate
current, It may also be stated as the ratio of
the change in plate voltage to a change in control
grid voltage in the opposite direction, under the
condition that plate current remains unchanged,
For example, if, when the plate voltage is made
1 volt more positive, the control grid voltage
must be made 0.1 volt more negative (with respect
to the cathode) to hold plate current unchanged,
the amplification factor is 1 divided by 0.1, or
10. In other words, a small variation in grid
to cathode voltage has the same effect on plate
current as a large plate voltage change—the
latter equal to the product of the grid voltage
change and amplification factor.

In formula form, amplification factor, desig-
nated y (pronounced mu) may be expressed as

po= Aeb (1, constant)
Ae.
Triodes may be grouped into three general

classes, according to their p : low-p triodes,
in which the amplification factor is less than 10;

medium- y triodes, in which it is between 10 and
50; and high-y triodes in which the amplifica=-
tion factor is 50 or more.

The a.c. plate resistance of a triode, desig-
nated rp , is the opposition offered by the tube
to the flow of alternating current, It is the
quotient of a small change of plate voltage
divided by the corresponding change in plate
current, with the grid voltage held constant,
That is,

Aeb
rp ——A-—i;-(Ec constant)

For example, if a change of 0.1 ma is produced
by a plate voltage variation of 1 volt, the plate
resistance is 1 divided by 0.1 x 102 or 10,000
ohms,

Transconductance, designated g, , is a tube
constant which expresses the specific change in
plate current for a unit change in grid voltage,
with the plate voltage held constant. In formula
form

Aliy
€m = NP (E, constant)

The unit of transconductance is the mho. For
convenience, a millionth of a mho, or gmho, is
used to express transconductance, Thus, if agrid
to cathode change of 0.5 volt causes a plate
current change of 1 ma,, the transconductance
is 1 x 10™® divided by 0.5 or 2 x 10 mbhos.
This is expressed as 2,000 pmhos,

The transconductance of a tube is an im-
portant constant, It is the most commonly used
of all the constants when comparing similar
tubes. A tube with a higher transconductance is
capable of furnishing greater signal output than
a tube with a lower transconductance, assuming
identical levels of input signal voltage and ar-
rangements in the plate circuits,

The three previously discussed constants
are interrelated, The operating voltages applied
to each type of tube determine the exact value
of each constant, and for any one set of operating
potentials, each tube bears these three ratings.
The constants vary in magnitude relative to
each other in a definite manner,

Amplification factor remains substantially
constant. Being a property of the physical geo-
metry of the tube, it varies little with changes
in the operating voltages applied to the grid and
plate. Plate resistance; rp, varies greatly with
operating voltages, especially through the region
of potentials which result in low values of plate
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current, This occurs at high negative grid bias,
low plate voltage, or both, Increasing the physical
separation between grid and plate in a triode
results in a high amplification factor and also
a high a.c. plate resistance, Usually, therefore,
the higher the amplification factor, the higher
the a.c. plate resistance of a tube,

Transconductance varies inversely with a.c.
plate resistance. The higher the a.c. plate re-
sistance of a tube the lower its transconductance,
or vice versa.,

The three constants are mathematically re-
lated as follows:;

‘J' - rp - gm
rp =L

8m
gm =_H

Tp

TRIODE AMPLIFYING
ACTION

One of the primary functions of a triode
electron tube is as a voltage amplifier. Although
it has been shown that a signal between the grid
and cathode of a tube will cause corresponding
variations in plate current, a circuit such as
the one illustrated in figure 7-19 A cannot produce
any plate voltage changes, This is due to the fact
that the tube is the only impedance across the
source, E, , and must always have the total
voltage dropped across it,

In order to convert plate current variations
into plate voltage variations, a resistance (or
other impedance) must be placed in the plate
circuit, external to the tube, as shown in figure
7-19B. This resistance is called the plate load
resistance and is designated R; .

e" %Ebb e"
Ecc Ece
A
179.153

Figure 7-19,— Addition of plate load resistance.,

The plate circuit contains several new terms,
since a new action occurs. To understand these
new terms, it is imperative to note the location
of the plate load resistor. R; is directly in the
path of iy. The movemeant of plate current must
be through this resistor because the complete
plate current path is from the cathode to the
plate, through K; to the positive terminal of
the source, E}p, , and from the negative terminal
of Epp,  to the cathode,

Under these circumstances, two voltage drops
occur in the plate circuit. One of these is
across the internal resistance of the tube, or
iprp, and the other is the drop across R , or
i, Ry . This leads to three voltages being present
in the plate circuit: E , , theplatesupply voltage;
ep, the instantaneous plate to cathode voltage;
and the voltage across the load resistance(e gy ).
Note that e, plus er. must equal E, ., In-
stantaneous designations were used in the above
discussion in order to cover all possibilities,
Whether e, and erL. are varying or constant
will depend, of course, on the voltage applied
between the grid and cathode. In any case the
relationships described always hold true.

Consider figure 7-20, Assume the E.. is
adjusted to such a high negative value as to cut
off plate current. In that event, the voltage
across rp (between plate and cathode) is the
same as the plate supply voltage, or e, = Epp =
350 volts, This is true because the tube’s inter-
nal plate resistance is infinite and plate current
is cut off. Under these conditions there will be
no voltage drop across R .

Now assume that E.. is made less negative,
and allows 2 ma. of plate current to flow, With
i, equal to 2 ma,, eg; will be

eRL = 1bRL
erR. = 2 x10°° . 25 x 10°
eg. = 50 volts

179.154
Figure 7-20,— Controlling e, through E . .
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Since e} is the difference between E,, and
€RrL :
b
SATURATION
€ = Eppb = ©RL
ey, = 350 - 50
LINEAR
e, = 300 volts R;Gm”
Most of the voltage drop takes place across Ip,
which is now finite since plate current flows,
Next, assume the grid is made less negative,
to a point where a plate current of 12 ma, is
allowed to flow, By Ohm’s law, the voltage CUTOFF
across Ry is
"'ec (o} +'ec
er. = bRL 179.155
Figure 7-21.— Dynamic transfer (i, -e.) curve,
ep. = 12x10°%+ 25 x 10°
egrr. = 300 volts then determine the plate voltage variations caused

Therefore, e, is

350 - 300

€y

€p 50 volts

Bearing in mind that the plate supply voltage,
Ey, , is always constant at 350 volts, and that the
change in plate current is afunction of the control
grid to cathode voltage, it is possible to imagine
an increase in plate current such that all the
voltage drop in the circuit occurs across Rj .
If this could occur, ey would be zero. This is
not actually possible, since rp will never be
zero, and therefore e, though very low, will
not be zero.,

In order to study the operation of an actual
triode amplifier circuit, under signal or ''dyna-
mic'' conditions, a curve called a dynamic trans=-
fer curve or i, - e. curve, is used, Such a
curve illustrates the relationship between grid
to cathode voltage and plate current, and is valid
only for a particular tube, supply voltage, and
Ry . Such a curve is illustrated in figure 7-21.

Note that the curve consists of three regions:
two non-linear portions, one as the curve ap-
proaches cutoff and the other as it approaches
saturation, and a linear region between the upper
and lower knees of the curve,

The i, - ec curve may be used to plot the
changes of plate current caused by changes in
grid voltage. These plate current variations will

by the effect of the load resistance. To d2mon-
strate the method of predicting the plate current
behavior from the dynamic transfer character-
istic, it is necessary first to establish the
operating point on the characteristic curve, This
point is set by the amount of grid bias applied
to the tube, It establishes a steady value of
plate current, which prevails for a zero input
signal voltage. This value of plate current is
called the quiescent value of plate current,

The location of the operating point determines
how much change occurs for input signals of
different magnitudes. Since it is always desirable
to develop a maximum change in plate current
for a unit change in grid voltage, the location
of the operating point is determined by the maxi-
mum amount of signal voltage anticipated. Another
factor related to the location of the operating
point is the desired behavior of the plate current.
If it is desired that the output signal be a faithful
reproduction of the input signal, the operating
point must be in the center of the linear portion
of the curve, and the input signal must not be so
large as to drive the tube into the non-linear
regions,

Consider the circuit shown in figure 7-22A,
The amplitude of the input signal, eg, is 3 volts
peak-to-peak., The bias is 3.5 volts, Note that
this places the operating, or ''Q'' point, in the
center of the linear portion of thei, - e. curve,
as shown in figure 7-22B, Note that with this
bias and input signal, operation will be within
the linear portion of the curve,

The plate current variations (ip) resulting
from the 3 volt peak-to-peak signal (e ;) applied
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Figure 7-22, —Setting the Q point,

to the circuit of figure 7-22A, are shown in
figure 7-23. Referring to line AB, the input
signal voltage waveform is drawn so that its
O-volt point coincides with the bias voltage.
All other instantaneous amplitudes of the signal
are then projected onto the characteristic curve,
and indicate the instantaneous plate currents,
Horizontal projections of these intersections
are the instantaneous amplitudes of the plate
current,

For instance, line AB represents a period
during which the signal voltage is zero, producing
the period represented by A'B' wherein the
quiescent plate current is 7 ma. This current is
established by the no signal conditions — that is,
the 350 volt supply, the 25,000 ohm load resist-
ance, and the 3.5 volt bias,

As e, goes positive (points BC), the effective
grid to cathode voltage becomes less negative,
and ip increases (B'C'). When e; goes nega-
tive (CE), ec becomes more negative, and ip
decreases (C'E'), This is shown point by point
in figure 7-23,

As was previously explained, variations in
plate current cause variations in ep; andey.
Figure 7-24 shows the relationship between e,
ip,egL, and ey, of figure 7-22A,

When eg is zero, i, is 7 ma, which results
in an ep; of 175 volts, and an e, of 175

volts, When e; is maximum positive, the effec-
tive grid to cathode voltage (e.) is at its least
negative point, and ip is 10 ma. This results
in an egp. of 250 volts and an e, of 100 volts,
When e; is maximum negative, ec is at its
most negative point, and i, is 4 ma. This in
turn, results in an ep; of 100 volts and an ey

179.157
Figure 7-23,— Variatons of ip (following ).
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of 250 volts, Note that an eg; of 3 volts peak-
to-peak (1.5 volts peak) results in an ep of
150 peak-to-peak (75 volts peak), This represents
a voltage gain of 50.

Several points should be noted in figure 7-24,
The input signal eg and the a.c. component of
plate current ip are in phase with each other,
but are out of phase with e, . Also note that the
sum of eg  and e, always equals the plate
supply voltage.

The previous example of a basic triode ampli-
fier was limited to operation within the linear
portion of its curve, It should be noted that other
"'"classes of operation'' are used and will be
discussed later on,

(IN VOLTS)

-

-1.5

ib 7
(IN MILLIAMPS)

80

250

-

eRL 175
(IN VOLTS)
100
250
eb 175
(INVOLTS)

100

179.158
Figure 7-24.— Relationship between eg, iy, ey, »

and e, of figure 7-22A,

INTER-ELECTRODE
CAPACITANCE

The grid, plate, and cathode of a triode form
an electrostatic system, each electrode acting as
one plate of a small capacitor. The capacitances
are those existing between grid and plate (C gp ),
plate and cathode (Cpk ), and grid and cathode
(Cgk ). These capacitances are known as inter-
electrode capacitances and are represented in
figure 7-25. Generally, the capacitance between
grid and plate (C,p ) is of the most importance.
In high gain radio frequency amplifier circuits
this capacitance may act to produce undesired
coupling between the input circuit (the circuit
between grid and cathode) and the output circuit
(the circuit between plate and cathode). This
coupling is undesirable in an amplifier because
it may cause instability and unsatisfactory per-
formance.

TETRODES

The capacitance between grid and plate may
be diminished by mounting an additional electrode,
called the screen grid (grid No. 2), in the tube,
With the addition of the screen grid, the tube
has four electrodes and is, accordingly, called
a tetrode. The screen grid or grid No. 2is
mounted between the control grid (grid No. 1)
and the plate, and acts as an electrostatic
shield between them, thus reducing the grid to

ap

20.8
Figure 7-25,—Schematic representationofinter-
electrode capacitance.
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plate capacitance. In practice, the grid to plate
capacitance is reduced from several picofarads
for a triode to 0.01 picofarad or less, for a
screen grid tube, The schematic symbol for
a tetrode is shown in figure 7-26.

The screen grid has another desirable effect
in that it makes plate current practically in-

dependent of plate voltage over a certain range..

The screen grid is operated at a positive po-
tential with respect to the cathode, and therefore
attracts electrons from the cathode, However,
because of the comparatively large space be-
tween wires of the screen grid, most of the
electrons drawn toward the screen grid pass
through it, and are attracted by the plate. Hence
the screen grid supplies an electrostatic force
pulling electrons from the cathode to the plate,
At the same time, the screen grid shields the
electrons between the cathode and screen grid
(from the plate) so that the plate exerts very
little electrostatic force on electrons near the
cathode,

So long as the plate voltage (E,) is higher
than the effective screen grid to cathode voltage
(Ec2 ), plate current in a screen grid tube de-
pends to a great degree on screen grid voltage
and very little on plate voltage. The fact that
the plate current, in a screen grid tube, is
largely independent of plate voltage makes it
possible to obtain much higher amplification
with a tetrode than with a triode. The low grid
to plate capacitance makes it possible to obtain
this high amplification without plate to grid
feedback and resultant instability.

«—PLATE
SCREEN
_f_\ / GRID
oo
CONTROL—/
GRID
CATHODE HEATER

20.9
Figure 7-26,—Schematic diagram of a tetrode,

TETRODE CHARACTERISTICS

In the tetrode with fixed control grid and
screen grid potentials, the cathode current (Iy)
or total current is practically constant, Hence,
that portion of cathode current which is not
collected by the plate must be collected by the
screen grid, Where the plate current is large,
the screen current (i .; ) must be small, and vice
versa, This is illustrated in figure 7-27,

Although the plate voltage does not affect the
total or cathode current to a very great extent,
it does determine the division of the cathode
current between plate and screen. At zero plate
to cathode voltage, few electrons reach the plate,
and iy is low. As the plate to cathode voltage
is increased (O to A), a rapid rise in i, occurs
with a corresponding decrease in i, . However,
this increase is followed by a region in which iy
decreases with increasing e, (A to B). This
region is one of negative resistance, since an
increasing e, is accompanied by a decreasing
i,, and is called the negative resistance or
dynatron region. When the plate voltage is larger
than the screen potential (point B), the plate
current increases, and the screen current de-
creases,

Secondary emission is the action of electrons
being knocked free from the plate (due to the
bombardment action of high velocity electrons
from the cathode). This secondary emission re-
sults in the negative resistance of the dynatron
region in multielement tubes because loose elec-
trons are between the screen grid and the plate

DYNATRON _LINEAR

REGION P/ORTION
lk
Icz
ib
0 +
Epp
179.159 '

Figure 7-27.,—Comparison of cathode, screen
grid, and plate currents in a tetrode,
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causing some arriving electrons to be repelled
from the plate, In two and three electrode tubes,
this secondary emission does not cause trouble
because no positive electrode, other than the
plate itself, is present to attract electrons.

In the case of screen grid tubes, the proximity
of the positive screen grid to the plate offers
a strong attraction to the secondary emission
energy, and particularly so if the plate voltage
is lower than the screen voltage. This effect
reduces plate current and limits the useful
plate voltage swing for tetrodes.

Although some applications for tetrodes make
use of the dynatron region of operation, most
tetrode circuits are designed to operate in the
linear portion of the curve (points C to D in
fig. 7-27). This is usually accomplished by
maintaining ep above E, .

Figure 7-28 illustrates a basic tetrode ampli-
fier circuit. Rs; is called a screen dropping
resistor and is used to maintain the screen grid
operating potential. Csg is a screen bypass
capacitor, and is used to maintain the screen
grid at a constant potential,

The following relationships exist in the basic
circuit of figure 7-28:

Egr,, =12 ng

S8
ECZ = Ebb - Eng
ik = ib + iCZ
PENTODES

The cffects of secondary emission are mini-
mized when a fifth electrode is placed, within
the tube, between the screen grid and plate,
This fifth electrode is known as the suppressor

179.160
Figure 7-28,— Basic tetrode amplifier circuit.

179.161
Figure 7-29, —Schematic representation of pen-
tode tube.

grid (grid No. 3) and is usually connected,
internally or externally, to the cathode. Both
methods are shown, schematically, in figure
7-29. Because of its negative potential with
respect to the plate, the suppressor grid retards
the flight of secondary emission electrons and
diverts them back to the plate., The main electron
stream is not materially affected by the presence
of the suppressor grid. Figure 7-30 illustrates
a comparison between the e, - iy curves for a
tetrode and pentode.

The pentode has replaced the tetrode in RF
voltage amplifiers, because it permits a some-
what higher voltage amplification in moderate
values of plate potential. Likewise, it permits a
greater plate potential excursion without distor-
tion., However, tetrodes are used extensively
in high power tuned amplifiers.

Figure 7-31 illustrates a basic pentode ampli-
fier circuit. Since the suppressor grid is at a
negative potential with respect to the screen grid

. or plate, it does not draw current. Therefore,

1
16 eg o]
14
lz-.
1ot — eg-sv
8 1 == eg 0
6t /
/
[b 4 % / ’__,_—-——-“‘—'OQ—BV
(MILLIAMPS) A
2 1 :‘_ 7
100 200 300 400 500
e
b WVOLTS)  ____reTRoDE
—— PENTODE

179.162
Figure 7-30.—Comparison between the e-i,

curves for a tetrode and pentode.
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179.163
Figure 7-31.— Basic pentode amplifier circuit.

the relationships of voltages and currents are
essentially the same as those given for the
tetrode. It should be noted that for some special-
ized applications the suppressor grid may be
used as a signal grid. Explanation.of these cir-
cuits will be given when appropriate,

REMOTE CUTOFF
(VARIABLE-MU) TUBES

If, in a pentode, the spacing between grid
wires is not uniform along the entire length of
the control grid structure, the various portions
of the grid will possess different degrees of
electrostatic control over the plate current.
This type of grid structure is illustrated in
figure 7-32.

The remote-cutoff action is due to the struc-
ture of the grid, which provides a variation in
amplification factor with a change in bias, The
control grid is wound with wide spacing at the
center and with close spacing at the top and
bottom, When weak signals and low grid bias
are applied to the tube, the effect of the non-
uniform turn spacing of the grid on cathode
emission and tube characteristics is essentially
the same as for uniform spacing. As the grid
bias is made more negative to handle larger
input signals, the electron flow from the sections
of the cathode enclosed by the ends of the grid
is cut off. The plate current and other tube
characteristics are then dependent on the electron
flow through the open section of the grid. This
action reduces the gain of the tube so that large
signals may be handled with minimum distortion.

Figure 7-33 illustrates a typical i - e.
dynamic transfer curve for remote cutoff and
conventional type tubes., It will be noted that
while the curves are similar at lowgrid voltages,
the plate current of the variable-mu tube drops

UL

—— 7/ # { A A A Y S A A (]

20.14(72)
Figure 7-32, — Variable-mu control grid.
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Figure 7-33,—i, -e. curvesfor remote cutoff and
conventional type tubes,

off quite slowly with large values of negative
grid voltage. This slow change makes it possible
to handle large signals satisfactorily. Because
remote cutoff tubes can accommodate large and
small signals, they are particularly suited for
use in equipment having automatic gain control.

BEAM POWER TUBES

A beam power tube is a tetrode in which
directed electron beams are used tosubstantially
increase the power handling capability of the
tube, Such a tube contains a cathode, a control
grid, a screen grid, a plate, and beam forming
electrodes.
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A beam power tube is designed with the
beam forming electrodes soplaced that secondary
emission from the plate is repelled back to the
plate by the high density electron beam. The
beam forming electrodes are atcathode potential,
to assist in producing the desired beam effects
and to prevent stray reflected electrons from
reaching the screen grid.

A feature of a beam power tube is its low
screen grid current. The screen grid and control
grid are spiral wires, wound so that each turn
of the screen grid is shaded from the cathode by
a grid turn. This alignment of the screen grid
and control grid causes the electrons to travel
in sheets between the turns of the screen grid
so that few electrons are absorbed by the screen
grid. Because of the effective suppressor action
provided by the concentrated electron beam, and
because of the low current drawn by the screen
grid, the beam power tube has the advantages
of high power output, high power sensitivity,
and high efficiency.

Figure 7-34 shows the structure of a beam
power tube and illustrates how the electrons are
confined to beams. The high density electron
region is indicated by the heavily dashed lines
in the beam. Note that the edges of the beam
forming plates coincide with the dashed portions
of the beam. In this way, secondary emission
electrons from the plate are prevented from
reaching the screen grid. Power pentodes have
much the same characteristics, except that a
specially aligned suppressor grid is used to keep

BEAM FORMING
PLATE

CATHODE
CONTROL GRID
SCREEN GRID -,

g

HIGH DENSITY

REGION
20.13
Figure 7-34,—Internal structure of a beam
power tube,

secondary emission electrons from the screen
grid, Figure 7-35 illustrates the schematic sym-
bols for a beam power tube and a power pentode.

MULTI-ELECTRODE AND
MULTI-UNIT TUBES

Early in the history of tube development and
application, tubes were designed for general
service. That is, one type of tube, the triode,
was used for many varied applications, Obviously,
this one tube could not meet all requirements
to the best advantage,

Later and present trends of tube design are
the development of ''specialty'' type tubes. These
tubes are designed either to give optimum per-
formance in a particular application, or to com-
bine in one envelope functions which formerly
required two or more tubes.

One class of ''specialty'' tubes is multi-
electrode tubes. Types of this class generally
require more than three electrodes to obtain the
desired characteristics., In addition to tetrodes
and pentodes (previously illustrated), this class
of tubes includes tubes withup to seven electrodes
(fig. 7-36A). The operation of these types of
tubes will be discussed when required.

Another class is multi-unit tubes which con-
tain two or more tubes in one envelope (fig.
7-36B). Examples are twin diode triodes, triode
pentodes, twin triodes, and tubes containing
dissimilar triodes.

A third class of tubes combines features of
each of the other two classes. Tubes in this class
are similar to the multi-electrode types in that
they may have up to seven electrodes, all of
which affect the electron stream; and they are
similar to the multi-unit tubes in that they per-
form, simultaneously, more than one function,

PLATE
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FORMING
PLATES

SUPPRESSOR GRID
SCREEN GRID
g/
CONTROL GRID
CATHODE
HEATER

BEAM POWER TUBE POWER PENTODE

179.164
Figure 7-35.—Schematic symbols for beam power
tube and power pentode.
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Figure 7-36.—Schematic diagrams of multi-
electrode and multi-unit tubes,

e.g., oscillator and mixer (converter). Their
schematic appearance is identical to multi-
electrode tubes,

CLASSIFICATION OF AMPLIFIERS

Amplifiers may be classified according to
their principal applications. There are two prin-
cipal groups, voltage amplifiers and power am-
plifiers.

Voltage amplifier tubes have a relatively high
amplification factor and are used where the pri-
mary consideration is one of high voltage gain,
Such tubes usually operate into high impedance
loads,

Power amplifier tubes are those which have a
relatively low value of amplification factor and
fairly low values of plate resistance. They are
caepable of controlling appreciable currents at
reasonably high plate voltages.
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Amplifiers also may be classifed according
to their frequency range, the method of tube
operation, and the method of interstage coupling.
For example, amplifiers may be classed as direct
coupled, audio frequency, video, or tuned RF
amplifiers, if some indication of frequency of
operation is desired. Also, the position of the
quiescent operating point and alternating grid
voltage may determine the class of amplifier.
This will specify whether the tube is being oper-
ated in class A, class AB, class B, or class C.

A class A amplifier is an amplifier in which
the grid bias and alternating grid voltage are
such that plate current flows at all times (fig.
7-37A). A class AB amplifier is an amplifier
in which the grid bias and alternatinggrid voltage
are such that plate current flows for appreciably
more than half but less than the entire electrical
cycle (fig. 7-37B).

A class B amplifier is an amplifier in which
the grid bias is approximately equal to cutoff
value so that the plate current is approximately
zero when no alternating grid voltage is applied,
and so that plate current flows for approximately
one half of each cycle when an alternating grid
voltage is applied (fig, 7-37C).

A class C amplifier is an amplifier in which
the grid bias is appreciably greater than the
cutoff value, so that plate current is zero when
no alternating grid voltage is applied, and so
that plate current flows for appreciably less
than one half of each cycle when an alternating
grid voltage is applied (fig. 7-37D).

The suffix 1 may be added to the letter or
letters of the class identification to denote that
grid current does not flow during any part of
the input cycle. The suffix 2 may be used to
denote that grid current flows during part of the
cycle. This being so, then figure 7-37A is actually
class A,;; 7-37B is AB, ; 7-37C is actually class
B.; and 7-37D is class C, operation, Amplifiers
may also be classified according to circuit con-
figuration. The three basic electron tube circuit
configurations are illustrated in figure 7-38,

The grounded or common cathode configura-
tion (fig. 7-38A) is the most extensively used.
This configuration has good voltage and power
gain and high input and output impedances. The
voltage gain of the common cathod=z configuration
utilizing a triode is given by

This will be true for frequencies up to approxi-
mately 500 kHz, depending on the tube used.
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Figure 7-37,— Graphic illustration of classes of amplifier operation.

The gain equation shows two things: First,
there is a reversal of phase in the amplifier.
Second, the voltage amplification is equal to the
amplification factor of the tube multiplied by
R, /(rp +R ), a factor which is always less
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than 1, Thus, the amplification is always less
than the amplification factor of the tube. The
amplification may be increased (although it cannot
exceed the amplification factor) by making R|
larger, but a practical limitation exists, Usually



Chapter 7— ELECTRON TUBES

eouT

aa

A_GROUNDED CATHODE

—)
QY

1,

B_GROUNDED GRID

@
il

eouT

C_GROUNDED PLATE

20.82
Figure 7-38,— Amplifiers classified accordingto
circuit configurations.

the direct plate current flows through this re-
sistor, If R; is made too large, the direct
plate voltage is reduced, with an attendant re-
duction of g, and anincreaseinrp.The increase
in r, rapidly becomes large enough to offset
the increase in load resistance,

The voltage gain of a pentode common cathode
configuration is approximately

Av='ng1_

Generally, the pentode amplifier will be capable
of much higher gain than the triode amplifier,
as was previously explained.

The common or grounded grid configuration
(fig. 7-38B) has characteristics substantially
different from the common cathode configura-
tion. It has a low input impedance. It has a
somewhat lower power gain but a high voltage
gain (equal to p +1). It is more stable and is
used at high frequencies (VHF & UHF) because
the grid effectively acts as a shield between the
input cathode connection and the output plate
connection, This configuration does not produce
a phase reversal from input to output.

The common plate or cathode follower (fig.
7-38C) (so named because the cathode potential
very closely follows the grid potential) has a
high input and low output impedance. For this
reason it is often used as an impedance match=-
ing or isolating stage. This configuration has
a voltage gain of less than one, and a power
gain lower than that of a common cathode con-
figuration. This configuration also does not pro-
duce a phase reversal,

METHODS OF BIASING

In all amplifier circuits previously discussed,
bias has been supplied from a fixed source. This
type of bias, known as fixed bias, may be obtained
from a power supply. Fixed bias is either shown
as a battery (as illustrated previously) or as
illustrated in figure 7-39,

The type of bias most commonly used is self
bias. With self bias the bias voltage is developed
across a resistance by the tube current or input
signal,

CATHODE BIAS

One method of obtaining self bias is known
as cathode bias, and is illustrated in figure 7-40.,
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179.165
Figure 7-39,— Schematic representation of fixed
bias.
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Figure 7-40,— Obtaining cathode bias.

When the cathode of an electron tube is biased
positively with respect to the grid, the electron
tube operates exactly as though an equivalent
negative bias is applied to the grid. Since cur-
rent flow within an electron tube is from cathode
to plate, cathode resistor R, can be inserted
in the cathode line to produce a voltage drop
(cathode bias) as long as the plate current flows
continuously. Since cathode current always flows
in the sam= direction, the voltage drop remains
more positive at the cathode, Thus, plate current
flow within the electron tube itself produces a
_positive cathode bias,

The value of the resistance for cathode
biasing a single tube may be determined from
the following formula:

desired Ey

Rk (Oth) = mk—

For example, the resistance required to produce
5 volts bias for a triode which operatesat 10 ma.
plate current is 5/10 x 10™® = 5 x 10°® = 500
ohms,

This type of bias is restrictedinuseto ampli-
fiers in which plate current flows for more than
half of each cycle of operation, because plate
current flow cannot be cut off, or the developed
bias will be lost, But it can be used in combina-
tion with a fixed minimum bias to limit maximum
plate excursions or as a protective bias which
limits plate current to a safe value when grid
drive is removed. An inherent disadvantage of
this circuit is that the developed bias voltage is
subtracted from the plate voltage applied to the
electron tube, Thus, if 30 volts cathode bias is
needed with a 250-volt plate supply, the power
supply must be able to furnish 280 volts. Its
greatest advantage is that it is simple to use
and is the most economical.

When used in audio, video, or radio-frequency
circuits, the cathode resistor must always be
adequately bypassed (C, fig. 7-40) to prevent a
change of bias with signal. If the cathode
is not bypassed, any change in plate current will
produce a corresponding change in cathode bias
voltage. The change in cathode voltage will be
in such a direction as to oppose the effects of
the input signal, and therefore will have the
same effect as degenerative feedback. While a
controlled amount of degenerative feedback can
be beneficial in extending the over=-all frequency
response and in reducing distortion, a large
amount of degenerative feedback will result in
a serious loss of amplification. When the cathode
bias resistor is adequately bypassed, the fluctu-
ating a.c. plate current caused by the input signal
is effectively shunted around the cathode bias
resistor, through a much lower reactance path
offered by the bypass capacitor. Thus, only the
d.c. component of plate current flows through
the bias resistor, and the current through Ry
remains constant at the initial static (d.c.) value
of no-signal current and is unchanged by the
varying input signal. For satisfactory bypassing,
the bypass reactance should be about 10% of
the d.c. bias resistance at the lowest frequencies
used, Cathode bias is usually used in audio-
frequency or video-frequency amplifiers, in low
power RF amplifiers, and in test equipment. In
some applications, such as high fidelity audio
amplifiers or video IF amplifiers, a relatively
small value of unbypassed cathode resistance
may be used. The degenerative action of this
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resistance increases the fidelity (frequency re-
sponse) of the stage and reduces the possibility
of overloading from strong signals.

GRID-LEAK BIAS

Another type of self bias is grid-leak bias.
Grid-leak bias is obtained by allowing grid
current flow, produced by the a.c. input signal,
to charge an RC network in the grid-cathode
circuit. Two basic circuits are used to develop
this form of bias— the shunt type and the series
type. The methods of developing grid voltage in
these circuits are similar, but the physical con-
nections of the network components are different.
See figures 7-41 and 7-42,

The grid-cathode circuit, of both types, is
used as a diode rectifier to develop ad.c. voltage
that is proportional to the positive peak input
(driving) signal amplitude. Grid-leak capacitor
C. operates as a coupling capacitor to apply
the input (driving) signal to the grid. On the
positive input signal excursions the grid is driven
positive causing grid current to flow between
grid and cathode and through grid-leak resistor
Rg.

J ouT

179.167
Figure 7-41,— Shunt grid-leak bias,

outT
N Co

179.168
Figure 7-42, — Series grid-leak bias,

The grid-leak capacitor, C., is effectively
connected in series with the applied input signal as
shown by the equivalent charging citcuit of figure
7-43A. As long as the input signal remains positive
the coupling capacitor charges. When the input
signal reduces to a value less than the charge across
C., grid capacitor C_, begins discharging through
the grid-leak resistor (fig. 7-43B); during the
discharge period the grid is held negative by the
charge remaining in the capacitor plus the negative
input signal, and no grid current flows. The
grid-leak time constant is made long with respect
to the signal frequency (usually seven times the
period for one input cycle) so that the discharge is
relatively slow. The charge time is much faster
than the discharge time because the grid leak
resistor is effectively shunted by the flow of grid
current and offers a low resistance of about 500
ohms (1, figure 7-43A) in comparison with the
large resistance of R,.

rak

Y

DISCHARGE CIRCUIT

B.

179.169

Figure 7-43,—Simplified charge and discharge
circuits,
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When the signal begins its next positive ex-
cursion, C. again starts to charge while still
retaining a certain amount of residual charge.
The cycle resumes, and the action is repeated.
After only a few more cycles, the grid bias
stabilizes, since only a small portion of each
charge leaks off before the application of the
next positive half of the input signal. The residual
charge on the coupling capacitor will not permit
the next positive portion of the input signal to
drive the grid as far positive as the positive
portion did in the first half cycle. Thus, the addi-
tional charge placed on C. is not as great as
it was for the first half cycle, but when added to
the residual charge that remained, it causes the
total bias to increase. This process of rapid
charging and slow discharging of C. leads to
the steady state condition of operation, in which
the amount of charge deposited on each positive
half cycle exactly equals the amount of charge
lost through discharge on each negative half
cycle.

The amount of bias developed in this manner
depends upon the amplitude and frequency of the
applied input signal and the time constant of
the grid network. The greater the amplitude of
the input (grid-driving) signal, the greater the
amount of bias that will be developed. Also, the
longer the time constant of the grid circuit with
respect to the input frequency, the greater the
amount of bias that will be developed. However,
there are practical limitations to the length of
time constant which may be employed. Too long
a time constant will prevent the bias voltage
from changing enough during a cycle, or group
of cycles, to bring the stage out of cutoff, There-
fore, the stage must wait until the bias has been
reduced enough to allow it to come out of cutoff;
as a result, the stage will operate intermittently
(motorboat). When functioning properly, a grid-
leak bias network should produce a d.c. voltage
that is approximately 90% of the applied positive
peak voltage, Under these conditions grid current
will flow for only a small portion of the positive
peak of the input cycle. Plate current, however,
may flow for the entire cycle or for only part
of the cycle, depending upon the amplitude of
the input signal and the cutoff voltage of the
electron tube,

Since the amplitude of the developed grid-
leak bias is determined by the driving-signal
amplitude, it is evident that class A, B, or C
operation may be achieved with grid-leak bias
merely by increasing the amount of drive (and
by selecting the proper RC value). The limiting

factor in this application is the amount of dis-
tortion that may be tolerated, because the plate
current will be distorted for the portion of the
cycle during which grid current flows., It is
important to remember that grid-leak bias is
developed by the rectification of the input (driving)
signal and that loss of the input signal will result
in a complete loss of this form of bias. In power
amplifier circuits where loss of bias means ex-
cessive tube currents and possible damage, a
second method of biasing (either fixed or cathode
bias) is usually employed as a protectivefeature,
Any of the above described types of bias may be
used in combination, Figure 7-44 illustrates one
such possibility,

COUPLING METHODS

Usually more than one amplifier, operated
in cascade, is needed to increase the amplitude
of the feeble input signal to the required output
value, Cascaded amplifier stages are connected
(coupled) together by resistance-capacitance net-
works, impedance-capacitance networks, trans-
formars, or direct coupling as described in the
following paragraphs. While all coupling networks
are frequency responsive, some coupling methods
provide better response than others, but their
basic principles of operation remain the same
regardless of whether or not they are employed
singly as input or output coupling devices, or in
cascade, Discussion in this section will belimited
to the actual types of coupling and important
considerations involved in the various functional
classes on a relative or comparative basis, Cir-
cuit discussions in other sections will fully cover

Ep
Cc
-Ecc —
20.207
Figure 7-44,—Combination grid-leak and battery

bias,
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the limiting parameters for the specific circuit
arrangement,

RC COUPLING

RC coupling involves the use of two resistors
and a capacitor, as shown in figure 7-45, Because
of the rather wide frequency response offered
by this form of coupling, in addition to small size
and economy, it finds almost universal applica-
tion where voltage amplification is required with
little or no power output. Basically, the RC
coupler is a pi-type, hi-pass network, with
plate resistor R; and grid resistor R; forming
the legs of the pi and capacitor C. the body.
Since the plate and grid resistors are not fre-
quency responsive, it can be seen that, basically,
over-all frequency response is limited by the
capacitive reactance of C. between the plate
and grid circuits, plus the effect of shunt wiring
and electrode-to-ground capacitances across the
network, At d.c. or zero frequency the coupling
capacitor separates, or blocks, the plate voltage
of the driving stage from the grid bias of the
driven stage, so that bias and plate or element
voltages are not affected between stages. Note
that, with respect to a.c., the tubes are in
parallel with R, .

In the conventional RC amplifier signal volt-
age variations on the grid produce plate current
variations through plate load resistor R, , and
the resulting voltage developed across R| repre-
sents an amplified replica of the input signal but

179.170
Figure 7-45.— RC coupling,

180 degrees out of phase. The amplified signal
is coupled through capacitor C. and applied to
the grid of the next stage acrosse grid load re-
sistor Ry . The same cycle of operationis repeated
for each stage of the cascaded amplifier.

Since load resistor Ry is in parallel with the
internal tube plate resistance, rp, the load
resistor of a triode is never made less than twice
rp. Usually the maximum undistorted output for
a triode is obtained with a value of R that is
5 to 10 times the plate resistance of the tube.
With pentodes the extremely high rp makes this
impractical; best results are usually obtained
with a load resistor of 1/4 to 1/10 the value of
rp, or with a value that is as high as is practical
for the plate voltage and current needed without
requiring excessive supply voltage.

At low frequencies (below 100 Hz), the re-
actance of C., plus Ry in series, parallels the
load resistor. But the reactance of C. is in
series between the plate and grid, and produces
a large voltage drop (or loss of gain), while Ry
shunts the grid and has the least voltage developed
across it, Therefore, the interstage grid resist-
ance has less over-all effect on the gain than
the reactance of C., and the distributed circuit
and electrode capacitance to ground is not effec-
tive and may be neglected. Low-frequency re-
sponse, therefore, is controlled by the size of
the coupling capacitor.

A simplified equivalent low-frequency circuit
is shown in figure 7-46A. Only those circuit
elements which are of significance at low fre-
quencies are shown. When the coupling capacitor
is excessively large, distortion is caused by
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Figure 7-46.— Equivalent circuits of figure 7-45,
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excessive phase shift, and motorboating may
occur, Motorboating is caused by regenerative
feedback at low frequencies through impedance
coupling in multiple cascaded RC stages with
a common power supply.

Over the mid-frequency range (100 to 20,000
Hz), amplification is relatively constant, and
the coupling capacitor reactance is much lower
than the resistance of grid resistor Rg. There-
fore, the reactance of coupling capacitor C.
may be neglected as in the simplified equivalent
mid-frequency circuit of figure 7-46B. To insure
that the plate resistor is not shunted excessively
by the grid resistance of the following stage and
to maintain a high input resistance, R; is made
two to four times Ry and never less thanR; .
Usually in low-level stages the grid resistor
is in the megohm range (from 1 to 5 megohms),
with its value for grid-leak bias ranging from 5
to 10 megohms; whereas in power amplifier
stages, the grid resistor is on the order of 0.5
megohm and usually never more than 1 megohm,
High values of grid resistance tend to cause
adverse effects due to the possibility of grid
current flow caused by imperfect evacuation,
grid emission, and leakage effects in the electron
tube.

Because of the low amount of gain available
with RC coupling at radio frequencies, it is
seldom used in RF amplifiers; but it may be
encountered in special cases, particularly in
test equipment,

IMPEDANCE COUPLING

When an impedance is substituted for the
plate load resistor in a resistance-coupled cir-
cuit, the impedance-coupling circuit results,
Actually, an original circuit derivation involved
a substitution of an impedance for the grid re-
sistor also. Making the grid inductor series
resonant with the coupling capacitor improved
bass response, However, the grid impedance
offered more of a disadvantage because of high-
frequency shunt losses, so the LCR circuit
as shown in figure 7-47 became the standard
impedance coupler. The impedance coupler oper=-
ates in the same manner as the resistance coupler
as far as C. and Rg are concerned; the basic
difference is in the effect of the plate impedance.
By using an impedance in the plate circuit, less
voltage drop occurs for a given voltage supply.
Therefore, a lower supply source will provide
the same effective plate voltage, there is less
I° R (power) loss, and a better over-all efficiency
results, Low=-frequency response is dependent
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20.96
Figure 7-47.— Impedance-coupled amplifier.

upon obtaining a high inductive reactance in the
plate circuit and requires a largenumber of turns
for good low=-frequency response., The distributed
capacitance associated with a winding of many
turns produces a large shunting capacitive re-
actance with a consequent drop in high-frequency
response, Since the impedance of the plate reactor
varies with frequency, the response is not as
uniform as that of the resistance coupler.

The impedance-coupling circuit is used where
a limited response over a relatively narrow band
of frequencies is required. As a result, im-
pedance coupling is mostly employed in tuned
or untuned amplifier applications such as IF
or RF stages, and its use in audio applications
has generally been discontinued in favor of the
RC or transformer-coupled circuit, except for
special designs. Figure 7-48 illustrates double-
tuned transformer coupling.

TRANSFORMER COUPLING

When the primary of a transformer is con-
nected as the plate load, and the secondary pro-
vides the output signal, either to the next stage
or an output device, we have what is known as
transformer coupling (see fig, 7-49).

With transformer coupling, response, gain
and output considerations become more difficult
to predict, because they depend primarily on the
transformer design. Basically, the use of trans-
former coupling provides additional gain, achieved
through the use of a step-up turns ratio of pri-
mary to secondary, but this gain usually does not
exceed 2 or 3 to 1. Since there is no physical
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d.c. connection between stages, plate and bias
voltages are kept separate, and the a.c. signal
is coupled from the plate of one stage to the
grid of the following stage by mutual inductive
coupling between primary and secondary wind-
ings.

Low-frequency response is primarily depend-
ent on the inductive reactance of the primary,
dropping off approximately 3 db at the frequency
where the inductive reactance is equal to the plate
resistance plus the primary resistance (2 #fL =
Rp + Rpfi )o

Gain at the mid frequency is the highest and
is essentially equal to the amplification factor of
the electron tube multiplied by the transformer
turns ratio. Response is considered to be rela-
tively flat over a range of frequencies above and
below the mid frequency, but such results are
usually achieved only in the ideal case, In
practice, the response curve is a continually
changing curve, dropping off on either side of
the mid frequency, with possible humps pro-
duced by circuit and transformer resonances
(fig. 7-50). Since the secondary contains more
turns than the primary, a larger shunt capacit-
ance to ground is produced and, together with
the primary and secondary leakage reactances,
limits the high-frequency response.

Transformer coupling is generally used for
interstage applications with electron tubes having
plate resistances of 5 to 10 thousand ohms maxi-
mum, since higher plate resistances require
excessively large transformer primary induct-
ances, For output stages, lower plate resistances
are used, and the transformer is carefully de-
signed to handle larger plate currents. Generally
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speaking, a lower plate current produces less
d.c. core saturation effects.

Since the impedance transformation in a
transformer varies as the square of the turns
ratio between primary and secondary, output and
input matching is possible and is extensively
employed. For interstage applications, matching
is not always used, because power output is not
required; in this case, more attention is given
to the step-up ratio to provide a higher voltage
gain,

The limitations of frequency response gen-
erally restrict the use of transformer coupling
to audio circuits which do not require an ex-
ceptionally wide bandpass or frequency response,
but do require voltage or power outputs., Wide
use is found for transformer coupling in the
radio and intermediate frequency ranges where
selective, high-Q bandpass filters and tuned
transformers are universally used.

DIRECT COUPLING

Direct coupling is characterized by the direct
connection of tube elements; that is, the plate
of the driver stage is physically connected to the
grid of the driven stage, and the coupling network
is eliminated. A basic two-stage d.c. amplifier
is shown in figure 7-51,

Since the plate and bias circuits are not
isolated by a transformer or coupling capacitor
the direct-coupling circuitry is slightly compli-
cated by the arrangement necessary to produce
an effective negative bias, Usually a voltage-
divider bias arrangement similar to that shown
in figure 7-51 is used.
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Figure 7-48.—Double-tuned-transformer coupling.
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Figure 7-50.— Frequency response of a trans-
former-coupled voltage amplifier,

Examining figure 7-51, it is evident that the
cathode of V1 is biased by Ry) between points
A and B on the divider, while the plate is con=-
nected through R;,; to point C, which is ata
potential equal to approximately half the supply
voltage, Plate current through load resistor R )
(which is also the grid resistor for V2) provides
a negative voltage drop and bias on V2, The

cathode of V2 is tapped back at point D on the
divider, and produces a voltage in opposition to
the drop across Rjpj. When Ry, is correctly
adjusted, the voltage on the cathode of V2 is
always more positive than the plate of V1 (and
the grid of V2), producing an effective negative
bias on V2 of the desired value., Voltages must
be chosen so that the grid of V2 is not driven
positive by the input signal. Since the plate of
V2 is at the highest positive point, it is more
positive than the cathode and conduction occurs,
Thus the plates are maintained positive and
the grids negative, to provide the conditions
required for operation,

Because there is no coupling networkinserted
between the output of one tube and the input of
the following tube, there is no phase distortion,
time delay, or loss of frequency response. Since
the plate and grid of the tubes are directly con=-
nected, the low-frequency response is extended
down to d.c. (zero frequency). The high-frequency
response is limited only by the tube interelec-
trode-to-ground capacitance, plus the circuit
distributed wiring capacitance. By appropriate
matching (or mismatching) of tubes, high values
of amplification and power output may be ob-
tained.,

Since the use of more than two stages re-
quires plate voltages two or more times the
normal value for one tube, plate supply consider-
ations limit direct coupling to a few stages. Any
change in the supply voltage affects the bias of
all the tubes and is cumulative; therefore, spe-
cial voltage supply regulation circuits are neces-
sary. Noise and thermal effects in tubes produce
circuit instability and drift that limit the use of
this type of coupling in audio or RF amplifiers.
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Figure 7-51.— Direct-coupled amplifier,
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Chapter 7— ELECTRON TUBES

Because of its ability to amplify direct current
or zero frequency, direct-coupled circuitry is often
used in computer circuits, power supply
regulators, and in the output circuits of video
amplifiers. Because response 1is practically
instantaneous and no time delay occurs, it is
especially valuable for pulse circuits.

FREQUENCY COMPENSATION

Frequency compensation networks may be
used with RC coupled amplifiers to extend their
frequency response. These networks areidentical
to those previously discussed under transistor
frequency limitation (chapter 6) and are shown
in figure 7-52,

COLD CATHODE VOLTAGE
REGULATOR TUBES

As previously explained, certain ''cold cath-
ode'' gas filled diodes will maintain, within
limits, a constant voltage drop across their
elements, though the current throughthem varies,
Such a tube is illustrated in the basic voltage
regulator circuit of figure 7-53. This circuit is
sim‘lar to the zener regulator previously dis-
cussed in chapter 5. Cold cathode voltage regu-
lator tubes, also called VR tubes, comeinvarious
operating voltages., Typical voltage ratings are
75, 90, 105, and 150 v. d.c. Typical maximum
current ratings are 30, 40, and 50 ma,

There are two voltages to be considered
when discussing the operation of the basic cold
cathode regulator circuit, These are the firing
voltage and the operating voltage. The firing
voltage is that amount of voltage, applied across
the tube, that will cause ionization of the gas
and, therefore, conduction. The operating voltage
is that voltage dropped across the tube when it
is conducting. The firing voltage will be 30 to
40 percent greater than the operating voltage
and this difference in the two voltages is dropped
across the series resistance, Ry (fig. 7-53),
once the tube ionizes,

The ionization of the gas within the tube
changes, depending on the applied voltage. The
greater the electron flow, the more ionization
and the greater the current through the tube.
When the applied voltage is decreased, the elec-
tron flow decreases and there is less ionization
and less current. The gas tube regulator must
be ionized at all times for proper regulation
to occur, The amount of ionization might be
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Figure 7-52,—R-C coupled amplifiers with fre-
quency compensation networks,

changed due to a change in the unregulated input
voltage, or a change in the load current, but in
either case, the regulated output voltage will
remain relatively constant at all times.

An increase in the input voltage causes an
increase in the regulator tube current (a de-
crease in tube resistance). This increase in
tube current, passing through R, increases the
voltage drop across Rgs leaving the voltage
across the tube and the load constant. A de-
crease in the input voltage results in a decrease
in tube current (increase in tube resistance)
causing less total current to pass through Rs.
This lowers the voltage drop across Ry and
the output voltage remains constant,

For load changes the results are the same —
an increase in load current is an increase in
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Figure 7-53.— Cold cathode tube in basic voltage
regulator circuit,

total current causing an increased voltage drop
across Rs. This increased voltage drop across
Rs leaves less voltage applied to the regulator
tube, and thereby to the load. The decrease in
voltage across the regulator tube causes the gas
within the tube to deionize slightly, thus, causing
less current to pass through the tube, The current

through series resistor Rs decreases by the
same amount as the decrease through the tube.
This results in a decrease in the voltage drop
across Rs and thus, an increase in the voltage
across the load to its original value,

If the load current should decrease, the gas
within the tube would further ionize causing an
increase in current through the tube, and con-
ditions opposite to those described above would
occur to maintain the voltage across the load
constant,

The limits within which the VR tube will
operate are a maximum and mipimum tube cur-
rent, If the maximum current is exceeded, the
tube will be destroyed. If the tube current
decreases below the minimum value, the tube
will de-ionize, and the voltage across the tube
must again be raised to the firing potential in
order to reionize the tube.
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CHAPTER 8
ELECTRONIC VOLTAGE REGULATORS AND METERS

Most electronic equipment performs satis-
factorily with some variations in supply voltage.
However, operation of many circuits is sensitive
to minimal changes in supply voltage. Thus,
use of a voltage regulator is required. This
chapter discusses the common types of elec-
tronic voltage regulators. Also discussed are
the electronic multimeter and the digital volt-
meter,

ELECTRONIC VOLTAGE REGULATORS

An electronic voltage regulator is connected
between the power supply and load impedance
to maintain the output voltage at a specific
value, The regulator circuit reacts automatically
within its design limits to compensate for devia-
tions in output voltage due to changes in line
voltage or variations in load impedance.

Regulation of power supply output voltages
using zener diodes and gas tubes has previously
been discussed. While these devices are suit-
able for circuit loads requiring small currents,
they cannot regulate over a wide current range.
Current handling capabilities, as well as percent
of regulation, can be improved by using transis-
tors or electron tubes in conjunction with the
zener diode or gas tube,

Depending upon their circuit relationship to
the load impedance, electronic voltage regu-
lators may be grouped into two general types.
These are shunt regulators and series regu-
lators., Series regulators are the most efficient,
and therefore, are the most widely used.

SHUNT REGULATOR

Figure 8-1 illustrates the equivalent resis-
tive network of a shunt regulator. The location
of the regulating device is shown in relation
to the load impedance (R, ). Regulation is ac-
complished in the shunt regulator by division of
current between the regulating device and load

impedance. When the load demands more cur-
rent, less current is diverted through the regu-
lator (R,), allowing more current flow through
Ry.
LEfficiency of shunt regulators is low under
light load conditions (i.e., when current flow
through the load is minimal) because the majority
of current is being drawn by the regulator.
Under full load conditions regulator efficiency
is high because minimum current is drawn by
the regulator. A significant advantage of a shunt
regulator, as opposed to a series regulator, is
that it will not be overloaded under load short
circuit conditions,

Solid State Shunt Voltage
Regulator

Figure 8-2 depicts a solid state shunt regu-
lator. Q1, in parallel with the load impedance,
is an NPN transistor with the collector con-
nected to the positive side of the voltage supply
and the emitter connected to the negative side
through CR1, a zener diode. CR1, when reverse

—— e - - -

UNREGULATED R, REGULATED R
INPUT OUTPUT L
VOLTAGE VOLTAGE
- o —O---— -~

179.174
Figure 8-1,—Shunt regulator,
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biased to its breakdown voltage by R2, main-
tains a constant reference voltage at the emitter
of Ql. The base voltage of Ql is determined by
the setting of potentiometer R1. This voltage is
adjusted so that the base is positive with respect
to the fixed emitter potential, forward biasing
Ql, and causing it to conduct. The setting of R1
determines the amount of current through Q1.

The regulated output voltage is equal to the
available supply voltage minus the drop across
Rs, the series dropping resistor. The voltage
drop across Rg is controlled by the amounts
of current drawn by Q1. Thus, the setting of R1
will determine the value of the regulated output
voltage,

Regulation is accomplished in the following
manner, If, for any reason the output.voltage
increases, the drop across R1 will increase.
This will cause an increased positive potential
at the base of Ql. Since Q1l’s emitter is at a
fixed potential, due to CR1, the more positive
base will cause Q1 to conduct more. Current
flow through Rs will increase due to the in-
creased transistor current, This will cause an
increased voltage drop across Rg, reducing the
output voltage to the desired level.,

For a decrease in output voltage, the regu-
lation process is reversed. The decreased drop
across R1 will decrease the forward bias of
Ql, causing the transistor to conduct less,
Current through R will decrease, causing volt-
age across Rs to decrease, increasing the out-
put voltage.

The regulation process is essentially the
same as that occurring in a shunt zener diode
regulator. However, the current handling capa-
bilities are greatly increased.

179.175
shunt voltage regulator,

Electron Tube Shunt
Voltage Regulator

An electron tube shunt voltage regulator is
illustrated in figure 8-3, V1’s cathode is main-
tained at a constant reference voltage due to the
action of V2 and R2, The difference between the
unregulated input voltage and the regulated out-
put voltage is dropped across Rg. The output
voltage level is determined by the setting of R1.
V1’s bias is the difference between the voltage
at the wiper arm of Rl with respect to ground
and the voltage at the plate of the VR tube with
respect to ground. Just as in the solid state
version, changes in output are sensed by V1;
through R1 varying the conduction of V1 and
controlling the voltage drop across Rg in a
manner that will maintain a relatively constant
output voltage. This typeelectron tube shunt regu-
lator is used extensively in high voltage power
supplies of video receivers,

SERIES REGULATOR

Regulation is achieved in a series regulator
(fig. 8-4), by division of voltage between the
regulator Ry and the load impedance (R, ),
depending on the needs of the load. Efficiency
of series regulators is high under light load
conditions and low under full load conditions,
The series regulator has no inherent overload
protection. A short circuit in the load would
cause heavy current through the regulator circuit
overloading most types.

Transistor and electron tube configurations
of series, shunt, and shunt detected series volt-
age regulators will be presented in the remainder
of this chapter.
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Figure 8-3.— Electron tube shunt voltage regulator.
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Figure 8-4, — Series regulator,

Solid State Series Voltage
Regulator

A schematic diagram of a solid state series
voltage regulator is shown in figure 8-5. Q1
functions as a variable resistance between the
source and load impedance, CR1, a zener diode,
in conjunction with Rl maintains a constant
voltage at the base of Q1.

The unregulated inputvoltageis applied across
the series network of Q1 and R . The fixed
base voltage is of sufficient value to forward
bias Ql. Under normal operating conditions, the
base bias is fixed at a value that will produce
the desired voltage across the load impedance.
The load voltage is equal to the unregulated
input voltage minus the drop across Q1.

Regulation occurs in the following manner,
Assume that the line voltage increases., This

will cause a momentary increase in load voltage
which causes the emitter of Q1 to appear more
negative with respect to ground, decreasing the
forward bias of Q1. This decrease in forward
bias causes the internal resistance of the transis-
tor to increase, producing an increased drop
across Q1l, thereby returning the voltage drop
across R to its normal level. The action of the
regulator is reversed with a decrease in applied
line voltage.

The following will explain the operation of the
regulator under varying load conditions, Assume
an increase inload (more current). Voltage across
the load impedance will decrease and the emitter
of Q1 will become less negative, increasing the
forward bias. This reduces the transistors in-
ternal resistance, effectively reducing the voltage
drop across Q1. This allows more current flow
through R, , thus returning the output voltage
to its normal level. A decrease in load will
cause a reverse reaction of the regulator,

Electron Tube Series
Voltage Regulator

An electron tube version of a series regu-
lator is illustrated in figure 8-6. The operation
is similar to a solid state series regulator,
V1 acts as a variable resistance between the
source and the load impedance to compensate
for changes in line and load voltage. V2 main-
tains the grid of V1 at a fixed reference voltage.
If the output voltage increases, the cathode po-
tential goes more positive with respect to ground,
thereby increasing the bias, This increase in
bias causes V1 todecrease conduction, decreasing
the drop across R to the desired level. The
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Figure 8-5,—Solid state series voltage regulator.
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Figure 8-6,— Electron tube series voltage regulator,

opposite action will occur for a decrease in
output voltage.

A disadvantage of simple series regulators
is that they do not rapidly respond to small
changes in voltage, The effectiveness of a series
regulator is improved by the addition of circuitry
that detects and amplifies small changes, thus
allowing the regulator to respond more rapidly.
The shunt detected series regulator is such a
circuit,

SHUNT DETECTED SERIES
VOLTAGE REGULATOR

Figure 8-7 depicts a block diagram of a
shunt detected series voltage regulator. The
series regulator acts as a variable resistance
in series with the supply voltage and load im-
pedance to compensate for any changes in source
or load voltage. A portion of the output voltage
is fed back to the amplifier and detector stage,

which compares the sampled voltage with a
previously set reference voltage and senses any
change, This change is then amplified and sent
to the series regulator, which changes the con-
duction level, thereby returning the regulated
voltage to the desired level.

Solid State Shunt Detected
Series Voltage Regulator

A solid state shunt detected series voltage
regulator is illustrated in figure 8-8, The circuit
consists of two sections—the regulator circuit
and the control circuit. Q1 acts as a series
regulator and operates in the same manner as
the circuit in figure 8-5. The control circuit
is composed of Q2 and its associated circuitry.

The emitter of Q2 is held at a constant
negative potential with respect to point A due
to the action of R1 and CR1l. Resistors R3, RS
and potentiometer R4 act as a voltage divider
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Figure 8-7,—Shunt detected series voltage regulator, block diagram,
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Figure 8-8, —Solid state shunt detected series voltage regulator.

network in parallel with R} . A negativepotential
with respect to point A is tapped from R4 and
applied to the base of Q2, controlling its for-
ward bias, R2 establishes the forward bias level
for Q1. Thus, the intensity of current flow
through Q2 determines the ultimate conduction
level of Q1, either manually or automatically.

R4 is initially adjusted to fix a conduction
level of Q1 which establishes the desired load
voltage. If load voltage increases, due to either
an increase in source voltage or a decrease
in load current, the negative potential with
respect to point A at the wiper arm of R4 will
increase, increasing the forward bias of Q2.
This increase in forward bias causes Q2’s
conduction level to increase and collector volt-
age to decrease, reducing the negative potential
at the base of Q1 with respect to point A, This
decrease in negative potential causes the for-
ward bias on Ql to drop, decreasing current
flow through the series network of Ql and R, ,
and returning the output voltage to its pre-
selected level. A decrease in load voltage will
produce the opposite effects of those outlined
above,

177

Electron Tube Shunt Detected
Series Voltage Regulator

A schematic diagram of an electron tube
shunt detected series voltage regulator is shown
in figure 8-9. V1 performs as a series regu-
lator and the control circuit consists of V2
and its associated circuitry. The plate of V3,
a VR tube, is connected to +Ep, through R2,
This allows the VR tube to ionize, keeping
the cathode of V2 at a fixed potential with
respect to ground, when the input voltage is
applied, A positive voltage with respect toground
is tapped from R4 and applied to the grid of
V2, controlling the tube’s bias, R1, plate load
resistor for V2, establishes the grid bias level
of V1. Since V2’s plate is directly connected
to the grid of V1, the amount of current flow
through V2 determines the conduction level of
V1,

Once R4 is initially set, any change occurring
in source voltage or load voltage will cause a
change in the potential across R4, changing
the bias of V2, Assume a decrease in the
source voltage. This will cause a momentary
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Figure 8-9,— Electron tube shunt detected series voltage regulator.

decrease in output voltage and reduce the po-
tential at the wiper arm of R4, increasing
bias of V2, This increase in bias will cause
V2 to reduce conduction, decreasing the drop
across R1, The decreased drop across Rl causes
bias on V1 to decrease, reducing its internal
impedance. With less impedance, the voltage
drop across V1 decreases, counteracting the
decrease in load voltage. An increase in load
voltage would cause the opposite effects through-
out the circuit,

A pentode is used in the controlcircuitto take
advantage of its high amplification factor. Even
rapid variations in load voltage will be amplified
sufficiently by V2 to change the conductionlevel of
V1. A pentode will give a better percentage of
regulation and a faster response than a triode.
There are many variations and modifications

of the basic shunt detected series voltage regu-
lator. A few examples will be discussed in the
following paragraphs.

Variations In Basic Shunt Detected
Series Voltage Regulators

Since total load current flows through the
series regulator, this device must be capable of
passing a high value of current. Several transis-
tors or electron tubes maybe connectedinparallel
if the current capability of a single device is
not sufficient., This configuration is illustrated
in figure 8-10,

Another modification is to insert an additional
d.c. amplifier as shown in figure 8-11. The
amplifier detector stage performs the same
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Figure 8-10, — Parallel shunt detected series voltage regulators,
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Figure 8-11.— Additional d.c. amplifier,

function as in the basic configuration, but now
the output is fed to the second d.c. amplifier.
This increased amplification provides greater
sensitivity, thereby improving percent of regu-
lation and speed of response.

If a stable voltage source is available, such
as another regulated supply, the zener diode or
VR tube can be eliminated. The reference voltage
would then be provided by the constant voltage
source,

CURRENT REGULATOR

Certain equipments require a stable current
supply. Figure 8-12 illustrates a simple solid
state series current regulator, This circuit will
supply a constant value of current under varying
conditions, It may be noted that operation is
similar to a simple series voltage regulator,

Regulation occurs in the following manner,
If current increases, the voltage across R2 will
increase with respect to ground. This increase
will reduce the forward bias of Q1, increasing
the transistor’s internal impedance, thus re=-
ducing current flow to the predetermined level.

+ AN

ELECTRONIC MULTIMETER

The multimeter combines a voltmeter, am-
meter, and ohmmeter in one unit. Nonelectronic
type multimeters are discussed in chapter 3.
The ammeter and ohmmeter sections of the
electronic multimeter are similar to the corre-
sponding sections of the nonelectronic multi-
meter., The voltmeter section of the electronic
multimeter however, uses an electron tube, It
is much more sensitive than the nonelectronic
type, and will give an accurate reading without
loading down the unit being tested.

The ordinary voltmeter has several disad-
vantages that make it practically useless for
measuring voltages in high-impedance circuits,
For example, suppose that the plate voltage of
a pentode amplifier is to be measured. When
the meter is connected between the plate of the
electron tube and ground, the meter current
constitutes an appreciable part of the total
current through the plate load resistor, Because
of the shunting effect of the mater onthe pentode,
the plate voltage decreases asthe current through
the plate load resistor increases. As a result,
an incorrect indication of plate voltage is ob-
tained. ,
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Figure 8-12, — Series current regulator.
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Before the voltmeter is connected, the plate
current is limited by the effective resistance of
the plate circuit and the plate voltage. If the
tube has an effective resistance of 100,000 ohms,
the plate load a resistance of 100,000 ohms, and
the plate power supply is constant at 200 volts,

200
500,000 ° or 0.001
ampere, The plate voltage is 0,001 x100,000, or
100 volts,

then the plate current is

Assume that the voltmeter used to measure
the plate voltage of the tube has a sensitivity of
1,000 ohms per volt and that the range is from 0
to 250 volts, The meter will then have a resist-
ance of 250,000 ohms. This resistance inparallel
with the tube resistance of 100,000 ohms pro-
duces an effective resistance of 71,400 ohms
in series with the plate load resistor. The total
resistance across the plate supply is therefore
171,400 ohms and the current through the plate
load resistor is __716'6‘17210.0 , or about 0,00117
ampere, Across the plate load resistor the volt-
age drop is 0.00117x100,000, or 117 volts and
the plate-to-ground voltage on the tubeis 200-117,
or 83 volts when the meter is connected, thus
causing an error of 17 percent. The lower the
sensitivity of the meter the greater this error
will be,

A meter having a sensivitity of 20,000 ohms
per volt and a 250-volt maximum scale reading
would introduce an error of about 1 percent,
However, in circuits where very highimpedances
are encountered, such as in grid circuits of
electron tubes, even a meter of this sensitivity
would impose too much of a load on the circuit,

Another limitation of the a.c. rectifier type
voltmeter is the shunting effect at high fre-
quencies of the relatively large meter rectifier
capacitance. This shunting effect may be elimin-
ated by replacing the usual metallic oxide recti-
fier with an electron tube amplifier in which
the plate circuit contains the d.c. meter, and
the voltage to be measured is applied to the grid
circuit, Voltages at frequencies up to and greater
than 100 megahertz can be measured accurately
with this type of meter. THE INPUT IMPED-
ANCE IS LARGE, and therefore the current
drawn from the circuit whose voltage is being
measured is small and in most cases, negligible.
Simplified diagrams of the a.c. and d.c. electron
tube voltmeter sections of a representative elec-
tronic multimeter are shown in figure 8-13, The
a.c. voltage to be measured is applied to the
a.c. probe (fig. 8-13A), It is rectified by V1
and filtered by the RC network in the probe.

The meter circuit is a balanced bridge net-
work, Diode V1 (fig. 8-13A) causes a contact
potential to be established across the voltage
divider network connected to the grid of V2A.
This voltage would unbalance the bridge. There=-
fore, a similar contact potential is introduced
across the grid of V2B from V3 and its associ-
ated voltage divider to balance the bridge before
the a.c. voltage to be m=zasured is applied to
the diode probe.

When the input voltage between the probe
and ground is zero, the bridge is balanced and
the voltages across the two arms containing the
plate load resistors of V2 are equal. Thus, the
d.c. meter indicates zero. If a voltage is applied
between the probe and ground, the bridge be-
comes unbalanced, and current flows through
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Figure 8-13,— Electron tube voltmeter.
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the meter. The meter is calibrated in rms
volts,

Bias is obtained for V2A and B through the
voltage drop across R13, R14, and R15. The
cathodes are positive with respect to -E;, by an
amount equal to the bias. Thus the grids are
correspondingly negative with respect to the
cathodes. Adjustable resistor R10 is used for
calibration purposes.

The input impedance is very high., At the
lower frequencies, the input capacitance isnegli-
gible, but as the frequency increases the input
capacitance introduces an additional load on
the circuit under test and causes an error in
the meter reading,

The d.c. electron tube voltmeter circuit is
shown in figure 8-13B. The d.c. voltage to be
measured is applied between the d.c. input
terminal and ground. The d.c. input voltage is
therefore applied through R23 to the divider
network feeding the grid of V2A. The grid of
V2B is grounded. The meter is connected across
a normally balanced bridge and causes the
meter to deflect. The calibration is in d.c. volts,

In figure 8-13B, no diode is used in the
probe, hence, no contact potential is established
so that V3 and its associated voltage divider
network (fig. 8-13A) are omitted from thecircuit.
The bias and ZERO ADJ, circuits are the same
as for the a.c. voltmeter,

DIFFERENTIAL VOLTMETER

The differential voltmeter measures voltages
and presents the measured value directly on a dial.
It is essentially a self-balancing potentiometer.
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Figure 8-14,— Basic potentiometer circuit,

VARIABLE
VOL TAGE
DIVIDER

+ GALVANOMETER L <
o—0 >  REFERENCE
S VOLTAGE
UNKNOWN + s /
INPUT CELL / -+
VOL TAGE - / Il

REFERENCE
SUPPLY

— CALIBRATED DIAL
o—

151,106
Figure 8-15,— Potentiometer with calibration
rheostat,
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Figure 8-16.—Single-range differential voltmeter.

To understand the operation of a voltmeter
of this type, consider the basic circuit shown
schematically in figure 8-14, If an unknown
voltage is applied at the input terminals and a
variable divider adjusted until the voltage E; is
equal in magnitude to the unknown voltage, zero
current will flow through the galvanometer, This
condition is called balance. Note that in the
balanced condition no current is drawn from the
input (circuit under test). The unknown voltage
can be computed from the formula:

Unknown voltage = x reference voltage.

R
R, + K
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If the polarity of the unknown voltage is re-
versed, the polarity of the reference voltage must
also be reversed in order to obtain balance.

To m=asure the absolute value of the unknown
voltage, the reference voltage must be known,
Instead of accurately measuring the reference
voltage directly, it can be adjusted to the proper
value if an accurately known voltage is available
for use as a calibration reference. Using this
method, a standard cell (fig. 8-15) of known
voltage is connected in place of the unknown
voltage, The variable voltage divider dial reading
(not shown) is set to this known voltage, and the
voltage across the variable voltage divider is
adjusted by means of rheostat, Rc, to obtain
balance. The potentiometer is now calibrated, or
standardized, and ready for use as an absolute
voltage-measuring device,

The differential voltmeter is essentially an
extension of the basic principles of a self-balancing
potentiometer as described above. A block
diagram of a single-range digital voltmeter is
shown in figure 8-16. A stepping switch operated
variable voltage divider divides the reference
voltage into a large number of precisely equal
parts in the decimal number system. An error
amplifier compares this divided voltage, called
the feedback voltage, to the input voltage and
commands stepping switch motion in a logical
sequence until the two voltages are equal within
the limits of resolution of the digital voltmster,
When this occurs, stepping switch motion ceases
and the meter is balanced. Input to the error
amplifier is through an electromechanical
chopper. Automatic range and polarity changing
features are accomplished by a combination
range and polarity switch (not shown),
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CHAPTER 9
FUNDAMENTALS OF COMMUNICATION THEORY

Radio communications is the nerve center of
today’s modern Navy. This fact makes necessary
devices for sending and receiving intelligence
which are rapid, accurate and dependable. The
word ''radio'' can be defined briefly as the
transmission and reception of signals through
space by means of electromagnetic waves.

Of the several methods of radio communica-
tions available those utilized most commonly
by the Navy are radiotelegraphy, radiotelephony,
radioteletype, and radiofacsimile., These modes
are defined as follows:

1. RADIOTELEGRAPHY (CW): The trans-
mission of intelligence coded radio frequency
waves in the form of short transmissions (dots)
and long transmissions (dashes).

2. RADIOTELEPHONY: The transmission of
sound intelligence (voice, music, or tones) by
means of radio frequency waves.

3. RADIOTELETYPE (FSK): The transmis-
sion of mz=ssages from a teletypewriter or coded
tape over a radio frequency channel by means

of coded combinations of mark and space im-:

pulses.

4, RADIOFACSIMILE (FAX): The transmis-
sion of still images (weather maps, photographs,
sketches, typewritten pages, and the like) over
a radio frequency channel.,

Radio equipment can be divided into twobroad
categories, transmitting equipment and receiving
equipment, Both transmitting and receiving equip-
ments consist basically of electronic power
supplies, amplifiers, and oscillators,

A Dbasic radio communication system wmay
consist of only a transmitter and a receiver,
which are connected by the medium through
which the electromagnetic waves travel (fig. 9-1).
The transmitter comprises an oscillator (which
generates abasic radiofrequency), RF amplifiers,
and the stages required to place the audio intel-
ligence on the RF signal (modulator).

The electromagnetic variations are propagated
through the medium (space) fromthe transmitting
antenna to the receiving antenna. The receiving
antenna converts that portion of the transmitted
electromagnetic energy received by the antenna
into a flow of alternating radio frequency cur-
rents, The receiver converts these current vari-
ations into the intelligence that is contained in
the transmission,

FREQUENCY SPECTRUM

Radio transmitters operate on frequencies
ranging from 10,000 hertz to several thousand
megahertz, These are divided into eight bands
as shown in table 1-1, inchapter 1, and explained
in chapter 20,

Because the VLF and LF bands require great
power and long antennas for efficient trans-
mission, the Navy normally uses these bands
for shore station transmission. (The antenna
length varies inversely with frequency.) Only
the upper and lower ends of the MF band have
naval use because the commercial broadcast
band extends from about 550 kHz to 1700 kHz.

Most shipboard radio communications are
conducted in the HF band. Consequently a large
percentage of shipboard transmitters and re-
ceivers are designed to operate in this band.

I

Figure 9-1,— Basic radio communication system,

Wo=t |
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The HF band lends itself well to long-range
communications,

A large portion of the lower end of the VHF
band is assigned to the commercial television
industry and is used by the Armed Forces only
in special instances., The upper portion of the
VHF band (225 to 300 MHz) and the lower portion
of the UHF band (300 to 400 MHz) are used
extensively by the Navy for its UHF communica-
tions, The frequencies above 400 MHz in the
UHF band through the SHF and EHF bands are
normally used for radar and special equipment.

ANTENNAS AND PROPAGATION

Before we proceed into transmitters and re-
ceivers a basic concept of antennas and propaga-
tion will be presented.

An antenna is a conductor or system of con-
ductors that radiates or intercepts energy in the
form of electromagnetic waves, In its elementary
form, an antenna may be simply a length of
elevated wire., For communications work, how=
ever, other considerations make the design of
an antenna system a more complex problem,
For instance, the height of the radiator above
ground, the conductivity of the earth below the
radiator, and the shape and dimensions of an
antenna all affect the radiated field pattern in
space,

When RF current flows through a trans-
mitting antenna, radio waves are radiated from
the antenna., Part of each radio wave moves
outward in contact with the ground to form the
groundwave, and the rest of the wave moves
outward and upward to form the skywave. The
ground and sky portions of the radio wave are
responsible for two different methods of carrying
signals from transmitter to receiver.

Commonly, the groundwave is considered to
be made up of two parts, a surface wave and a
direct wave, The surface wave travels along
the surface of the earth, whereas the direct
wave travels in the space immediately above
the surface of the earth., The ground wave is
used for both short-range communications at
high frequencies with low power and long-range
communications at low frequencies with very
high power.,

That part of the radio wave that moves up-
ward and outward, but is not in contact with the
ground, is called the skywave. The ionosphere
refracts (bends) some of the energy of the
skywave back toward the earth, A receiver in
the vicinity of the returning skywave receives

strong signals even though the receiver is several
hundred miles beyond the range of the ground
wave, The skywave is used for long-range, high-
frequency, daylight communications, It also pro-
vides a means for long-range contacts at some-
what lower frequencies. Figure 9-2 shows the
components of the propagated wave,

The direct wave is that portion of radiated
energy which contains no sky or ground wave
components, It attempts to travel in a straight
line; however, it is refracted (bent) slightly
downward due to atmospheric density. All VHF
and UHF communications are conducted via the
direct wave,

AM TRANSMITTER

One of the simplest types of radio trans-
mitters is the amplitude modulated transmitter.
This AM transmitter is designed to send audio
intelligence. An AM transmitter has four essen-
tial components; (1) a generator of RF oscilla-
tions (2) a means of amplifying, and, if necessary,
multiplying the frequencies of these oscillations,
(3) a method of modulating the RF carrier with
the audio intelligence, and (4) a power supply to
provide the operating potential to the various
transistors and/or electron tubes.

In order to explain the operation of complex
electronic equipment, it is often necessary to
graphically separate the major functional units
into functional blocks. This type of diagram is
often referred to as a functional block diagram.
An equipment functional blockdiagramis an over=-
all symholic representation of the functional
units within an equipment and the signal and
power paths between them,

il
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179.184
Figure 9-2, — Propagated wave paths,
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A block diagram of a basic transmitter used
for amplitude modulated transmission is illus-
trated in figure 9-3. The signal paths are repre-
sented by light lines, and the power supply paths
to individual functional units are shown by heavy
lines, The oscillator is the basic frequency
determining element of the transmitter. It is
here that the RF signal is generated. If the
oscillator fails to function, no RF signals will
be produced.

Frequently the transmitter output frequency
is so high that it is difficult to maintain a stable
oscillator. To overcome this difficulty the oscil-
lator is operated on a submultiple of the trans-
mitters output frequency. A process called fre-
quency multiplication is used to increase the
transmitter frequency.

Present-day transmitters may contain several
oscillators to perform various functions., In
general, only one of these is used to generate
the basic transmitter radio frequency. This
oscillator usually is called the master oscillator
(MO) to distinguish it from any other oscillator
in the transmitter,

The power amplifier (PA) is operated in such
a manner that it greatly increases the magnitude
of the RF current and voltage. The output of
the modulator is coupled to the power amplifier
to produce the desired AM signal. The output
from the PA is fed to the antenna via RF trans-
formers and transmission lines. The modulator
receives the intelligence to be transmitted. This
normally weak signal is amplified to a level
sufficient to modulate the RF in the power
amplifier,

Transmitters require d.c. voltages ranging
from hundreds of volts negative to thousands
of volts positive, Additionally, they need a.c.
voltages at smaller values than those available
from the ship’s normal power source, It is the
function of the power supply to furnish these
voltages at the necessary current ratings,

MASTER
OSCILLATOR

W |

POWER >
SUPPLY -

POWER
AMPLIFIER

MODULATOR

<—<><((

13.53(20C)
Figure 9-3.— Basic AM transmitter.

e

SUPERHETERODYNE RECEIVER

The modulated RF carrier wave produced
at the transmitter travels through space as an
electromagnetic wave, When the wave passes
across a receiving antenna, it induces small
RF voltages (and associated currents) in the
antenna wire at the frequency of the transmitted
signal. The signal voltage is coupled to the
receiver input via the antenna coil or antenna
transformer.

Electromagnetic energy is received from
many transmitters simualtaneously by the re-
ceiving antenna, The receiving circuits must
select the desired transmitted signal from those
present at the antenna and amplify this signal.
The RF stages must isolate the internally gen-
erated frequencies of the receiver from the
antenna to prevent radiation of these signals
particularly while radio silence is being ob-
served, Further, the receiver must extract the
audio component from the carrier frequency by
a process called demodulation, or detection,
and amplify the audio component to the proper
magnitude to operate a loudspeaker or earphones,

Figure 9-4 illustrates a block diagram of a
superheterodyne receiver (discussed in more
detail in chapter 11). The RF amplifiersincrease
the strength of the signal. The output of the RF
amplifier is fed to the mixer stage. Another
input into the mixer is a locally generated,
unmodulated RF signal of constant amplitude
from the local oscillator. The intermediate fre-
quency is produced by aprocess called heterodyn-
ing. This action takes place in the mixer, so
called because it receives and combines (mixes)
these two frequencies.

The heterodyning action in the mixer produces
four frequencies at the mixer output. These fre-
quencies are: (1) the incoming RF signal, (2) the
local oscillator signal, (3) the sum of the in-
coming signal and local oscillator signal, and (4)

RF IF AUDIO
AMPLIFIER ] MIXER Fﬁ AMPLIFIER |-#] DETECTOR [—»{ AMPLIFIER -—m

] Tt ¥

L.0.

POWER
SUPPLY

13.66(20C)
Figure 9-4,— Basic superheterodyne receiver.,
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the difference of these signals., Both the sum
and the difference frequencies contain the ampli-
tude modulation, Usually, the difference frequency
is used as the intermediate frequency, although
the sum frequency can be used.

In the detector stage, the intelligence com-
ponent of the modulated wave is separated from
the RF carrier, The separation process is called
detection or demodulation. The function of the
audio frequency section of the receiver is to
amplify the audio signal from the detector. In
most instances, the amount of audio amplification
necessary depends on the type of reproducer.

A transmitter-receiver comprises a separate
transmitter and receiver mounted in the same
rack or cabinet, The same antenna may be used
for the transmitter-receiver arrangement., When
so used, the capability for simultaneous opera-
tion of both the transmitting and receiving equip-
ment does not exist. The equipments may be
operated independently, using separate antennas,

A transceiver is a combined transmitter and
receiver in oneunit whichuses switching arrange-
ments in order to utilize parts of the same
electronic circuitry for both transmitting and
receiving. Hence, a transceiver cannot transmit
and receive simultaneously.

ANTENNA MULTICOUPLERS

Because of the large number of transmitters
and receivers on board ships, it is not feasible
to use a separate antenna for each equipment.
One satisfactory approach to the problem is
provided by multicouplers.

Antenna multicouplers are devices that permit
the simultaneous operation of several trans-
mitters or receivers into (or from) the same
antenna, The term ''multicoupler'' is descriptive
of two or more couplers stacked or grouped
together to from a single equipment, which then
is connected to a broadband antenna. A separate
coupler is required for each transmitter or
receiver, Normally, the same antenna cannot be
used for both transmitting and receiving simul-
taneously unless proper frequency separation
and/or a duplexing system is employed.

MULTIPLEXING

The numbher of communication networks in
operation per unit of tim= throughout any given
area is increasing constantly. Not too long ago,

186

each network was required to operate on a dif-
ferent frequency. As a result, all areas of the
radio frequency spectrum had become highly
congested.,

The maximum permissible number of intelli-
gible transmissions taking place in the radio
spectrum per unit of time can be increased
through the use of multiplexing. Themain purpose
of a multiplex system is toincrease the message-
handling capacity of radiocommunication, or tele-
typewriter channels and the transmitters and
receivers associated with them, This increase in
capacity is accomplished by the simultaneous
transmission of several messagesover acommon
channel,

There are basically two ways this is accom-
plished, frequency division and tims division,
The frequency division multiplexing telegraph
terminal employs a number of tone channels
slightly displaced in frequency. The tim=division
multiplexing telegraph terminal employs a num-
ber of time sharing channels slightly displaced
in time. Each channel carries the signals from
a separate teletypewriter circuit and modulates
a common carrier frequency. Receiving equip-
ment at a distant station accepts the multiplex
signals, converts them to mark-space signals,
and distributes them in the proper order to a
corresponding number of circuits, Frequency
division is the most common and widely used
multiplexing,

FREQUENCY STANDARDS

In modern communication networks, the fre-
quency of operation is precise and exacting. To
keep within the close tolerances required of
the equipment it is necessary to check it against
a known frequency standard. Frequency standards
belong to two general categories, primary and
secondary.

The National Bureau of Standards provides
frequency standards from two radio stations
(WWV and WWVH), WWV is located in Fort
Collins, Colorado and WWVH in Maui, Hawaii.
Both of these radio stations are of the primary
standard category.

Frequency standards of the secondary type
are used at naval communication installations,
Standards of this type may have a stability of
one part in 10° per day. This translates toa
maximum deviation of 0,005 hertz within a 24
hour period for a frequency of 5 MHz.

Frequency standards are highly stable and
accurate references against which other signal
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WARM AIR

COLD AIR

sources may be compared. The actual compari-
son may be performed by a technician using a
frequency deviation meter. The comparison may
also be performed automatically by acomparison
circuit built into the equipment being serviced.
This does not mean that the necessary adjust-
ment is accomplished automatically. The point
to remember is that the standard is a reference,

ENVIRONMENTAL EFFECTS
ON WAVE PROPAGATION

In modern communication systems, both wea-
ther and atmospheric conditions will affect the
RF signal between the transmitter and receiver,
The effect in some cases may improve reception,
and in other cases reception will be hampered.
At the receiver the energy may arrive over a
number of paths. The signal from each path
has a different attenuation, phase and polariza-
tion, This multipath effect leads to variations
in the net received signal strength and is re-
ferred to as FADING.

To obtain a steady signal we use a system
called DIVERSITY RECEPTION, Diversity re-
ception is reception in which the effects of
fading are minimized by combining two or more
sources of signal energy carrying the same
modulation, To obtain and combine these sources

179.185
Figure 9-5, — Tropospheric ducting.

of signal energy we may use one or both of the
following methods.

SPACE DIVERSITY, which takes advantage
of the fact that fading does not occur simul-
taneously for antennas spaced several wavelengths
apart, involves the use of two or more antennas
feeding individual receivers whose outputs are
combined, This gives an essentially constant
output despite fading.

FREQUENCY DIVERSITY takes advantage of
the fact that signals differing slightly in fre-
quency do not fads simultaneously. It involves
the use of carrier frequencies separated 500 Hz
or more and having the same modulation. The
receiver minimizes the effects of fading by using
at each instant the frequency having the higher
signal strength,

Another condition which affects the trans-
mitted signal is TEMPERATURE INVERSION,
A temperature inversion is caused by a region
in the tropospheric where temperature increases
rather than decreases with altitude, Temperature
inversions cause abnormal refractions that make
the beam refract up and down between the two
air layers forming a duct. When this condition
exists, microwave signals may travel several
times the normal limit, The duct formed by
temperature inversion is called a TROPO-
SPHERIC DUCT. Tropospheric ducting is
shown in figure 9-5.

Wave propagation is discussed further in
chapter 29,
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CHAPTER 10
TUNED CIRCUITS

‘A tuned circuit consists essentially of a coil
and capacitor, connected either in series or in
parallel (fig. 10-1A & B). The resistance in the
circuit is usually limited to the inherent re-
sistance of the circuit components (particularly
the coil),

The action of coils and capacitors in a.c.
circuits is explained in Basic Electricity, Nav-
Pers 10086 (Revised), and is the basis of the
foliowing discussion of their action in tuned
circuits,

Before tuned circuits can be analyzed, an
elementary understanding of vectors and vector
algebra is required. Accordingly, a brief review
of vectors as they are expressed both in the
rectangular and the polar form follows.

EXPRESSING VECTORS
ALGEBRAICALLY

Many commoa physical quantities such as
temperature, the speed of a moving object, or the
displacement of a ship can be expressed as a
certain number of units, These units define only
the magnitude and give no indications of the

GEN

A. SERIES TUNED CIRCUIT

direction in which the quantity acts, Such quanti-
ties are called SCALAR quantities. If both the
magnitude and the direction in which the quantity
acts are indicated, it is called a VECTOR
quantity and may be represented by a vector.
For example, a vector representing the speed
and heading of a ship having a speed of 10 knots
and a heading of 45° (northeast) is a straight
line extending upward and to the right. The
length of the line is proportional to the speed
of 10 knots. The angle that the line makes with
the vertical (north at the top) is 45° clockwise
from the vertical,

Electrical vectors are commonly used to
represent a.c. currents and voltages and their
phase relations. The length of the vector repre-
sents the magnitude of the quantity involved,
and the direction of the vector, with respect to
a reference axis, represents the lapse in time
between the positive maximum values of cur-
rent and voltage.

Impedance triangles, the sides of which repre-
sent vector quantities, are also used torepresent
the resistance and reactance components of a.c.
circuits, These are right triangles having a
base equal to the resistive component, an altitude
equal to the reactive component, and a hypotenuse

e
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Figure 10-1,—Basic tuned circuits,
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equal to the combined impedance. The angle be-
tween the combined impedance and the resistive
component (hypotenuse and base) is equal to the
phase angle between the voltage across the
impedance and the current flowing through it.

In this chapter it is necessary to determine
circuit impedance by the addition, subtraction,
multiplication, and division of vector quantities,
When it is inconvenient to express the quantity
by simple algebra, a system of complex notation
is used.

OPERATOR J

In calculations in electronics it is often
necessary to perform operations involving the
square root of a negative number —for example,
,,/q:Q, »/ =5, and ./-x. Because no number when
multiplied by itself will produce a negative re-
sult, the roots of numbers such as the fore-
going cannot be extracted. It therefore becomes
necessary to introduce a new type of notation to
indicate the square root of a negative number,

+j4-“

These numbers are called IMAGINARY NUM-
BERS to distinguish them from the so-called
REAL NUMBERS, Actually, the numbers that
we call imaginary in the mathematical sense
are real in the physical sense. The term is
merely one of convenience, as will be pointed
out in the succeeding paragraphs,

In algebra, the foregoing quantities are treated
as /=19, or,/ -1 (+3), +/-1./5; and /=1 %.
The term, ,/-1, is expressed as i (for imaginary)
in mathematics books, but when working with
electrical circuits it is convenient to use the
term j (called the J OPERATOR), because i is
used to indicate instantaneous current value.,

GRAPHICAL REPRESENTATION

In order to present a quantity graphically,
some system of coordinates must be employed.
Quantities involving the j operator may be con-
veniently expressed by the use of RECTANGU-
LAR COORDINATES, as shown in figure 10-2,
In order to specify a vector in terms of its X
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- +7
F+6
I +5

it | )

..xL

1 +90°
x 0 " X x "REAL" AXIS «
> X Q
1 +90° -1
] -2
-34
-ja1 -4y —————

@

>
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v >

7

A g B
Y
20.61

Figure 10-2, — Coordinates showing real and imaginary axes.
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and Y components, some means must be em-
ployed to distinguish between X axis and Y
axis projections, Because the +Y axis projec-
tion is +90° from the +X axis projection, a con-
venient operator is one that will, when applied
to a vector, rotate it without altering the mag-
nitude of the vector. Let +j be such an operator
that produces 90° COUNTERCLOCKWISE rota-
tion of any vector to which it is applied as a
multiplying factor. Also, let -j be such oper-
ator that produces 90° CLOCKWISE rotation of
?ny vector to which it is applied as a multiplying
actor,

Successive applications of the operator +j to
a vector will produce successive 90° steps of
rotation of the vector in the counterclockwise
direction without affecting the magnitude of the
vector, Likewise, successive applications of the
operator -j will produce successive 90° steps of
rotation in the clockwise direction, This rota-
tion is shown in table 10-1,

In the four quadrants (fig. 10-2) (upper right,
upper left, lower left, and lower right) the signs
indicate the direction of the vertical (j) com-
ponent, The + sign indicates a vertically upward
direction from the X axis and the - sign indi-
cates a vertically downward direction from the
X axis,

Consider the following example: The number
+4 in figure 10-2A, indicates that 4 units are
measured from the origin along the X axis in the
positive direction, A +j operator placed before
the 4 indicates that the number is to be rotated
90° counterclockwise and will now be measured
along the Y axis in a positive direction, Like=-
wise, a -j operator placed before the 4 indicates
that the number is to be rotated 90° clockwise,
and will now be measured along the Y axis in the
negative direction,

It may be recalled that inductive reactance,
X, is indicated aslying along the Y axis in the
positive direction, and capacitive reactance, X,
is indicated as lying along the Y axis in the
negative direction; resistance in each case is
measured along the X axis in the positive direc-
tion. Therefore, +j has a direct association
with X, in that both are measured in the same
direction along the Y axis, and -j similarly has
a direct association with X,

The function of the j operator may be shown
as follows: The expression, 4 ohms, indicates
that pure resistance is involved. In order to

Table 10-1.—Relation of operation j to vector

rotation

Mathematical | Direction of| Degree of

Operator| equivalent rotation rotation
j ®e o e 00 \ "1 Counter- 90°

clockwise

..., -1 " 180°
..., -V " 270°
..., 1 " 360°
-j o0 o0 -V '1 ClOckWiSe -900
(-2 .. -1 " -180°
(-3 .. V| " -270°
) L 1 " -360°

179.187

indicate that the 4 ohms represent capacitive
reactance or inductive reactance a special sym-
bol is needed. The use of the j operator gives a
clear indication of the type of reactance. For
example, if the j operator is not used, the 4
ohms are resistive, If +j is used (+j4), the 4
ohms are inductive reactance. If -j is used
(-j4), the 4 ohms are capacitive reactance (fig.
10-2B).

The so-called COMPLEX NUMBER contains
the ''real'"' and the "imaginary'' terms con-
nected by a plus or a minus sign., Thus, 3+j4
and 3-j4 are complex numbers. This means
that the 3 and the 4 in each instance are to be
added vectorially, and the +j and =-j indicate
the direction of rotation of the vector following
it, Following figure 10-2B, the real number in
these examples is 3 and could be represented
by a line drawn three units out from the origin
on the positive X (resistance) axis. The imagin-
ary number, +j4, could likewise be represented
by a line extended 4 units from the origin on
the positive Y, or X, axis; and -j4 could be
represented by a line extended 4 units from the
origin on the negative Y, or X, axis, The
IMAGINARY, or QUADRATURE, quantities (for
example, the X; and X values) are always
assumed to be drawn along the Y axis, and
the REAL quantities (for example, the R values)
are always assumed to be drawn along the X
axis,
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ADDITION AND SUBTRACTION
OF COMPLEX NUMBERS

Values that are at right angles to each other
cannot be added or subtracted in the usual sense
of the word. Their sum or difference can only
be indicated, as is done in the case of binomials
(an expression involving two terms). Thus, as-
sume that it is desired to add 3+j4 to 3-j4.

3+j4
3-j4
=0

The imaginary term disappears, and only the
real term, 6, remains, If 3+j4 is added to 3+j4,
the sum is the complex quantity, 6+j8.

One complex expression may also be sub-
tracted from another complex expression in the
same manner that binomials are treated. For
example, 3-j2 may be subtracted from 3+j4 as

3+j4
(=) 3-j2
0+j6

The real term disappears, and the result is 6
units measured upwurd from the origin on the
Y axis, If 3-j2 is subtracted from 6+j4, the dif-
ference is the complex quantity, 3+j6.

MULTIPLICATION AND DIVISION
OF COMPLEX NUMBERS

Complex numbers are multiplied the same
way that binomials are multiplies —for example,
if 3-j2 is multiplied by 6+j3

3-j2
6+j3
18-ji2

+19-f" 6
18-j3-j°6

Because j° = -1, the product becomes 18-j3-
(-1)6, 18-j3+6 or 24-j3.

Complex numbers may be divided in the same
way that binominals containing a radical in the
denominator are divided. The denominator is
rationalized (multiplied by its conjugate —a term
that is the same as the denominator except that
it has the opposite algebraic sign before the j
term), and the quotient is expressed as a term

having only a real number as the divisor, For
example, if 4+j3 is divided by 2-j2,

44§3 _ (4+§3) (242)
212 ~ (2-12) (2432
_ 846 + i8 + i%6
=ZTH + 4 -4

_ 8+j14-6
4 + 4

_2 +jl14
-8

=1+ 37
4

_L, 1
4 4

0.25 + jl1.75

RECTANGULAR AND POLAR
FORMS

Sometimes it is more convenient to use
polar coordinates than rectangular coordinates.
In RECTANGULAR FORM the vector is de-
scribed in terms of the two sides of a right
triangle, the hypotenuse of which is the vector.
Thus, in figure 10-3, vector OB (from fig. 10-2B)
is described in rectangular form by the complex
number 3+j4. In other words, the end of the
vector, OB, is 3 units along the +X axis and 4
units along the +Y axis and its length is 5 units,

The vector, OB, may also be described if its
length and the angle, 6, are given, When a vector
is described by means of its magnitude and the
angle it makes with the reference line it is ex-
pressed in the POLAR FORM, In this instance
the length is 5 units and the angle, 6, is approxi-
mately 53.1°. The vector, OB, may then be ex-
pressed in the polar form as 5/ +53.1°, If the
rectangular form is 3-j4 (fig. 10-2B), the polar
form is 5/ -53.1°,

The plus sign is shown with positive angles
in this chapter in order to emphasize positive
angles as contrasted with negative angles, The
negative sign preceding the angleindicates clock=-
wise rotation of the vector from the zero posi-
tion,

CONVERTING FROM ONE
FORM TO ANOTHER

~ Assume that the rectangular form is ex-
pressed by the complex number, 3+j4. The
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S(SIN 53.1°)=5(.8)

P

9=53.1°

'335(C0S 53.1°)=5(.6)
0B=3+j4:5£53.1°

20.62
Figure 10-3. —Rectangular and polar forms,

angle, 6, and the actual length of the vector,
OB, are not given. The length, OB, can be de-

termined use of the Pythagorean theorem
(OB = ,/3% + 4%), but it is usually simpler to
determine first the angle, 6, by finding the
angle whose tangent is the closest to % = 1,33,

The angle is 53.1° from the table of trigonometric
functions (appendix). From the same table, sin
BC

53.,1° = 0.7997. Since sin (sine) 8 = OB itfollows
that
- BC _.. 4 =
OB = gimsa.1° ~0.7997 — °

and the vector may be expressed in the polar
form as 5/ +53.1°,

If the vector is originally expressed in the
polar form as 5/ +53.1° it may be converted to
the rectangular form by the use of cos (cosine)
53.1° and sin 53.1°, In this instance the vector
is 5 units in length and makes an angle of ap-
proximately 53.1° with the +X axis, Thus,

sin 53,1° = -1—352

or
BC = 5 sin 53,1° = §x0.7997 = 4
cos 53.1° = oc
5
or

OC = 5 cos 53,1°=5x 0,6004 = 3

Therefore, with BC and OC known, the vector
may be expressed as the complex number 3+j4
(fig. 10-2B).

The polar form may be converted to the
rectangular form more concisely in the following
manner:

5. +53.1° = 5 cos 53.1° + j5 sin 53.1°

5 x 0.6004 + j5x 0,7997

= 3+j4

ADDITION AND SUBTRACTION
OF POLAR VECTORS

Unless polar vectors are parallel to each
other they cannot be added or subtracted alge-
braically. Therefore, the polar form is con-
verted first to the rectangular form, Then the
real components are added algebraically, and
likewise, the imaginary components are added
algebraically. TFinally, the result may be con-
verted back to the polar form. Vector summa-
tion is indicated in this text by the symhol .

As an example, find the resultant vector,
OR (fig. 10-4) of vectors OA and OB when
OA =10£30° and OB =8.60°. OR=0A (3)
OB. Converting to rectangular form:

OA = 10 cos 30°+j10 sin 30°
OB = 8 cos 60°+ 8 sin 60°
OA = 10x.866+j10x.500

OB = 8x.500+] 8x.866

OA = 8,66 +j5.0

OB = 4.00 +j6.93

OR = 12,66 +j11.93

OR = J/12.66% + 11,93

OR = ,/160.28 + 142.32

192



Chapter 10— TUNED CIRCUITS

11.93

;o
1266

0A @ 0B:=0R

20.63

Figure 10-4, — Addition of vectors.

OR = ,/302.6
OR =17.4

_11,93 -
=1266 = 0.943 from which 8 = 43,3,

In poar form OR = 17.4/ 43.3,

and tan 6

MULTIPLICATION AND DIVISION
OF POLAR VECTORS

The method of multiplying and dividing com-
plex numbers by treating them as binomials and
rationalizing the denominators may be simplified
considerably by first converting the vectors
into polar form and then proceeding to combine
them in the following manner:

To obtain the product of two vectors, multi-
ply the numbers representing the vectors in
polar form and add their corresponding angles
algebraically. The resultant vector is in polar
form, Thus,

(5L + 539 (5L - 539 = 25/ 0°.

To obtain the quotient of two vectors, divide
the numerator by the denominator as in ordinary
division, then subtract algebraically the angle
of the denominator from the angle in the numer-

ator. The resultant vector is in polar form.
Thus,

10 + 25 - °

57 - 20 2/ +45°,

RESISTANCE, INDUCTANCE, AND
CAPACITANCE IN SERIES

A detailed treatment of circuits containing
resistance, R, inductance, L, and capacitance,
C, in series is contained in the Basic Electricity,
NavPers 10086-B training manual, Thediscussion
below is therefore intended only as a review
of some of the most important points presented
in that coverage prior to a consideration of
series and parallel resonance,
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RELATIONSHIP OF VOLTAGE AND
CURRENT IN AN RLC CIRCUIT

When resistive, inductive, and capacitive ele-
ments are connected in series, their INDIVIDUAL
characteristics are unchanged. That is, the cur-
rent through and the voltage drop across the
resistor are in phase while the voltage drops
across the reactive components (assuming pure
reactances) and the current through them are
90 degrees out of phase., However, this is not
true of their COMBINED characteristics; and
a new relation must be recognized with the
introduction of the three-element circuit, This
pertains to the effect on total line voltage and
current when connecting reactive elements in
series, whoseindividual characteristics are oppo-
site in nature, such as inductance and capacit=-
ance, Such a circuit is shown in figure 10-5A.

In the figure, note first that CURRENT is
the common reference for all three element
voltages, because there is only one current in
a series circuit, and it is common to all ele-
ments. The common series current is repre-
sented by the dashed line in figure 10-5A.
The voltage vector for each element, showing
its individual relation to the common current,
is drawn above each respective element. The
total voltage E; (fig. 10-5D) is the vector sum
of the individual voltages of IR, IX; , and IXc.

The three element voltages are arranged
for summation in part B of figure 10-5. Since
IX; and IXc are each 90 degrees away from I,
they are, therefore, 180 degrees from each
other. Vectors in direct opposition (180 degrees
out of phase) may be subtracted directly. The
total reactive voltage Ey is the difference of
IX] andIX.

or: Ey =IXp - IXc = 45-15 = 30 volts

The final relationship of line voltage and cur-
rent, as seen from the source, is shown in part
D. Had X Dbeen larger than X; , the voltage
would lag, rather than lead. When Xc and X
are of equal value, line voltage and current will
be in phase,

IMPEDANCE OF RLC
SERIES CIRCUITS

The DIFFERENCE of X; and X must
be determined prior to computing the total
impedance of an RLC (three element) series
circuit. When employing the Pythagorean theo-
rem=-based formula for determining series im-
pedance, the net reactance of the circuit is

45v
ceee. IR IXG o IX) I
qov sy
Eq 400 150 450
50v
(A)
ELB 45y
N XL-Xc)
i80° ER=40v 30n
I 369° R=400
Ec=ISv (C) IMPEDANGE

8

IX=
IXL'IXC

ER=40v

(D) VOLTAGE

179.188
Figure 10-5.—Resistance, inductance, and capaci=-
tance in series,

represented by the quantity in parenthesis (X
= Xc). Application of this formula to a series
RLC circuit where X; = 45 ohms, X =15
ohms and R = 40 ohms, yields an impedance of:

z=JR® + X2
Z=,/R + (X_.- Xc)?
Z = /407 + (45-15°
Z =,/1600 + 900

Z =,/2500 = 50 ohms

Series impedance can also be determined by
use of the vector triangle method. In an imped-
ance triangle for a series circuit (fig. 10-5C)
the base always represents the series resist-
ance, the altitude represents the NET reactance
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-

(X;.-X¢), and the hypotenuse represents total
impedance, ‘

It should be noted that as the DIFFERENCE
of X; and X; becomes greater, totalimpedance
also increases. Conversely, when X| and X
are equal, their effects cancel each other, and
impedance is minimum, equal only to the series
resistance, When X| and X¢ are equal their
INDIVIDUAL voltages are 90 degrees out of
phase with current, but their COLLECTIVE
effect is zero because they are equal and oppo-
site in nature., Therefore, when X| and X
are equal, line voltage and current are in phase,
This condition is the same as if there were only
resistance and no reactances in the circuit.

SERIES CIRCUIT RESONANCE

When the reactances in a series circuit cancel,
and, as far as the source is concerned, the
circuit appears to contain only resistance, the
circuit is said to be in a condition of RESO-
NANCE, When resonance is established in a
series circuit certain conditions will prevail.

1. The inductive reactance will be equal to
the capacitive reactance.

2, The circuit impedance will be minimum,

3. The circuit current will be maximum,

RESONANT FREQUENCY

The reactance of capacitors and inductors is
determined by their physical construction and
the applied frequency. X| varies directly with
frequency and X varies inversely with fre-
quency. Due to this relationship any combination
of inductance and capacitance will have aspecific
frequency at which the reactances will be equal.
The relationship of X| , X, frequency, and the
resonant frequency point (fo) is shown in figure
10-6. In a series RLC circuit the largest re-
actance value determines the appearance and
phase angle of the circuit. It can be seen (from
fig. 10-6) that below the resonant frequency
point X is the larger reactance and above f,
the X| 1is the larger reactance. Therefore, the
circuit will appear capacitive below f; and in-
ductive above £,

An equation for determination of the resonant
frequency can be developed in the following
manner;

At resonance X| = X

Xc i XL
|
:
i
< X : X
o oL
4 1
< :
o H
x )
|
0 fo FREQUENGY
179.189
Figure 10-6, — Reactance curves for series RLC
circuit.

Substituting the equation for X| and X :

!
2rnfL = TG
Transposing: 1 = 47°f°LC
fz - _..1__
47° LC
. _ 1
Solving for f: f; = Zm/IC

where: f, = resonant frequency in hertz,
L = inductance in henrys
C = capacitance in farads

Example, Determine the resonant frequency
of a series RLC circuit consisting of an 80
microfarad capacitor, 10 microhenry coil, and
a 10 ohm resistor,

Solution; £ = 1
0 =

f, = 5.63 kHz

Thus, when a frequency of 5.63 kHz is applied
to the circuit in the example the capacitive and
inductive reactances will be equal.
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Resonant Series Circuit Analysis

In order for the series circuit (fig. 10-7A)
to be in resonance, the frequency of the applied
voltage must be such that X| = X¢.

When a series circuit contains resistance,
inductive reactance and capacitive reactance,
the total impedance for any frequency is:

Z=R + (X =-X¢)

Because X| increases and X¢ decreases with
an increase in frequency, at a cexiain frequency
(the resonant frequency) X, will equal X¢ , they
will cancel, the j term will drop out, and Z will
equal R. Furthermore, because the total im-
pedance is now only the resistance, R, of the
circuit, the circuit current is maximum, In
other words, at resonance the generator is
looking into a pure resistance,

At frequencies below resonance, X¢ is
greater than X| and the circuit contains resist-
ance and capacitive reactance; at frequencies
above resonance, X| is greater than X¢ and
the circuit contains resistance and inductive
reactance, At resonance, the current is limited
only by the relatively low value of resistance.

Because the circuit is a series circuit (fig.
10-7A), the same current flows in all parts
of the circuit (fig. 10-7B), and, therefore, the
voltage across the capacitor is equal to the

A CIRCUIT B CURVES

C VECTORS

179.190
Figure 10-7,—Series resonance,

voltage across the inductor, because X| is
equal to Xc . These voltages (fig. 10-7C), how-
ever, are 180° out of phase, since the voltage
across a capacitor lags the current through it
by approximately 90°0 and the voltage across
the inductor leads the current through it by ap-
proximately 90°. The total value of 