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BASIC THEORY AND 
APPLICATION OF 

TUNNEL 
DIODES 
A detailed easy-to-understand coverage of the phys- 
ics of electron tunneling with a unique and simplified 
explanation of amplification and oscillation using 
negative resistance. Includes the operation of asso- 
ciated circuit components, and detailed analyses of 
practical circuits for a wide range of uses. Profusely 
illustrated. 



or the technician and practicing en- 
WY nce familiar with electron-tube 
theory and application, this book pre- 

sents a unique, simplified version of the 
physics of the relatively complex concept 
of electron tunneling; this presentation 

applies not only to tunnel diodes but 
also to any comparable negative resist- 
ance device employed for amplification 
and oscillation. A knowledge of tran- 
sistors, although desirable, is not required 

for an understanding of tunnel diodes 
as presented here, but for those who 

desire it, a brief review of the funda- 
mentals of transistors is presented in 
Appendix C, 

Initial chapters deal with basic theo- 
retical explanations. The phenomenon 
of electron tunneling is given a detailed 
and thorough coverage in Chapter 2. 
This is followed by a unique presen- 

tation of the concept of “negative 
resistance” on a first order (non-mathe- 
matical) basis which should completely 
dispel the “mystery of negative resist- 
ance” usually resulting from a purely 
mathematical presentation. 

Simplified versions of the physics of 
operation of associated circuit compo- 
nents such as hybrid junctions, ferrite 

isolators, Hall-effect gyrators aiid isola- 
tors, and backward diodes are also 

discussed. Also included are thorough 
explanations of a large number of prac- 
tical tunnel diode circuits for use in 
computers, radar, microwave and UHF 

receivers and transmitters, as well as low 
frequency circuits, 

For ease of comprehension the book 
is copiously illustrated with more than 
200 line drawings and photographs. 
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PREFACE 

The aim of this book is to provide a coherent, sequential presentation of 
the theory and application of tunnel diodes consistent with the present 
state of the art. The level of treatment is the same as that given transistors 
in Department of the Army Technical Manual TM 11-690, “Basic Theory 
and Application of Transistors.” That technical manual, available through 
the Superintendent of Documents, Washington, D. C., was prepared by this 
author with the assistance of several of his colleagues while employed at 
the Publications Engineering Department, United States Army Signal 
Materiel Support Agency, Fort Monmouth, New Jersey. As in the case of 
the transistor manual, this book is intended for the technician and the 
practicing engineer familiar with electron-tube theory and application. A 
knowledge of transistors, although desirable, is not required for an under- 
standing of tunnel diodes as presented here. However, a brief review of 
the fundamentals of transistors is presented in Appendix C. 

Chapters 2 and 3 are perhaps the most important chapters in the book. 
Chapter 2 provides the reader with a basic explanation of the internal con- 
duction mechanism in heavily doped semiconductor diodes that results in 
the phenomenon of electron tunneling. Chapter 3 presents what the author 
believes to be a novel, but technically correct, explanation that will eliminate 
for most technicians and practicing engineers the mystery of negative 
resistance and its use for amplification and oscillation. This presentation 
applies not only to tunnel diodes but to any negative-resistance device em- 
ployed for amplification and oscillation. After the contents of these two 
chapters are digested, the data presented in the remaining chapters should 
be more easily comprehended by the reader. 

The author gratefully acknowledges the support and encouragement of 
Mr. Harry Barr, Chief, Surveillance Division, Publications Engineering 
Department, U. S. Army Signal Materiel Support Agency. Thanks are 
also due to Mr. Joseph Betzko for assistance in editing the manuscript and 
preparing the index; to Miss Helen Root, Miss Sandra Brewer, and Miss 

li
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Arlene Breglia for typing the manuscript; and to my son Arthur (age 13) 

for collating pages and numbering illustrations. 
Acknowledgment is also made to the many engineers whose works and 

published articles (see Appendix A) have made this book possible, and to 

the General Electric Company and the Radio Corporation of America for 
supplying useful data. 

It must be noted that this book was prepared by the author as a private 
individual; no approval of the contents, tacit or express, by the Depart- 

ment of the Army is claimed or granted. 

Sy.Lvester P, GENTILE
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Chapter 1 

INTRODUCTION 

1-1. General 

a. Fundamentally, the tunnel diode is a two-terminal semiconductor 

device that displays an ac (alternating current) negative resistance over 

a-portion of its current-voltage curve. This phenomenon occurs if the tunnel 

diode is biased in the forward direction. It is this ac negative-resistance 

property of the tunnel diode that is exploited in a number of circuit arrange- 
ments to provide amplification, oscillation, switching, and memory functions 

extensively used in electronics. 

b. Devices displaying ac negative resistance are not new to the field of 

electronics. This characteristic is found also in thyratrons, tetrode vacuum 
tubes, four-layer diodes, and others. However, because the tunnel diode is 

such a simple device, and a potentially inexpensive item, much engineering 

research has been directed toward increasing the number of applications. 

As a result, types of equipment using tunnel diodes are becoming more 

numerous and are being offered on the commercial market. 

1-2. History of Semiconductor Devices 

a. Crystal Rectifier. The first use of a crystal semiconductor as a recti- 

fier (detector) was in the early days of radio. A crystal was clamped in 

a small cup or receptacle and a flexible wire (cat whisker) made light con- 

tact with the crystal. Tuning of the receiver was accomplished by operating 

the adjusting arm until the cat whisker was positioned on a spot of the 

crystal that resulted in a sound in the headset. Tuning the variable capaci- 

tor provided maximum signal in the headset. 

b. Point-Contact Diode (Fig. 1-2). Point-contact diodes (germanium 

rectifiers) were used during World War II for radar and other high-fre- 

quency applications to replace electron-tube diodes. The point-contact 

diode has a very low shunt capacitance and does not require heater power; 

these properties provide a definite advantage over the electron-tube diode 

in high-frequency mixing and detecting applications. The point-contact 
1



2 BASIC THEORY AND APPLICATION OF TUNNEL DIODES 

Semiconductor 

Semiconductor Metal iconduc Base 

™:a] ea : 
\ Emitter lead 

Collector lead 
External Metallic 

lead point contact Metal base 

Fic. 1-2. Physical construction of point- Fic. 1-3. Physical construction of point- 
contact diode contact transistor 

diode is identical to the crystal rectifier (a above). The point-contact diode 

consists of a semiconductor, a metal base, and a metallic point contact. 

The connections to the point-contact diode are an external lead welded to 
the metallic point contact, and an external lead welded to the metal base. 

c. Point-Contact Transistor (Fig.1-38). The development of the point- 

contact transistor was announced by the Bell Telephone Laboratories in 

1948. The physicists credited with the invention were John Bardeen and 
Walter H. Brattain. The physical construction of the point-contact tran- 
sistor is similar to that of the point-contact diode except that a third lead 

with a metallic point contact is placed near the other metallic point contact 

on the semiconductor. One lead is called an emitter lead; the other, a col- 
lector lead. When the two metallic points are properly biased with respect 

to the metal base, the point-contact transistor is capable of producing a 

power gain. 

d. Junction Diode (Fig. 1-4). Rectification by semiconductor-to-semi- 
conductor contact (a junction diode) was described in 1946 by W. H. Brat- 

tain of the Bell Telephone Laboratories. The rectifying junction diode is 

p-type n-type 

External 
( lead 

tas unction — normal diode 
or 

pen Junction— tunnel diode 

Fig. 1-4. Physical construction of rectifying junction diode, or tunnel diode
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a single bar, slab, or wafer containing two dissimilar sections of semi- 

conductor material. One section, because of its characteristics, is called a 

n-type semiconductor; the other, an n-type (par. 2-9 and 2~10). The con- 

nections to the rectifying junction diode consist of a lead to the p-type semi- 

conductor and a lead to the n-type semiconductor. The rectifying junction 

diode can handle larger power than the point-contact diode but the rectify- 
ing junction diode has a larger shunt capacitance. 

e. Junction Transistor. In 1949 W. Shockley of the Bell Telephone Labo- 
ratories published a theoretical analysis in which he predicted that a junction 

transistor consisting of area contacts (junctions) rather than point contacts, 

would be a practical device. Soon after, development of the junction tran- 

sistor was announced. The junction transistor consists of two p-n junctions 

(Fig. 1-5A and B). Operation of the junction transistor is similar to that 

of the point-contact transistor. The junction transistor permits more ac- 

curate prediction of circuit performance, is less noisy, and is capable of 

handling more power than the point-contact transistor. 

f. Tunnel Diode. The tunnel diode was invented in 1958 by a Japanese 
scientist, Leo Esaki. Thus, the tunnel diode is often referred to as the 

Esaki diode. The external appearance and structure of the tunnel diode 

is identical to the normal rectifying junction diode (Fig. 1-4). The dif- 

ference between the two is in the amount of donor and acceptor impurities 

(Ch. 2) added to the semiconductor materials. The impurities added to 

the tunnel diode semiconductor materials are approximately 1000 times 

greater than those used in semiconductor materials for the rectifying junc- 
tion diode. The junction formed in the rectifying diode is referred to as a 
p-n junction; in the tunnel diode the junction is referred to as a pp-n junc- 

n-type p-type 

p-type | p-type n-type | n-type 

Emitter Emitter 
lead lead a J AN Je 

\ Collector y Collector 
lead lead 

re Base lead im Base lead 

A. p-n-p (semiconductor) B. n-p-n (semiconductor) 
junction transistor junction transistor 

Fig. 1-5. Physical construction of p-n-p and n-p-n junction transistors 
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tion. It is the heavier doping (adding of impurities) of the tunnel diode 
semiconductor materials which causes the phenomenon of ac negative re- 

sistance (par. 3-7) that permits the use of the tunnel diode as an amplifier, 

oscillator, switch, etc. 

1-3. Tunnel Diode Functions 

a. Amplification, The tunnel diode may be used as a current, voltage, or 

power amplifier. For instance, a stronger signal current may be obtained 

wef Ni 
Signal imput Tunnel diode Amplified 

signal output 
A. Amplifier 

DC current Tunnel diode AC current 

B. Oscillator 

Fie. 1-6. Tunnel diode used as amplifier or oscillator 

from a tunnel diode (Fig. 1-6A) than is delivered by the signal source. 

Various circuit arrangements provide for various amounts of signal amplifi- 

cation, depending on the power-handling capacity of the particular tunnel 
diode. 

b. Oscillation. The tunnel diode may be used to convert direct-current 
energy into alternating-current energy; i.e., it may be used as an oscillator. 

When functioning in this manner, the tunnel diode shifts energy from a de 

source and, in conjunction with a suitable timing (tank) circuit arrange- 

ment, generates an ac signal (Fig. 1-6B). 

c. Modulation and Demodulation. The tunnel diode used in various 

circuit arrangements can provide amplitude modulation (variation in ampli-
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tude of an RF signal) (Fig. 1-~7A) or frequency modulation (variation in 

frequency of an RF signal) (Fig. 1-8A). Demodulation (detection) of 

amplitude-modulated signals (Fig. 1-7B) or frequency-modulated signals 

(Fig. 1-8B) may be accomplished with tunnel diodes. These circuits are 
well-suited for miniature transmitters intended for short-range applications. 

Audio signal 
wa 

RF signal Tunnel diode Modulated signal 

A. Amplitude modulator 

Modulated signal Tunnel diode Audio signal 

B. Amplitude demodulator 

Fig. 1-7. Tunnel diode used as AM modulator or AM demodulator 

d. Miscellaneous. The tunnel diode may also be used to modify the shape 
of signal waveforms. Waveform shaping is vital in various types of radar, 

teletypewriter, computer, and television circuits. Figure 1-9 indicates the 

use of the tunnel diode in transforming a sinewave into a square wave. 

1-4. Comparison of Transistors and Tunnel Diodes 

a. The transistor and the tunnel diode have common advantages over 

electron tubes. These are: 

1. Greater power efficiency because no heater element is involved. 

2. No warm-up time required.
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Audio signal 

WA f WV 
RF signal Tunnel diode Modulated signal 

A. Frequency modulator 

Who 
Modulated signal Tunnel diode Audio signal 

B. Frequency demodulator 

Fie. 1-8. Tunnel diode used as FM modulator or FM demodulator 

3. Long life expectancy because of their physical ruggedness. Each will 
withstand centrifugal force, gravity, and impact tests that would completely 

shatter an electron tube. 

4, Operation at low voltages that permit the use of smaller circuit com- 

ponents. 

5. Extremely small in size compared to even miniature electron tubes. 

This permits ease of construction in microminiature modules especially de- 

sirable for use in portable equipment, aircraft, missiles, drones (unmanned 

aircraft) , and satellites. 

Wu Al =A 
Sinewaves Tunnel diode Squarewaves 

Fig. 1-9. Tunnel diode used to square waveform 
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b. The tunnel diode has the following advantages over transistors: 

1. Much higher switching speeds. Present tunnel diodes can switch in 

one nanosecond (10-® second or one billionth of a second). The tunneling 

action that occurs in a tunnel diode takes place theoretically at nearly the 
speed of light. Switching speed is of particular use in high-speed computers. 

Because of this fact it is expected that tunnel diodes will be extensively ap- 

plied in this field. The transistor is limited in switching speed because of 
the long transit time of current carriers through its base. 

2. The tunnel diode can operate through wide temperature ranges with- 

out appreciable changes in its tunneling characteristics. This property is 

due to the very heavy doping of the semiconductor material. Extremes 

of heat from absolute zero to 400° C (for gallium arsenide tunnel diodes) 

do not generate enough electron-hole pairs and excess electrons (par, 2-18) 

to increase markedly in percentage the original number of these carriers 

contributed by the doping materials. In the transistor, however, light doping 
is used and an operating temperature of 100° C materially affects its charac- 

teristics. 

3. The tunnel diode can withstand relatively much larger doses of nuclear 
radiation compared to the transistor before its characteristics are changed. 

Again the reason is the heavy doping of semiconductor material (2 above). 

4, Because the tunnel diode is a two-terminal device, there is no necessity 
to connect a third lead to an extremely small area as in the case of the 

transistor. This, plus the fact that only two regions of semiconductor ma- 

terial are required instead of three regions, as in the transistor, should result 

in a relatively inexpensive device. 

5. Tunnel diode amplifiers can operate effectively even at microwave fre- 

quencies, producing wide bandwidth and high gain at low noise figures. 

Transistors have not competed with masers and parametric amplifiers at 

microwave frequencies. The high junction capacitances in the transistor 

and the long transit time of current carriers through the base region preclude 

use of the transistor at these frequencies, Tunnel diodes will be much 

lower in cost than masers and parametric amplifiers. 

6. Heavy overload current of short duration will not permanently damage 
the tunnel diode. Actually, it is difficult to produce sufficient power in its 

junction to damage it. 
7. Tunnel diode properties and characteristics are relatively unchanged 

by moisture and atmospheric gases. This fact eliminates the need for 

hermetic sealing that is required for transistors. The tunnel diode can be 

produced in very small, lightweight, encapsulated units requiring less space 

than transistors.
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c. The main disadvantages of the tunnel diode are: 

1. Gain for amplifiers and oscillators can be obtained only by operating 

over the ac negative-resistance characteristic of the device. 

2. The tunnel diode has only two terminals that must be used for both 
input and output. Obviously the tunnel diode is not a unidirectional device. 

In simple circuit arrangements the output directly affects the input. Cas- 

cading amplifier stages becomes a major design difficulty. However, suitable 
unidirectional circuit arrangements can overcome this difficulty (Ch. 5). 

3. The tunnel diode is a very low-voltage signal device. The available 

voltage swing of germanium units is less than 14 volt; gallium arsenide units 

provide less than 1 volt. Peak currents, however, can range from 10 pa to 

more than 10 amp. 

1-5. Tunnel Diode Material 

Materials, such as copper, silver, gold, and iron, which provide a good 

path for electron flow with little opposition (resistance), are referred to as 

conductors (par. 2-5a). Materials such as carbon in diamond form, ger- 

manium, and silicon, which pruvide a path for electron flow but offer moder- 

ate opposition, are referred to as semiconductors (par. 2-5c). Materials 

such as rubber, porcelain, and glass, which offer great opposition and do not 

provide a path for electron flow, are referred to as insulators (par. 2-5b). 

Tunnel diodes are composed of semiconductor materials such as germanium 

or silicon. 

1-6. Summary 

a. The ac negative-resistance characteristic of the tunnel diode may be 

employed in various circuit arrangements to perform functions normally 

performed by transistors and electron tubes. 

b. The tunnel diode is made of a heavily doped semiconductor material, 

such as germanium or silicon. 

c. The first crystal semiconductor was used as a rectifier (detector) in 

the early days of radio. 

d. The point-contact transistor was invented in 1948. 
e. The junction transistor was invented in 1949. 

f. The tunnel diode was invented in 1958. 
g. The tunnel diode may be used in circuits, such as amplifiers, oscillators, 

modulators, and demodulators. 

h. The tunnel diode is smaller and more rugged than the electron tube. 

In addition, the power efficiency of the tunnel diode is greater than that of 

the electron tube. 
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7. Tunnel diodes are especially adaptable to the miniaturization of elec- 
tronic equipment. Even the associated circuit components of tunnel diodes, 

such as capacitors, resistors, batteries, and transformers, may be made 

smaller than the corresponding components used in electron-tube circuits. 

j. The advantages of the tunnel diode over the transistor are: faster 
switching; higher tolerance to high temperatures, nuclear radiation, and 

momentary current overloads; amplification and oscillation in the kilomega- 

cycle region; high tolerance to moisture and atmospheric gases; lighter and 

less expensive to manufacture. 

k. The main disadvantages of the tunnel diode are that it offers a small 

usable signal-voltage swing and it is not a unidirectional device.



Chapter 2 

FUNDAMENTAL THEORY OF TUNNEL DIODES 

SECTION I. STRUCTURE OF MATTER 

2-1. General 

a. A knowledge of the theory of the structure of matter is required for 

an understanding of the theory of the internal conduction mechanism that 

occurs in the tunnel diode. 
b. Tunnel diodes are constructed from semiconductor materials. A com- 

parison of the properties of conductors, semiconductors, and insulators is 

given in paragraph 2-5. Detailed properties and characteristics of semi- 

conductor materials used in transistors and tunnel diodes are covered in 

paragraphs 2-6 through 2-12. 

2-2. Matter, General 

Matter is any substance that has weight (mass) and occupies space. Ex- 

amples of matter are: air, water, plants, and metals. As these examples 

indicate, matter may be found in the gaseous, liquid, or solid state. Matter 

is found in nature as elements (a below), or compounds (b below). The 

elements and compounds are made up of molecules (c below), atoms (d 

below), and subatomic particles (e below). 

a. Element. Matter consists of one or more basic materials which are 

called elements. Scientists have definite proof that at this time 102 elements 

exist. An element is defined as a substance that can be neither decomposed 

(broken up into a number of substances) by ordinary chemical changes 

nor made by chemical union of a number of substances. Copper, iron, 
aluminum, and gold are examples of metallic elements; oxygen, hydrogen, 

and sulfur are nonmetallic elements. 

b. Compound. A substance containing more than one element and usv- 

ally having properties different from those of its elements is called a com- 
pound, For example, water is made up of hydrogen and oxygen. There- 

fore, water is a compound. 
10 
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c. Molecule. A molecule is defined as the smallest particle of matter 

that can exist by itself and still retain the properties of the original sub- 

stance. If a drop of water, a compound, is divided until the smallest possible 

particle is obtained and is still water, that particle is known as a molecule. 

An idea of the size of a molecule may be obtained by imagining that a stone 

is first broken into two pieces, that the two pieces are then broken into four 

pieces, and that this process is continued. The smallest particle of stone 

which could be obtained by this process would be a molecule. Actually, it 

is impossible to crush a stone into its molecules; we can only crush it into 

dust. One small particle of dust is composed of thousands of molecules. 

d. Atom. An atom is defined as the smallest part of an element that can 

take part in ordinary chemical changes. For simplicity, the atom may be 

considered to be the smallest particle that retains its identity as part of 

the element from which it is divided. Since there are approximately 102 

known elements, there must be 102 different atoms, or a different atom for 

each element. All substances are made of one or more of these atoms. 

e. Subatomic Particles. The atom itself can be subdivided into still 

smaller, or subatomic, particles. The nature of these subatomic particles 

is covered in paragraph 2-4. 

2-8. Structure of Atom 

Figure 2-1 shows the structure of matter. Parts A and B of the illustra- 

tion are real; parts C through F are imaginary but are based on extensive 

laboratory and theoretical data. 

a. Figure 2-1A shows the metal as it appears to the unaided eye. 

b. In Fig. 2-1B the magnification is 100 diameters. Note that the metal 

has a crystalline structure. The crystals are small, nonuniform in shape, 

and irregularly arranged. This arrangement of crystals is referred to as 

a polycrystalline structure. All metals reveal a polycrystalline structure 

when seen through a microscope. The properties and characteristics of 

polycrystalline materials are quite different from the properties and charac- 

teristics of single crystal materials. Germanium and silicon, when processed 

for use in semiconductor devices, are single crystal materials (par. 2-7). 

c. Magnification to 100,000 diameters (Fig. 2-1C) gives evidence of the 

presence of individual atoms or subatomic particles. 

d. In Fig. 2-1D magnification is 10 million diameters. At this magnifica- 

tion the metal atoms appear as identical dots in straight rows. 

e. At a magnification of 100 million diameters a single metal atom fills 

the entire area (Fig. 2-1E). This single atom resembles the solar system 

with a central body, called a nucleus, about which a number of smaller 

particles (electrons) move in outer orbits. Each of the electrons in this 

atom has a charge of electricity identical with the charge on any of the
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Fic. 2-1. Structure of a metal element 

other electrons. The charge associated with an electron, the elemental 
charge, is the smallest electrical charge. The charge on the electron is 
arbitrarily designated a negative charge. For each negative electron that 
orbits about the nucleus, there is a positive proton in the nucleus, so that 
the atom is electrically neutral.
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f. Increased magnification (Fig. 2-1F) shows that the enlarged nucleus 

contains two kinds of particles. The positively charged particles are called 

protons. The uncharged particles are called neutrons. 

9-4. Electrons, Protons, and Neutrons 

It has been established that the metal atom consists of a positively charged 

nucleus with negatively charged electrons that orbit around the nucleus. 

Nucleus (18 protons, 14 neutrons) 
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Fig. 2-2. Structure of atoms 

Actually the atoms of all elements (oxygen, silver, hydrogen, etc.) contain 

a central nucleus and orbiting electrons. 

a. Examples of Atomic Structure. 1. The atomic structure of the hydro- 

gen atom (Fig. 2-2A) is the simplest of all atoms. It contains one electron 

orbiting around the nucleus which consists of one proton. The negative 
charge on the electron equals the positive charge on the proton and the atom 

is electrically neutral. 

2. The nucleus of the aluminum atom. (Fig. 2-2B) contains 14 neutrons 

and 13 protons, The positive charges of the 13 protons balance the negative 

charges of the 13 electrons and the entire atom is neutral. Note that the 

outermost shell has three electrons. The importance of these three electrons 

is explained in paragraph 2-10.
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3. The phosphorus atom (Fig. 2-2C), a more complex structure, has 15 

orbital electrons in three separate rings or shells. In this atom the outermost 

ring has five electrons. The importance of these five electrons is explained 

in paragraph 2-9. 

4. The germanium atom (Fig. 2-2D), an even. more complex atom, has 

82 protons and 41 neutrons in the nucleus. The 32 orbital electrons revolve 

in four separate shells, with four electrons revolving in the outer incomplete 

shell. Paragraph 2-7 explains the importance of this arrangement. 

b. Building Blocks and Their Characteristics. The difference in the vari- 

ous elements and their characteristics is in the number and arrangement of 

the electrons, protons, and neutrons of which each atom is composed. All 

electrons are basically identical regardless of the atom, and therefore the 

element, of which they are a part. The same can be said of all protons 

and all neutrons. Since matter is composed of atoms of positively charged 

protons, negatively charged electrons, and uncharged neutrons, these charged 

and uncharged particles are the fundamental building blocks of all matter. 

The charge on the negative electron or the positive proton is considered 

the elemental unit of electrical charge. Because the elemental unit is too 

small a quantity of electricity for practical purposes, a larger unit called 

the coulomb is commonly used. One coulomb of electricity represents 6.28 

million, million, million (6.28 x 1018) electrons. Although they have equal 

and opposite quantities of charge, a proton’s mass is 1850 times greater 

than the mass of the electron. The neutron is equal in diameter and mass 

to the proton. Relatively great distances exist between the electrons and 

the protons of an atom. A copper one-cent piece magnified to the size of 

the earth’s path around the sun (approximately 584,000,000 miles) would 
show electrons the size of baseballs spaced about 3 miles apart. 

2-5, Conductors, Semiconductors, and Insulators (Fig. 2-3) 

In the field of electricity all materials are placed in three main categories: 

conductors, semiconductors, or insulators. The category into which a 

material is placed depends on its ability to conduct electricity. This, in 
turn, depends on its atomic structure. 

a. Conductors. A good conductor is a material that has a large number 
of loosely held electrons. All metals conduct electricity, but some are better 
conductors than others. A one-centimeter cube (each edge measures one 
centimeter) of silver, copper, or aluminum has a resistance of less than 
three millionths of an ohm. Silver is a better conductor than copper, but 
copper is used more extensively because it is less expensive. Aluminum is 
used as a conductor where weight is a major factor, for example, on long- 
span high-tension lines. 
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b. Insulators. A material classified as an insulator has an atomic struc- 

ture that does not permit the movement of electrons from atom to atom. 

An insulator (or dielectric) is a material that has few loosely held electrons. 

Actually there are no perfect insulators. However, such materials as glass, 
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Fra. 2-3. Chart of resistance in ohms for a centimeter cube of conductors, semi- 

conductors, and insulators 

rubber, mica, and polystyrene have a resistance of several millions of ohms 

per centimeter cube. For most practical purposes these are considered 

nonconducting materials. 

c. Semiconductors. Semiconductors are materials which are neither good 

conductors nor good insulators. Germanium and silicon fall into this cate- 

gory. At room temperature pure germanium has a resistance of 60 ohms 

per centimeter cube. Its resistance is several million times greater than 

that of copper and several million times less than mica. Pure silicon is a
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worse conductor, having a resistance of 60,000 ohms per centimeter cube at 

room temperature. Both impure germanium and impure silicon derived 

from related compounds have a resistance of 0.2 and 0.4 ohm per centimeter 

cube, depending on the type and amount of impurities present. Germanium 
and silicon, for use in transistors and rectifying diodes, have carefully con- 
trolled amounts of impurities added (par. 2-8 and 2-10), and each has a 
resistance of 2 ohms per centimeter cube at room temperature. This resist- 
ance decreases rapidly as the temperature rises. The resistance of semi- 

conductor materials used for tunnel diodes is 1000 times less than the resist- 

ance of semiconductor materials used for transistors and rectifying diodes. 

Note that while only germanium and silicon as semiconductors are discussed, 

there are many other semiconductors. 

SECTION II. IMPURITIES AND CURRENT CARRIERS IN CRYSTALS 

2-6. Crystals, General 

a. General. Most solids, except those exhibiting a biological structure 

of cells, such as leaves, branches, and bone, reveal a crystal structure when 

studied under a microscope. Many substances, such as rocks and metals 

which are not usually considered crystalline, reveal a specific crystal pattern 

when studied under a microscope. 

b, External Characteristics. The most commonly known characteristics 
of crystals are their angles and their planes. Snow crystals, for instance, 

although formed in an infinite number of geometric patterns, contain only 

60° angles.. Some materials, such as common salt (sodium chloride), form 

cubes; other materials form long needles, rhomboids, or variations of hexag- 
onal or rectangular structures. Each material has a characteristic form. 

c. Internal Structure. X rays have been used to investigate the internal 
structure of crystals. The wavelengths of X rays approximate the distance 

between the atoms or molecules of crystals. When X rays are beamed 

through a crystal, the rays are deflected and distributed in accordance with 
the specific arrangement of the atoms or molecules of the crystal. When 

the resultant deflected rays are photographed, the photograph invariably 

shows a specific pattern depending upon the substance of the crystal. With 
the pattern indicated on the photograph, and through complex mathematica! 

analyses, scientists have been able to construct models of the internal struc- 
ture of a given crystal. These analyses have indicated that the atoms of 

crystals are arranged in specific patterns; that one atom is not closely related 

with another atom only, but rather is related equally to a number of adja- 

cent, equidistant atoms. The specific arrangement of atoms depends on the 

size and number of atoms present and on the electrical forces between them. 

The physical, electrical, optical, and mechanical characteristics of the 
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crystal depend on the forces between the atoms. The crystals discussed in 

paragraphs 2—7 through 2-8 are semiconductor crystals, such as germanium 

and silicon. These materials are used in making semiconductor devices, 

e.g., tunnel diodes and transistors. The most important common character- 

istics among these materials is that each of their atoms has four electrons 
in the outer shell. The discussion therefore applies to any of these semi- 

conductor materials. 

2-7. Pure Semiconductor Crystal 

a. General. Figure 2-4 shows a pure semiconductor crystal. Each 
sphere represents a semiconductor atom less the four electrons (valence or 
outer-orbit electrons) that are in the outer (fourth) incomplete shell of the 

atom (Fig. 2-2D). The sphere (Fig. 2-4) contains the nucleus of the atom, 

and all the tightly bound electrons that orbit around the nucleus. Since the 

atom of any element is electrically neutral, the sphere has a net positive 

charge of four. Throughout this text, the sphere will be referred to as the 

semiconductor core. 

b. Single Crystal Structure. The dashed lines in Fig. 2-4 form two cubes, 

Note that the four semiconductor cores between the two cubes are shared 

equally by the cubes. If the illustration were to be extended in all direc- 

tions, the sharing of the corner semiconductor cores would be extended to 

all adjacent cubes. This repeated, uniform, cubical structure constitutes a 

single semiconductor crystal. The properties and characteristics of sengle 

crystal materials, such as germanium and silicon (as prepared for use in 

semiconductor devices), are quite different from the properties and charac- 
teristics of polycrystalline materials, e.g., copper and aluminum (par. 2-30). 

The term crystal used throughout this text will refer to single crystal ma- 
terial only. 

c. Lattice Structure. 1. It has been established that electrons rotate con- 
stantly in relatively fixed orbits about the nucleus. In a erystal, the rota- 

tion of one valence electron of a given atom is coordinated with the rotation 

of one valence electron of an adjacent atom. The coordinated rotation of 

two valence electrons (one from each of two adjacent atoms) results in the 

formation of an electron-pair bond. The electron-pair bonds shown dia- 

grammatically in Fig. 2-4 are also referred to as valence bonds. The 
electron-pair bonds cause the cores to be attracted toward each other. The 

positive charges on the cores cause the cores to repel each other. When a 

balance of the forces of attraction and repulsion is obtained, the crystal is 

said to be in a state of equilibrium. 
2. Each semiconductor core is equidistant from four adjacent semicon- 

ductor cores. Note that each core is interconnected with adjacent cores by 
four electron-pair bonds. This condition exists since each semiconductor
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atom contains four valence electrons in its outer shell. This arrangement 
of semiconductor cores and electron-pair bonds is referred to as a lattice. 
To avoid congestion, Fig. 2-4 shows only a few of the electron-pair bonds. 

d. Conductivity. The valence electrons of such good conductors as copper 
or aluminum are loosely bound to the nucleus of the atom, and they move 
quite readily through the conductor under the influence of an electric or 
magnetic field. Valence electrons which form part of an electron-pair bond, 

— ce -pair bond 
oO Semiconductor core’ 

Fig. 2-4. Pure semiconductor crystal, lattice structure 

however, are bound in the electron-pair bond and are not free to take part 
in conduction. Crystalline materials, such as germanium and silicon, the 
valence electrons of which are bound, are poor conductors (Fig. 2-3) under 
normal conditions. Only if the material is subjected to high temperatures 
or strong radiation will the electron-pair bonds separate and partial electri- 
cal conduction oceur. 

2-8. Impurities 

a. General. It is possible for the atoms of substances having more or less 

than four valence electrons to join the crystal lattice structure of the semi- 
conductor material. These substances whether found in the semiconductor 
material in its natural state, or added intentionally during the processing 
of the semiconductor material for use in tunnel diodes or transistors, are 
referred to as impurities. 
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b. Donor and Acceptor Impurities. Two groups of substances exhibit 
the important characteristic of joining the lattice structure of semiconductor 
materials. The substances in one group are called donors; in the second 

group, they are called acceptors. 

1. The atoms of substances classified as donors have five valence electrons 
in the outer incomplete shell. Some of the substances that have been used 
as donors are phosphorus (Fig. 2-2C), arsenic, and antimony. The charac- 
teristies and properties of semiconductor materials containing donor atoms 
are discussed in paragraph 2-9. 

2. The atoms of substances classified as acceptors have three valence 
electrons in the outer incomplete shell. Some of the substances that have 
been used as acceptors are aluminum (Fig. 2-2B), gallium, boron, and 

indium. The characteristics and properties of semiconductor materials 
containing acceptor atoms are covered in paragraph 2-10. 

2-9, n-Type Semiconductor 

a. Figure 2-5 shows a semiconductor crystal in which one of the semi- 
conductor atoms has been replaced by a donor impurity (par. 2-8b1). 

The dark sphere in the illustration represents the nucleus of the donor atom 

and all the tightly bound electrons that orbit around the nucleus. The 
valence electrons are not included in the sphere. The donor impurity con- 
tains five valence electrons. Note that four of the valence electrons of the 

Legend: 
—==— Electron-pair bond =» Excess electron 
o Semiconductor co. Donor ion 

Fic. 2-5. Semiconductor crystal with donor atom.
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donor form electron-pair bonds with electrons of four neighboring semi- 
conductor atoms. The electrons of both the semiconductor and the donor 
atoms that enter into electron-pair bonds form a very stable structure and 

are not readily removed from the bonds. 
b. The fifth valence electron of the donor cannot form an electron-pair 

bond since there are no adjacent electrons available. This electron becomes 

an excess electron. The donor nucleus has a very weak influence over the 

Fic. 2-6. Semiconductor crystal with donor atom showing movement of excess 
electron 

excess electron. Actually, only one one-hundred-seventieth (479) of the 
energy required to remove an electron from an electron-pair bond is re- 
quired to remove the excess electron from the donor. At normal room 

temperature (70° F), enough thermal (heat) energy is present to cause the 
excess electron to break away from the donor and wander through the space 
between the crystal lattices (Fig. 2-6). 

c. When the excess electron leaves (ionizes from, or is donated by) the 
donor atom, the donor atom then possesses a positive charge equivalent to 

the negative charge of one electron. An atom that loses or gains an electron 
is called anion. For that reason, the spheres that represent the donor (Figs. 
2-5 and 2-6) are called donor ions. 

d. Note that the semiconductor crystal that contains a donor ion (posi- 
tive) also contains an excess electron (negative). The crystal taken as a 

whole therefore is electrically neutral; i.e., the crystal possesses a net charge 
of zero.
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e. Semiconductors containing donor impurities are referred to as n-type 
semiconductors. The letter n refers to the negative charge of the excess 
electron. 

2-10. p-Type Semiconductor 

a. Figure 2-7 shows a semiconductor crystal in which one of the semi- 

conductor atoms has been replaced by an acceptor impurity (par. 2-8b2). 

—a-=s— Electron-pair bond & ‘Acceptor ion 
Semiconductor core Hole 

Fic. 2-7. Semiconductor crystal with acceptor atom 

The cross-hatched sphere contains the nucleus of the acceptor atom and 
all the tightly bound electrons that orbit around the nucleus; the valence 
electrons are not included in the sphere. The acceptor impurity contains 
three valence electrons. Note that the three valence electrons of the acceptor 
form electron-pair bonds with electrons of the neighboring semiconductor 
atoms. 

b. One valence electron of the fourth neighboring semiconductor atom 
cannot form an electron-pair bond because the acceptor has only three va- 

lence electrons. In this condition, an electron-hole arrangement exists. The 

position that would normally be filled with an electron is designated as a 

hole. 
c. It is possible for an electron from an adjacent electron-pair bond to 

absorb enough thermal or electrical energy to break its bond (Figs. 2-8 and 
2-9) and fill in the hole in the original electron-hole arrangement (Fig. 2-7).
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Electron from electron-pair 
bond moves toward hole © Hole 

Fic. 2-8. Semiconductor crystal with acceptor atom, showing electron from electron- 
pair bond moving toward hole 

New position New electron-pair bond 
of hole (original position of hole) 

Fic. 2-9. Semiconductor crystal with acceptor atom showing new position of hole
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Note that the hole has moved to a new position in Fig. 2-9. When the hole 

moves to the new position, two important changes take place. 

1. The first change is that the acceptor atom has been ionized; i.e., the 

acceptor has acquired (or accepted) an electron and is now anion. A nega- 

tive charge exists in the immediate vicinity of the acceptor. 

2. The second change is that the semiconductor atom, which requires 

four valence electrons, is left with only three valence electrons. The semi- 

conductor atom, lacking an electron, has a net positive charge equivalent 

to the negative charge of the electron. Because of the crystal structure of 

the semiconductor, the positive charge of the semiconductor atom is not 

diffused or scattered, but is concentrated in the hole in the electron-hole 

arrangement. Furthermore, laboratory experiments have shown that the 

positive hole moves within the crystal in the same manner that an excess 

electron moves within the crystal. The concept of holes is very important 

in understanding the operation of semiconductor devices; the properties and 

characteristics of holes are discussed more thoroughly in paragraph 2-12. 

d. Note that the semiconductor crystal which contains an acceptor ion 

(negative) also contains a hole (positive). The erystal taken as a whole 

therefore possesses a net charge of zero. 

e. Semiconductor materials containing acceptor impurities are referred 

to as p-type semiconductors. The letter p refers to the positive charge of 

the hole. 

2-11. Movement of Hole 

Figure 2-10 is a two-dimensional representation of the mechanism in- 

volved in the movement of a hole through a crystal. In Fig. 2-10A, the 

hole is in the upper left-hand corner. An electron from an adjacent electron- 
pair bond moves to the position of the hole. The hole (Fig. 2-10B) is now 

midway between top and bottom of the crystal and slightly to the right of 

its original position. This process is repeated in Figs. 2-10C and D, until 

the hole is at the right-hand side of the crystal (Fig. 2-10E). The complete 

path of the hole through the crystal is shown in Fig. 2-10F. 

2-12. Holes, Properties and Characteristics 

For an understanding of the theory of semiconductor devices, it is con- 

venient for the reader to think of the hole as a specific particle. Holes in 
motion, like electrons in motion, constitute an electrical current (par. 2-11). 

There are differences, however, which must be kept in mind: 

a. The hole can exist only in a semiconductor material, such as germanium 

or silicon. This is because the hole depends for its existence on a specific 

arrangement of electrons (electron-pair bonds) and atoms as is found in
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crystal substances (par. 2-10). Holes do not exist in such conductors as 

copper and aluminum. 

b. The hole is deflected by electric and magnetic fields in the same manner 

that electrons are deflected. Because the hole possesses a charge equal and 

opposite to that of the electron, the direction of deflection of the hole is 

Path of hole 

Ho nace 

Legend: 

Electron Electron-pair bond 

¢ Hole © Semiconductor core 

Fic. 2-10. Movement of hole through crystal 

opposite to that of the electron. In an electric field, for instance, the elec- 

tron moves toward the positive potential; the hole moves toward the nega- 

tive potential. 

c. In the field of electronics, the electron is considered indestructable. 

When a hole is filled by an electron from an adjacent electron-pair bond, 
the hole is considered as having moved from one position to another (Figs. 

2-8 and 2-9). When a hole is filled by a free or excess electron, the hole no 

longer exists. This statement is supported by the fact that a semiconductor 

material containing an equal number of donor and acceptor atoms has none 

of the properties of the p-type or n-type semiconductor.
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SECTION III. p-n JUNCTIONS 

2-13. General 

When an n-type semiconductor (par. 2-9) and a p-type semiconductor 

(par. 2-10) are joined in the same crystal, an unusual but important phe- 
nomenon occurs at the surface where contact is made between the two types 
of semiconductor. The contact surface is referred to as a p-n junction. 
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Fic. 2-11. Separated sections of p-type and n-type semiconductor 

The phenomenon that occurs at p-n junctions permits the use of semicon- 

ductors, such as germanium and silicon, in circuits normally employing 

electron tubes. The detailed theory of p-n junctions is covered in para- 
graphs 2-14 through 2-18. 

2-14. p-n Junction, General 

a. Figure 2-11 shows a section of p-type semiconductor and a section of 

n-type semiconductor. 

1. For clarity, the electron-pair bonds are not shown; only the holes, the 

excess electrons, the semiconductor cores, and the donor and acceptor ions 
are represented. 

2. For discussion purposes, Fig. 2-11 shows a large number of acceptor 

ions in the p-type and a large number of donor ions in the n-type germanium.
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In practice, however, semiconductor materials, such as those used for tran- 

sistors and rectifying diodes, contain approximately one impurity atom per 

10 million germanium atoms. 

3. If one could actually look inside the bulk semiconductor material, one 

would see the semiconductor cores and the impurity ions vibrating within 

their lattice positions because of thermal energy. However, the cores and 
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Legend: 

© Semiconductor core 

© Acceptor ion (negative) 

® Donor ion (positive) 

¢ Hole (positive) 

— Excess electron (negative) 

Fig. 2-12. Joined sections of p-type and n-type semiconductor 

the ions do not leave their lattice positions and therefore do not constitute 

a current. The cores and the ions may be considered to be stationary. The 

holes and the excess electrons would be seen to move at random within the 

material, The movement of the holes and the electrons is due to thermal 

energy; this movement of charges in the absence of an applied field is 

called diffusion. (Diffusion is the movement of carriers from a region of 

high concentration to a region of lower concentration.) Even though the 

holes are in motion they are evenly distributed throughout the p-type 

semiconductor; the excess electrons are evenly distributed throughout the 

n-type semiconductor. 

b. Figure 2-12 shows the same two sections of semiconductor (a above) 

joined to form a p-n junction.
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1. Note that no external circuits or voltages have been connected to the 

material; nor is the material exposed to external electric or magnetic fields. 

2. One would normally expect the holes in the p-type semiconductor and 

the electrons in the n-type semiconductors to flow toward each other, com- 

bine, and eliminate all holes and excess electrons. When the two types of 

semiconductor are joined, however, after a few combinations of holes and 

electrons result, a restraining force is set up automatically to preclude total 

combination. This restraining force is called a barrier. The cause and 

nature of the barrier are discussed in paragraph 2-15. 

2-15. Junction Barrier 

a. When the p-type semiconductor and the n-type semiconductor are 

joined (Fig. 2-12) some of the holes in the p-region and some of the excess 

electrons in the n-region diffuse toward each other and combine. Each 

combination eliminates a hole and an excess electron; the excess electron 

is now part of an electron-pair bond. This action occurs for a short time 

in the immediate vicinity of the junction. Negative acceptor ions in the 

p-region and positive donor ions in the n-region and near the junction are 

left uncompensated. Additional holes that would diffuse into the n-region 
are repelled by the uncompensated positive charge of the donor ions. Elec- 
trons that would diffuse into the p-region are repelled by the uncompensated 
negative charge on the acceptor ions. As a result, total recombination of 

holes and electrons cannot occur. 

b. The region containing the uncompensated acceptor and donor ions is 

referred to as the depletion region, i.e., there is a depletion of holes and a 
depletion of excess electrons in this region. Since the acceptor and the 

donor ions are immobile (fixed) and are charged electrically, the depletion 

region is also referred to as the space-charge region. The electric field be- 

tween the acceptor and the donor ions is called a barrier. The effect of the 

barrier is represented by the imaginary space-charge equivalent battery. 

The physical distance from one side of the barrier to the other is referred 
to as the width of the barrier, the width of the barrier depending on the 

density of holes and excess electrons in the germanium crystal. The dif- 
ference of potential from one side of the barrier to the other is referred to 

as the height of the barrier. The height of the barrier is the intensity of 
the electric field (voltage of space-charge equivalent battery) and is meas- 

ured in volts. With no external batteries connected, the barrier height is 

on the order of tenths of a volt. 
c. It is stated in a above that total recombination of electrons and holes 

cannot occur. Inspection of the polarity of the space-charge equivalent 

battery confirms this statement. Note that the electrons in the n-type ger- 

manium are already at the highest positive potential (positive terminal of
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space-charge equivalent battery) with the crystal. The holes in the p-type 
germanium also are at the highest negative potential (negative terminal of 
space-charge equivalent battery) within the crystal. This condition pre- 
cludes the movement of holes or electrons across the p-n junction. 

2-16, p-n Junction, Reverse Bias 

a. Figure 2--13 shows what happens when an external battery with the 
indicated polarity is connected to a p-n junction. Note that the negative 
terminal of the battery is connected to the p-type semiconductor and that 
the positive terminal of the battery is connected to the n-type semiconduc- 
tor. The holes are attracted toward the negative terminal and away from 
the junction. The electrons are attracted toward the positive terminal and 
away from the junction. This action widens the depletion region and in- 
creases the barrier height (potential). Compare the width of the depletion 
region of Fig. 2-12 with that of Fig. 2-13. 

b. Since the depletion region widens until the barrier height (potential 
of space-charge equivalent battery) equals the potential of the external 
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battery, no current flow of holes or electrons occurs because the battery 
voltages are in opposition. In this condition, the p-n junction is biased in 

the reverse direction; or simply, a reverse bias is placed across the p-n 

junction, 

c. It is possible to apply a reverse bias greater than the largest possible 

barrier height. However, if this is done, the crystal structure will break 

down. In normal applications, this condition is avoided. The crystal struc- 

ture will return to normal when the excess reverse bias is removed, provided 
that overheating does not permanently damage the crystal. 

2-17. p-n Junction, Forward Bias 

a. Figure 2-14 shows what happens when an external battery with the 

indicated polarity is connected to a p-n junction. Note that the positive 
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terminal of the battery is connected to the p-type semiconductor and the 

negative terminal of the battery is connected to the n-type semiconductor. 

The holes are repelled from the positive terminal of the battery and drift 

toward the junction. The electrons are repelled from the negative terminal 
of the battery and drift toward the junction. Because ‘of their acquired 
energy, some of the holes and the excess electrons penetrate the depletion 

(space-charge) region and combine. 

b. For each combination of an excess electron and a hole that occurs, 
an electron from the negative terminal of the external battery enters the 
n-type semiconductor and drifts toward the junction. Similarly, an elec- 
tron from an electron-pair bond in the crystal, and near the positive terminal 
of the external battery, breaks its bond and enters the positive terminal 
of the external battery. For each electron that breaks its bond, a hole is 
created which drifts toward the junction. Recombination in and about the 
space-charge region continues as long as the external battery is applied. 

c. Note that there is a continuous electron current (J) in the external 
circuit as indicated by the arrow. The current in the p-type semiconductor 
consists of holes; the current in the n-type semiconductor consists of elec- 
trons. In this condition, the p-n junction is said to be biased in the forward 
direction. If the forward bias is increased, the current increases. 

Note: Throughout this text current flow refers to electron current rather 
than conventional current. 

d. In paragraph 2-15b it was stated that the barrier potential with no 
external battery connected is on the order of tenths of a volt. It would | 
appear, therefore, that an external battery of very low voltage (about 1 
volt) would eliminate the barrier completely. However, the larger the 
voltage of the external battery, the greater the current flow through the 
erystal. Since the crystal has a relatively high resistivity, increased current 
causes increased voltage drop on both sides of the barrier. The remaining 
voltage of the external battery does not overcome the barrier completely. 
Normally, 1 to 1144 volts is used to bias the p-n junction in the forward 
direction. If excessive forward bias is used, excessive current will cause ex- 
cessive thermal agitation and breakdown of the crystal structure. 

2-18. Diode Action 

a. Paragraphs 2-14 through 2-17 cover the mechanism of rectification 
through a p-n semiconductor diode. Figure 2-15 is a plot of current flow 
versus voltage applied to a practical p-n junction. Note that current flow 
in the forward bias direction is quite high (measured in ma). However, 
current flow in the reverse bias direction, although low (measured in pa), 
is not zero as might have been expected (par. 2-16).
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1. In the p-type semiconductor some electrons in the electron-pair bonds 
gain enough energy to break and move out of the electron-pair bond struc- 

ture. This action produces some additional holes which add to the existing 

holes caused by the acceptor impurities. The electrons that have broken 

their bonds become excess (free to move) electrons; these electrons are 

called minority carriers in the p-type semiconductor because they are al- 

ways outnumbered by the holes which are referred to as majority carriers. 
The energy required to release an electron from an electron-pair bond may 

be in the form of heat, light, or other radiation. The opposite action can 

also occur; i.e., the excess electron 

can lose energy and fall into a hole, 
thus eliminating the excess electron I 
and the hole. This action of genera- (ma) 
tion and elimination of excess elec- 
trons and holes goes on continuously Reverse Forward 

within the semiconductor material — 
E 

even at average room temperature. Breakdown 

2. In the n-type semiconductor the voltage 

electrons that gain enough energy (ua) 

(1 above) to break their bonds, create I 

excess electrons that add to the ma-  pyg 215. Chart of current through, 

jority carriers (electrons provided by and the voltage across, a p-n junction 

the donor impurities). The resultant 

holes, always outnumbered by the excess electrons, are referred to as the 

minority carriers. 

b. When the p-n junction is biased in the reverse direction for the major- 

ity carriers (par. 2-16), the p-n junction is biased in the forward direction 

(par. 2-17) for the minority carriers, electrons in the p-type semiconductor 

and holes in the n-type semiconductor. The internal mechanism of con- 

duction for the minority carriers when forward biased (majority carriers 

reverse biased) is identical with that for forward-biased majority carriers. 

c. Note that when a very high reverse bias is applied (Fig. 2-15), a high 

reverse current flows. This high current is not due to the minority carriers. 

A breakdown of the single crystal structure occurs (par. 2-16c). 

SECTION IV. p-% JUNCTION, ENERGY LEVEL CONSIDERATIONS 

2-19. General 

a. The p-n junction conduction and nonconduction mechanisms as dis- 

cussed in paragraphs 2-13 through 2-18 are based purely on the attraction 

and repulsion of unlike and like charges, respectively. To that extent the
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discussions are valid. However, to understand the difference in the con- 
duction mechanisms between the normal diode and the tunnel diode, it is 
necessary to reconsider the normal diode conduction mechanism to take 
into account relative energy levels of holes and excess electrons. These 
energy levels during normal diode action are discussed in paragraphs 2-20, 
2-21, and 2-22. 

b. Figures 2-16, 2-17, and 2-18, showing no bias, reverse bias, and for- 
ward bias correspond, respectively, to Figs. 2-12, 2-13, and 2-14. Figures 
2-12, 2-13, and 2-14 are more realistic in that they show more accurately 
the spacial distribution of holes and excess electrons throughout the semi- 
conductor. Figures 2-16, 2-17, and 2-18 line up the holes and excess elec- 
trons according to their relative energy levels. This line-up of current 
carriers helps visualize the effect of energy levels on p-n junction action. 
For greater clarity these figures do not show semiconductor atoms or im- 
purity ions. Additional simplification is obtained by separating the minor- 
ity and majority carriers by a long-short dash line. 

2-20. Energy Levels, Unbiased p-n Junction 

Figure 2-16 shows essentially the same conditions as Fig. 2-12 when a 
region of p-type semiconductor and n-type semiconductor are joined. In 
the usual manner a depletion region (par. 2-15) is formed which acts as 
a barrier to the net flow of holes or excess electrons across the junction. 
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Fic. 2-16. p-n junction, unbiased, showing relative electron-energy levels of majority 
carriers and relative electron-energy levels of minority carriers
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a. Assume that the long-short dash line is the lowest electron energy level 

for the majority carriers and that electron energy increases vertically up. 

Then the condition of equilibrium shown here is a small but equal number 

of majority holes and majority excess electrons at a medium energy level. 

The > on the current-voltage chart shows zero current flow caused by 
majority carriers. 

b. The same condition (a above) prevails for the minority carriers. The 

lowest electron-energy level for the minority carriers is considered to be 
the bottom edge of the device. Note that relative energy levels between 

minority and majority carriers are not demonstrated in this diagram be- 

cause they are not important to the discussion. As in the case of the ma- 
jority carriers there is no net current flow across the barrier due to the 
minority carriers. 

2-21. Energy Levels, Reverse-biased p-n Junction 

Figure 2-17 shows what happens when a reverse bias (negative to p-type 

material and positive to n-type material) is applied. As previously ex- 

plained (par. 2-16), the depletion width increases because the majority 
electrons move toward the positive terminal and the majority holes move 

toward the negative terminal. There is no current flow due to majority 
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carriers. There is a small current flow due to opposite movements of the 

minority carriers. This reverse-biased current is marked x on the current- 
voltage chart. 

a. The same phenomenon is explained in terms of the energy levels of 
the carriers. If a battery were placed across an ordinary conductor, elec- 

trons would flow from the negative terminal of the battery, through the 

conductor, to the positive terminal of the battery. The reason for the 
current flow is that the negative potential excites the electrons to a high 
energy level proportional to the magnitude of the negative potential. With 

the greater energy, the loosely held electrons of the conductor atoms leave 

their atoms. Electrons will always move toward the lowest energy level; 

the positive terminal of the battery represents the lowest electron-energy 

level. This phenomenon is comparable to water seeking its lowest level. 
Water at a high level, if free to flow, will flow downhill. In its movement 

downhill, the water gives up energy. This energy is often used to drive 

hydroelectric plants. 
b. Note what happens to the electron-energy levels of the majority car- 

riers (Fig. 2-17) when a reverse bias is applied. The majority electrons, 

at the highest positive battery potential, are also at the lowest electron- 

energy level. The electron-energy level of the hole indicates the energy 

level that electrons would assume if they occupied the position of the hole. 

Since electrons seek the lowest energy level, the majority electrons do not 

move into the holes. No current flow due to majority carriers can be ex- 

pected any more than water can be expected to flow uphill. 

c. In the case of the minority carriers, however, the situation is reversed. 
The minority electrons are raised to a high energy level by the negative 

potential of the battery; the holes are reduced to a low electron-energy level 

by the positive terminal of the battery. The minority electrons therefore 
will readily flow from their high energy level to the low energy level of the 

holes. A small external current in the direction shown can be detected 

in the external circuit. 

2-22. Energy Levels, Forward-biased p-n Junction 

a. Figure 2-18 shows a forward-biased p-n junction (positive terminal 
of battery to p-type semiconductor, negative terminal to n-type semicon- 

ductor). Because of the negative potential of the battery, the majority 

electrons are raised to a high electron-energy level. The positive potential 

of the battery places the majority holes at a low electron-energy level. The 
majority electrons and the majority holes will readily flow toward the 
barrier. Within and about the barrier, numerous combinations of holes and 

electrons take place. This current flow due to a forward bias high enough 

(approximately 0.5 to 1 volt) to excite the majority electrons to an energy
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Fic. 2-18. p-n junction, forward biased, showing relative energy levels of majority 
carriers and relative energy levels of minority carriers 

level sufficient to overcome the barrier in large numbers is referred to as 

an injection current. A large external current flows in the direction indi- 

cated by the arrow. This current is marked by a x on the current-voltage 

chart. 

b. The applied forward bias causes the minority electrons to assume a 

low energy level and the minority holes to assume a high energy level. 
Minority current flow therefore does not occur. 

SECTION V. DPr-m JUNCTION, TUNNEL DIODES 

2-23. General 

a. The normal rectifying diode discussed in paragraphs 2-19 through 

2-22 uses semiconductor materials lightly doped with one impurity atom 

for 107 (10 million) semiconductor atoms. If the semiconductor materials 

forming a junction are doped to the extent of 1000 impurity atoms for 10” 

semiconductor atoms, the resultant current-voltage characteristic appears 

as shown in Fig. 2-19. Compare Figs. 2-15 and 2-19. The most important 

aspect of this characteristic (Fig. 2-19) is the peak current (J,) rise with 

a small applied forward bias, the decreasing current with increasing forward
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bias to a minimum (valley) current (/,), and finally a normal increasing 

current with further increasing voltage. That portion of the characteristic 

between I, and I, represents an ac negative resistance which permits the 
use of this device in circuits requiring ac amplification (par. 3-6 through 

3-34). The internal conduction mechanism that causes this phenomenon 

is discussed in paragraphs 2—24 through 2-28. 

b. The most important effect of heavy doping of semiconductor materials 

is the effect of the quantity of doping on the width of the depletion region. 

The heavier the doping, the narrower the depletion region. Figure 2-20A 

shows a p-n junction formed by 
I lightly doped semiconductor mate- 

? rials. For clarity, the holes, excess 
electrons, and electron-pair bonds are 

1, not shown. If heavier doping is used 

\ (Fig. 2-20B), the width of the de- 
Reverse Forward . pletion region is reduced. If the two 

E (mv) types of semiconductor materials 

contain different amounts of impuri- 

ties, the portion of the depletion 
region in the more heavily doped ma- 

Fic. 2-19. Current-voltage chart of terial is narrower than that in the 

heavily doped (tunnel) diode lightly doped material (Fig. 2-20C). 
The reason for these conditions is 

that the barrier (electric field of the depletion region) is formed by a given 
number of donor ions on one side of the barrier and an equal number of ac- 

ceptor ions on the other side of the barrier. The heavier the impurity con- 

centration in the semiconductor material, the smaller the depth of penetra- 

tion on that side of the junction necessary to establish a given number of un- 

compensated ions. 

c. Because of the heavy doping used in tunnel diodes, the depletion region 

is only one millionth of an inch wide. This fact is important in explaining 

the current-voltage characteristic (Fig. 2-19) of the tunnel diode. 

I 
(ma) 

2-24. pr-n Junction, Zero Bias 

a. Figure 2-21 shows a junction formed by two heavily doped semicon- 
ductor materials. As in the case of the normal p-n junction (par. 2-20), 
a depletion region is formed even with zero bias. Note, however, that the 

depletion region is very narrow; compare Fig. 2-21 with Fig. 2-16. This 

ultra-thin depletion region is referred to throughout this text as a pr-n 

junction. 

b. Note that a large number of majority holes and excess electrons are 

at the same electron-energy levels (par. 2-20). The same condition is true 

of the minority carriers. If there is any movement of carriers across the
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depletion region due to thermal energy, the net current flow will be zero 
because an equal number of like charges will flow in opposite directions. 

This zero net current flow is marked by an X on the current-voltage chart. 

2-25. Junction with Forward Bias and Peak Current 

a. Figure 2-22 shows a pr-n junction with a small forward bias (about 

50 mv) applied. The negative potential of the battery connected to the 

n-type material slightly raises the electron-energy levels of the majority
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electrons. The positive potential of the battery connected to the p-type 
material slightly lowers the electron-energy level of the majority holes. 

The depletion region is also slightly narrowed. For normal p-n junctions 

no net current flow would occur since approximately 0.5 to 1 volt forward 

bias is required. However, a substantial current flow is measured externally 

in the direction of the arrow. The magnitude of current is marked by an 
>< on the current-voltage chart. 
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Fic. 2-21. py-n junction, showing narrow depletion region, energy level of carriers, 

and current-voltage chart 

b. The phenomenon of high current with such small bias is referred to as 

electron tunneling. Electrons will penetrate an ultra-thin barrier that nor- 

mally they could not penetrate provided that there are vacancies (holes) 

on the opposite side of the barrier at the same electron-energy level as the 

penetrating electrons. Note that the top row of majority electrons that 

move toward the barrier are deflected back into the n-type material because 

no vacancies (holes) of equal electron-energy level are present in the p-type 

material. The bottom three rows of majority electrons and the top three 
rows of majority holes do combine and cause current flow externally in the 

usual manner. 

c. The majority electrons that penetrate the barrier appear in the p-type



FUNDAMENTAL THEORY OF TUNNEL DIODES 39 

material at the same energy level they had in the n-type material. This 

action is comparable to a man walking through a tunnel in a mountain 

that he could not possibly climb over. Thus the term electron tunneling; 

the electrons penetrate a barrier which normally they could not penetrate 

and appear at the same energy level on the other side of the barrier. 

d. No current flow is caused by the minority carriers. 
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Fig. 2-22. pp -n junction, slight forward bias, showing electron tunneling and peak 
current on current-voltage chart 

2-26. pr-n Junction with Forward Bias and Valley Current 

a. Figure 2-23 shows a pr-n junction with forward bias increased [from 

50 mv (par. 2-25)] to 450 mv. The negative potential of the battery fur- 

ther increases the electron-energy level of the majority electrons; the posi- 

tive potential further decreases the electron-energy level of the majority 

holes. Note that only one row of majority electrons and majority holes 

are at the same energy level. Very little electron tunneling (par. 2-25) 

occurs and only a small current (marked by x on the current-voltage chart) 

can be measured in the external circuit. This current is referred to as the



40 BASIC THEORY AND APPLICATION OF TUNNEL DIODES 

Depletion 
region 

—| 

| 
@> @>@> &> o—_| 

<— 

J 

| 
wW 

It <n <2 << 
| <1 <2 <2 <2 
|~ <2 <1 <2 <2 
{<a << x 

(ma) 

@>e@>e>e>e-| 0.5 
(| o> @>e>e> e+ 

@> @>@> eres 
450 E (mv) 

| 
| 
| 

HI 
tT 
(| 4 
i]! 
it 
Lit 

—_> 
Fo 450 o 

mv 

Legend: 

®@ Hole (positive) 

m™ Excess electron (negative) 

Majority carriers above long-short dash line 

Minority carriers below long-short dash line 

Fig. 2-23. pg -n junction, increased forward bias, showing little electron tunneling 
and valley current on current-voltage chart 

valley current. Most of the majority electrons and holes are deflected back 

from the barrier. 

b. No current flow is caused by the minority carriers. 

2-27. pr-n Junction with Forward Bias and Injection Current 

a. Figure 2-24 shows the pr-n junction with forward bias increased [from 
450 mv (par. 2-26)] to 500 mv. The negative potential of the battery fur- 

ther raises the electron-energy level of the majority electrons; the positive 

potential further decreases the electron-energy level of the holes. All of 

the majority electrons have gained sufficient energy to penetrate the barrier 
and combine with the holes of low electron-energy level. The resultant 

current flow is the same as that which occurs in a normal p-n junction (par. 

2-22) and is referred to as injection current to distinguish it from tunnel 

current. 

b. The forward-bias voltage at which the injection current occurs in a 

pr-n junction is approximately the same voltage at which injection current
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would occur in a p-n junction made of the same semiconductor material. 
c. The current flow from zero bias through the peak current down to the 

valley current is called tunnel current. Beyond the valley current, it is 

called injection current. 

2-28. pr-n Junction, Reverse Biased 

a. Figure 2-25 shows a pr-n junction reverse biased. The majority elec- 

trons are greatly reduced in electron-energy level and the majority holes 
are greatly increased in electron-energy level. No current flow due to ma- 

jority carriers occurs. 
b. The application of negative potential to the p-type material raises 

the electron-energy level of the minority electrons originally present. It 

also increases the number of minority electrons by causing electrons from 

electron-pair bonds to break their bonds and become excess electrons. An 

equal number of holes are also formed, and these join the original number 

of majority holes. Compare the numbers of majority holes and minority 

electrons in Figs. 2-24 and 2-25. This generation of holes and excess elec- 
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trons occurs only because the semiconductor is heavily doped and acts very 
much like an ordinary conductor. 

c. Although the width of the depletion region has been slightly increased 

by the reverse bias, the increase is not sufficient to prevent electron tun- 

neling between the minority electrons and the minority holes that are at 
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the same electron-energy level. As a result, a relatively heavy reverse-bias 

current (marked by an X on the current-voltage chart) flows in the di- 

rection of the arrow with only 25 mv applied. 

2-29. Peak and Valley Currents 

a, The peak and valley currents of pr-n junctions made from a particular 

semiconductor material always occur at the same peak voltage and valley 

voltage, respectively. Figure 2-26A shows the forward current-voltage 

chart of two tunnel diodes, each made of germanium. The differences in 

magnitude in peak currents shown for curve 1 and curve 2 can be achieved by
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increasing or decreasing the amount of doping, respectively, or by varying 

the size of the junction area. Units varying in peak currents from 10 pa 

to 10 amp have been constructed. However, most present applications use 

units having peak currents of from 1 to 50 ma. The ratio of peak current 

to valley current ordinarily remains the same. The valley current is usually 

10% of the peak current. Compare the magnitudes of peak to valley cur- 

rents for each curve shown. The voltage at which the injection current 

equals the peak current is referred to as the injection-current (or forward) 

voltage. For germanium units this voltage occurs approximately between 

500 mv and 600 my. 
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Fic. 2-26. Voltage-current charts for germanium and gallium arsenide tunnel diodes 

b. For gallium arsenide unit (Fig. 2-26B), the peak current occurs at 

150 mv, the valley current at 500 mv, and the injection current voltage at 
1100 mv. This spread of approximately one volt between peak-tunnel volt- 

age and injection-current voltage promises a wider use for gallium arsenide 

units, particularly in computer switching applications. 

c. The fact that the peak-tunnel current and the valley current occur at 

the same respective voltages for a tunnel diode made of a particular ma- 

terial might have been expected from the theory of electron tunneling and 

injection (pars. 2-24 through 2-28). These conduction mechanisms depend 

upon specifie energy levels of current carriers, which, in turn, are affected by 

the applied voltage and the forces existing between the orbiting electron and 

its nucleus. 

SECTION VI. TUNNELTRONS 

2-30. Tunneling Through Ultra-Thin Insulators 

a. In experiments conducted at the General Electric Company, a scien- 

tist, Ivar Giaever, discovered that the phenomenon of tunneling occurs in
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devices other than semiconductors. In these experiments films of such 

conductors as aluminum, lead, and tin were separated by ultra-thin in- 
sulators—aluminum oxide, tantalum oxide, and nickel oxide (Fig. 2-27A). 

Two conductors separated by an insulator normally form a capacitor even 

if the insulator is only one ten-thousandth of an inch thick. In these ex- 

periments the insulating film was only 10 to 100 atoms thick. Furthermore, 

the tunnel effect (using the materials cited above) occurred only if the 
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Fig. 2-27. Physical construction of tunneltron and tunneltron action 

conductors were made superconducting (negligible in resistance) by cooling 

to liquid helium temperatures. The resultant device has been referred to 

as a tunneliron. (Note: Subsequent announcements by scientists at the 
Republic Aviation Corporation indicate the development of tunneltrons that 

operate and display the tunneling phenomenon at room temperatures. These 

devices use films of titanium as the conductors and a film of glass as the 
insulator.) 

b. A diagrammatic representation of the theory of operation of the tun- 
neltron is shown in Fig. 2-27B. All tunneling action takes place at the 

point where the three films of material overlap. A battery is connected 

across the tunneltron at the terminal connectors. For discussion purposes 

the conductor connected to the negative terminal of the battery is arbitrarily
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designated conductor A; the other conductor is designated conductor B. 

Assuming in this case that the conducting material used is aluminum, then 

the positive conductor ion represents the nucleus of the aluminum atom and 

twelve of its thirteen orbiting electrons. When one of the three (valence) 

outer orbit electrons (Fig. 2-2B), moves away from the atom, the remainder 

of the atom (now a positive ion) exerts a strong holding influence on the 

other two valence electrons. 

ce. With battery voltage applied as shown (Fig. 2-27B) one electron from 
each aluminum atom in conductor A moves away from the negative ter- 

minal of the battery and toward the ultra-thin insulating barrier. The 

electrons in conductor B have a tendency to move toward the positive 

terminal of the battery. The majority of the electrons in conductor A that 

reach the insulating barrier are reflected back into conductor A. Some of the 

electrons penetrate the barrier and enter conductor B. Although the ma- 

jority of the electrons are reflected back, the electrons are so numerous that 

an appreciable current flows. For each electron that penetrates the barrier, 

one electron enters conductor A from the negative terminal of the battery; 

one electron leaves conductor B and enters the positive terminal of the 

battery. 

d. At very low voltages, current increases with applied voltage until a 

current peak is reached. Further increase in voltage results in lower cur- 

rent values until a current minimum occurs, after which current increases 

with applied voltage. The net result of this action gives rise to an ac 
negative resistance identical with that obtained with the tunnel diode. 

2-31. Advantages and Disadvantages of Tunneltron 

a. The major disadvantage of the tunneltron developed by Mr. Giaever 

is that one or both of the conductors must be in a state of superconductivity. 

Superconductivity is achieved by reducing the temperature of the conductor 

to near liquid helium temperatures. This requirement can be met by 

operating the tunneltron in a liquid helium refrigerator which in many 

electronic applications would not be practical economically. However, this 

major disadvantage is overcome if the tunneltron is made of titanium and 

glass. 

b. One important property of superconducting metals is the ability to 

make them nonsuperconducting by the application of strong external mag- 

netic fields. Because the ac negative resistance displayed by the tunnel- 

tron depends upon superconductivity of metals, it is obvious that variation 

of the ac negative resistance can be achieved by using magnetic fields. 
Such variation of ac negative resistance is not possible with the tunnel
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diode. However, specific circuits employing this important characteristic 

of the tunneltron have not yet been devised. 

c. Manufacturing processes for depositing films of metals in sandwiches 

of conductor-insulator-conductor as required by tunneltrons are standard 

and extremely inexpensive. It is expected therefore that costwise, tunnel- 

trons can compete well with tunnel diodes. 

d. At the present time the tunneltron is undergoing extensive study in 

an effort to determine specific and practical applications. At this writing 
no practical and commercial circuit applications of the tunneltron have been 

published. It is expected, however, that its properties will permit its ap- 

plication to low-noise amplifiers, high-frequency oscillators, and switching 

and memory circuits. Even if the tunneltron never emerges from the labo- 

ratory, its discovery has added greatly to the knowledge of tunneling phe- 

nomenon. If it does take its place among other practical active circuit 

devices, the discussions of ac negative resistance as presented in subsequent 

chapters of this text will be equally applicable to tunneltrons as well as 
tunnel diodes. Furthermore, it is expected that the tunneltron can, with 

minor circuit changes, substitute for the tunnel diode in many applications. 

2-32. Comparison of Tunneltron and Tunnel Diode Actions 

a. The basic tunneling concepts in the tunneltron and in the tunnel diode 

are identical; i.e., that electrons will move through an ultra-thin barrier 

provided there are vacancies (positive areas) on the other side of the bar- 

rier at the same energy level as the electrons. In the tunnel diode, the 

vacancy is a hole, a positive area in an electron-pair bond that appears to 

move freely. In the tunneltron the vacancy is a positive ion, an atom that 
has lost an electron and is not considered to be mobile. The hole is the 

result of the loss of an electron by a semiconductor (germanium, silicon, etc.) 

atom to an acceptor atom. The hole, therefore, although mobile, actually 

represents at any given instant of time a positive semiconductor ion. The 

positive area vacancies in the tunneltron and the tunnel diode then represent 
positive ions. The term hole, however, is reserved to designate a vacancy 

in the electron-pair bond structure of a crystal lattice network and is not 

applied to all positive ions. 
b. The tunnel diode depends for its ultra-thin barrier on the depletion 

region between a heavily doped p-type semiconductor and a heavily doped 
n-type semiconductor; the barrier is created by an array of uncompensated 

negative acceptor ions on one side of a junction and uncompensated positive 

donor ions on the other side of the junction. The tunneltron depends for 

its ultra-thin barrier on a film of insulating material only several atoms 
thick.
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2-33. Summary 

a. Atoms are composed of positively charged particles called protons, 

negatively charged particles called electrons, and uncharged particles called 

neutrons. 

b. A conductor is a material that has many loosely held electrons. Ex- 

amples are silver, copper, and aluminum. 

c, An insulator is a material that has few loosely held electrons. Ex- 

amples are rubber, glass, and porcelain. 

d. A semiconductor is a material, the resistivity of which is between 
those of conductors and insulators. Examples are germanium, silicon, and 

gallium arsenide. 

e. A crystal is a material with atoms arranged in a specific pattern. 
f. The properties of polycrystalline materials, e.g., copper and silver, are 

quite different from those of single crystal materials; single crystal materials 

are prepared for use in electron semiconductor devices. Germanium and 
silicon may be processed as single crystal materials. 

g. Electrons shared by adjacent atoms in a crystal form electron-pair 

bonds. 
h. n-Type germanium contains donor impurities. Donor impurities are 

materials that have five valence electrons, one of which cannot form an 

electron-pair bond. This electron is called an excess electron. 

i. Arsenic, antimony, and phosphorus are examples of donor materials. 

j. p-Type germanium contains acceptor impurities. Acceptor impurities 

are materials that have three valence electrons. Because four valence elec- 

trons are required to form and complete all adjacent electron-pair bonds, 

a hole is created. 

k. Aluminum, gallium, boron, and indium are examples of acceptor im- 

purities. 

l. A hole can be considered a positive charge which diffuses or drifts 

through a crystal. The drift of holes constitutes a current. 

m. A depletion (space charge) region occurs at a p-n junction. The po- 

tential difference across the depletion region is called a barrier. The width 

of the barrier is the width of the depletion region. The potential difference 

is called the height of the barrier. 

n. Forward bias of a p-n junction causes heavy current (flow of ma- 

jority carriers). Reverse bias causes very low current (flow of minority 

carriers). 

0. Pr-n Junctions are formed by heavily doped p- and n-type semiconduc- 

tor materials which result in ultra-thin (one millionth of an inch) depletion 
regions.
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p. Electron tunneling will occur only through ultra-thin barriers pro- 

vided that excess electrons on one side of the barrier and holes (vacancies) 

on the other side are at the same electron-energy level. 
q. The most important property of the tunnel diode current-voltage chart 

is the region between the peak current (J,) and the valley current (I,), 
wherein current decreases with increasing voltage. 

r. Decreasing current with increasing voltage represents an ac negative 

resistance, usable in electronic circuits to achieve gain. 
s. The tunneltron, a sandwich of two conductors and an ultra-thin in- 

sulator, also displays the phenomenon of electron tunneling.



Chapter 3 

AMPLIFICATION AND OSCILLATION USING 
AC NEGATIVE RESISTANCE 

SECTION I. HISTORY AND DEVICES 

3-1. General 

Devices and circuit arrangements (other than tunnel diodes) displaying 

ac negative resistance and employed for amplification and oscillation were 
studied and applied as early as 1918. (See References, Appendix A.) One 

of the most popularly known devices is the thyratron, a gas-filled triode, 

which displays an N-shaped voltage-current characteristic. A circuit ar- 
rangement using an ordinary pentode electron tube (par. 3-2) and used as 
an oscillator also displays negative resistance; this circuit is called a 

transitron. A number of solid-state devices also display negative-resistance 

characteristics; these devices are discussed briefly in paragraph 3-3. None 

of these devices have found extensive use in electronics or offer promise 

of extensive use because not one has a combination of all the advantages 

of tunnel diodes (par. 1-4); namely, high-frequency oscillation, high-speed 

switching, simplicity of construction, and ease of manufacturing. 

3-2. Transitron Oscillator 

a. Figure 3-1A is a schematic diagram of a transitron oscillator. In this 

circuit, resistor R1 develops the ac suppressor voltage coupled from the 

screen grid through capacitor C2. Capacitor C2 is a blocking capacitor 

having negligible reactance at the oscillating frequency. Capacitor Cl and 

resistor R2 develop cathode bias. Coil L1 and capacitor C3 form a tank 

circuit and primarily determine the frequency of oscillation. Capacitor C4 

couples the signal to the following stage. 

b. The most important aspects of this circuit are: 

J. The control grid is connected directly to the cathode. The cathode 

current, therefore, is a fixed quantity. 
49
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Fic. 3-1. Transitron oscillator and its screen current—screen voltage chart 

2. The suppressor grid, normally at ac ground potential in amplifier 

circuits, is made to vary in potential with the voltage of the tank circuit. 

3. The tank circuit (£1 and C3) is connected from screen to ac ground 
through the battery. 

4, The plate is at a lower de potential than the screen, and is at ac ground 

potential. 

c. Figure 8-1B shows the screen current (%gq) screen voltage (esq) chart. 

Note that for a portion of the curve (marked ry) the screen current de- 

creases with increasing screen voltage. This portion represents ac negative 

resistance which can sustain oscillation. When biased to operate on this 
portion of the curve, the tank circuit sees a negative resistance from screen 

grid to ac ground. If the total positive resistance (suppressor resistor #1, 

tank coil £1 resistance, and load resistance of following stage) in parallel 

with the tank circuit is greater in value than ry, oscillations will be sus- 

tained. The latter statement will be more fully appreciated after reading 

paragraphs 3-26 and 3-27.
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d. The negative resistance in the screen-grid circuit is caused by varying 
the voltage of the suppressor grid and placing the plate at a lower potential 

than the screen. The suppressor-grid voltage does not determine the num- 

ber of electrons between the plate and the screen, but it does determine 

the percentages of electrons that arrive at the plate and the screen. 

When the suppressor grid goes more positive, a larger percentage of the 

electrons are urged on to the plate. When the suppressor grid goes more 

negative, a larger percentage of the electrons are deflected to the screen. 

The suppressor and the screen are at the same ac potential. Thus, any 

increase in suppressor-grid voltage increases screen voltage and decreases 

screen current. Any decrease in suppressor-grid voltage decreases screen 

voltage and increases screen current, 

3-3. Semiconductor Devices Displaying Negative Resistance 

In addition to tunnel diodes, the solid-state devices (Fig. 3-2) discussed 

below also display negative resistance. None of the following devices de- 

pend upon electron tunneling for its negative-resistance characteristic. As 

a result, all of them have the advantage of operating at voltages above 

those normal for tunnel diodes. However, each depends upon the lifetime 

of current carriers (holes and electrons) within the semiconductor material 

for its speed of operation. The lifetime of current carriers refers to the 

amount of time required before holes and electrons combine within the 

material. Under certain conditions (such as light doping) the lifetime of 

current carriers is relatively long (microseconds or tenths of a microsecond) 

and precludes use of these devices for the high-speed switching and high- 

frequency applications. 

a. The point-contact transistor and its current-voltage chart display 
negative resistance as indicated (Fig. 3-2A). Its negative resistance de- 

pends upon current feedback from the output circuit (collector base) to 

the input circuit (emitter base). 
b. The p-n-p-n transistor (Fig. 3-2B) has a current-voltage chart iden- 

tical in shape with that of the point-contact transistor. It is believed that 
the bulk material of the point-contact transistor also has alternate layers 

of p-type and n-type materials. In each case current feedback from output 
to input circuits causes the negative resistance. 

c. The four-layer diode (Fig. 3-2C) displays a negative resistance as 

indicated. A brief explanation of the operation of the four-layer diode and 

a sample application are covered in paragraph 3-4. 

d. The unijunction transistor (Fig. 83-2D) exhibits a negative-resistance 

characteristic as indicated. The unijunction transistor is also referred to 

as a double-base diode. A brief discussion of its operation and a sample 
application are covered in paragraph 3-5.
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3-4. Four-Layer Diode 

a. Operation. The four-layer diode (Fig. 3-3A) consists of four layers 

of semiconductor material. The four layers of n-type and p-type material 

form three p-n junctions. When properly biased, the center p-n junction is 

reverse biased and the outer p-n junctions are forward biased. The emitter- 

base junction of a three-terminal transistor is always forward biased, and 

the collector-base junction is always reverse biased. A brief review of 

transistor fundamentals is covered in Appendix C. The four-layer diode, 

therefore, can be analyzed as two separate junction transistors. The dotted 

line through the n- and p-type materials in the center divides the four-layer
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diode into a p-n-p transistor and an n-p-n transistor. The p-n junction of 

the p-n-p transistor (Fig. 3-8B) connected to the positive side of battery 

Ver is forward biased and is therefore the emitter-base junction. The re- 

maining p-n junction of the p-n-p transistor is reverse biased and is there- 

fore the collector-base junction. The p-n junction of the n-p-n transistor 

connected to the negative side of battery Vzy is forward biased and is there- 

fore the emitter-base Junction. The remaining p-n junction of the n-p-n 

transistor is reverse biased and is therefore the collector-base junction. The 
base of the p-n-p transistor is connected directly to the collector of the n-p-n 

transistor. The collector of the p-n-p transistor is connected directly to the 

base of the n-p-n transistor. The schematic representation of the four- 
layer diode is shown in Fig. 3-8C. Proper biasing is obtained from battery 
Vag. The arrows represent electron-current flow. 

b. Application. The schematic diagram of a sawtooth oscillator employ- 

ing the four-layer diode is shown in Fig. 3-3D. Battery Vug furnishes 
power for the oscillator circuit. Switch S1 completes the circuit and applies 

power to the oscillator circuit. The time constant of resistor R1 and capaci- 
tor C1 determines the frequency of oscillation. The four-layer diode may 
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be considered the equivalent of two transistors (Q1A and Q1B) so con- 

nected that the output of one feeds the input of the other. At a certain 

critical voltage (peak voltage, Fig. 3-2C), the current feedback from tran- 

sistor Q1B to transistor Q1A becomes large. Both transistors conduct 

heavily and represent a very low de resistance (high current, low voltage). 

When power is applied to the circuit through switch S1 (Fig. 3-3D), ca- 

pacitor Cl appears as a short circuit. Electron current flows through re- 

sistor R1 and capacitor C1 charges (solid-line arrows). When the voltage 

across capacitor C1 reaches the critical voltage, heavy current flows through 

the four-layer diode. Capacitor C1 then discharges (dashed-line arrow) 

rapidly through the low resistance of the four-layer diode. As capacitor 

C1 discharges, the bias applied to the four-layer diode decreases. When 

the bias reaches a minimum value for conduction, the four-layer diode 

represents a very high resistance. Capacitor Cl again charges to a point 

where sufficient bias causes the four-layer diode to conduct heavily. This 
sequence keeps repeating, and the output, coupled through capacitor C2, 

is a sawtooth waveform. 

3-5. Unijunction Transistor 

a. Operation. The unijunction (single junction) transistor (Fig. 3-4A) 

is actually a diode with two connections made to one portion of the semi- 
conductor. The unijunction transistor is also referred to as a double-base 

diode. If terminals 2 and 3 are connected, the resultant device would have 

the characteristics of a rectifying junction diode. 

1. With battery Vgz connected as indicated, electron current flows from 
terminal 3 to terminal 2 as indicated. The usual resistance between these 
two terminals is 5 to 50 kilohms, depending on the particular unit. With 
terminal 1 connected to terminal 3, the p-n junction is reverse biased. The 

only current flowing through terminal 1 is a reverse-biased current; this is 

a negligible current consisting of electron flow (solid-line arrow) from ter- 

minal 1 to the p-n junction and holes (dashed-line arrow) from terminal 

2 to the p-n junction. The junction represents a very high resistance. 

2. Battery Vass establishes within the n-type semiconductor the voltage 
gradient indicated from terminal 2 to terminal 3 (Fig. 8-4B). Battery Viz 
is inserted in the circuit between terminals 1 and 3 with the polarity indi- 
cated. If the voltage of battery Vaz is less than the voltage gradient op- 

posite the p-type material, the condition shown in Fig. 3-4A prevails. If 

the voltage of battery Ven is greater than the voltage gradient opposite 

the p-type material, the p-n junction becomes forward biased. Heavy 

electron-current flow (solid-line arrows) occurs in the n-type material 
(Fig. 3-4B), and a heavy hole-current flow (dashed-line arrows) occurs
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in the p-type material; electrons flow out of terminal 1. The junction 

represents a very low resistance. 

3. These characteristics (1 and 2 above) of the unijunction transistor 

make it especially suitable for use in multivibrators and sawtooth gener- 

ators (b below). 
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Fic. 3-4. Unijunction transistor and sawtooth generator 

b. Application. A sawtooth generator using a unijunction transistor is 

shown in Fig. 3-4C. When power is applied to the circuit by closing 

switch SI, the conditions are the same as those described in al above. 

Capacitor C1 charges (solid-line arrows) very slowly through resistor R1. 
The charging time equals the product of the capacitance of capacitor C1 

and the resistance of resistor R1. As capacitor C1 charges, the positive de 
voltage across it rises. When this voltage is greater than the voltage 

gradient opposite the p-type material, the p-n junction is forward biased 

(a2 above), and the capacitor discharges (dashed-line arrows) very rapidly. 

The discharge time equals the product of the capacitance of capacitor C1 

and the resistance of the forward-biased p-n junction. After capacitor C1
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is discharged, the conditions are again the same as those described in al 

above. Capacitor C1 again charges and establishes a forward bias for the 

p-n junction. This sequence continues and the slow charging and rapid 

discharging of capacitor C1 produces a sawtooth waveform in the output. 

SECTION II. AMPLIFICATION, SERIES ARRANGEMENT 

3-6. Reference Designations and Graphical Symbols 

a. Reference Designation. The reference designation for an electrical 

device consists of one or more letters and any whole number. In the absence 
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Fic. 3-5. Tunnel diode graphical symbols 

of an established standard, this text will continue the convention of using 
CR for any crystal diode; this includes rectifying diodes, and Zener diodes, 

as well as oscillating (frequency determining) crystals. Thus, throughout 

this text, tunnel diodes will be designated CR1, CR2, CR3, ete. 

b. Graphical Symbol. Current technical literature includes a variety of 

graphical symbols for the tunnel diode. Several of these are illustrated in 

Fig. 3-5. No standard has been established for the tunnel diode at the 

time of this writing. 

1. The illustrations in this text will employ the graphical symbol desig- 

nated CR1. This symbol is that of a rectifying diode with the cathode 

portion formed into a “T.” The direction of electron-current flow, when 
the device is forward biased, is opposite to that of the arrowhead. 

2. The symbol designated CR2 is similar to CR1 except that the ends of 
the “T” are turned toward the arrowhead. 

3. The symbol designated CR3 is that. of a conventional diode with the 
letter —g external to the symbol to indicate the negative conductance of 

the device.
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4. The symbol designated CR4 represents a blunt arrowhead that has 
passed (or tunneled) through the junction to appear on the other side. 
This symbol might very well lend itself to future hybrid arrangements of 
transistors in which one or both junctions may be pr-n junctions. 

5. The symbols designated CR5 and CR6 are simple rectangular arrange- 
ments to represent the tunnel diode. 

c. Conclusion. The symbol designated CR1 is being used in this text 
because it has been used often enough to indicate some preference for it. 
Each symbol has merit of its own, and the variety is a tribute to man’s 
imagination. No effort will be made here to predict which symbol will be 
standardized eventually by the Institute of Radio Engineers; it might very 
well be one not illustrated here. 

3-7. AC Negative Resistance 

a. The concept of ac negative resistance is quite often difficult to grasp. 
Most of the difficulty arises from the fact that negative resistance is a 
second-order idea and not a first-order idea or occurrence. Here the term 
second-order idea simply means a mathematical method or technique used 
to represent this natural phenomenon quantitatively in equations and 
formulas. Such representation in turn permits the design engineer to pre- 
dict the behavior of a device exhibiting “negative resistance” if the device 
is used in a given circuit; this procedure precludes the necessity of building 
the circuit and actually testing it in a laboratory. In other words, the 
mathematical representation eliminates to a great extent the need for trial- 
and-error procedures which are extremely costly. 

b. Explanations of ac negative resistance in terms of this second-order 
(mathematical) idea gives rise to statements such as: 

1. Negative resistance acts like a source of power. 
2. Negative resistance acts like a generator. 
3. Negative resistance, unlike positive resistance, which absorbs energy, 

gives up energy. 

c. These statements are all true on a mathematical basis, but they do 
not enlighten the reader as to the first-order occurrence. The reader cannot 
readily reconcile himself to these statements because fundamentally he 
knows that the device that exhibits negative resistance is not a power 
source or a generator, and it does not give up energy. 

d. The explanation of amplification using a tunnel diode as presented in 
paragraphs 3-9 through 3-10, therefore, is on a first-order basis. The use 
of the tunnel diode to achieve gain and oscillation is explained without con-
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sidering the mathematical concept of negative resistance. The latter is 

discussed in paragraph 3-11. 

3-8. Varying DC Resistance 

a. Figure 3-6 shows the tunnel diode and its current-voltage chart with 

specific values of voltage applied and the resultant current flow. The cur- 

rent-voltage chart compared with the current-voltage chart in Fig. 2-19 

is idealized into straight-line portions to simplify the explanation. This 

simplification does not change the validity of the presentation. Note that 

the portions of the chart (Fig. 3-6A) from zero (0) to peak tunnel current 

(1) and from valley current (3) to injection current (4) represent constant 

1 
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Fig. 8-6. Tunnel diode and current-voltage chart, showing three values of applied 
forward bias, and corresponding values of de resistance 

a
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de positive resistances because the current increases in a steady ratio with 

applied voltage. The portion of the chart from peak tunnel current (1) to 

valley current (3) represents an increasing de resistance because the cur- 

rent decreases in a steady ratio with increasing applied voltage. 

1. Figure 3-6A shows that, with 50 mv of applied forward bias, a current 

of 25 ma flows. De resistance at point (1) on the current-voltage chart is 

found by using Ohm’s law. The resistance of the tunnel diode at this point 

is designated Rp, and equals 2 ohms. 

2. Figure 3-6B shows, that with 250 mv of applied forward bias, a cur- 

rent of 15 ma flows. De resistance at point (2) again is found by using 

Ohm’s law. The resistance of the tunnel diode at this point is designated 

Rp2 and equals 16.6 ohms. 

3. Figure 3-6C shows that, with 450 mv of applied forward bias, a current 

of 5 ma flows. De resistance at point (3) is found by dividing the total 

voltage by the total current. The resistance of the tunnel diode at this 

point is designated Rpg and equals 90 ohms. 

b. In al, a2, and a3 above, it has been shown that the de resistance of the 

tunnel diode varies from a minimum value at its peak current (point 1, 
Fig. 8-6A) to a maximum value at its valley current (point 3). The re- 

sistance values have been calculated at only three points; these are sufficient 

for the subsequent discussions (par. 83-9 and 3-10). The specific values at 

any other points could just as easily be calculated. Note that the dc resist- 

ance calculated will be the same at each point as long as the magnitude of 

current flow through the device in the direction shown occurs. In other 

words, the de resistance is an instantaneous value and applies no matter 

how brief or how long the period of current flow. 

3-9. Tunnel Diode Series Amplifier 

a. Figure 3-7 shows a series circuit which includes a battery (Hz), a 

voltage signal source (é,), a tunnel diode, and a positive load resistor (Rz). 

For the period being considered, there is no output from the signal source. 

The current (I) measured is 15 ma in the direction indicated by the arrow. 

The total applied voltage (#4) is the battery voltage of 1000 mv. By Ohm’s 

law, it can be shown that the voltage drop (Hp) across resistor fz, is 750 mv, 

and the voltage (Ep) across the tunnel diode is 250 mv. Under these con- 

ditions, the tunnel diode has a positive resistance (Rp2) of 16.6 ohms (Fig. 

3-6B). In Fig. 3-7, the levels of current and voltages of interest are shown 

by the individual graphs. 
b. Figure 3-8 shows the same circuit at an instant of time when the
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Fig. 3-7. Tunnel diode series amplifier, zero signal voltage applied 

signal source (e,) has reached a peak of 300 my, series aiding the battery 
voltage (Hz). The applied voltage (Z4) is now 1300 mv. The current (J ) 
is 25 ma. By Ohm’s law, it can be shown that the voltage drop (Ep) across 
resistor Rz is now 1250 mv. This leaves a voltage (Ep) of 50 mv across 
the tunnel diode, the positive resistance of which is now 2 ohms (Fig. 3-6A). 

c. Figure 3-9 represents the same circuit at an instant of time when the 
signal voltage (e,) has reached a peak of 300 mv, opposing the battery 
voltage (Hz). The applied voltage is 700 mv. The current (I) is now 5 ma. 
The voltage drop (Ep) across resistor Ry must be 250 mv. This leaves a 
voltage (Zp) of 450 mv across the tunnel diode, the positive resistance of 
which is now 90 ohms (Fig. 3-6C). Note that the most important aspect 
of the action illustrated in Figs. 3-7, 3-8, and 3-9 is that the signal voltage 
(é,) has had a peak-to-peak swing of 600 mv, and that the voltage (Hr) 
across load resistor Pz, has had a peak-to-peak swing of 1000 mv, or an in- 
crease of 400 mv (1000 mv — 600 mv). Voltage gain has occurred (par. 
3-10). In addition, the input ac signal voltage (e,) is in phase with the 
output (ac) signal voltage; compare e, with Ep in Fig. 3-9.
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3-10. Series Gain by Varying DC Resistance 

a. The gain achieved (par. 3-9) by use of the tunnel diode can be explained 
on the basis of the varying instantaneous de positive resistance of the 
tunnel diode. Consider Fig. 3-7 which actually shows a quiescent condition 
(no voltage signal applied). In this case the resistance of the tunnel diode 
is 16.6 ohms. 

b. The series aiding signal voltage (Fig. 3-8) normally causes an increase 
in current. However, the de resistance of the tunnel diode has decreased 
to 2 ohms so that the total increase in current is greater than would have 
occurred had the tunnel diode resistance remained at 16.6 ohms. The greater 
current increase has caused a voltage increase across R,, of 500 mv (1250 — 
750) instead of less than 300 mv. 

c. In Fig. 3-9 the series opposing signal voltage normally causes a decrease 
in signal current. However, the de resistance of the tunnel diode has in- 
creased to 90 ohms, causing a greater decrease in current than that caused 
by the signal voltage alone. The greater decrease in current has caused a 
voltage decrease across resistor Ry of 500 mv (750 — 250) instead of less 
than 300 mv. Therefore, it is the varying dc resistance of the tunnel diode, 
controlled by the signal source, that has shifted the dc voltage (and energy) 
of the battery in such a manner as to give ac voltage, current, and power 
gain in load resistor Rr. 

3-11. Series Amplifier, Equivalent Circuit 

a. General. The equivalent circuit of an amplifier eliminates the de 
biasing voltages and components of the basic circuit (Fig. 3-7) and includes 
only those components that directly affect the ac signal alone. All active 
circuit devices, such as electron tubes, crystals, transistors, and tunnel 
diodes, are replaced by circuit equivalents of generators, resistors, capaci- 
tances, etc. These circuit equivalents permit computations of voltage, 
current and power gain, cutoff frequency, input and output impedances, and 
other important quantities, The equivalent circuit is necessary because the 
formulas used for making computations are expressed only in terms of 
such quantities as current, voltage, resistance, inductance, and capacitance. 
The following discussion involves the equivalent circuit for the tunnel diode 
used as a series amplifier (par. 3-7 through 3-10). The amplifier is con- 
sidered to be a very low frequency (1000 eps) amplifier and the equivalent 
circuit of the tunnel diode at this frequency is more simple than that at 
higher frequencies. For the equivalent circuit of the tunnel diode at high 
frequencies, refer to paragraph 3-17. 

b. Signal Generator Equivalent. In Fig. 3-10A, which is a possible 
equivalent circuit of the amplifier shown in Fig. 3-7, the tunnel diode has
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Fic. 3-10. Equivalent circuits of tunnel diode amplifier 

been replaced by an equivalent signal generator (ep) of the same frequency 

as the signal source (e,) and in phase. The voltage of the equivalent signal 

generator must be 200 mv to account for the total 500 mv drop across re- 

sistor Ry, (par. 3-10). The total 500 mv (e, + en) obviously is necessary to 

account for an ac current of 10 ma (par. 3-16). If only voltage e, were in 

the circuit, then the ac current (2) would be: 

300 

~ 50 

= 6ma 

This current would not reflect the fact that 10 ma of ac current flows through 

load resistor R;. Note that in this equivalent circuit the tunnel diode acts 

like an ac generator and a source of energy (par. 3-7b). Representation of 

the tunnel diode as an ac generator is not extensively used, because the 

value of its output voltage depends upon the value of the signal voltage 

(e,). The particular value of equivalent voltage (€p), therefore, is not an
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inherent characteristic (fixed value) of a particular tunnel diode, Further- 
more, impedances seen by the signal source or the load are not readily cal- 
culated with this equivalent circuit. 

c. Negative-Resistance Equivalent. Figure 3-10B shows an equivalent 
circuit of the amplifier of Fig. 3-7. 

1. In this equivalent circuit, the tunnel diode has been replaced by a re- 
sistance (Rp) of negative (—) 20 ohms. The total resistance (Req) seen 
by the signal source is calculated as follows: 

R signal source voltage (e;) 
eq = 

total current (2) 
Therefore, 

300 mv 

“40 ma 

= 30 ohms 

This value of resistance is shown in dashed lines in Fig. 3-10B. The effect 
of the tunnel diode has been to reduce the load resistance (R L) from 50 ohms 
(actual value) to 30 ohms (equivalent value). The tunnel diode then acts 
like a resistance of —20 ohms (50 — 30 = 20). 

2. Notice that the equivalent ac negative resistance (—20 ohms) of this 
tunnel diode is not the difference between its minimum dc resistance of 2 
ohms (par. 3-8) and its maximum de resistance of 90 ohms. These de re- 
sistance values are calculated from total instantaneous current and voltage 
values. The ac resistance is calculated only from the changes in current 
and voltage values over the operating range. The ac negative resistance 
of any tunnel diode can be calculated directly from its current-voltage 
chart. For this tunnel diode (Fig. 3-11) the total current swing is from 
25 ma to 5 ma; the current change (AJ) therefore is 20 ma (25 —5). The 
total voltage swing is from 50 mv to 450 mv; the voltage change (AE) 
therefore is 400 mv (450 — 50). The negative resistance (—Rp) of the 
tunnel diode is: 

R AE 

>” Al 
Therefore, 

400 mv 

— 20 ma 

= 20 ohms
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Fic. 3-11. Calculation of negative resistance of tunnel diode using its current- 
voltage chart 

This is a negative resistance because current decreases with increasing 

voltage. Note: When a nonidealized current-voltage chart is used (Fig. 

2-19), the negative resistance value calculated will be valid only if a 

straight-line portion of the curve is used. 

3-12. Series Amplifier, Gain Formulas 

a. Current Gain, The current gain (A;) of a series amplifier may be 

defined as the ratio of the current (72) through the load resistor R; with 

the tunnel diode in the circuit (Fig. 8-12B) to the current (t1) through load 

resistor Rz, without the tunnel diode in the circuit (Fig. 3-12A). 

1. By definition the expression for current gain is: 

al 

2. The derived formula for current gain is: 

Rr 
A; = ——— 

Ri — Rp 

Note: Refer to Appendix B for derivation of this formula. In this formula 

use the absolute (positive) numerical value for Rp. Note also that the 

current gain equals the ratio of the impedance transformation (Rz, without 

the tunnel diode; R, — Rp with the tunnel diode). 

3. The following are numerical examples of the use of this formula:
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Example 1. Given: Rp = 20 ohms 
Ry = 50 ohms 

Find A; by substituting numerical values (2 above): 

50 
* 50 — 20 

50 
Ai= 35 

A; = 1.66 

Example 2. Given: Rp = 20 ohms 
Rr = 25 ohms 

Find A; by substituting values: 

5 
"95 — 20 

25 
A; == 

5 

A; =5 

4. Note that the gain is larger (3 above) when load resistor Rz value 
approaches the value of Rp. Inspection of the gain formula (2 above) indi- 

cates that a theoretical gain of infinity is possible by making R, = Rp; 

i.e., the denominator equals zero. Actually an unstable (oscillatory) con- 
dition occurs (par. 3~15). 

b. Voltage Gain. The voltage gain (A,) is defined as the ratio of output 

voltage (é2) with the tunnel diode in the circuit (Fig. 3-12B) to the output 

voltage (e,) without the tunnel diode in the circuit (Fig. 3-12A). 

be ae “Ry i; —> SEV 

° e, R, eS) €o SR, 

A. Signal source and B. Equivalent circuit, series 

load resistor tunnel diode amplifier 

Fic. 3-12. Current and voltage designation for source and load-resistor circuit and 
for equivalent series circuit using tunnel diode
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1. The expression for voltage gain is: 

€2 A,=— 
ey 

2. The derivation of A, formula is in Appendix B. It is found to be identical 

to the formula for current gain: 

Ry 

~ Rr — Rp 

3. The numerical values calculated for current gain in the examples (a3 

above) apply also to voltage gain. 

v 

c. Power Gain. The power gain (G) is the product of current gain (A,) and 

power gain (A,). 

1. The power gain formula is: 

o-(ga) Rr- Rp 

or 

= A;A, 
or 

= A? 

or 

2. Examples using the corresponding information in a3 above are: 

Example 1. Given current gain (A,;) of 1.66, find power gain: 

G= A? 

G = (1.66)? 

G = 2.76 

Example 2. Given current gain (A;) of 5, find power gain: 

G=A? 

G = 5? 

G = 25 

3-13. Series Amplifier, Graphical Analysis 

Graphical analysis can be used to determine voltage gain in a series tunnel 

diode amplifier. The analysis is performed by adding the voltage drops 

across the diode and the load resistor to yield a voltage curve of the total 
applied voltage. The input signal voltage is projected onto the total applied 

voltage curve and its effect noted on the load-resistor curve.
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a. Figure 3-13A shows a voltage-current chart for a circuit such as that 
shown in Fig. 3-7. However, values are different for the applied battery 

voltage, signal voltage, and load resistor. Note that in Fig. 3-13A the 

voltage is plotted vertically to simplify voltage additions; the same tech- 

nique can be used by adding voltages horizontally. Three curves are shown: 

curve OABC which is the idealized tunnel diode curve used previously; 

curve OD which shows the voltage drop across a load resistor of 25 ohms; 

and curve OEFG which is the sum of the other two curves. 

1. The true tunnel diode curve is normally supplied by the manufacturer. 

2. The load-resistor curve (a straight line) is determined by two points: 

one point is the zero current-voltage point; the second point is determined 

by arbitrarily choosing a current (e.g., 25 ma) and determining the voltage 

across the resistor (25 ohms) with this current. The second point, there- 

fore, is 25 ma and 625 mv (25 ma X 25 ohms = 625 mv). A straight line 

from zero to this point determines the load-resistor voltage line. 

3. The total applied voltage is the sum of the two curves 1 and 2 above. 

This is obtained by: adding OA to OD to give OH; adding AB to OD to 
give FE; and adding BC to the corresponding portion of OA to give FG. 

b. To avoid congestion, Fig. 3-13B repeats only those portions of the 
curves that are of interest in the graphical analysis. These portions are the 

load-resistor curve (OD), the negative-resistance portion (AB) of the tunnel 
diode curve, and their sum (FE). 

1. The quiescent point (15 ma, 625 mv) for the amplifier is marked by 

a dot on the applied voltage curve. 

2. Assume an input signal of 50 mv peak-to-peak. Project this signal 
onto the applied voltage curve (each side of the quiescent point) as shown. 

The projections intersect the latter curve at 600 and 650 mv. 

3. The intersections on the applied voltage curve are projected vertically 

down until the load-resistor curve (OD) is intersected. The latter inter- 

sections are projected horizontally to the left to produce the output voltage 

signal. Note that the intersections occur at 250 mv and 500 mv. The out- 

put signal, unchanged in phase, is 250 mv (500 mv — 250 mv) peak-to-peak. 

c. The voltage gain (A,) is the ratio of output voltage (250 mv) to input 

voltage (50 mv). A, = 250 mv + 50 mv; the voltage gain is 5. Note that 

this value agrees with that calculated by using the gain formula (par. 3-12). 

In that case the same tunnel diode was used with the same load resistor. 

3-14. Series Amplifier, Gain-Formula References 

Analysis of Fig. 3-13 shows that the same current flows through the load 

resistor that is delivered by the signal source. Projections of the voltage
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Fig. 3-13. Voltage-current charts of tunnel diode, load resistor, and voltage sum for 
graphical analysis of series amplifier 

signal from the total voltage curve and from the load-resistor curve verti- 

cally down to the current axis gives the same current magnitude of 15 ma 

(20 ma — 5 ma). In other words, there appears to be no current gain, or 
the current gain is one. This observation appears to contradict the data in 

paragraph 3-12a in which current gain in a simple series amplifier is indi- 

cated. In many publications writers have also made the statement that 
the current gain is one in a series amplifier. Both the data in paragraph 

3—12a on current gain and the latter statement are true. If current gain is 

arbitrarily defined as the ratio of output current with the tunnel diode in
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the cireuit to output current without the tunnel diode in the circuit (par. 

3-12a), then there is current gain; if current gain is arbitrarily defined as 

the ratio of input current (from the signal source) to output current (in the 

load) only with the tunnel diode in the circuit, then current gain is one. 
The tendency in the field is toward the latter definition. Using the latter 

definition, the formula for power gain (par. 8-12) is also affected; in either 

case power gain (G) is the product of current gain (A;) and voltage gain 

(A,). The formulas for current gain and power gain used in the literature 

will differ, depending on the particular definition referenced. Table 3-1 lists 

TABLE 3-1 

Gain fwo rol Circuits Circuit 

Voltage (A,) R = Rp R att Rp 

Current (A,) Ri a i 

Power (G) aoe =) i B 

the applicable formulas. The first column lists the type of gain being con- 

sidered; the second column (Two Circuits) lists the formulas used when 

gain is considered a comparison of values in circuits with and without the 

tunnel diode; the third column (One Circuit) lists the formulas when gain 

is considered a ratio of output (in the load) to input (from the signal source) 

only when the tunnel diode is in the circuit. 

SECTION III. OSCILLATION, SERIES ARRANGEMENT 

3-15. Series Oscillator 

a. The formula for current gain in a series amplifier (par. 3-12) was de- 

termined to be as follows: 

Rr 
A; = ———_ 

Ri — Rp 

b. In this formula, R, is the load resistance, and Rp is the negative re- 

sistance of the tunnel diode. If these two values were equal, the current 

gain (A,;) would be infinite. Actually, it is found that the circuit breaks 

into oscillation (instability) and cannot function as an ordinary amplifier.
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c. Figure 3-14A shows the idealized current-voltage chart of the tunnel 

diode, the negative resistance of which has been determined to be — 20 ohms 

(par. 3-11). Figure 3-14B shows this tunnel diode in a series circuit with 
a load resistor (z,) equal to 20 ohms, and an applied voltage of 550 mv. 

In Fig. 3-14A the 20-ohm load line is drawn on the current-voltage chart. 
The load line is determined by two points. 

1. If the current through the tunnel diode is zero, then the voltage across 

the load resistor equals the applied voltage of 550 mv. Therefore, the point 

of zero current and 550 mv is one point on the 20-ohm load line. 

2. If the voltage across the tunnel diode is zero, then the applied voltage 

is entirely across the load resistor; the current flow is: 550 mv + 20 ohms = 
27.5 ma. Therefore the second point on the load line is 27.5 ma for zero 

voltage (across the tunnel diode). 

3. A straight line is drawn between the two points. Note that the load 

line in heavy dash lines coincides with the negative resistance portion of 

the tunnel diode curve. 

d. In Figs. 3-14B, C, and D, the tunnel diode de resistance at three points 

on its current-voltage chart is shown. These resistance values (Rp1, Pps, 

and Rps) were previously determined (par. 3-8). Actually any other num- 

30 - 
27.5 ph we 

| 
20 2 

I (ma) Tae + OS . 

L. | 
10 | | 20-ohm 

5 f ———---~ r a Ka load line 
I ~s 

0 50 250 450 550 
A E (mv) 

<— 25 ma <— 15 ma <— 5mv 

50 mv (4) "pn 250 Fm 450 (#)R nn 
mV . mv 

550 4b 20 dl 559 @ +h 550 90 
mv 500 mv ¢R, | «mv 300 $ R, mv 100 ¢ R, 

mv ° 202 mv © 200 

B. C. Dz. 

Fig. 3-14. Current-voltage chart with superimposed load line and circuits showing 
instantaneous voltage distributions
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ber of points on the negative-resistance portion might have been used and 

similar circuits drawn. At which point will the circuit stabilize? None! 

The current flow will vary from point 1 to point 3 at a given rate. The 

given rate could be determined by distributed inductance and capacitance 

(par. 3-17), or a tuned circuit could be placed in series with the tunnel 
diode; the resonant frequency of the tuned circuit would be the major factor 

in determining the rate at which the operating point would move up and 

down the negative resistance portion of the tunnel diode current-voltage 
chart. Obviously, the circuit is an oscillator. 

3-16. Oscillation and Power Shift Relations 

a. In the study of amplification by use of the negative resistance of the 

tunnel diode it was shown that amplification (par. 8-10) of the applied 

signal was brought about by the varying de resistance of the tunnel diode. 

The reason for the start of the oscillation in a series amplifier when the load 
resistance equals the negative resistance can be understood by studying the 

power shift relations. 

b. Consider Fig. 83-11. Assuming the quiescent point marked « (15 ma, 

250 mv), the maximum current (Z) is 10 ma (one half of a 20 ma peak-to- 

peak swing). The negative resistance (Rp) of the diode is 20 ohms (par. 

3-11). The maximum power (P) that can be shifted by the tunnel diode 

can be determined as follows: 

1. Write formula for power: 

P=[PR 

2. Substitute maximum current and negative resistance values: 

P = (0.01)?20 

Note: 10 ma equal 0.01 amp. Therefore 

P=2mw 

c. The peak power (b2 above) that can be shifted will be compared to 

the power absorbed by various possible load resistors. Table 3-2 lists 
various load resistors, and the power absorbed if a current of 10 ma passes 
through the resistor. 

d. Table 3-2 shows that series load resistors of 50, 40, or 30 ohms absorb 

more power than the tunnel diode can shift (2 mw) at an ac rate from the 
battery. As a result, oscillations cannot be sustained and will be quickly 

damped for lack of power. At 20 ohms (the same value as that of the nega- 

tive resistance) and lesser values, the tunnel diode can shift sufficient energy 

to sustain oscillations. 
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TABLE 3-2 

Load Power 

Resistor Absorbed 

(ohms) (mw) 

50 5 
40 4 

30 3 

20 2 
15 1.5 

10 1 

5 re) 

e. It can be stated, therefore, that any tunnel diode used in a series circuit 

will sustain oscillations if the series load resistance is equal to or is less than 

the negative resistance of the tunnel diode. Because oscillations cannot be 
sustained at resistance values higher than the negative resistance when in 

a series arrangement, the circuit is referred to as open-circuit stable. 

3-17. Tunnel Diode Equivalent Circuit 

a. General. Figure 3-15 shows the complete equivalent circuit of the 

tunnel diode for use at high frequencies. Inductor L, and resistor R, repre- 

sent parasitic elements introduced by connecting leads. Capacitor Cp 

represents capacitance caused mainly by the internal depletion region; 

resistor Rp represents the ac negative resistance of the device. The tunnel 

diode equivalent circuit is covered in this section because it acts like a series- 

resonant circuit when its input terminals are ac short-circuited. The maxi- 

mum frequency of oscillation of a tunnel diode may be determined by its 

self-resonant frequency (b below), or its resistive cutoff frequency (c below). 

b. Self-resonant Frequency. The self-resonant frequency (f;) of the 

L, R, 
° WLM NA 

° 

Fic. 3-15. High-frequency equivalent circuit of tunnel diode
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tunnel diode is the frequency of resonance of the inductive reactance and 

the capacitive reactance. 

1. The formula for calculating f, is derived in Appendix B and is: 

F 1 oe —L, 

*  2aCpRp Ly 

2. Typical values of these parameters for tunnel diodes having 4% inch 

leads are: 

(a) Cp, 5 to 10 mmf. 

(b) Rp, 50 to 120 ohms. 

(c) Ls, 5 to 10 muh (millimicrohenries; 10~° henry). 
(d) R,, approximately 1 ohm (not used to calculate f,). 

3. It can be shown by using the formula (in 1 above) that a tunnel diode 

having Cp = 7 mmf, Rp = 100 ohms, L, = 6 muh, and R, = 1 ohm, will 

have a self-resonant frequency (f,) of 750 kme. Refer to Appendix B for 

sample calculations. 

c. Resistance Cutoff Frequency. The resistance cutoff frequency (f,) of 

a tunnel diode is the frequency at which the net negative resistance of the 

(equivalent) circuit goes to zero and oscillation ceases. 

1. The formula for f, is derived in Appendix B and is: 

1 Rp — R, 

Ir = FOR, R, 

2. Normally it would be expected that the net negative resistance of the 

tunnel diode equivalent circuit is independent of frequency and is simply 

the difference of R, and Ry. Actually the above formula indicates the 

frequency at which the power absorbed by the positive resistance (R,) is 

equal to the power that the negative resistance is capable of shifting from 

the de battery to make up for the ac losses. This power is frequency- 

dependent because of the shunting effect of capacitor Cp on resistor Rp 

(par. 3-18). In other words, the ac current that flows through resistor R, 

at the cutoff frequency is much larger than the ac current flow through 
resistor Rp. 

3. Note that if the resistance cutoff frequency (f,) for a given unit is 

lower than the self-resonant frequency (f,}, the unit will not resonate at 

its calculated self-resonant frequency. Units having parameters indicated 

in 62 above have resistance cutoff frequencies as high as 10 kmc. Some 

units have been made to oscillate at frequencies as high as 100 kme, indicat-
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ing an f, greater than 100 kme. For most units f, is in the 1- to 3-kmc 

range. However, if R, is increased to 50 ohms by load and generator resist- 

ance, the resistance cutoff frequency will be reduced by a factor of 10. 

3-18. Frequency Dependence of Negative Resistance 

a. The effective negative resistance (Rp’) displayed by a given tunnel 
diode in a circuit depends on the operating frequency (f). The negative 

resistance (Rp) calculated from the current-voltage chart by using incre- 
mental de values (par. 3-11) does not consider the shunting effect of the in- 

herent capacitance (Cp) of the diode. The following formula (derived in 

par. B-3 of Appendix B) permits calculation of the effective negative resist- 
ance at any particular operating frequency: 

, Rp 

~ (QnfCpRp)? + 1 

Numerical examples of the use of this formula are given in b below. 

b. Assume a tunnel diode having a negative resistance (Rp) of 100 ohms 

and an inherent capacitance (Cp) of 10 mmf. 

Rp 

Example 1. Calculate Rp’ at an operating frequency (f) of 100 me (108 eps): 

1. Substitute known values in the formula (a above) 

100 
~ (2X 3.14 x 108 x 10 & 10-!2 x 100)? + 1 

2. Determine value: 

Rp’ 

Rp! = 71.40hms 

Example 2. Calculate Rp’ at an operating frequency (f) of 1 kmc (10° eps): 
1. Substitute known values in the formula (a above): 

100 
~ (2% 3.14 x 10° X 10 X 107!2 x 100)? +1 

2. Determine value: 

i 
Rp 

Rp’ = 2.47 ohms 

The above examples indicate that the effective negative resistance of this 

tunnel diode having Rp = 100 ohms (at audio frequencies) is reduced to 

71.4 ohms at 100 me, and only 2.47 ohms at 1 kme. 

SECTION IV. AMPLIFICATION, PARALLEL ARRANGEMENT 

3-19. General 

Amplification can be achieved by placing a tunnel diode in parallel with 

a load resistor. As in the case of the series amplifier (par. 83-9), amplifica-
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tion by a parallel amplifier will first. be investigated by considering the in- 
stantaneous unidirectional currents in the circuit (par. 3-20 and 3-21). 
Subsequently, the equivalent circuit of the tunnel diode embodying the 
second-order concept of negative resistance (par. 3-11) is developed (par. 
3-22). Gain formulas derived from the equivalent circuit are presented 
and interpreted in paragraph 3-23. 

3-20. Tunnel Diode Parallel Amplifier 

Figure 3-16 shows a tunnel diode parallel amplifier consisting of a battery 
(Ez), a signal source (e,), and a load resistor (#,) in parallel with a tunnel 
diode. The tunnel diode being used here has the same current-voltage chart 
analyzed in paragraph 3-8 and shown in Fig. 3-6. It has been determined 
that its resistance at peak current is 2 ohms (Rp1); midway between peak 
and valley currents the resistance is 16.6 ohms (Rp); and at the valley 
current it is 90 ohms (Rps3). 

e, * Ey 
mv 

0 250 -— 
mv 

0 Time —> 

I, 

~<— 40ma 40 -—— 
ma 

e 25 maj 15 ma 0 

E,=250 ¥\ Fp 
4 mv R, Dre, I, E, + 102 

250 = 
mv 

2 -- 
| ma 

0 

I, 

15 LL 
ma 

0 

Fig. 3-16. Tunnel diode parallel amplifier, zero signal voltage applied
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+ Ey, 
a 200 mv fl 

s 2 250 450 

—— 
I, ime 

<— 50 ma 40 
\ ma 50 ma 

+ 

es 45 ma| 5ma 0 

200 mv © R R = = L dips oT 
5 | PF *? 109 C 902 7 

250 mv 7 
eH 45 ma 

0 

I, 

15 5 ma 
ma 

° f 
Fig. 3-17. Tunnel diode parallel amplifier, signal voltage and biasing battery series 

aiding 

a. In Fig. 3-16, the quiescent condition is shown; i.e., the signal voltage 

is zero, and the applied voltage (#4) equals the battery voltage (250 mv). 

It can be shown by Ohm’s law that the current (J,) through resistor Ry, is 

25 ma in the direction shown, and the current (Ip) through the tunnel diode 
is 15 ma in the direction shown. The total current (Ir) is the sum of I, 

and Ir or 40 ma (25ma-+ 15 ma). The applied voltage and the three cur- 

rents are indicated in the separate charts. 

b. Figure 3-17 shows the circuit at the instant when the signal voltage 

(e,) is series aiding the battery voltage (Hz). The total applied voltage 

(£4) is now 450 mv. With this applied voltage, the tunnel diode draws 
5 ma, and resistor R; draws 45 ma. The total current (I7) is now 50 ma. 

All currents flow in the direction shown. The applied voltage and the three 

currents at this instant are indicated in the separate charts. 

c. Figure 3-18 shows the circuit at the instant when the signal voltage 

(€,) is series opposing the battery voltage (Hz). The total applied voltage
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(Z4) is now 50 mv. With this applied voltage the tunnel diode draws 25 
ma, and resistor R; draws 5 ma. The total current (I7) is now 30 ma. All 
currents flow in the direction shown. The applied voltage and the three 

currents are shown in separate charts. 

d. Note that the total current (see I chart in Fig. 3-18) has varied from 
50 ma to 30 ma, or 20 ma peak-to-peak. Note also that the peak-to-peak 

+ Ey 

e 200\\ | 
mv KX o00 250 450 

- 0 | 50 
Time —>- 

Tr | + 

—— 90 ma a }\ ee 
y 5 ah 25 af 0 | 2 

0) 
200 mvp =50mv sr, PFa I, LS”9Q * | Va 

E,el 10Q 29 iy 
250 mv7_ 2 | 5 v 

15 5 
ma ea a 

0 ; x 

Fig. 3-18. Tunnel diode paraliel amplifier, signal voltage and biasing battery series 
opposing 

current variation through resistor R; is 40 ma (see I, chart). With the 

signal source causing a total current variation of 20 ma and the output 

current (Z,) equal to 40 ma, there has been a current gain of two. This 

current gain is caused by the varying de resistance of the tunnel diode (par. 

3-21). 

e. Because of the parallel arrangement, there has been no voltage gain. 

Note that the peak-to-peak voltage swing across resistor Rz is 400 mv (450 

mv — 50 mv). Note also that the peak-to-peak voltage swing of the signal 

voltage (Hg) is also 400 mv (200 mv positive and 200 mv negative). In 

addition, there has been no phase reversal between the total input (ac)
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current and the output (ac) current; compare the waveforms for Ir and 

I, in their respective charts, 

3-21. Parallel Gain by Varying DC Resistance 

The current gain of two in the parallel amplifier (Fig. 3-18) and noted 

in paragraph 3-20d is caused entirely by the varying dc resistance of the 

tunnel diode. 

a. Increased Applied Voltage. 1. When the applied voltage increases be- 
cause of signal voltage e,, the de resistance of the tunnel diode rises from 

16.6 ohms (at quiescence) to 90 ohms. As a result, instead of drawing more 

current, the tunnel diode draws 10 ma less current. 
2. With the increased applied voltage, the load resistor draws 20 ma more 

current than that drawn at quiescence. The total added current that must 

be supplied by the signal source is only 10 ma [the difference between 

tunnel current (a above) and load resistor current]. Since an ac increase 

of 20 ma has occurred in the load resistor with only 10 ma supplied by the 

signal source, then 10 ma of battery current has been shifted from the tunnel 

diode to the load resistor by the varying de resistance of the tunnel diode 

as controlled by the signal input voltage. 

b. Decreased Applied Voltage. When the total applied voltage decreases 

because of signal voltage e,, the de resistance of the tunnel diode falls from 

16.6 ohms (at quiescence} to 2 ohms. As a result, instead of drawing less 

current, the tunnel diode draws 10 ma more current. With decreased ap- 

plied voltage the load resistor draws 20 ma less current than that drawn at 
quiescence. Without the tunnel diode in the circuit, the signal source would 
have to supply 20 ma of opposing current to the load resistor to reduce its 

current from 25 ma at quiescence to 5 ma at this instant. However, the 
tunnel diode diverts (or absorbs) 10 ma of the load current, so that the 

signal source need supply only 10 ma of opposing current. The overall 

action then is that the signal source supplied a 20 ma peak-to-peak current, 

while the current in the load has a peak-to-peak variation of 40 ma. The 

extra 20 ma in the load was shifted from the battery source by the de resist- 
ance variation of the tunnel diode. 

3-22. Parallel Amplifier, Equivalent Circuit 

a. Current Generator Equivalent. A possible equivalent circuit for the 
parallel amplifier discussed in paragraph 3-21 is shown in Fig. 3-19A. The 

tunnel diode has been replaced by an equivalent current generator (ip) of 

the same frequency as the signal source (1,) and in phase. Note that for 

simplification the original voltage signal source (e,) (Fig. 3-18) has been 

replaced by its equivalent current generator (7,). The output current (ip) 
of the tunnel diode equivalent circuit must be 10 ma to account for the
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total current of 20 ma through load resistor Ry; only 10 ma is supplied by 
1 Note that in this equivalent circuit the tunnel diode acts like an ac 
current generator and a source of energy (par. 3-7b). Representation of 
the tunnel diode as an ac current generator is not extensively used, because 
the value of its output current depends upon the value of the signal current 
(t,). The particular value of equivalent current (ip) therefore is not an in- 

10 ma l] | 10 ma 

is Ry 

A. Tunnel diode replaced by in-phase generator 

10 ma ——>- 
{ 
i 
1 

200 mv Reg < Ry Rp 

eS) 202 < 102 -200 

] 

! 

B. Tunnel diode replaced by negative resistance 

Fig. 3-19. Equivalent circuits of tunnel diode parallel amplifier 

herent characteristic (fixed value) of a particular tunnel diode. Further- 
more, impedances seen by the signal source or the load are not readily cal- 
culated with this equivalent circuit. 

b. Negative-Resistance Equivalent. Figure 3-19B shows an equivalent 
circuit of the amplifier of Fig. 3-18. 

1. In this equivalent circuit, the tunnel diode has been replaced by a 
resistance (Rp) of negative (—) 20 ohms. The total resistance (Req) seen 
by the signal source (e,) is calculated as follows: 

signal source voltage (e,) 
Reg = ; 

total current (75)
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Therefore, 
200 mv 

Reg = 
10 ma 

= 20 ohms 

This value of resistance is shown as dashed lines in Fig. 3-19B. 

2. Note that the equivalent resistance (20 ohms) seen by the signal source 

is 10 ohms greater than load resistor Ry which is 10 ohms. No resistor 
having a positive resistance value can be placed across load resistor Ry 

so that the parallel combination has a greater resistance than R;. Only 

a negative resistance can achieve this. The most simple method of deter- 
mining the negative-resistance value of Rp in this circuit is to convert all 
resistance values to conductance values. Thus: 

(a) Find total equivalent conductance: 

1 

Req 

1 

~ 20 ohms 
= 0.05 mho 

Gea = 

(b) Find load conductance: 

10 ohms 

0.1 mho 

(c) Find tunnel diode conductance: 

1 
Gp =— D Rp 

(d) Because conductances in parallel add: 

Gea = Gr + Gp 

(e) Substitute known values (a) and (b) above: 

0.05 = 0.1 + Gp 

(f) Solve for Gp: 

Gp = —0.05
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(g) Convert Gp to Rp: 

—0.05 mho 

Rp = —20 ohms 

Note: In this case the tunnel diode acts like a negative resistance of 20 ohms. 

The negative resistance of a particular tunnel diode is calculated by using its 

current-voltage chart (par. 3-11c2). Note also that with the negative re- 

sistance known, the equivalent resistance calculated in 1 above can be verified 

as follows: 
(10) (— 20) — 200 

10 + (—20) —10 

3-23. Parallel Amplifier, Gain Formulas 

eq 

a. Current Gain. The current gain (A,) of a parallel amplifier is the 

ratio of the current (i,), drawn from the signal source with no tunnel diode 

present (Fig. 3-20A), to the current (t2) drawn with the tunnel diode pres- 

ent (Fig. 3-20B). 

1. By definition the expression for current gain is: 

i) 

2. The derived formula for current gain is: 

Rp Ap= —— 
Rp — Ry, 

i, ——> i, ——> 

‘Oe Bw 
A. Signal source and B. Equivalent circuit, parallel 

load resistor tunnel diode amplifier 

Fig. 3-20. Current designations for signal source and load-resistor circuit, and for 
equivalent parallel circuit using tunnel diode
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Note: Refer to Appendix B for the derivation of this formula. In this 

formula use the absolute (positive) numerical value for Rp. 

3. The following are numerical examples of the use of this formula: 

Example 1. Given: 2p = 20 ohms 
Rr, = 10 ohms 

Find A; by substituting numerical values (2 above): 

20 

* 20 — 10 

_ 2 
~ 10 

=2 
Example 2, Given: Rp = 20 ohms 

Rr = 150hms 

Find A; by substituting values (2 above): 

20 

A0= IB 
=4 

4. Note that the gain is larger (3 above) when load-resistor Rz value 

approaches the value of Ry. If Rp equals Rz, a theoretical gain of infinity 
is possible because the denominator equals zero. Actually an unstable 

(oscillatory) condition occurs (par. 3-26). 

b. Voltage Gain. The voltage gain (A,) in a parallel arrangement al- 
ways equals one (par. 3-20e); i.e., the same ac voltage appears across the 

load resistor, with or without the tunnel diode present. This statement, 

of course, assumes that there is no internal signal source resistance. If 

there is signal source resistance, then voltage gain as well as current gain 

ean occur. This condition is covered in paragraph 3-25. 

c. Power Gain. Power gain (G@) is the product of voltage gain (A,) and 

current gain (A;). Since voltage gain in a parallel arrangement equals one, 

then power gain equals current gain. The formula and the numerical ex- 

amples (a above) apply equally for power gain. 

3-24. Parallel Amplifier, Graphical Analysis 

Graphical analysis can be used to determine current gain in a parallel 

tunnel diode amplifier. The analysis is performed by adding currents 

through the diode and the load resistor to yield a current curve of the total 
current drawn from the signal source and battery. The input ac signal 
current is projected onto the total current curve and its effect noted on the 
load resistor curve.
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a. Figure 3-21 shows the three required curves. 

1. Curve OA is the idealized tunnel diode curve. 

2. In this example, the load resistor is 15 ohms. One required point is 
the zero current, zero voltage point. Assuming 600 mv across the load, the 

current would be 40 ma (600 mv + 15 ohms). Using the zero point and 

the 600 mv — 40 ma point, a straight line is drawn which represents the 

current through the load for specific voltage values. 

Cc 

50 y- 
(ma) 

40 - B 

Input 34 fn 
npu 

current a 
a | fe pe 

26.5 \ 

Output 20 | 
current | A 

| 
10 \ 

ran ae 

0 ! l i J | 

0 100 =. 200 S800) 400s «500s (mv) 

Fig. 3-21. Current-voltage charts of tunnel diode, load resistor and current sum for 
graphical analysis of parallel amplifier 

3. Curve OC is the sum of curves OA and OB on a point by point basis 

and represents the total current plotted against total applied voltage. 

b. The quiescent point (31.5 ma, 250 mv) for the amplifier is marked on 

curve OC by a dot. 

1. Assume an input signal current of 5 ma. peak-to-peak. Project this 

signal onto the total current curve (each side of the quiescent point) as 

shown. The projections intersect the total current curve at 29 and 34 ma. 

2. The intersections on the total current curve are projected vertically 

down until the load-resistor curve is intersected. The latter intersections 

are projected horizontally to the left to produce the output current signal. 

Note that the intersections occur at 6.5 and 26.5 ma. The output current, 

unchanged in phase, is 20 ma peak-to-peak.
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c. The current gain (A;,) is the ratio of output current (20 ma) to input 
current (5 ma). A; = 20 ma + 5 ma; the current gain is 4. Note that this 
value agrees with that calculated by using the gain formula (par. 3-23a3, 
example 2). In that case the same tunnel diode was used with the same 
load resistor. 

, q 
Signal source | 

| 

a 7) 

Loo] 

A. Signal source with internal resistance 
and load resistor 

Signal source 

WV 
R, t 

20 Q 
Ly 

eo R, Rp 

@) °s 2 30.2 3 202 

B. Tunnel diode added in parallel 

Fig. 3-22. Circuits showing current and voltage designations for calculating gain 
formulas of parallel amplifier with signal source having internal resistance 

3-25. Parallel Amplifier with Signal Source Resistance 

In discussing parallel amplifiers (par. 3-23), it was stated that the volt- 

age gain (A,) is always one. This statement is true if the signal source 

has no internal resistance. With internal resistance there is current, voltage, 

and power gain (a, b, c below). Figure 3-22A shows a signal source (é,) 

with internal resistance (R,) and a load resistor (Rz). The current through 

R;z is designated 2, and the voltage across R, is designated e,. Figure 3-22B 

is the equivalent circuit of the same signal source and load resistor with a
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tunnel diode in parallel with the load resistor. In this case the current 
through and the voltage across R;, are designated 22 and ég, respectively. 

a. Current Gain. The current gain (A;) is defined as the ratio of current 

(ig) through the load resistor paralleled by the tunnel diode, to the current 

(11) without the tunnel diode. 

1. Write the expression for current gain: 

2. The formula for current gain (derived in Appendix B) is: 

ae Bo 
Rp — Rr 

Where Rr is the parallel resistance of R, and Ry: 

R,R Rp = ee 
R, + Rr 

3. A numerical example of the use of the formula (A;) to calculate current 

gain follows: 

Example. Given: &, = 20 ohms 
Ry, = 30 ohms 

—Rp = 20 ohms 

Find A;. 

(a) Determine Rr (parallel resistance of R, and Fz): 

20 X 30 
Fr = 59 
Rr = 12 chms 

(b) Substitute values in formula for A; (3 above): 

20 

Ai = sO 49 
Therefore, 

A; = 2.5 

b. Voltage Gain. Voltage gain (A,) is defined as the ratio of voltages 

é2 and é;, as indicated in Fig. 3-22. The formula for voltage gain is derived 

in Appendix B and is found to be identical to the formula for current gain 

(a above) ; thus:
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é 
1. A,=— 

ej 

2. ee 
Rp — Rr 

c. Power Gain. Power gain (@) is the product of current and voltage 

gain. 

1. Write the formula for power gain: 

G = A;A, 

2. Substitute formulas (a and b above): 

_ (Rp)? 

(Rp — Rr)? 

Note that power gain in this case equals the square of the current gain or 

the square of the voltage gain. Using the data calculated in a3 above, then 

G=A/? 

G = (2.5)? 

G = 6.25 

SECTION V. OSCILLATION, PARALLEL ARRANGEMENT 

3-26. Parallel Oscillator 

a. The formula for current gain in a parallel amplifier (par. 3-23) was 

determined to be as follows: 

Rr 

~ Ry — Rp 
t 

b. If load resistor (Rz) equals the negative resistance (Ry) of the tunnel 

diode, the denominator of the current-gain formula equals zero, indicating 

infinite gain. Oscillations occur instead. 
c. Figure 3-23A shows a parallel oscillator. Considering the battery as 

an ac short, the equivalent circuit of the oscillator is shown in Fig. 3-23B. 

The tunnel diode being used has an ac negative resistance of 20 ohms (par. 

3-11). The tank circuit (coil 21), the capacitor (C1), and the load resistor 

(Rx) are in parallel with the tunnel diode. Load resistor Rz represents the 

de resistance of the tank circuit plus any loading of the tank circuit by 

coupling energy to an amplifier or antenna.
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R 
L 

R, 202. S Ry 

(infinite) 

B. Equivalent circuit 

Fig. 3-23. Parallel oscillator and its equivalent circuit 

d. Note that the total resistance (Ry) seen by the tank circuit is infinite, 

calculated as follows: 

_ R1(—Rp) 

*” Ri — Rp 

(20) (—20) 

~ 20 — 20 

—400 

~ 9 
= © 

e. With infinite resistance, no ac current is drawn from the tank circuit. 

When the battery circuit (Fig. 3-23A) is closed, a tank current Ir is es- 

tablished and remains fixed because there are no losses in the tank circuit. 
The tank circuit acts like an ac voltage source (e,) (shown in dashed lines) 

that delivers no current but varies the de resistance of the tunnel diode at 

a desired time rate. This de resistance variation shifts the battery voltage 

and power at the desired rate to make up for the power losses in resistor 

R, (par. 3-27).



AMPLIFICATION AND OSCILLATION USING AC NEGATIVE RESISTANCE 89 

3-27. Parallel Oscillator, Power-Shift Relations 

a. The reason for the start of oscillations in a parallel amplifier (par. 

3-26) when the load resistance equals the negative resistance of the tunnel 

diode can be understood by studying the power shift relations. 

b. Consider Fig. 3-11. Assuming the quiescent point marked « (15 ma, 

250 mv), the maximum voltage swing is 200 mv [one half of 400 (450-50) J. 

The negative resistance (Rp) of the diode is 20 ohms (par. 3-11). The 

maximum power (P) that can be shifted by the tunnel diode can be deter- 

mined as follows: 

1. Write formula for power: 

FE? 

P=— 
R 

2. Substitute maximum voltage and value of Rp: 

0.2)? p02) 
20 

Note: 200 mv equals 0.2 volt. Therefore, 

P=2mw 

c. The peak power (2 mw) that can be shifted will be compared to the 

power absorbed by using load resistors. Table 3-3 lists various load re- 

TABLE 3-3 

Load Power 

Resistor Absorbed 

(ohms) (mw) 

50 0.8 
40 1 

30 1.3 
20 2 

15 27 

10 4 

5 8 

sistors, and the power absorbed if a voltage of 200 mv is across the load 

resistor.
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d. Table 3-3 shows that a parallel load resistor of 5, 10, 15 ohms absorbs 
more power than the tunnel diode can shift (2 mw) at an ac rate from the 

battery. As a result oscillations cannot be sustained and will be quickly 
damped for lack of power. At 20 ohms (the same value as that of the 

negative resistance) and higher values, the tunnel diode can shift sufficient 

energy to sustain oscillations. 

e. It can be stated therefore that any tunnel diode used in a parallel 
circuit will sustain oscillations if the parallel load resistor is equal to or 1s 
greater than the negative resistance of the tunnel diode. Because oscilla- 
tions cannot be sustained at resistance values less than the negative resist- 

ance when in a parallel arrangement, the circuit is referred to as short- 

circuit stable. 

SECTION VI. COMPOUND CONNECTED AMPLIFIERS 

3-28. Impedance Matching 

A study of the gain formulas for the series or parallel tunnel diode am- 
plifiers (par. 3-12 and 3-23) indicates that maximum gain is achieved when 

the load resistor and the negative-resistance values are almost equal. (If 
equal, there will be oscillation.) A close approximation to impedance 
matching is therefore desirable. In many applications it will be necessary 

to use tunnel diodes and load resistors widely divergent in resistance values. 

Methods of bringing about impedance matching are by use of a transformer 

(a below), or by compound connections (b below). The advantages and 

disadvantages of each method are discussed in c below. 
a. Transformer Matching. 1. Figure 3-24A shows a series amplifier using 

transformer 7, to match the resistance of load resistor R; to the negative 

resistance of the tunnel diode. Transformer 7, can be a voltage step-up or 

step-down transformer, depending on whether the resistance of R, is greater 

or less, respectively, than that of the diode. The main requirement is that 

the reflected resistance (Ry, shown in dashed lines) be slightly greater than 

the negative resistance of the diode. Ry must be slightly greater than Rp 

because the series amplifier is open-circuit stable (par. 3-16). 

2. Figure 3-24B shows a parallel amplifier using transformer 7; to 

match the resistance of load resistor R;, to the negative resistance of the 

tunnel diode. Capacitor C, is a de blocking capacitor and prevents shorting 
of the tunnel diode bias by the low resistance of the transformer primary. 

The reflected resistance (Ry, shown in dashed lines) must be slightly lower 

than Rp because the parallel amplifier is short-circuit stable (par. 3-27). 

b. Compound Connections. Compound connected series and parallel am- 
plifiers are shown in Figs. 3-25 through 3-30 and discussed in detail in
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Fic. 3-24. Series and parallel amplifiers using transformers to achieve impedance 
matching 

paragraphs 3-29 through 3-33. In this method an impedance-matching 

resistor (Rz) is used in parallel or series with the tunnel diode or the load 

to achieve virtual impedance matching and maximum gain. It will be seen 

that if the load resistor is much larger than the negative resistance of the 

tunnel diode, usually a series amplifier with an impedance-matching re- 
sistor will be used to achieve maximum gain (par. 3-29 and 3-30). If the 

load resistor is much smaller than the tunnel diode negative resistance, a 
parallel amplifier with an impedance-matching resistor most often will be 

used (par. 3-32 and 3-33). 

c. Advantages and Disadvantages. 1. The main advantage of the trans- 

former is that its power efficiency is very high. This fact is important in 

portable equipment where conservation of battery power is desirable. The 
transformer has a disadvantage, however, because it does not have as good 

a frequency response as resistors. The low-frequency gain is attenuated 

by the reduced inductive reactance of the windings; the high-frequency 

response is attenuated by leakage reactance between primary and secondary 
windings. Transformers are also more expensive and larger in size than 

resistors.
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2. The main disadvantage of using resistors is the reduced power efficiency ; 

this is especially important where batteries must supply the power. How- 

ever, resistors provide advantages of high gain, good bandwidth, economy 

of parts, and small size. 

3-29. Series Amplifier, Diode Paralleled 

Figure 3-25A shows a series amplifier with impedance-matching resistor 
Rz in parallel with the tunnel diode. Resistor R, is the load resistor and 

capacitor C1 couples the output signal to the following stage. Note that R, 
is 150 ohms and Rp is —100 ohms; this represents a large mismatch in im- 

pedance. Figure 3-25B is the equivalent circuit of the amplifier. Note that 

paralleling the diode with Rz (302 ohms) increases the effective negative 

resistance in series with the load resistor. The combined resistance (Req) 

of Rz and Rp in parallel is —149 ohms and is shown in dashed lines. The 

gain of the amplifier with and without Rz is covered in a and b below, re- 
spectively. Only the voltage gain is discussed. 

a. Gain Without Matching. To find the voltage gain (A,) of this am- 

plifier without Rz in the circuit: 

1. Write the voltage gain formula (par. 3—12b): 

Ry 

* Rt — Rp 

2. Substitute the given values: 

150 
A, = ———_ 

150 — 100 
Then 

A,=8 

b. Matched Gain. To find the gain of the amplifier with Rz in the cir- 
cuit, use the same formula (a1 above), but use 149 (R., for Rp): 

150 1. A, = —-—_— 
150 — 149 

A, = 150 

2. Note that the gain has increased 50 times (150 + 3) by virtual im- 

pedance matching. The power efficiency has been reduced because of the 

current drain by resistor Rz. However, the improved gain is usually more 

desirable.
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Fic, 3-25. Compound-connected series amplifier (diode paralleled), and its equiva- 
lent circuit 

3-30. Series Amplifier, Load Paralleled 

a. Figure 3-26A shows a series amplifier with impedance-matching re- 

sistor Rz in parallel with load resistor Rz. As in the case of the same basic 

amplifier (without resistor Rz) discussed in paragraph 3-29, the tunnel 

diode resistance (Rp) is —100 ohms and the load resistor is 150 ohms. The 

voltage gain of the basic amplifier (par. 3-29a2) is 3. 

b. Figure 3-26B shows the equivalent circuit of the amplifier. Note that 

resistor Rz (310 ohms) reduces the effective load resistance (Reg) to 101 

ohms. To find the gain (A,), use the same formula (par. 3-12) but sub- 

stitute R., for R, thus: 

1. Write the formula: 

2. Substitute values: 

101 A, = ————— 
101 — 100
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Fig. 3-26, Compound-connected series amplifier (load paralleled), and its equivalent 
circuit 

Thus 
A, = 101 

3. Note that the voltage gain has been increased approximately 33 times 

(101 + 3) by using this method of impedance matching. 

3-31. Series Amplifier, Series Matching Resistor 

Figure 3-27A shows a series amplifier with impedance-matching resistor 

fz in series with load resistor R;. Capacitor C1 is a de blocking capacitor 

that couples the output signal to the following stage. Note that Ry, is 75 

ohms and Ry is —100 ohms. Not only does this condition represent a large 

mismatch that would reduce gain, but amplification would be impossible 
because the circuit would oscillate. The series amplifier is open-circuit 
stable (par. 3-16); the load resistor must be larger than the diode negative 

resistance to prevent oscillation. Voltage gain, therefore, without the 
matching resistor (Rz, 26 ohms) cannot be calculated. Figure 3-27B shows 

the equivalent circuit of the amplifier. Note that the equivalent load (Req, 
shown in dashed lines) is 101 ohms. In a below the voltage gain across the 

equivalent load is calculated; in b below the actual voltage gain (across load 

resistor R,) is calculated.
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a. Gain Across Equivalent Load. To find the voltage gain across the 

equivalent load (Req): 

1. Write the voltage gain formula (par. 3-120), but substitute R,, for Rz: 

Req 
A, ==———— 

Req _ Rp 

2. Substitute the given values: 

101 
A, = ————_ 

101 — 100 
Then 

A, = 101 

b. Gain Across Load (R,). The voltage gain (A,z) across the load (Rz) 

is the ratio of the load resistance (Rz,) to the equivalent resistance (Req) 

multiplied by the gain across Re, (a above). 

D 
-1002 

R, 
es 26 Q Cl 

— 

E,= Ry Output | 75 Q P 

A. Series amplifier, series matching resistor 

Ry 
-1002 
MN 

R, 
es ©) 26 Q 3 Req 

R, 101 Q 

7Q 

B. Equivalent circuit 

Fic. 3-27. Series amplifier (with matching resistor in series with load), and its 
equivalent circuit
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1. Express A»z as a formula: 

R 
Avot = * x A, 

eg 

2. Substitute known values: 

75 
A yw = — X 101 

101 

Then 
Ag = 75 

3-32. Parallel Amplifier, Diode Series Resistor 

Figure 3-28A shows a parallel amplifier with impedance matching resistor 
(Rz) in series with the tunnel diode. Resistor Ry, is the load resistor, and 

capacitor Cl couples the signal to the following stage. Note that Rz is 75 

ohms and Rp is —100 ohms. Figure 3-28B is the equivalent circuit of the 

amplifier. Placing Rz (24 ohms) in series with the tunnel diode decreases 

Cl 
. ivi 

my 

e, Rp 
-1000 R L Output R, 15Q 
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T 

A. Parallel amplifier, diode series resistor 

es | R, 
-1002 R,, &R : eq L 
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240 | 

B. Equivalent circuit 

Fic. 3-28. Compound-connected parallel amplifier (resistor in series with diode), 

and its equivalent circuit
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the effective negative resistance (R.,) in parallel with R, to 76 ohms (100 — 
24). Resistance Req is shown in dashed lines. The current gain of the am- 
plifier with and without Rz is covered in a and b below, respectively. 

a. Gain Without Matching. To find the gain (A;) of the amplifier with- 
out Rz: 

1. Write the current gain formula (par. 3-23) : 

4, = 
Rp — Ry, 

2. Substitute values: 

100 
A; = —— 

100 — 75 
Then 

A;=4 

b. Matched Gain. To find the gain of the amplifier with Rz in the cir- 
cuit, use the same formula (a1 above), but use 76 ohms (Req) for Rp: 

1. Write the formula: 

Req 
A; = 

Req _ Ri 

2. Substitute values: 

76 
A; = 

76 — 75 
Then 

A; = 76 

Note that the gain has increased 19 times (76 ~ 4) with Rz in series with 
the tunnel diode. 

3-33. Parallel Amplifier, Load Series Resistor 

a. Figure 3-29A shows a parallel amplifier with impedance-matching 
resistor Rz in series with load resistor R,. As in the case of the same basic 
amplifier (without resistor Rz) discussed in paragraph 3-32, the tunnel 
diode resistance (Rp) is —100 ohms and the load resistor R;, is 75 ohms. 
The current gain of the basic amplifier is 4 (par. 3-32a2). 

b. Figure 3-29B shows the equivalent circuit of the amplifier. Note that 
resistor Rz (24 ohms) increases the effective load resistance (Req) to 99 
ohms. To find the gain (A;) use the same formula (par. 3-23) but sub- 
stitute Re, for Rz, thus:
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Fig. 3-29. Compound-connected parallel amplifier (resistor in series with load), 
and its equivalent circuit 

1. Write the formula: 

Rp 

"Rp — Req 
2. Substitute values: 

100 
A; = —-— 

100 — 99 

Then 

A; = 100 

Note that the current gain has been increased 25 times (100 + 4). 

3-34. Parallel Amplifier, Parallel Matching Resistor 

Figure 3-30A shows a parallel amplifier with impedance-matching re- 
sistor Rz in parallel with load resistor R,;. Capacitor C1 is a de blocking 

capacitor that couples the output signal to the following stage. Note that 

Ry is 150 ohms and Rp is —100 ohms. Not only is this condition a large 

mismatch, but amplification would be impossible because the circuit would 

oscillate. The parallel amplifier is short-circuit stable (par. 3-27) ; the load 

resistor must be smaller than the diode negative resistance to prevent oscil-
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lation. Current gain, therefore, without the matching resistor (Rz, 291 

ohms) cannot be calculated. Figure 3-30B shows the equivalent circuit 

of the amplifier. Note that the equivalent load (R.4, shown in dashed lines) 

is 99 ohms. In a below the current gain through the equivalent load is 

calculated; in b below the actual current gain (through load resistor R,) 

is calculated. 

a. Gain Through Equivalent Load. To find the current gain (A,) through 

the equivalent load (Req): 

1. Write the current gain formula (par. 3-23), but substitute R., for Rr: 

4 PO 
Rp _ Req 

2. Substitute the given values: 
100 

A; = ——— 
Th 100 — 99 

i A; = 100 

C1 
]___ 

OWN 

“s R R R D Zz L 
B,& -100 8) oS 3 js0q Output 

A. Parallel amplifier with parallel matching resistor 

Ry R ‘ S) D Zz 
° ¢ -1002 2910 

B. Equivalent circuit 

Fic. 3-30. Parallel amplifier (with parallel matching resistor) and its equivalent 
circuit
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b. Gain Through Load (Ry). The current gain (A;z) through the load 

resistor is the ratio of the load conductance (1/Rx) to the equivalent load 

conductance (1/R,¢) multiplied by the gain through R., (a above). 

1. Express A;z as a formula: 

1/Ry x 
1/Req 7 

2. Substitute known values: 

1/150 
Ai, = —— X 100 

1/99 

99 
Ai, = — X 100 

150 

Then 

Ai, = 66 

3-35. Summary 

a. Circuit arrangements exhibiting ac negative resistance were investi- 

gated and applied as early as 1918. 

b. The transitron oscillator is an example of a pentode electron vacuum 

tube arranged in a circuit to exhibit negative resistance. 

c. Examples of semiconductor devices other than the tunnel diode that 
exhibit ac negative resistance are the point-contact transistor, the four-layer 

diode, the p-n-p-n transistor, and the unijunction transistor. _ 

d. Ac negative resistance is a second-order (mathematical) concept. It 

represents mathematically (for computation purposes) the ac effect in a 

given equation of a varying de resistance. The varying de resistance is such 

that increasing voltage results in decreasing current; i.e., increased de volt- 

age results in increased de resistance. 

e. On a mathematical (second order) basis a de resistance which varies 

as indicated (d above) acts hke a voltage or current generator, or an ac 

negative resistance. 

f. A series amplifier consists of a bias battery, a signal source, and a 

tunnel diode in series with a load resistor. The signal source voltage varies 

the de resistance of the tunnel diode so as to shift battery power to the load 
resistor; i.e., an amplified voltage-signal appears across the load resistor. 

g. If the series amplifier is compared to the same circuit without the 

tunnel diode, there is current, voltage, and power gain (par. 3-12). If the 

input signal from the signal source and the output signal across the load 

resistor only are considered, then a series amplifier has only voltage and 
power gain (par. 3-14) ; the current gain is one (Fig. 3-21).
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h. By using the negative-resistance concept in the equivalent circuit of 

a series amplifier (par. 3-12), desired gain formulas can be derived. 
1. A series amplifier will oscillate if the load resistance is equal to or is 

less than the tunnel diode negative resistance. If the signal source is re- 
placed by a tank circuit, an oscillator is formed. 

j. The series amplifier is open-circuit stable or short-circuit unstable. 

k. When a properly biased tunnel diode is ac short-circuited, it may 

oscillate. The unloaded tunnel diode usually oscillates at 1 to 10 kme, de- 
pending on the parameters of its equivalent circuit (Fig. 3~15). 

I. The self-resonant frequency (f,) of a tunnel diode is the frequency at 

which the reactance of its equivalent circuit (Fig. 3-12) equals zero. The 

resistance cutoff frequency (f,) of a tunnel diode is the frequency at which 

more power is dissipated by the circuit than can be shifted by the negative 

resistance from the de source. 
m. A tunnel diode parallel amplifier displays current and power gain. 

The voltage gain is one. If the signal source has internal resistance, then 

the voltage gain is greater than one. 

n. By using the ac negative-resistance concept in an equivalent circuit, 

desired gain formulas for the parallel amplifier may be derived. 

o. If the load resistance of a tunnel diode parallel amplifier equals, or is 

greater than, the ac negative resistance of the tunnel diode, oscillations will 

occur. If the signal source is replaced by a tank circuit, an oscillator is 

formed. 

py. The tunnel diode parallel amplifier is short-circuit stable or open- 

circuit unstable. 

q. Maximum gain in a series amplifier will be achieved if the load re- 

sistance is only slightly greater than the ac negative resistance (virtual 

impedance match). Maximum gain in a parallel amplifier will be achieved 
if the load resistor is only slightly less than the ac negative resistance (vir- 

tual impedance match). 
y. Virtual impedance match can be achieved in tunnel diode amplifiers 

by use of transformers or compound (resistor diode) connections.



Chapter 4 

AMPLIFIER CONSIDERATIONS AND CIRCUITS 

SECTION I. NOISE CONSIDERATIONS 

4-1. General 

a. This chapter covers several of the most important aspects of the 

tunnel diode as an amplifying device: 

1. Noise considerations (par. 4-2 and 4-3). 

2. Distortion (par. 4-4, 4-5, and 4-6). 
3. Temperature characteristics (par. 4-7, 4-8, and 4-9). 

4, Bias requirements (par. 4-10, 4-11, and 4-12). 

b. Several practical tunnel diode amplifiers are covered in paragraphs 
4-13 through 4-16. 

4-2. Origin of Tunnel Diode Noise 

Noise refers to an irregular electrical signal (having voltage, current, 
and power) to which no specific frequency can be assigned. Converted to 

sound by a speaker, noise manifests itself as a sizzling, crackling, or frying 

sound. On a radar scope, it is referred to as grass. On a television screen 
it is referred to as snow. The noise power present in an amplifier is im- 

portant because the noise power present determines the minimum signal 

power-handling capacity of the amplifier. The smaller the noise power, 
the smaller the signal power necessary to override the noise. Studies of 

the noise characteristics of the tunnel diode show that the tunnel diode, 
like the electron tube, exhibits both shot noise (a below) and thermal noise 
(b below). 

a. Shot Nowse. In an electron tube, shot noise is the result of the irregular 

impact of electrons on the plate of the tube, the electrons acting very much 

like hailstones falling on a pavement. In the tunnel diode, shot noise is 

manifested during the tunneling process. The shot noise can be considered 
102
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the result of the impact of the carriers (electrons and holes) on the barrier 

(Ch. 2). It is believed that shot noise is particularly the result of carriers 

(electrons and holes) deflected from the barrier when unlike charges of 

equal energy levels are not on opposite sides of the barrier. Figure 4-1 

shows the current-voltage curve of a tunnel diode and several curves show- 

ing the approximate noise figure (par. 4-3) of a typical tunnel diode taken 

at the indicated frequencies. The noise figure depends on the frequency 

being amplified. In each case, however, note that the noise figure rises 

at the valley current of the tunnel diode. At the valley current there is 
also the maximum deflection of carriers from the barrier; see Figs. 2-22 and 

2-23. 
b. Thermal Noise. In a conductor or resistor, the free electrons are con- 

tinuously in motion at a velocity that depends upon the temperature. At 

a given moment a larger number of electrons will be moving in one direction 

than the number moving in the other direction. This motion causes a noise 

voltage to be developed at the end of the conductor or the resistor which 

corresponds to the direction of major electron flow. The voltage will vary 

instantaneously and irregularly to produce the characteristic noise voltage. 

The square of the noise voltage is directly proportional to the resistance 

of the conductor or the resistor. In paragraph 3-17 the equivalent circuit 

of the tunnel diode was studied; it was shown that a parasitic resistance 

(R,) is associated with the tunnel diode leads. This resistance and the 

resistance of the bulk material of the tunnel diode contribute to thermal 

noise in the tunnel diode (par. 4-3). 
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Fig. 4-1. Tunnel diode current-voltage curve and noise figure curves at low frequen- 
cies
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4-3. Tunnel Diode Noise Figure 

The noise figure of merit (F) of the tunnel diode evaluates the noise 

producing characteristics of the tunnel diode alone. The formula for F 

which permits a quantitative calculation of the value of the noise figure 

is presented and discussed in detail in Appendix B. This formula relates 

the effects of shot noise caused by tunneling, thermal noise caused by the 

parasitic de resistance of the diode, and the particular operating frequency 
as related to the resistance cutoff frequency (f,) of the diode (par. 3-17). 

Study of this formula leads to the following conclusions: 
a. In and immediately above audio frequencies the noise is due almost 

entirely to shot noise and is inversely proportional to the operating fre- 
quency (Fig. 4-1). Below 30 ke the noise figure is relatively large. At 30 

ke a low average noise figure of 8 to 4 db is obtained. 

b. At operating frequencies below half the resistance cutoff frequency 

(f-), the noise characteristics are due mainly to thermal noise and satis- 

factory values of F = 3 db are obtained. The higher the frequency the 
more pronounced the thermal noise because of the shunting effect of the 
inherent capacitance (Cp) of the diode (par. 3-17) on the ac negative- 

resistance parameter (Rp). 
c. When the operating frequency (f) reaches 0.707/,, the noise figure 

of merit reaches 6 db. When f equals 0.9f,, the noise figure reaches 10 db. 

For low noise operation the tunnel diode performs best at operating fre- 

quencies above 25 ke and below 0.707/,. 

SECTION II. DISTORTION 

4-4, General 

a. In a three-terminal device, such as an electron tube or a transistor, the 
amount of distortion experienced by a signal amplified by the device can 

be determined by studying the dynamic transfer characteristic curve of the 

device in relation to the signal introduced. In the case of the electron tube, 

this curve plots the plate current against the control grid voltage under load 

conditions. In the case of the transistor (Appendix C), this curve plots 
the collector current against the base current under load conditions. In 

each case operation over the most linear portion of the dynamic transfer 

characteristic curve results in minimum distortion. Operation over the 

nonlinear portion of the dynamic transfer characteristic curve will result 

in distortion. The amount of distortion is generally indicated by project- 

ing the input signal onto the dynamic transfer characteristic curve and, 

from the projection, drawing the output wave shape. This procedure is 

covered in many textbooks on electron tubes and transistors.
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b. Because the tunnel diode is a two-terminal device, a dynamic transfer 
characteristic curve in the sense employed in a above is not possible. In 

this case, distortion or nondistortion is revealed by studying the ac negative- 

resistance curve of the tunnel diode as derived from its current-voltage curve. 

In paragraph 4-5 an idealized (all straight-line portions) current-voltage 

chart is considered; the resistance curve is derived and discussed with respect 

to distortion. In paragraph 4-6 the current-voltage chart of a practical 

germanium tunnel diode is considered; the resistance curve is derived and 

also discussed. 

4-5. Ideal Linear Characteristic 

a. Figure 4-2A shows the idealized current-voltage curve of the tunnel 

diode. Each portion of the curve is a straight line, representing a constant 

ratio of voltage to current for the length of the straight-line portion. The 

resistance therefore for each portion is a constant value. Figure 4-2B 
shows the corresponding resistance values plotted against the same hori- 

zontal voltage axis as that of the current-voltage chart. From zero current 

to peak current (7J,) a constant resistance of 55 ohms is displayed. At the 

I, point the resistance changes abruptly to a negative value of 298 ohms 

and remains constant to the valley current (J,) point. Note that this repre- 

sents the ac negative resistance and is calculated by using incremental de 

values (par. 3-10). At the 7, point the resistance changes abruptly to a 

constant positive resistance. 

b. Operation of the tunnel diode as an amplifier is confined to the nega- 

tive-resistance portion of the curve. Large and small input signals are 

shown projected onto the negative-resistance line. In this case, no distor- 

tion will be introduced for the small or the large signal because the resistance 

is constant over the complete length of the voltage signal. 

4-6. Nonlinearity and Distortion 

a. The actual current-voltage curve of a germanium tunnel diode is 

shown in Fig. 4-8A. The corresponding ac resistance is plotted in Fig. 4-3B. 

As in the previous case (par. 4-5), the resistance is positive from zero to 

peak current, negative from peak to valley current, and positive thereafter. 

However, the resistance does not remain constant over any portion of the 

curve. The resistance at any point is calculated by using a small right- 
angle triangle of incremental values of current and voltage. Several small 

triangles are shown on the zero to I, portion of the curve. Note that as the 

peak is approached, the incremental value of current approaches zero and 
that of the voltage remains constant; the resistance value (AEH/AI) ap- 
proaches infinity and reaches infinity when the peak is reached [(AH/0) = 

coo)] Immediately after the peak the resistance is extremely high and
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Fic. 4-2. Idealized current-voltage curve and corresponding ac resistance 

negative. It remains negative until the valley point (I,) is reached. At 
this point the resistance goes through infinity from a high negative value to 
a high positive value. 

b. The curvature of the negative-resistance portion of the curve (Fig. 
4-3B) shows that the negative resistance starts at a high value, decreases 
to a minimum value, and then increases again to a high value. The point 
at which the negative resistance reaches a minimum point (marked by a 
dot) is referred to as the inflection (turning) point. The corresponding 
inflection point on the current-voltage curve is also marked by a dot.
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The inflection point is centered at the most linear portion of the curve. 
Most amplifiers are biased for operation at this point. 

c. For a small signal input as shown, the distortion is minimum and the 
negative resistance can be considered to be constant and equal to the value 
(—151 ohms) at the inflection point. For a larger signal input the distor- 
tion is larger and the negative resistance must be considered the average of 
the values over the operating portion; in this case the average negative 
resistance is —285 ohms. The greater the difference in the negative resist- 
ance at the inflection point and the average negative resistance over the 
operating range, the larger the distortion. 
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SECTION III, TEMPERATURE CHARACTERISTICS 

4-7. Temperature Effects on Peak and Valley Currents 

a. Peak Current. The peak current (J,) of a tunnel diode may increase 
or decrease with increasing temperature. Whether the peak current in- 

creases or decreases depends upon the types of impurities used to produce 

the n- and p-type semiconductors of which the diode is made. Most tunnel 

diodes available for commercial use display the peak-current and tempera- 
ture characteristics shown in the upper portion of Fig. 4-4. In this case 

maximum peak current occurs at room temperature (25° C) and decreases 

above and below this temperature. The effect of variation of peak current 
with temperature in applications such as amplifiers, oscillators, and switch- 

ing circuits is discussed in paragraph 4-9. 

b. Valley Current. Unlike the peak current whose temperature charac- 

teristics may rise or fall with temperature, the valley current increases with 
temperature. This characteristic is shown in the lower portion of Fig. 4-4. 

For germanium tunnel diodes, the rate of rise of valley current is approxi- 

mately 0.75% per °C. Its effect in particular applications is discussed in 

paragraph 4-9, 
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Fic. 4-5. Voltage-temperature characteristics of a typical germanium tunnel diode 

4-8. Temperature Effects on Diode Voltages 

The peak voltage (V»), valley voltage (V~), and forward voltage (V;) 
temperature characteristic curves of a typical germanium tunnel diode are 
shown in Fig. 4-5. In each case the voltage decreases with increasing tem- 
perature. The effects of these variations in particular applications are 
discussed in paragraph 4-9. The typical temperature coefficient of each 
voltage is as follows: 

a. Peak voltage (V,) decreases 80 pv per °C of increasing voltage. 
b. Valley voltage (V,) decreases 0.9 mv per °C of increasing temperature. 
c. Forward voltage (V;) decreases 1 mv per °C of increasing temperature. 

4-9. Temperature Effects in Specific Applications 

The variations in tunnel diode parameters (par. 4-7 and 4-8) cause the 
current-voltage curve of the tunnel diode to vary in contour with tempera- 
ture. The current-voltage curve of a typical germanium tunnel diode is 
shown in Fig, 4-6 as it appears at —50° C, +25° C, and +100°C. Note 
that the peak current is maximum at room temperature (25°C) and de- 
creases above and below this temperature; the valley current rises with in- 
creasing temperature; and the peak, valley, and forward voltages decrease
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witb rising temperature. The importance of these effects in specific appli- 

cations is discussed in a, b, and c below. 
a. Amplifiers. 1. Tunnel diode amplifiers are usually biased at the inflec- 

tion point (par. 4-6). In Fig. 4-6 the inflection point is marked by a dot on 

each current-voltage curve. Note that the voltage at the inflection point 

varies with temperature. A bias that is fixed at the inflection point at one 

temperature will not be at the inflection point at a different temperature. 
Extreme temperature variations in amplifiers with fixed bias will result in 

distortion. This problem can be overcome by using a bias source (par. 4-11) 

that varies with temperature to compensate for the voltage shift of the in- 

flection point. 

2. It was shown in Chapter 3 that maximum gain in a tunnel diode 

amplifier occurs when there is a virtual impedance match between the load 

resistance and the tunnel diode negative resistance. The temperature vari- 

ations in the tunnel diode current-voltage chart cause an increase in negative 

resistance of 0.5% per °C. A relatively constant impedance match can be 
maintained by varying the bias to compensate, by using thermistors as load 

or matching resistors, or by employing negative feedback. 
b. Oscillators. Impedance matching in oscillators is not required to sus- 

tain oscillations. Oscillations will be sustained (refer to Ch. 2) as long as 

the ac energy absorbed by the positive resistance of the circuit is not 
greater than the energy that can be shifted from the de source by the nega- 

tive resistance of the diode. Since the tunnel diode negative resistance 

decreases with temperature (a2 above), the energy that it can shift decreases 

-50°C + 25°C +100°C 

Ly 9 0 0 ee 
55 350 500 55 350 500 55 350 500 

Note: V (mv) 

At 25°C: V,=55 mv 

V,= 350 mv 

V,= 500 mv 

Fic. 4-6. Tunnel diode current-voltage curve at —50° C, +25° C, and +100° C
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at the lower temperatures. In this case it is necessary only to ensure that 

at the lowest temperature of operation of the oscillator, sufficient energy 

can be shifted by the tunnel diode from the de source to compensate for 
losses in the resistance of the circuit. Tunnel diode oscillators have been 

operated successfully from 4° K (Kelvin) to 573° K. 

c. Switching Circuits. The primary requirement of switching circuits 

(Ch. 8) is the stability of the peak current (J,). Switching circuits are 
normally biased below the peak current point for the on condition. Turning 

off (or switching) the circuit is determined by an input pulse having a fixed 

current amplitude. This current pulse raises the total current through the 

tunnel diode to the peak current, an unstable point, which causes the circuit 
to switch to the off condition, located in the forward voltage region. Varia- 

tions in the peak current of the diode, then, will cause switching at different 

levels of input pulse current. Variations in the forward voltage will also 

cause variations in the output of the switching circuit. For switching 

circuit applications, tunnel diodes must be selected that have maximum 

peak-current temperature stability. In addition, temperature compensating 

devices can be employed to minimize output voltage variations. 

SECTION IV. BIAS CONSIDERATIONS 

4-10. General 

a. For operation as an amplifier, the tunnel diode is usually biased at 
the inflection point. This point is at the center of the more linear portion 

of the current-voltage chart [the point of minimum negative resistance 
(Fig. 4-3)]. At this point the maximum voltage swing and, therefore, the 

maximum dynamic range are obtained. For germanium tunnel diodes the 

inflection point occurs between 125 and 140 mv; the more linear portion is 
between 80 and 180 mv, providing a voltage swing of 100 mv peak-to-peak. 

b. The gain of a tunnel diode amplifier as discussed in Chapter 3 is pri- 
marily dependent on the negative resistance of the diode. A study of Fig. 
4-3 shows that slight variations in bias voltage can cause large variations 
in the negative resistance and, therefore, in the gain of an amplifier. To 

avoid large variations in gain, it is necessary to bias the tunnel diode am- 

plifier from a stable voltage source. If batteries are to be used, mercury 

cells are ideal because they supply a fixed voltage over a long operating time 
due to the fact that little internal resistance is developed with use. Other- 

wise stable voltages can be obtained by: 

1. Using Zener diodes as voltage regulators (par. 4-11). 

2. Using forward-biased rectifying diodes as voltage regulators (par. 

4-12).
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Fic. 4-7. Breakdown diode current-voltage chart and voltage regulator 

4-11. Breakdown Diode Voltage Regulator 

a. The current through and the voltage across a reverse-biased junction 
diode is shown in Fig. 4-7A. At a certain value of reverse-bias voltage 
(E,ut), the current increases rapidly while the voltage across the diode re- 
mains almost constant. This voltage is called the breakdown, or Zener, 
voltage, and the diode is called a breakdown or Zener diode. This behavior 
is similar to that of some gas-filled tubes that start conducting at a par- 
ticular voltage and continue to conduct varying amounts of current while 
the voltage across the tube remains almost fixed. As in the case of the gas- 
filled tube, the breakdown diode can be used as a voltage regulator (Fig. 
4-7B). Variations in input current (I) or load current (I Lt) are com- 
pensated by variations in breakdown diode current (Ip). This action main- 

tains an almost fixed output voltage 
+ (Eout). Depending on the particular 

diode, the breakdown voltage can be 
ts any value from 2 to 100 volts. 

b. The reverse-biased junction di- 

ode has a negative temperature co- 
¥CR1 efficient of resistance provided that 

Ei, the reverse-bias voltage does not 
y¥cR2 £,, |% equal or exceed the breakdown volt- 

4 age. The breakdown diode has a 

resistance several times larger than 

the negative temperature coefficient 

Fic. 4-8. Breakdown diode tempera- of resistance of the forward- or ture-compensated voltage regulator reverse-biased junction diode. To 

compensate for the positive temper- 
ature coefficient of the breakdown diode, forward-biased diodes can be 
placed in series with the breakdown diode. Figure 4-8 shows a circuit with 

@) CR3 positive temperature coefficient of 

B 
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two forward-biased diodes (CR1 and CR2) in series with the breakdown 

diode (CR38). The total resistance of the three diodes remains constant 

over a wide range of temperatures. The complete result is a constant volt- 

age output, although temperature, input voltage (Hin), and load current 
drain may vary. 

4-12. Forward-Biased Diode Regulator 

a. A forward-biased rectifying diode (Fig. 4-9) can be used as a voltage 

regulator. As in the case of the Zener diode, a large variation in current 

can occur in the forward direction while the voltage drop remains relatively 

constant (Fig. 4-9A). Again this characteristic is similar to that of a gas- 

tube regulator. The forward-biased diode is more desirable as a voltage 

regulator for tunnel diodes than the Zener diode for two reasons; first, the 

voltage drop is lower and closer to the biasing voltage of the tunnel diode; 

and second, its temperature characteristic helps compensate for the tem- 
perature characteristic of the tunnel diode (c below). 

b. Figure 4-9B shows a forward-biased germanium diode used in a 

voltage regulator circuit. The diode is biased at 450 mv and the output 
voltage is 1830 mv. Resistor #1 drops the battery voltage to the forward 

bias of the germanium diode. Resistors R2 and R3 form a low-impedance 

voltage divider to drop the output voltage to the desired value. The value 

of bypass capacitor C1 depends upon the operating frequency of the am- 

plifiers being biased. 

c. Because the forward-biased diode has a negative temperature coeffi- 

cient of resistance, the voltage across the diode drops at the rate of 2.5 mv 

per °C of increasing temperature. In the tunnel diode the negative resist- 

ance increases 0.5% per °C. If the operating point is selected above the 

inflection point (about 145 mv), the increase in negative resistance with 

increasing temperature will be compensated for by a decreasing bias that 
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Fic. 4-9. Forward-biased germanium rectifying diode used as a voltage regulator 
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moves the operating point on the current-voltage chart to a decreased 

(original value of) negative resistance. The negative resistance therefore 

remains constant over a wide temperature range. If the decrease of 2.5 mv 

per °C of the forward-biased diode is too large a compensation, a germanium 

tunnel diode can be used as a voltage regulator. The voltage of the tunnel 

diode drops 1 mv per °C of increasing temperature. 

SECTION V. AMPLIFIERS 

4-13. Tuned RF Amplifier 

a. A tuned RF amplifier stage is shown in Fig. 4-10A. Selectivity is 

provided by the parallel resonant circuit consisting of capacitor C3 and 

coil L1. The signal source consists of voltage generator e, which has an 

internal resistance R,. Note that this signal source could represent the out- 
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Fig. 4-10. RF tuned tunnel diode amplifier and its equivalent circuits
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put of a transistor amplifier stage, or an antenna circuit. An amplified 

signal appears across parallel load resistor Rz because of the presence of 

tunnel diode CR1. Capacitors Cl and C4 are de blocking capacitors. Re- 

sistors R1 and R2 form a voltage divider for biasing tunnel diode CR1. 
Capacitor C2 ac shorts resistor 22 to ground. 

b. Figure 4-10B shows the same amplifier with the de components re- 

moved. The components that have negligible effect on the ae signal are 
capacitors Cl, C2, and C4. Resistors R1 and R2 are ac bypassed and do 
not appear in the ac circuit. Tunnel diode CR1 is replaced by negative 

resistor Rp and capacitor Cp. At the particular operating frequency (about 

1 mc), the lead inductance and resistance of the diode are negligible and 

are not shown. This circuit is the equivalent circuit of the amplifier and 

can be used to determine its behavior at any frequency. 

c. At the operating frequency the parallel tuned circuit formed by capaci- 

tors Cp and C3 and coil L1 displays infinite impedance. The equivalent 

circuit is reduced to that shown in Fig. 4-10C. The analysis for this circuit 

is covered in paragraph 3-25. For stability the resistance of Rz must be 

less than the negative resistance Rp. 

4-14. RF (100 mc) Amplifier 

a. Figure 4-11A shows a 100-me amplifier operating between two 50-ohm 

transmission lines. Tunnel diode CR1 has the following characteristics: 

1. Peak current (J,) = 1.0 ma 
. Valley current (Z,) = 0.15 ma 

. Lead inductance (L,) = 5 & 107-®h 

Internal resistance (R,) = 2 ohms 

. Diode capacitance Cp = 5 mmi 

Negative resistance (—Ry) = —143 ohms 

. Self-resonant frequency (f,) = 985 me 
. Resistance cutoff frequency (f,) = 1.9kme CO
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At quiescence the diode is biased at the inflection point which is at 125 mv 
and 0.75 ma. 

b. The ac circuit of the amplifier is shown in Fig. 4-11B. Resistor R, 

is the signal generator output resistance. Resistor Rz is the series im- 

pedance-matching resistance. Coil Z1, capacitor Cp, plus lead inductance, 
and stray capacitance provide selectivity by forming a series circuit 

resonant at 100 me. 

c. It can be shown by using the formula in paragraph 3-18 that, at the 
100-mce operating frequency, the negative resistance is reduced from —143 

ohms (a6 above) to an effective value of —118 ohms. Note that the re- 

sistances at the ends of the transmission lines total 100 ohms; add the lead
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resistance (a4 above) of 2 ohms and the total positive resistance is 102 ohms. 

To obtain maximum gain, a resistance of 16 ohms must be added in series 

so that the total resistance is 118 ohms to match the effective negative re- 

sistance of 118 ohms. The actual de resistance is slightly higher than 118 

ohms because of the de resistance of the transmission lines; therefore oscilla- 

tion does not occur (par. 3-16). 
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7 CR1 Z a 
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Fig. 4-11. RF (100 mc) amplifier and its ac circuit (Adapted circuit, courtesy 
General Electric Company) 

d. The de circuit consists of RF decoupling choke L2 (Fig. 4-11A) which 

has a reactance of 10,000 ohms at 100 me, and de dropping resistors 21 and 

R2. Variable resistor R2 permits adjustment of the bias voltage across the 

diode to 125 mv and bias current to 0.75 ma (a above). 

e. The circuit provides a gain of 32 db at 100 me with a bandwidth of 

20 me. If inductance L1 is increased to give a higher Q (selectivity) to the 

series resonant circuit, the gain can be increased to 40 db but the bandwidth 

is nonsymmetrical and is reduced to 8 mc. A practical application for this 
circuit would be as a low-level repeater in a transmission line. Note that 

the circuit is bilateral; that it can amplify a signal in either direction. 

4-15. RF (30 mc) Amplifier 

a. Figure 4-12 shows a 30-me amplifier operating between two 50- 

ohm transmission lines. The characteristics of the tunnel diode are given
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in paragraph 4-14a. Tunnel diode CR1 is biased at the inflection point. 
The amplifier produces a gain of 32 db at the operating frequency and pro- 
vides a bandwidth of 10 me. 

b. RF choke £2, having a reactance of 10,000 ohms at 30 me, isolates 
the ac components of the circuit from the power supply. Resistor R, is the 
signal generator output resistance. Capacitor Cl, in parallel with the 
diode internal capacitance, forms a series circuit, with coil L1 resonant at 
30 me. Resistor #1 suppresses parasitic oscillations. Resistor R, is the 
load resistor. Resistors R2 and R3 reduce the battery voltage to the re- 
quired value for biasing the diode at the inflection point. 

50 Q Co-ax 50 Q Co-ax 
CR1 Zl 

290-380 muh R, 34 Gey ee E 
50 iS L 

Ri 
Generator =!1Cl 47 + 
output 

5-25 mt 

= 63V 
2 Rt rR [ 

50uh 12k 1k - 
Fic, 4-12. RF (380 mc) amplifier (Adapted circuit, courtesy General Electric 

Company) 

c. Because the internal diode capacitance alone is insufficient to resonate 
with coil L1 at the operating frequency and also provide the required band- 
width, capacitor Cl must be added to the circuit. If capacitor C1 alone 
were added directly across the tunnel diode, the resultant loop formed by 
the two components would oscillate parasitically at approximately 350 me. 
Resistor #1, added in series with capacitor C1, suppresses the parasitic 
oscillation by reducing the resistance cutoff frequency of the diode from 
1.9 kme (par. 4-14a8) to less than 350 me. 

d. Capacitor C1 and resistor R1 also reduce the tunnel diode negative 
resistance of —143 ohms (par. 4-14a6) to an effective value of —100 ohms. 

With resistors R, and R, plus line resistance adding to slightly more than 
100 ohms, the series circuit will be stable (nonoscillatory) (par. 3-16). 

4-16. Tunnel Diode Audio Amplifier 

a. Figure 4-13A shows a tunnel diode audio amplifier. The signal source 
is represented by signal generator e, having an internal resistance R,; this 
arrangement could represent the output voltage and impedance of a tran-
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sistor amplifier. Capacitor C1 blocks de voltage from the signal source. 

Coil L1 isolates the de bias circuit from the ac circuit. Resistor Rz pre- 
vents oscillation. The presence of diode CR1 causes an amplified signal 
to appear across load resistor Ry. Resistor R1 and variable resistor R2 

drop the de voltage to the required value and permit biasing of diode CR1 

at the inflection point. 
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Fic. 4-13. Tunnel diode audio amplifier and its equivalent circuit 

b. The ac equivalent circuit is shown in Fig. 4-13B. Tunnel diode CR1 

is represented by its negative resistance of —100 ohms. At audio frequen- 
cies the internal capacitance of the diode is negligible and is not shown. 

The total resistance in the diode branch is —51 ohms (49 — 100). Re- 

sistor Rz, in parallel with the diode branch, prevents oscillation because its 
value (49 ohms) is less than the absolute value (51 ohms) in the diode 

branch. In a parallel arrangement such as this, the tunnel diode is short- 

circuit stable (par. 3-27). Note that this circuit is similar to the circuit 
shown in Fig. 8-28 and discussed in paragraph 3-32. However, the func- 

tions of impedance-matching resistor Rz and load resistor Ry, have been 

interchanged.
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4-17. Summary 

a. The tunnel diode exhibits shot noise and thermal noise. The shot 
noise is generally the result of the tunneling of electrons; the thermal noise 
is due to bulk resistance. 

b. The tunnel diode exhibits low noise when operating at frequencies 
above 25ke and below 0.707f, (resistance cutoff frequency). 

c. A plot of the negative resistance of the tunnel diode versus the bias 
voltage indicates the nonlinearity of the negative resistance. This curve 
can be used to indicate the distortion introduced during amplification. 

d, The inflection point of the diode characteristic is the point of minimum 
value of negative resistance. 

e. The peak-current of a tunnel diode may rise or fall with increasing 
temperatures, depending upon the type of impurities used in the semicon- 
ductor material; the valley current always increases with temperature. 

f. Tunnel diode amplifiers must be biased from well-regulated voltage 
sources to avoid variations in negative resistance and therefore in amplifier 
gain. 

g. Most tunnel diode amplifiers are biased at the inflection point. 
h. Tunnel diode RF amplifiers (par. 4-14 and 4-15) are easily adapted 

for use in transmission-line repeaters because they are bilateral (amplify 
in either direction).



Chapter 5 

CASCADING TUNNEL DIODE AMPLIFIERS 

SECTION I. GENERAL 

5-1. Two-Port and One-Port Devices 

a. The transistor and the electron tube are referred to as two-port de- 
vices. Each set of terminals for input or output use is referred to as a port, 
even if one of the terminals is common to the input and the output. The 

word port is derived from Latin and is used in English to mean an entrance 

or an exit. The tunnel diode, then, is a one-port device, the one port being 

used for input and output. 

b. In the case of the two-port devices mentioned, isolation of the input 

circuit from the output circuit is, for most applications, inherent in the 
structure of the device. Only in the case of very high-frequency applica- 

tions is the feedback of energy from the output circuit to the input circuit 

through interelectrode capacitance sufficient to cause oscillation. Even in 

these cases minor circuit adjustments are necessary to prevent oscillation 

in a given two-port device amplifier or a series of cascaded amplifiers. 

c. In the case of a single tunnel diode amplifier stage, the technique for 
preventing oscillation is a relatively simple one. If used in a series am- 
plifier, it is necessary only to ensure that the total positive resistance of the 

circuit is larger than the effective negative resistance of the circuit. If used 

in a parallel amplifier, it is necessary only to ensure that the total positive 

resistance of the circuit is smaller than the effective negative resistance of 

the device. When more than one tunnel diode amplifier stage is necessary 

to achieve the desired overall gain, it is not a simple matter of coupling the 
output of one stage directly into the other stage. Even if each stage is 

designed to be stable in accordance with the conditions set forth above for 

a series or a parallel amplifier, unless special precautions are taken (par. 

5-2), energy from a high-level stage can flow back to a low-level stage and 

cause oscillation. This situation occurs regardless of the operating fre- 

quency of the amplifier stages. 
120
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5-2. Isolation 

In order to cascade tunnel diode amplifier stages, the circuit arrangement 
or special components used must ensure the flow of energy from low-level to 
high-level power stages while isolating the output of higher-level stages from 
lower-level stages. In other words, the flow of energy through the ampli- 
fiers must be unidirectional. Isolating methods or devices used to produce 
unidirectional cascaded tunnel diode amplifiers are as follows: 

a. Matched transmission line technique (par. 5-3 and 5-4) 

b. Quarter-wave line technique (par. 5-5 through 5-8) 

c. Hall-effect and skew isolators (par. 5-9 through 5-15) 

d. Hybrid junctions (par. 5-16 through 5-19) 
e. Ferrite circulators (par. 5-20 through 5-25) 

SECTION II. MATCHED TRANSMISSION LINE TECHNIQUE 

5-3. General 

a. Figure 5-1A shows a transmission line into which power is introduced 

at one end of the line by a signal source (e,). The power is transmitted 

over the line and absorbed by the load resistor (R,) at the other end of the 
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Fic. 5-1. Transmission line, power distribution, and equivalent circuit
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line. If the internal resistance (R,) of the signal source, the characteristic 

impedance (Z) of the line, and the resistance of the load are equal in value, 
none of the power introduced will be reflected from the load end back to the 

source. If power were reflected, standing waves would result by the inter- 

action of transmitted and reflected power. Figure 5-1B shows the reduction 

in power as it is transmitted over the line. Note, however, that because of 

the matched condition wherein R, = Z = Fz, no power is reflected. 

b. In Fig. 5-1C the transmission line has been replaced by its electrical 
equivalent of lumped parameters. To the electrical signal the line looks 

like a series of inductances and parallel capacitors and resistors. Reduced 

power is delivered to the load because some of the power from the signal 

source is absorbed by the resistors. If the positive resistance were replaced 

by negative resistance (par. 5-4), power and voltage gain would result. 

5-4. Cascading Matched Amplifiers 

a. To apply the matched transmission line technique to cause a uni- 

directional signal flow in a series of cascaded tunnel diode amplifiers, it is 

necessary to design the circuit so that the signal sees the same impedance 

in moving from the source to the load. A simplified version of a method 
proposed to achieve the desired results is discussed below. 

b. This discussion considers the load end first and works toward the 

signal source. Throughout the discussion the tunnel diode is represented 
as an ideal negative resistance; i.e., its inherent junction capacitance, lead 

inductance, and resistance are ignored. 

1. Figure 5-2A shows a load resistor (Rz,) of 50 ohms in series with a 

negative resistance (Rp1) of 45 ohms. The input resistance to this com- 

bination is 5 ohms: 

Rin = 50 — 45 = 5 ohms 

2. By placing —5.55 ohms in parallel (Fig. 5-2B) with the series com- 
bination (1 above) the input resistance will be +50 ohms, calculated as 

follows: 

—5.55(50 — 45) 

"5.55 + 50 — 45 

—5.55(5) 
Ry = ———— = +50 ohms 

—0.55 

3. The input resistance (+50 ohms) of this arrangement (2 above) can 

be used as the load for a similar combination of negative resistances (Fig. 

5-2C). The input resistance again will be +50 ohms. The same pattern 

can be used for a number of stages, in which the input of one stage acts as
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Fig. 5-2. Construction of a negative-resistance transmission line 

the load of the preceding stage. Four such stages are shown in Fig. 5-2D. 

Note that the source impedance is 50 ohms and sees 50 ohms. Each stage 
sees 50 ohms, and the load is 50 ohms. This condition is the equivalent of 
the transmission line arrangement discussed in paragraph 5-3. 

c. A simplified circuit of cascaded tunnel diode amplifiers using this 

technique is shown in Fig, 5-8A. Diodes CR1 through CR4 provide the 

—45 ohms in their respective stages; diodes CR5 through CR8 provide the 

—5.5 ohms in their respective stages. Capacitors Cl through C4 are de 

blocking capacitors. Each tuned circuit consisting of a capacitor Cy and 

an inductance L, provides frequency selectivity. At resonance the tuned 
circuit impedance is infinite; the equivalent circuit (6 above) will not be 

affected by the presence of the tuned circuits. It can be shown that the 

voltage gain of each stage equals 10. Figure 5-3B (not drawn to scale) 

indicates the voltage level at each stage. Each stage multiplies the previous 

gain by 10, so that the overall voltage gain is 10,000 times.
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Fie. 5-3. Cascaded tunnel diode amplifiers using the matched impedance line tech- 
nique 

d. Practical circuits employing this technique have not been sufficiently 
investigated. However, advanced theoretical analysis indicates possible 
application at very high frequencies only. The main difficulty is that tunnel 
diodes are not ideal negative-resistance devices. Isolation techniques using 
successfully tested methods are covered in subsequent sections of this 
chapter. 

SECTION III. MATCHED AMPLIFIERS USING QUARTER-WAVE TRANSMISSION LINE 

5-5. General 

A transmission line, cut to one quarter of the wavelength of the frequency 
being transmitted, can be properly terminated at each end to match two 
tunnel diode amplifiers. The matched condition results in a unidirectional 
flow of energy between the cascaded amplifiers. A discussion of the proper- 
ties of matched quarter-wave lines is given in paragraphs 5-6 and 5-7. A 
practical circuit of cascaded tunnel diode amplifiers is discussed in para- 
graph 5-8. 

5-6. Quarter-Wave Line 

a. Figure 5-4A shows two parallel wires cut to a quarter of the wave- 
length of the frequency arbitrarily chosen for discussion purposes. The 
frequency is 30 me; one quarter of its wavelength is 2.5 meters (over 7.5 ft). 
The characteristic impedance of the line is designated Z.
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b. Figure 5-4B shows the same quarter-wave line terminated in a load 

resistance (Rz) equal to its characteristic impedance (Z). The quarter- 

wave line is fed from a 30-me signal source whose internal resistance (I,) 

equals Z. With proper matching at each end of the line, the voltage (£) 

and current (J) distribution along the line is as indicated. Note that there 

are no standing waves of voltage or current that would be caused by re- 

flections from an unmatched load. All the energy transmitted by the source 

is absorbed by the load. 
c. Figure 5-4C shows the same quarter-wave line terminated by two 

negative resistances (Rp, and Rp2). The value of each is —50 ohms. The 

line is fed from a 30-me source having an internal resistance (R,) of 50 ohms 
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Fic. 5-4. Quarter-wave transmission line and two possible matched conditions
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and is terminated in a 50-ohm load (R,). The voltage (Z) and current (J) 
distribution along the line is also shown. Note that the rise in current and 
voltage is due to the presence of the negative resistances. Note also that 
there are no standing waves (or portions of a standing wave) that would 
be caused by reflections. A matched condition must exist as in the case 
discussed in b above. For this condition to exist, the 50-ohm resistance 
must be looking into a 50-ohm resistance; the 50-ohm load must be looking 
back into a 50-ohm resistance; i.e., the ratio of voltage (Z) to current (J) 
at the input and output must be 50. By mathematical analysis beyond the 
scope of this book, it can be shown that this condition can be accomplished 
by choosing the proper values of negative resistance (—Rp) and character- 
istic impedance (Z) for the particular values of load and source resistances. 
A qualitative (nonmathematical) analysis of the phenomena involved is 
given in paragraph 5-7. 

5-7. Open-End Quarter-Wave Line 

The matched quarter-wave line using negative-resistance terminations 
(par. 5-6) can be understood by considering the properties of an open-end 
quarter-wave line. 

a. Figure 5-5A shows a quarter-wave line being fed by a signal source 
of the frequency for which the line is cut. Because of the open end, stand- 
ing waves of voltage (H1) and current (I,) as indicated are established. 
Note that the open end cannot absorb energy from the source because of 
the zero current at the open end. The source sees a low resistance at ter- 
minals 1-1’ because of the low ratio of zero voltage to maximum current 
at 1-1’. The line acts like a series resonant circuit. Figure 5-5B shows the 
same condition with the source now located at terminals 2-2’, and terminals 
1-l’ are open. The voltage (Hz) and current (Iz) distribution are as in- 
dicated. 

b. If it were possible to transmit from both ends simultaneously while 
maintaining both ends open, the current and voltage distribution over the 
quarter-wave line would be as indicated in Fig. 5-5C. Here, the voltage 
line (Hi + Ee) is the result of adding the voltage lines shown in Figs. 
5-5A and B. The same procedure is used to obtain the current line J rt ds. 
Note that the input resistances at either end of the line are no longer equal 
to zero, but have a finite positive value equal to the ratio of voltage to 
current. 

c. Figure 5-6A shows how the condition cited in b above can be brought 
about by using the negative resistance of properly terminated tunnel diode 
amplifiers. At terminals 1-1’, a tunnel diode having a negative resistance 
(—Rp) of 50 ohms paralleled by a positive resistance (f;) of 50 ohms is
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Fic. 5-5. Quarter-wave lines, single-end open, and double-end open 

shown. The resistance (R) of the network at terminals 1-1’ is infinite 

(open circuit), calculated as follows: 

50(—50) 
~ 50 + (—50) 

—2500 
~ 0 

R = Infinite («) 

The same prevails at terminals 2~2’.
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end open condition 

d. By using the proper value of characteristic impedance (Z), the ratio 

of voltage to current at the terminals (Fig. 5-5C) can be made equal to 

50 chms. Thus resistance R, (Fig. 5-6B) representing a source resistance 

of 50 ohms would look into 50-ohm terminals, and load resistance R, (50 

ohms) would look back at 50 ohms, A matched condition would prevail. 

e. The quarter-wave line at 30 me would be more than 7.5 ft long and 
would be awkward. In its place an equivalent quarter-wave line of lumped 

constants could be used; the equivalent is represented by the network 

formed by coil Lg and capacitors Cy. A practical circuit employing the 
quarter-wave line is discussed in paragraph 5-8. 

5-8. Matched Amplifiers 

a. Two cascaded tunnel diode amplifiers matched by a quarter-wave line 

for unidirectional energy flow are shown in Fig. 5-7. Coil Le and capacitors 

Cg represent a 30-mc quarter-wave line. A signal (e,) is fed to the amplifier 

by the signal source whose resistance (R,) is 50 ohms. Transformer T1 

couples the signal to tunnel diode CR1; transformer 7'1 is used for im- 

pedance matching. The negative resistance (of CR1) reflected to the line 

by T1 is slightly larger than the positive resistance of R, to ensure non-
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oscillation. Resistor R2 adjusts the bias for diode CR1. Capacitor C2 

decouples the bias source from the amplifier. At higher frequencies the 

leakage reactance of transformer T1 prevents coupling of diode CR1 to its 

load (A, and the line). To prevent oscillation at these frequencies, capacitor 

C1 and resistor R1 act as a load; the reactance of C1 is very low at the 

higher frequencies. At lower frequencies the low resistance of the trans- 

former shunts the diode to prevent oscillation. The presence of diode CR1 

causes amplification of the signal. 

b. On the other side of the quarter-wave line is a second amplifier which 

further amplifies the signal. The correspondingly positioned circuit ele- 

ments perform the same function in the second amplifier, except that re- 

sistor PR, is the load resistor. 

c. Assuming ideal transformers, the ac equivalent circuit of this amplifier 
at resonance is similar to the circuit shown in Fig. 5-6B. The only differ- 
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Fic. 5-8. Chart of gain versus frequency
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ence is that the ac negative resistance is slightly higher than that shown. 

d. A chart of gain (db) versus frequency (mec) of a practical amplifier 

is shown in Fig. 5-8. A gain of approximately 9 db occurs at the 30-me 

operating frequency with a relatively flat bandwidth of 10 mc, centered at 

30 me. Peaks occur at 17 and 40 mc. At these frequencies the line is 

sufficiently removed from a quarter-wave length to cause reflections of 

energy and increased gain. 

SECTION IV. HALL-EFFECT ISOLATORS 

5-9. General 

a. In essence, the Hall effect (par. 5-10) refers to the phenomenon of the 

occurrence across a conductor of a voltage that is at right angles to the 

externally applied voltage when the conductor is subjected to an external 

magnetic field. The Hall effect was first observed in 1880 and was not 

considered for practical application until the intensive interest in semi- 

conductor materials developed late in the 1940’s. With respect to the par- 

ticular material, the Hall voltage is directly proportional to the ratio of 

the mobility of the current carriers to the conductivity of the material. 

In the case of conductors such as copper, silver, and aluminum, the con- 
ductivity is so high that this ratio is low, with the result that the Hall 

voltage is almost insignificant. In semiconductors the conductivity is so 

much lower (higher resistance) that the ratio of mobility to conductivity 

is relatively large, and the Hall voltage becomes appreciable in magnitude. 

One of the first practical applications of the Hall effect was in the measure- 
ment of the mobility of current carriers in p- and n-type semiconductors. 

This application is covered extensively in the literature (Appendix A). 

b. The Hall voltage measured is also proportional to the magnitude of 

the current flow through the material and the intensity of the externally 

applied magnetic field. Because the current flow in insulators such as rub- 

ber and polystyrene is very small, the Hall voltage in the case of insulators 

is difficult to detect. 
c. This section covers the following topics: 

1. Hall-effect phenomenon (par. 5-10) 
2. Hall-effect gyrator (par. 5-11) 

3. Hall-effect isolator (par. 5-12) 

4, Skew isolator (par. 5-13) 

5. Unidirectional tunnel diode amplifiers using Hall-effect isolators (par. 
5-14 and 5-15)
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5~10. Hall Effect 

The Hall effect is most pronounced in semiconductor materials. In addi- 

tion to the type of material, the shape of the material is also important. 

A relatively thin wafer of material is most desirable to make the effect 

significant. 
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a. Applied Voltage Only. 1. Figure 5-9A shows a thin square wafer 
of n-type semiconductor across which a battery voltage of 12 mv is applied 

at terminals 1-1’. The wafer is not subjected to an external magnetic field. 

The current carriers (negative electrons) flow from the negative potential 

to the positive potential in approximately straight lines that. are uniformly 

spaced. Figure 5-9B shows the same wafer under the same conditions 

except that the electrical field within the material and the equipotential 

surfaces are shown. The electrical field (solid-line arrows) is in the di- 

rection that an electron would move if placed within the electrical field. 

The equipotential surfaces (dashed lines) are at right angles to the direc- 

tion of the electrical field. The potential on each equipotential surface is 

also indicated. The electrical field is shown externally as vector Ep. 

2. In Fig. 5-9B two terminals 2-2’ are attached at exactly opposite points 

as indicated. If a voltmeter were attached to terminals 2-2’, there would 

be no difference of potential because the two terminals are on the same 

6-mv equipotential surface. 

b. Applied Voltage and Magnetic Field. 1. Figure 5-10A shows the 

same wafer with the same battery voltage applied at terminals 1 and I’. 

Simultaneously a magnetic field (dashed-line arrows terminated in the 
letter IM) is applied at right angles to the direction of the electrical field 

and the current flow. The magnetic field exerts a force Fy on the electrons 

in the direction shown. Note that the electrons are displaced to the right. 
The displacement to the right creates a transverse electrical field between 

the negative electrons and the fixed positive donor ions on the left. The 

displacement continues until the force of the transverse electrical field is 

equal and opposite to the magnetic force Fy. 
2. The voltage (Hx) created by the transverse electrical field is shown 

as a vector in Fig. 5-10B. The voltage (£,) of the battery is also shown 

by a vector. The resultant electrical field (Hp) is the sum of Hp and Ey. 

The equipotential lines shown within the wafer are at right angles to the 

resultant electrical field Ep. 

3. If a voltmeter is now placed across terminals 2 and 2’, a voltage will 

be indicated. The voltage will be equal to Hy, which is called the Hall 

voltage, and will have the polarity indicated. Note that the Hall effect 

rotates the equipotential surfaces and creates a transverse voltage. Com- 

pare B of Figs. 5-9 and 5-10. 

4, For the above discussion, a wafer of n-type semiconductor was used. 

Use of p-type semiconductor would result in the rotation of the equipotential 

surfaces in the opposite direction, so that terminal 2 would be negative 

and terminal 2’ would be positive.
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5-11. Hall-Effect Gyrator 

The Hall-effect gyrator (Fig. 5-11) is a device that employs the Hall 
effect (par. 5-10) to bring about a nonreciprocal current flow relationship 
between two circuits connected to the same semiconductor wafer. In this 
case a wafer of n-type semiconductor, immersed in a magnetic field at right
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angles to the direction of current flow, is used. The circuit connected to 

terminals 1-1’ is referred to as the primary circuit; that connected to ter- 

minals 2-2’ is referred to as the secondary circuit. 

a. In Fig. 5-11A a voltage source is placed in the primary circuit as in- 

dicated. The Hall effect rotates the equipotential surfaces (dashed lines) 

as indicated and creates a voltage at terminals 2-2’. This voltage causes 

a current to flow through resistor R,. Note that the electron current flow 

(solid-line arrows) in the primary and in the secondary circuit is in the 

counterclockwise direction. 
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Fig. 5-11. Hall-effect gyrator 

b. In Fig. 5-11B the voltage source is placed in the secondary circuit 

with the polarity arranged to cause electron current to flow in the counter- 

clockwise direction in the secondary circuit. The Hall effect again rotates 

the equipotential surfaces, as indicated, to cause a voltage to appear at 

terminals 1-1’ with the indicated polarity. Note that electron current flow 

in the primary circuit is in the clockwise direction. 
c. Depending on the direction that electrical energy is transmitted, left- 

to-right or right-to-left, the currents in the circuits may be in the same 

direction (a above), or in opposite directions (b above), respectively. For 
this reason, the device is referred to as nonreciprocal. Because of the 180° 

reversal of current flow between the two conditions, the device rotates or 

gyrates directions of current flow and is called a Hall-effect gyrator. 

d. By using feedback (shunt) resistors, the gyrator can be transformed 

into an isolator that causes energy to flow in one direction only (par. 5-12).
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5-12. Hall-Effect Isolator 

a. The Hall-effect gyrator (par. 5-11) is shown in Fig. 5-12 as a square 

wafer with terminals 1-1’ and 2-2’ attached as indicated. The magnetic 
field to which it is exposed is represented in the center of the square as a 

dashed-line arrow terminated in the letter M. Except for the addition of 

feedback resistors Ry: and Rye, the primary and secondary circuits are 

identical with those shown in Fig. 5-11B. 
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Fic. 5-12. Hall-effect isolator 

b. The battery in the secondary circuit causes current I, to flow in the 
direction shown. The Hall effect causes a current I, to flow in the primary 
circuit in the direction shown. <A portion of the secondary current (J,) is 
shunted to the primary circuit through feedback resistors Rr; and Rye. 
The feedback current is designated Ip. If the values of resistors Ry; and 
Rre are properly selected, Jy can be made to equal J». Since these currents 
flow in opposite directions in resistor Ry, the net current flow is zero, the 
voltage drop Hp is zero, and no battery energy is transferred from the sec- 
ondary circuit to the primary circuit. If the battery were reversed in the 
secondary circuit, all current directions would be reversed and there still 
would be no transfer of energy from the secondary to the primary circuit. 
If the positions of the battery and the load resistor (R,) were interchanged, 
there would be current flow through the load resistor even with the presence 
of the feedback resistors (Ry, and Rye). In this condition the current 
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through the resistor (in the secondary circuit) transferred through the 

gyrator would be in the same direction as the current through the resistor 
coupled through the feedback resistors from primary to secondary circuit. 

c. The combined effect of the gyrator and the feedback resistors is to 

cause the transfer of electrical energy in one direction only, from primary 

to secondary circuit. The combination is referred to as a Hall-effect iso- 

lator. Practical germanium Hall-effect isolators have a forward loss of 

approximately 6 db minimum, and a reverse loss of 75 db, with impedances 

ranging from 10 to 1000 ohms. Hall-effect isolators made from indium 

antimonide have a forward loss as low as 7.5 db, and a reverse loss as high 

as 100 db. However, the impedance is usually as low as 1 ohm. The theo- 

retical frequency limit of Hall-effect isolators made of semiconductor ma- 

terials is 10!* cycles per second. In practice this frequency is substantially 

reduced by lead inductance and stray capacitance. 

d. Use of the Hall-effect isolator in cascading tunnel diode amplifiers 

is covered in paragraph 5-14. 

5-13. Skew Isolator 

The skew isolator is made of a thin wafer of n- or p-type semiconductor 

material. Like the Hall-effect gyrator (par. 5-12) the skew isolator de- 

pends for its isolating (unidirectional) properties on the Hall effect. Figure 

5-13 shows a skew isolator made of n-type semiconductor material. Note 

that terminals 2-2’ are directly opposite each other and in the center of 

their respective sides. Terminals 1-1’ are offset in opposite directions from 

the center line. Because of the nonsymmetrical placement of the terminals, 

the device is called a skew isolator. 

a. Figure 5-13A shows a battery connected across terminals 1-1’ so that 

counterclockwise current flows in the primary circuit. The presence of the 

external magnetic field M rotates the equipotential surfaces (Hall effect) 

so that a voltage appears at terminals 2~2’ and counterclockwise current 

flows in the secondary circuit. If the polarity of the battery in the primary 
circuit were reversed, both current directions would be reversed. Thus en- 

ergy can be transferred by the Hall effect from the primary circuit to the 

secondary circuit. 

b. Figure 5-13B shows a battery connected across terminals 2-2’ so 

that counterclockwise current flows in the secondary circuit. The presence 
of the external magnetic field rotates the equipotential surfaces as indi- 

cated. Note that terminals 1-1’ are located on the same internal equipo- 

tential surface; there is, therefore, no voltage difference across terminals 

1-1’ and no current flows through the primary circuit. The voltage (Ex) 

across primary resistor R, is zero and no energy is transferred to the pri-
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mary circuit. If the battery in the secondary circuit were reversed in di- 

rection, the equipotential surfaces would rotate in the opposite direction; 

terminals 1-1’ would no longer be on the same equipotential surface, and 

current would flow in the primary circuit. To use the device as an isolator, 
therefore, the current in the secondary circuit must be maintained in the 

counterclockwise direction. The current, however, may vary in magnitude, 

and it may carry an ac signal without transferring ac or de energy to the 

primary circuit. 
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Fic. 5-13. Skew isolator 

c. Use of the skew isolator in cascading tunnel diode amplifiers is dis- 
cussed in paragraph 5-15. 

5-14. Cascaded Amplifiers Using Hall-Effect Isolators 

a. Transformer Coupling. Figure 5-14 shows two cascaded tunnel diode 
amplifier stages in which unidirectional signal flow is effected by using a 

Hall-effect isolator. 

1. The input (operating) frequency is 500 kc. Diode CR1 causes an 

amplified signal to be developed across the primary of transformer T1 which 

is resonated at 500 ke by capacitor C2. Transformer T1 matches the low 
input resistance (about 2 ohms) of the Hall-effect isolator to the output 

resistance of the tunnel diode. An impedance match is achieved when the 

positive resistance reflected to the primary circuit is slightly less than the 

negative resistance of diode CR1. This condition gives maximum gain with 
stability. Resistors R1 and R2 form a voltage divider to bias diode CR1. 

Capacitor C1 ac bypasses resistor R2 at the operating frequency. Resistors
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R3 and R4 convert the Hall-effect gyrator to Hall-effect isolator by negative 

feedback. 

2. Transformer T2 matches the low output impedance of the Hall-effect 

isolator to the high input impedance of diode CR2 and its load circuit. 

Capacitor C3 resonates the secondary of transformer T2 to 500 ke. Diode 

CR2 causes an amplified signal to appear across its load resistor (not 

shown). Resistors #5 and R6 form a voltage divider to bias diode CR2. 

Capacitor C4 ac bypasses resistor R5. 

b. Matching with Series Resonant Circuits. Figure 5-15 shows two 
tunnel diode amplifiers coupled through a Hall-effect isolator. Note that 

in this application only one feedback resistor (#3) is used to convert the 

Hall-effect gyrator to a Hall-effect isolator. The negative feedback current 

12 
R3 2-4 wh 
3 

a + | CR2 @ x 

2-4 uh C3 we 500 Output 

° alee i 1.34 Input . v 

> 6h ce fo LJ, LT | 
ms 0.05 uf | “M 

omer 

Th 34v te t Tel 

Fra. 5-15. Cascaded tunnel diode amplifiers using Hail-effect isolator with series 
resonant circuit for impedance matching 

a
 

te



CASCADING TUNNEL DIODE AMPLIFIERS 139 

through resistor 23 is returned to the second stage (CR2) through the Hall- 
effect isolator. 

1. In the input circuit, coil L1 and capacitor C2 form a series circuit 
resonant at 600 kc. The impedance of the series circuit is low and matches 

the low input impedance of the Hall-effect isolator. The tunnel diode 

(CR1) sees a parallel resonant circuit formed by £1 and C2 and therefore 

a high impedance. The circuit is designed so that a virtual impedance 
match occurs for CR1 and maximum gain is achieved. Resistors R1 and 

#2 form a voltage divider for biasing CR1. Resistor R2 which develops 

the bias voltage is bypassed by capacitor C1. 
2. Coil £2 and capacitor C3 form a series resonant (600 ke) circuit and 

match the low output impedance to the high input impedance formed by 

tunnel diode CR2 and its load (not shown). Resistors R4 and R5, bypassed 

by capacitor C4, form a voltage divider and establish bias voltage for CR2. 

5-15. Cascaded Amplifiers Using Skew Isolator 

Figure 5-16 shows two tunnel diode amplifiers coupled through a skew 
isolator. Tunnel diode CR1 causes an amplified signal to appear at the 
input terminals of the skew isolator. Coil Z1 and capacitor C2, resonant 

at the operating frequency of 1 me, provide selectivity. Resistor R3 is an 

impedance-matching resistor that reduces the negative resistance of CR1 
to match the lower input resistance of the skew isolator. Resistors R1 and 

R2, bypassed by capacitor C1, develop the bias voltage for CR1. In the 

output stage, the negative resistance of tunnel diode CR2 is reduced by re- 

sistor R4 for impedance matching the diode to the load (not shown). Re- 

sistors R5 and R6 form a voltage divider to establish the bias voltage for 

CR2. Resistor R5 is ac bypassed by capacitor C3. The selectivity of the 
stage is determined by the parallel resonant circuit formed by coil L2 and 
capacitor C4. 

LL 
Output 

- 
100-42" 

Input 

-, R2 
T+8v 30 

Fic. 5-16. Tunnel diode amplifiers cascaded through a skew isolator
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SECTION V. HYBRID JUNCTION 

5-16. General 

a. A hybrid junction is a four-port, hollow waveguide. It is so con- 
structed that energy at the proper frequency introduced into one port will 
appear at only two of the remaining three ports. The device can be used 
to cause a unidirectional flow of energy between cascaded tunnel diode am- 
plifiers. It can be used at frequencies above 300 megacycles. The physical 
dimensions of hollow waveguides are proportional to the wavelength of the 
operating frequency. Below 300 me the hollow waveguide becomes large 
and cumbersome to use. 

b. The principle of operation of the hybrid junction depends upon the 
propagation of electromagnetic fields. These are reviewed briefly in para- 
graph 5-17. Cascaded tunnel diode amplifiers using a hybrid junction are 
discussed in paragraph 5-18. 

5-17. Electromagnetic Fields 

Electromagnetic fields propagated through hollow waveguides are the 
same as radio waves propagated through free space. The main difference 
is that the boundaries of the fields within the waveguide are fixed by the 
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Fic. 5-17. Electromagnetic wave propagated through a hollow waveguide



CASCADING TUNNEL DIODE AMPLIFIERS 141 

B 

Antenna B 
Antenna || C _| 

dt phase | ut of 
phase 

D 

A. D 
B. 

Fic. 5-18. Various paths traveled by portions of the same field 

waveguide. The electrical field and the magnetic field are always at right 
angles to each other. The direction of the electrical field determines the 

polarity of the field. A vertically or horizontally polarized field means that 

the plane of the electrical field is vertical or horizontal, respectively. 

a. Figure 5-17A shows a vertically polarized field within a hollow wave- 

guide. The solid-line arrows represent the electrical field. The intensity 

of the field is represented by the number of solid-line arrows in a given unit 

distance. The circle and dot represent a magnetic field emerging from the 

page; the circle and cross represent a magnetic field entering the page. A 

top view of the magnetic field is shown in dashed-line arrows in Fig. 5-17B. 

The intensity and direction of the electrical field is shown also by the 
sinewave. 

b. Figure 5-18A shows an antenna radiating into space. Assume that 

because of reflections one portion of the radiated energy takes one path 

(ABC) from the antenna to point C, and another portion of the energy 

takes a second path (ADC). If the two paths are equal in distance and the 

fields retain their original polarity, the fields will arrive at point C in phase. 

The intensity of the resultant field at point C will be the sum of the two 
portions of the electrical field. Figure 5-18B also shows an antenna radia- 
tion in space. In this case the two portions of radiated energy travel un- 

equal distances to point C. If the difference in distance between paths ABC 
and ADC equals the distance the signal travels in one cycle of time, the 
waves will arrive at point C 180° out of phase. For instance, a positive 
peak and a negative peak will arrive at point C simultaneously. The fields 

eancel and the net intensity at point C will be zero. Depending on the 
specific distances, of course, any phase relationships can exist at point C. 
The same phenomena can happen in a hollow waveguide. This principle 

is employed in the hybrid junction (par. 5-18).
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Fig. 5-19. Structure of hybrid junction 

5-18. Hybrid Junction 

a. The structure of a hybrid junction is shown in Fig. 5-19. It is a hollow 

waveguide divided into two sections by a sidewall containing two slots. 

Electrical energy can enter or leave through four openings designated port 

1 through port 4. The dimensions of the guide depend upon the wavelength 

of the operating frequency. The polarity of the electrical field is as in- 

dicated by the solid-line arrow marked E£. 
b. If electrical energy is introduced at port 1 (Fig. 5-20A), there will 
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be an output at ports 3 and 4; no output will appear at port 2. Energy will 

go from port 1 to port 3 directly. Energy will go from port 1 to port 4 

through slots 1 and 2; because these two paths through slots 1 and 2 are 

equal in distance, the two portions of the field will be in phase at port 4 

and permit electrical energy to be transferred to port 4. The 0° phase 

notation at port 3 indicates that at the instant that a positive peak occurs 

at port 1, a positive peak also occurs at port 8. Because of the difference 

in distance traveled by the field in going to ports 3 and 4, the field at port 

4 is 90° out of phase with that at port 3. 

c. The two portions of the field that enter slots 1 and 2 and travel toward 
port 2, travel different distances. The slots are arranged so that the dif- 

ference in distances is one wavelength. The two portions of the field arrive 

at port 2, 180° out of phase, cancel, and prevent transfer of energy from 

port 1 to port 2. 

d. Because of the symmetrical positioning of the slots, energy can be 
introduced into any port, arrive at the two opposite ports with no energy 

arriving at the adjacent port. The hybrid junction can also be designed 
so that equal amounts of energy arrive at the output ports. 

5-19. Hybrid Coupled Tunnel Diode Amplifiers 

Figure 5-21A shows a block diagram of a hybrid junction with a 300-me 

signal source connected to port 1, tunnel diode amplifiers connected to 

ports 3 and 4, and a 50-ohm load connected to port 2. 

a. Equal amounts of energy arrive from the signal source at amplifiers 

No. 1 and No. 2, 0° and 90° out of phase as indicated. The signal is am- 
plified in each amplifier and transferred back to the hybrid junction. The 
field from amplifier No. 1 to the source is not changed in phase (Fig. 5-21B). 

The field from amplifier No. 2 to the source is changed in phase an addt- 
tional 90° so that it arrives at the source 180° out of phase with that from 
amplifier No. 2. These fields cancel, and no energy is transferred to the 

source from the amplifiers. The field from amplifier No. 1 to the load is 

shifted in phase by 90°; the field from amplifier No. 2 is not again shifted 
in phase, but had already experienced a 90° phase shift (Fig. 5-21A). As 

a result, the two fields from the amplifiers to the load arrive in phase at 

the load and transfer an amplified signal to the load. 

b. A simplified practical circuit of the two-stage amplifier is shown in 
Fig. 5-22. All connections to the hybrid junction are made through coaxial 

cables terminated in an inductive loop. The loops act as transformers. 

The 300-mce signal source at port 1 has an internal resistance of 50 ohms. 
At port 2 is the 50-ohm load resistor. Each amplifier is as shown at port 3. 

The input impedance to the amplifier is 50 ohms. Impedance-matching 

resistor Rz is greater than the negative resistance of the diode to prevent
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Fig. 5-21. Block diagrams of a two-stage tunnel diode amplifier coupled through a 
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oscillation. Resistors Rl and R2 form a voltage-divider bias network by- 

passed by capacitor Cl. A gain of approximately 10 db with a 300-mc 

(150 — 450 mc) bandwidth was achieved with a low noise figure of 1.7 db. 

SECTION VI. FERRITE CIRCULATOR 

5-20. General 

a. The ferrite circulator embodies a phenomenon first observed by 

Michael Faraday in 1845. Faraday was trying to prove that light energy 

is electromagnetic in nature. He did this by passing a linearly polarized 

wave through a piece of glass that was immersed in a strong magnetic field. 

The magnetic field was parallel to the direction of the propagation of light. 

He noticed that the plane of polarization of the light wave was rotated 

when it passed through the glass. By passing the light in the opposite di- 
rection he found that the plane of polarization of the light was rotated in 
the opposite direction. The Faraday rotation effect is therefore non- 

reciprocal, Jt is this fact that makes the phenomenon useful in circulator- 
isolator devices used today at microwave frequencies. He determined fur- 
ther in his experiments that the amount of rotation is proportional to the 

strength of the magnetic field and the thickness of the glass. 

b. The Faraday rotation effect did-not become important in microwave 

technology, however, until the recent development of ferrites. Ferrites are 

made from minerals of iron oxide in which some of the iron atoms are re- 

placed with metals, such as nickel, zinc, and manganese. The chemical 

structure results in a high resistivity (low eddy currents), low-loss, high 
permeability material. Studies of the Faraday rotation effect, using ferrite 

materials at microwave frequencies, indicated rotations of the electrical 

field up to 150° per inch. 

c. The Faraday rotation effect depends upon the precession of electrons 

in a ferrite immersed in a magnetic field (par. 5-21), and the resolution 

of a linearly polarized field into two rotating fields (par. 5-22). 

5-21. Electron Precession 

a. An electron spinning naturally about its own axis is shown in Fig. 

5-23A. Because the electron has electrical charge, it creates its own mag- 
netic field M@. Because it has mass, it also displays an angular mechanical 

momentum J. 

b. When an external magnetic field (H) is applied in the direction shown 

(Fig. 5-23B), the magnetic field of the electron would normally tend to 
align itself with the applied field (H). However, the mechanical momen- 

tum J acting on the electron, in conjunction with the action of the two
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Fig. 5-23. Spinning and precessing electron 

magnetic fields, causes the electron to precess in a circular ring as shown. 

The term precess simply means that this circular action takes precedence 

over any other possible action. The net movement of the electron is a spiral 
about the precession path. 

Note: The precession path is shown as a physical ring only to simplify 

visualizing the process. 

c. The natural rate of precession is 2.8 & 10® revolutions per second per 

oersted of magnetic field. A magnetic field of 4000 oersteds would cause 

a precession rate of 11.2 x 10° revolutions per second. Actually this system 

represents a resonant system of 11.2 kme per second. Furthermore, the 

system will absorb energy from an electrical field rotating in the same di- 

rection as that of the precession. An oppositely rotating electrical field 

will oppose the precession. The amount of energy absorbed from the ro- 
tating electrical field depends on the frequency of the electrical field. Maxi- 
mum energy is absorbed from a similarly rotating electrical field when the 

frequency of the field is the same as the frequency of precession. 

5-22. Linearly Polarized Wave 

a. A linearly polarized wave is shown in Fig. 5-17A and is discussed 
in conjunction with hybrid junctions. A simplified representation of the 

wave is shown in Fig. 5-24. Here the intensity of the field is represented 
by the amplitude of the electrical field vector rather than the proximity of 
electrical lines. An end view of the electrical vectors (from the direction 

of propagation) is also shown. 

b, Any given vector quantity can be resolved into two separate vector 
components whose vector sum is the first given quantity. Figure 5-25 shows 

an oblique view of the linearly polarized wave. Each original electrical 

field vector (#; through HE) is resolved into two components (Kp; and Ey, 

for #1, Epo and Ez» for Ez, ete.). A view of the vectors facing the main
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Fic. 5-24. Linearly polarized wave, side and end views (magnetic field not shown) 

arrowhead is also shown. As the field moves toward and away from this 

point, vectors Ens, Erxs, Es, Ere, and Er, would be encountered in that 

order. These vectors would represent an electrical field rotating in the 

counterclockwise direction. In the same manner vectors Ez; through Ez: 
would represent an electrical field rotating in the clockwise direction. Thus 
the linearly polarized wave is shown to consist of two oppositely rotating 

electrical fields. Note, however, that the original field (#, through £;) re- 

mains in its original position. 

c. Assume that the linearly polarized wave is fed into a hollow waveguide 

containing a ferrite core at its center (shown subsequently in Fig. 5-27A). 

With the ferrite immersed in an external magnetic field, the electrons within 

the ferrite will be precessing at a frequency dependent upon the strength 

Oblique view 

Fic. 5-25. Linearly polarized wave resolved into rotating components, oblique and 
end view
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of the magnetic field. One rotating component (b above) of the linearly 
polarized wave will aid the precessing and be slightly advanced in rotation; 

the other rotating component will oppose the precessing and be slightly 

delayed in rotation. An oblique view of the wave after it has passed the 

ferrite is shown in Fig. 5-26. An end view at the arrowhead is also shown. 

The net field (Z, through Hs) is the vector sum of the components. Note 

that the net field (still linearly polarized) is rotated with respect to the 
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Eo axis 
1 

E ‘ En E 
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E,, \ 'R3 

Eis \ Eng 
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E \ 
LS \ E, 

End view 

Oblique view 

Fie. 5-26. Oblique and end view of linearly polarized wave after passing through 
magnetized ferrite 

position it would have occupied had the magnetized ferrite not been present. 
This rotation of the linearly polarized field is used in the ferrite circulator 

device (par. 5-23). 

5-23. Ferrite Isolator 

a. The ferrite isolator is a two-port device that permits energy flow in 

one direction only. The basic structure of a ferrite isolator is shown in Fig. 

5-27A. A longitudinal magnetic field is supplied by a ring-type permanent 

magnet mounted on the exterior of a hollow circular waveguide. In the 

center of the waveguide is a ferrite core supported by low loss dielectric 

material. In passing through the isolator a linearly polarized wave is ro- 

tated 45°. The amount of rotation is fixed by the strength of the magnetic 
field and the length of the ferrite core.
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b. Figure 5-27B shows a vertically polarized wave entering port 1 of the 
isolator and leaving port 2 rotated 45°. Figure 5-27C shows an oblique 

view of the vertically polarized wave with the field rotated 45° and emerg- 

ing from port 2. If a pick-up device (loop acting as transformer) is oriented 
at port 2 in the same direction as the emerging field, the energy can be 

transferred to a load, or amplifier placed at port 2. 

c. If a portion of the original signal or an amplified signal (dashed-line 

arrow, Fig. 5-27C) is reflected back to port 1, it will also be rotated 45° but 

in the opposite direction. It will arrive at port 1 horizontally polarized. 
Since the pick-up device normally placed at port 1 will absorb energy only 
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ring magnet 

Port Ry 

7 BG 47% Port 45° 
1 . Port 1 Port 2 rotation 

Ferrite (looking in) (looking in) 4 

A. Ferrite (45°) B. Input (port 1) and output Port 1 to port 2 

rotator isolator (port 2) electrical field A Port 2 to port 1 
I 

C. 

Fic. 5-27. Basic structure and operation of 45° rotator isolator 

from vertically polarized waves, no energy will be transferred from port 2 

to port 1. Port 1 therefore is effectively isolated from port 2. 

5-24. Ferrite Circulator 

a. The basic structure of a four-port ferrite circulator (45° rotator type) 
is shown in Fig. 5-28A. The structure of the ferrite core and permanent 

ring-type magnet is identical to that of the ferrite isolator (par. 5-23). 

The ports are positioned so that, with the 45° rotation provided, energy 

flows from port 1 to port 2 to port 3 to port 4, and back to port 1. 

b. To understand this energy flow, refer to Fig. 5-28B. The orientation 

of the pick-up and transmitting devices at the four ports is indicated by 
heavy lines (1 through 4) placed in the X-Y-Z coordinates. These devices 
operate in the same manner as dipole antennas. Each dipole is in a plane 

parallel to the Y-Z plane. Port 1 dipole is parallel to the Y axis; it is ver- 

tical. Port 3 dipole is horizontal. Port 4 dipole intersects the X-Z plane 

at 45° as shown. Port 2 dipole intersects the X-Z plane at a 45° angle as 

shown. 

c. Assume a vertically polarized signal is introduced at port 1.
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1. The signal passes port 3 undisturbed (at right angles to port 3 dipole), 

is rotated 45° by the ferrite, passes port 4 undisturbed, and is picked up 

by port 2 dipole with which it is in phase. 

2. Energy reflected or amplified at port 2 is polarized at a 45° angle as 

Permanent Port 2 
ring magnet 

Port 3 

Port 4 

Ferrite 
Port 1 

A. Ferrite (45°) rotator circulator 

a | if ) | ow i CIR 
4 

45° v’ 45° 45° 
rotation 

B. Orientation of pick-up and transmitting 
devices at ports 

Fig. 5-28. Four-port ferrite circulator and orientation of dipoles 

indicated. The energy passes port 4 undisturbed, is rotated 45° by the 

ferrite, and is picked up by port 3 dipole with which it is in phase. Port 1 

cannot pick up energy from port 2. 

3. Energy reflected or amplified at port 3 is horizontally polarized and 

cannot be picked up by port 1. The signal is rotated 45° by the ferrite and 

picked up by port 4 with which it isin phase. Port 2 cannot pick up energy 

from port 3.
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4, Energy reflected or amplified at port 4 is polarized in the same direc- 
tion as port 4 dipole is positioned. Port 4 energy cannot be picked up by 
port 2. The signal is rotated 45° by the ferrite, undisturbed by port 3, and 
picked up by port 1 with which it is in phase. 

d. When used as an isolator circulator, port 4 is usually terminated in 
a matched load. Energy arriving at port 4 will then be absorbed from port 
3 and not transmitted to port 1. When so used, the device is represented 
graphically as shown in Fig. 5-29. Numbers 1, 2, 3 represent ports, 1, 2, 
3, respectively. Port 4 (not numbered) is shown terminated in a matched 
resistor. The arrow indicates the 

direction of energy flow, namely 

from port 1, to 2, to 3. One applica- 

tion of this device for cascading tun- 

nel diode amplifiers is discussed in 

paragraph 5-25. a
 

wo
 

5-25. Cascaded Amplifiers Using 
Ferrite Circulator 

a. A 4-kme tunnel diode (CR1) 
amplifier is shown in Fig. 5-30A. 2 
Electrical energy is conducted by Fic. 5-29. Graphical representation of 
means of hollow waveguides, which  four-port ferrite circulator, terminated in 
are most efficient in the microwave matched load at port 4 
region. A ferrite circulator (par. 
5-24) directs the flow of energy from the signal source to the tunnel diode 
and to port 3. Energy does not flow in the reverse direction. Port 4 is 
terminated in a matched load to absorb any energy that reaches it from 
port 3. Although the energy that reaches port 4 represents a loss, the gain 
of the amplifier is 20 db with a bandwidth of 20 me and a noise figure of 
6 db. Tunnel diode CR1 properly biased is placed in a single port cavity 
resonator that acts like a tank circuit at microwave frequencies. The power 
output of the stage is one microwatt. The dielectric plug absorbs energy 
in the same manner as a resistor in wired (conventional) circuits. Enough 
energy is absorbed by the dielectric plug to prevent oscillation of the stage. 

b. Three such similar stages are shown cascaded in Fig. 5-30B. 

5-26. Summary 

a. Each set of terminals associated with a device is called a port. Thus 
a junction transistor is considered a two-port device. A tunnel diode is 
considered a one-port device. 

6. Any opening in a hollow waveguide or cavity resonator which can be 
used to introduce or extract energy is called a port.
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Fic. 5-30. Tunnel diode (4 kme) amplifier stage using ferrite circulator, and three 
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cascaded stages 

. The tunnel diode, a one-port device, is a bilateral active unit. 

d. To cascade tunnel diode amplifiers, the output of a succeeding stage 

must be isolated from the output-input of a previous stage; i.e., a unidirec- 

tional (unilateral) flow of energy must be assured. 
e. A unidirectional flow of energy between cascaded tunnel diodes can 

be achieved by using: 

—_
 

o
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ww
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. The matched transmission line technique 

. The matched (double-open end) quarter-wave line technique 

. The Hall-effect or skew isolator 

. The hybrid junction 
. The ferrite isolator or circulator
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f. If a signal source is matched to the characteristic impedance of a 
transmission line which is terminated in a resistance equal to the character- 

istic impedance, reflections of energy from the load to the source will not 
occur. By cascading series-parallel arrangements of tunnel diodes (negative 

resistances), a constant impedance match similar to a matched transmission 
line can be achieved. This condition results in a unidirectional flow of 

energy. 
g. The double-open end quarter-wave line displays a finite positive re- 

sistance at each end. The simulated open at each end can be obtained 

by a parallel arrangement of equal values of positive resistance and negative 

(tunnel diode) resistance. By proper matching, unidirectional flow of en- 
ergy will result. 

h. The Hall-effect gyrator, a nonreciprocal device, operates on the prin- 

ciple of the rotation of equipotential lines of force in a material conducting 

electricity and exposed to an external magnetic field. 

i. The Hall-effect gyrator can be used as an isolator by adding one or 

two negative feedback (shunt) resistors to the circuit. 

j. The skew isolator operates on the principle of the Hall effect. Isola- 
tion between circuits is obtained by an asymmetrical positioning of one 

pair of terminals. 

k. The hybrid junction is a four-port device that depends for its opera- 
tion on the difference in path distances traveled by electromagnetic waves 

in a hollow waveguide. It is so designed that electromagnetic waves in- 

troduced at one port will appear at two oppostie ports 90° out of phase 

with each other; no energy will appear at the adjacent port. 
l. The ferrite isolator and circulator operate on the Faraday rotation 

effect, which depends upon: 

1. Precession of the electrons of the ferrite when immersed in an external 
magnetic field. 

2. The resolution of a propagated linearly polarized electromagnetic field 

into two oppositely rotating components.



Chapter 6 

SEMICONDUCTOR COMBINATIONS AND 
CHARACTERISTICS 

SECTION I. GENERAL 

6-1. Tunnel Diode Combinations 

Tunnel diodes can be combined in series or parallel arrangements to effect 
characteristics and properties which suggest numerous practical applications. 

The development of the characteristics for several series arrangements is 

covered in paragraphs 6-4, 6-5, and 6-6. Characteristics of parallel and 

other arrangements are discussed in paragraphs 6-7 through 6-12. Prac- 

tical applications of some of these combinations are covered in subsequent 

chapters. 

6-2. Tunnel Diode and Backward Diode 

The backward diode consists of a pr-n junction that, for a given value 

of voltage, conducts current. more heavily in the reverse-biased direction 

than in the forward-biased direction. It is a by-product of extensive re- 

search conducted on tunnel diodes. The backward diode can be used in 

circuits by itself as a nonlinear device, or in combinations with the tunnel 
diode to achieve certain desirable characteristics. The properties of the 

backward diode are discussed in paragraph 6-13. Combined characteristics 

of tunnel and backward diodes are discussed in paragraph 6-14. 

6-3. Transistors and Tunnel Diodes 

A natural combination of semiconductor devices is the widely used junc- 
tion transistor and the tunnel diode. Numerous combinations are possible 
to obtain certain desirable effects. However, this chapter covers only those 

combinations formed especially to change the characteristics of the tunnel 

diode. For instance, the operating current level of the tunnel diode can 

be increased (par. 6-15) or decreased (par. 6-16). In addition its voltage- 

current characteristic can be changed from an S-type negative resistance 
154
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characteristic to an N-type negative resistance characteristic (par. 6-18). 
A brief discussion of S- and N-type characteristics is given in paragraph 

6-17. A brief review of the basic theory of operation of transistors is given 

in Appendix C. 

SECTION II. SERIES AND PARALLEL TUNNEL DIODE COMBINATIONS 

6-4. Back-to-Back Tunnel Diodes 

Two tunnel diodes can be placed in series and back-to-back (shown subse- 

quently in Fig. 6-8A) to achieve the overall symmetrical characteristic 

shown in Fig. 6-3B. Such an arrangement can be used as a symmetrical 

switching device. The current and voltage relationships involved to pro- 

duce the characteristic are discussed in a and b below. 

a. Figure 6-1A shows the circuit arrangement with an applied voltage 

(£4) having the indicated polarity. Diode CR1 is forward biased and diode 

CR2 is reverse biased. The active portions of the current-voltage chart of 

diodes CR1 and CR2 for the indicated polarity are shown as solid lines in 

B and C, respectively, Fig. 6-1. The inactive portions are shown as dashed 

lines. Diode CR2 chart is shown inverted because the current through diode 

CR2 is the same as that through diode CR1 which is active in the first 

quadrant. The points marked 1, 2, 3, and 4 are arbitrarily chosen and 

represent the same current magnitude. If points 1 and 4 are the operating 

points, then the applied voltage (#4) must equal the voltage drop (#,) 

across diode CR1 and the voltage drop (#4) across diode CR2. If points 

2 and 4 are the operating points, then H4 = H,+ H4; if points 3 and 4 

are the operating points, then H4 = H3 + Ey. The latter equations indicate 

that the composite curve for the two diodes would have the same current 
magnitude as one forward-biased diode; but the voltage at each point would 

be offset (increased) by the small voltage across the reverse-biased diode. 

This portion of the composite curve is shown as the upper half of the chart 

(Fig. 6-3B). 

—~In aA Ti gy, 
[ke 

E, CRI CR2 | 
i] 

i i | E D2 

i \ HOE, i ¥ 
A. Back-to-back . 

tunnel diodes B. CR1 curve C. CR2 curve 

Fic. 6-1. Back-to-back tunnel diodes with positive voltage applied
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Fic. 6-2. Back-to-back tunnel diodes with negative voltage applied 

b. Figure 6-2A shows the cireuit arrangement with the voltage applied 

in the opposite direction. Diode CR1 is now reverse biased (solid-line por- 
tion of chart Fig. 6-2B). As in the previous case (a above), the com- 

posite curve would take the approximate shape of the diode CR2 chart with 

voltage offset (increased negatively) by the small voltage drop across diode 

CR1. This portion of the composite curve is shown as the lower half of the 

chart (Fig. 6-3B). If the two diodes are matched, the composite chart will 

be symmetrical and display equal negative-resistance characteristics with 

positive or negative voltage applications. 

6-5. Diodes in Series, Increasing Peak Currents 

Figure 6-4A shows three tunnel diodes placed in series in such a manner 

that an applied voltage will forward bias or reverse bias all three simul- 
taneously. The diodes are selected so that diode CR2 has a higher peak 
current than diode CR1; diode CR3 has a higher peak current than diode 

CR2, The resultant composite characteristic for this arrangement is shown 
in Fig. 64B. The characteristic indicates use of this arrangement as a 

four-state switch. Such an application is discussed in Chapter 8. Any 
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A. Back-to-back tunnel diodes B. Composite characteristic 

Fic. 6-8. Composite symmetrical characteristic of back-to-back tunnel diodes
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number of diodes can be used in series to produce the desired number of 
states. This paragraph discusses the generation of the composite char- 

acteristic. 
a. First State. Generation of the characteristic is best explained by 

connecting the three diodes in a circuit (Fig. 6-5A). Bias is supplied from 

a constant current source consisting of battery Hz and resistor R,; i.e., the 
current flow (J,) is determined mainly by source resistor R,, whereas the 

applied voltage (£4) is determined by the resistance of the load (the three 

diodes). In addition, coupling capacitor Cl permits injection of pulses to 

the diodes; for the first state the capacitor and pulse are not required. 

Figure 6-5B shows the current-voltage characteristic of each diode and 

the voltage drop across each. The current through each is the same. Note 

that each diode is biased in the low-voltage state. The data shown on the 

individual charts can be transferred to the composite chart (Fig. 6-5C). 

The corresponding voltage drops are shown. The third and fifth dashed 

lines correspond to the injection currents of diodes CR1 and CR2, respec- 

tively. The dashed lines also correspond to the zero points of diodes CR2 

and CR3. This condition of the circuit arrangement is referred to as the 

first state (of the four-state switch). 

b. Second State. Assume that a short-duration pulse of current is intro- 

duced into the circuit through capacitor Cl. Assume also that the resultant 

total current equals or just exceeds the peak current of diode CR1 only. 

When the peak current of diode CR1 is reached, the diode will switch rapidly 

to its high-voltage state (dashed line, Fig. 6-6A). This action occurs so 

rapidly that the contour of the diode CR1 characteristic is not followed in 
switching; the region between peak and valley current is highly unstable 

when the diode is fed from a current source. The effect of the pulse on 

diodes CR2 and CR3 is also shown by dashed lines. Note that diodes CR2 
and CR3 remain in the low-voltage state. This condition can be transferred 

to the composite characteristic (Fig. 6-6B) and is referred to as the second 

state (of the four-state switch). 

CR1 CR2 CR3 I 

OCO- 
Input 

0 E 

A. Three series diodes B. Composite characteristic 

Fic. 6-4. Three tunnel diodes in series and resultant composite characteristic
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Fic. 6-5. Four-state switch showing individual and composite characteristics for 
first state 

c. Third and Fourth States. Assume that a second short-duration cur- 

rent pulse is introduced through capacitor C1 so that the total current equals 
or just exceeds the peak current of diode CR2. Diode CR2 will now switch 

to its high-voltage state (dashed lines, Fig. 6-7A). Diode CRI1 is in its 

high-voltage state (b above). Only diode CR3 remains in its low-voltage 

state. The fourth state is reached when a third pulse is introduced to switch 

diode CR3 to its high-voltage state (Fig. 6-7B). Each diode is in its high- 

voltage state (Fig. 6~7C). Note that each state raises the output voltage
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level across the three diodes. To return to the first state (a above) the 

diodes must be momentarily shorted, or the bias circuit opened. 

6-6. Constant-Voltage Source 

a. A tunnel diode in parallel with a load resistor and fed from a constant- 

current source will provide a constant-voltage source (Fig. 6-8A). The 

constant-current source consists of battery Hz and series resistor R,. The 

source current (I,) is determined mainly by resistor R, and is calculated 
by dividing Fs by R,. 

b. Figure 6-8B shows the current-voltage chart with the source current 

(I,) as a dashed horizontal (constant) line; the load line (Rz1) is also shown. 

For clarity, the effect of the tunnel diode (CR1) is omitted. The vertical 
distance between the load line and the dashed line represents the current 

flow through resistor Rz1 for given voltage. The load line is determined as 

follows: 

1. Assume all the current (J,) flows through resistor Rz,;. Multiply J, 

by the R,; resistance value to obtain the point of intersection on the voltage 

axis. 
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Fic. 6-6. Individual and composite characteristics of four-state switch for second 
state
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Fig. 6-7. Individual and composite characteristics of four-state switch for third 
and fourth states 

2. The point of intersection of the load line on the current axis is I,. This 

condition assumes no current flow through R,; and therefore the voltage 

drop across it is zero. This line is also designated J,—I;, since each point 

on the line (read on the current axis) represents the total current (J,) less 

the current through Rz;. 

c. Figure 6-8C represents the same current-voltage chart (b above) with 

the tunnel diode characteristic added. The only point of operation for the 

circuit is the point of intersection of the load line (Rz1) and the tunnel 

diode characteristic. Load resistance can be increased as indicated by
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Rr, Rrs, ete., to an infinite value (open load}. The current drawn by the 

various load resistors will vary from a high value (intersection of Rz, and 

tunnel diode characteristic) to zero value (open load). 
d. Figure 6-8D shows the total load resistance range, load current (Iz) 

range, the load voltage (H#;,) range. Note that the voltage range is very 

narrow (almost constant) for a wide variation in load current. This circuit 

can be used to bias other tunnel diode circuits, such as oscillators, amplifiers, 

mixers, and demodulators. 

6-7. Coupled-Pair or Twin-Diode Arrangement 

The coupled-pair or twin-diode arrangement (Fig. 6-9A) is used ex- 

tensively in multivibrator and pulse and switching circuits (Chs. 7 and 8). 

In all applications, a circuit element is connected to terminal 2-2’ so that 

there is an interaction or coupling between the two halves; therefore the 

term coupled pair. Also, diodes CR1 and CR2 are identical diodes; thus the 

alternate designation twin diodes. Analysis of the coupled pair indicates 

that the arrangement is best considered a single device consisting of two 
ports; terminals 1-1’ constitute one port and terminals 2-2’ constitute an- 

Fic. 6-8. Tunnel diode circuit (and current-voltage characteristics) used to pro- 

duce constant voltage source
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other port. The most important aspect of this circuit is the current-voltage 

relationship that exists at terminals 2-2’. The analysis in a below is based 
upon a fixed bias voltage (H,+ H,) at terminals 1-1’ while the supply 

voltage at terminals 2-2’ is varied. In specific applications the voltage at 

1 
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Fic. 6-9. Two-port coupled-pair arrangement and simplified circuit used to obtain 
current-voltage characteristics 

terminals 1-1’ could be a sinewave or even a pulsed signal. The effect of 
variations in bias voltage (HZ, -+ Ey) on the current-voltage characteristic 

is discussed in b below. 
Note: Throughout this discussion voltage H, equals voltage Fy. 

a. Figure 6-9B is a simplified version of a circuit arrangement used to 

determine the current-voltage curve. A power supply bias has been added; 

it is capable of varying the voltage at terminal 2 from —200 mv to +200 

mv with respect to terminal 2’.. Variable resistor R1 is used to vary the volt-
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age; when #1 is at midrange, the applied voltage is zero. Resistors R2 and 

R3 are equal in value and limit the voltage swing to the desired value. Volt- 

meter V measures the applied voltage and ammeter A measures the current. 

Capacitor Cl bypasses ac and surge voltages around the voltmeter. 

1. When the voltage at terminals 2-2’ is varied in steps from —200 mv 

to +200 mv, the current-voltage characteristic at terminals 2-2’ (Fig. 
6-10) is obtained. Note that the characteristic has two positive-resistance 
regions and one negative-resistance region, as is the case with a single 

@ Ip)1 ma 
+ 

I 
® (ma) 

200, | ih 
_ T ® 0 200 *E, (mv) ! 

| 
| | 
| 
| | 
| | 
| | 

- 3 go UU 1 | 

1ma 50 350 500 £ (mv) 

Fic. 6-10. Coupled-pair current-voltage Fic. 6-11. Single-diode (CR1 or CR2) 
characteristic at terminals 2-2’ current-voltage characteristic 

tunnel diode. From point 1 to point 2 the resistance is positive because 

the current is positive going and the voltage is positive going (less nega- 
tive). From point 2 to zero the resistance is negative because the current 

is negative going (less positive) and the voltage is positive going; from zero 

to point 3 the resistance is still negative because the current is negative 

going and the voltage is positive going. From point 3 to point 4 the re- 

sistance is positive because the current is positive going (less negative) 

and the voltage is positive going. Having two positive-resistance regions 

and one negative-resistance region suggests that the coupled pair can be 
used in any circuit, in which a single tunnel diode can be used. Some of 
the advantages of the coupled pair over a single diode are discussed in 

c below. 

2. The curve obtained (1 above) by using a practical circuit (Fig. 6-9B) 

can also be obtained by using graphs. Figure 6-11 shows the current-volt- 

age chart of diode CR1 or diode CR2. Note that peak current occurs at



164 BASIC THEORY AND APPLICATION OF TUNNEL DIODES 

50 mv, valley current at 350 mv, and forward injection current at 500 mv. 

Let it be assumed that all of the current of diode CR1 passes through ter- 

minals 2-2’. In that circumstance the diode characteristic must be super- 

imposed on the voltage axis representing terminals 2-2’. This condition is 
shown in Fig. 6-12A. Note that when the voltage at terminal 2 is —200 mv 

with respect to ground, diode CR1 current is zero; the supply voltage is 

equal and opposite to the bias voltage (Z,). As the negative potential 

at terminal 2 is reduced, diode CR1 
> < 50 mv Diode conducts and reaches its peak cur- 

| J, 1ma CR1 rent when terminal 2 potential is 

curve —150 mv; the net forward bias on 
diode CR1 is +50 mv. Other points 
on the curve are obtained by consid- 

ering the net effect of bias and sup- 

ply voltage on diode CR1. In the 

- 990 0 200 +E, (mv) | Same manner let it be assumed that 

all of diode CR2 current passes 

A. through terminals 2-2’. The charac- 

teristic of this diode must also be 
drawn on the voltage axis of termi- 

I, 1ma 
. nals 2-2’ (Fig. 6-12B). In this case 

Diode CR2 when the potential at terminal 2 is 
+200 mv, diode CR2 current is zero; 

as the supply voltage is reduced, 
diode CR2 conducts and reaches its 

a peak at +150 mv. Note that when 
- 200 0 200 +E, (mv) the supply voltage reaches —150 

; mv, diode CR2 is at its valley cur- 

Fia. 6-12. Diode CR1 and diode Cr2 ent Point. This condition with di- 
current-voltage characteristic superim- ode CR1 conducting at peak and 

posed on terminals 2-2’ voltage axis diode C-R2 at valley is shown in Fig. 
6-13B. The actual current flow 

through terminals 2-2’ is the difference of the diode currents because these 

currents move in opposite directions through terminals 2-2’. To obtain the 

actual current flow then, one of the curves (Fig. 6-12) must be inverted 

with respect to the other and the sum of the two taken. The inversion and 

summation is shown in Fig. 6-13A. The resultant current-voltage chart for 

terminals 2-2’ is shown in dashed lines and is identical with that (Fig. 6-10) 
obtained with the practical circuit. 

b. The effect of changing the bias voltage (#, and E,) is shown in Fig. 

6-14.
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1. In the example in a above, E, + HE, = 400 mv. This total applied 

bias voltage equals the peak voltage (50 mv) of the diode plus the valley 

voltage (350 mv). In this case it was shown that the peak current of one 

diode occurs simultaneously with the valley (or minimum) current of the 

other. It can be expected therefore that when EH, + £, equals the peak volt- 
age plus the valley voltage of the particular type diode, the maximum 

peak current will occur at terminals 2-2’, since this current is the difference 
of the two. This is the actual case and can be shown by further graphical 

CR1 <—f, 
curve ; 

E, 50 mv CF CRI 
200 (I-I,) — 

—200 2 | Power | 2’ 

+E, (mv) | | supply ae 

+L . 150 >| 220 or __ 
200 - my ft @ CR2 
mv 

CR2 
curve I,— 

A. B. 

Fic. 6-13. Diode CR2 curve inverted to obtain coupled-pair characteristic, and 
circuit condition when diode CR1 draws peak current 

analysis or by mathematical analysis beyond the scope of this book. The 

effect of an increase or a decrease in E, + E, is discussed in 2 and 3 below, 

respectively. 
2. With E, and E, increased to 280 mv each (560 mv total), the inversion 

of one diode curve and summation of the two curves with the resultant (dash 

line) curve is shown in Fig. 6-14A. The resultant curve is obtained with 

the same graphical technique used in a above. In this case, however, diode 

CR1 current is zero when terminal 2 potential is negative and equal to 

E, (280 mv); diode CR1 current is zero when terminal 2 potential is posi- 

tive and equal to HE, (280 mv). The graphical procedure otherwise is the 

same. Note that with the increased bias voltage the peak current of the 
resultant curve is reduced, as might have been expected (1 above), and the 

voltage at which the peak current occurs is also reduced. It can be shown 

by mathematical or further graphical analysis that when the bias voltage 
equals the diode valley voltage (i.e., Hy = EH, = E,) or ts greater, no nega- 
tive-resistance region occurs. In most applications, therefore, the total bias 

voltage (E, + E,) is kept below twice the diode valley voltage.
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3. With E, and FE, decreased to 50 mv each (100 my total), the inversion 

of one diode curve and summation of the two curves with the resultant (dash 

line) curve is shown in Fig, 6-14B. In this case diode CR1 current is zero 

CR1 curve 

~ / \ 50 + E, (mv) 

CR2 
curve 

_
—
—
 
—
_
—
 

B. 

Fic. 6-14. Coupled-pair characteristics with increased and decreased bias voltage 

when terminal 2 potential is negative and equal to E, (50 mv); diode CR2 

current is zero when terminal 2 potential is positive and equal to EZ, (50 mv). 

Note that no negative-resistance region occurs in the resultant curve. When 

the bias voltage equals the diode peak voltage (i.e., Ey = Ey = Ep) or is less, 

no negative-resistance region occurs. In most applications, therefore, the 

total bias voltage (Z,+ Hy) is made larger than twice the diode peak 

voltage.
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c. If the current-voltage curves obtained in a and b above are placed 

together (Fig. 6-15), a family of curves is obtained to describe the coupled 

pair now being considered a two-port device. This family of curves implies 

one of the main advantages of the coupled pair over the single diode; 

namely, that the current-voltage characteristic can be changed by changing 

the bias voltage. Note that, unlike the single diode, the slopes of the 

coupled-pair characteristic in the positive-resistance regions are the same. 

Therefore the resistances of the coupled pair in these regions are equal. 

The importance of this fact is covered in Chapter 7. 

I (ma) 

E,,+ E,= 400 

~ | *E (mv) 

E,t Ey= 

E,+E,=580] 1° 

Fic. 6-15. Family of curves of coupled pair 

6-8. Controlled Negative Resistance, Two Tunnel Diodes 

A controlled-negative-resistance device can be obtained by connecting 

two tunnel diodes and a resistor, as shown in Fig. 6-16A. The arrangement 

can be considered a single two-port device; the negative resistance displayed 

at the output port (terminals 2-2’) depends on the control current intro- 

duced at the input port (terminals 1-1’). As in the case of the coupled 

pair (par. 6-7), a family of characteristic curves can be obtained. Thus 

a fixed control current can be introduced at the input port while the output 

port voltage is varied from zero to its desired maximum value. The output 

port voltage and current are measured and plotted to form one characteristic 

curve of the family. The control current is then fixed at another value and 

the procedure repeated to produce another characteristic curve of the family. 

The procedure is repeated as necessary. A typical family of curves is shown 

subsequently in Fig. 6-20. An analysis of how the curves are generated 

is given in a below. Discussion of possible applications of such a device 

is given in b below.
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a. Figure 6-16B shows the same circuit rearranged. In addition a control 
current (J,) is introduced at the input port from a constant-current source. 
Control current I, divides into two portions; current Ip through resistor R1 
and current J; through diode CR1. At an output port an ideal (no internal 
resistance) voltage source is connected. The output port voltage (H,) is 
directly across diode CR2 and therefore determines directly the current flow 
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Input : Rl CR2 Output 
port an port 
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lL — Ct) 

‘ 1 ai Volt [ = E, oitage 

Constant Tr | \- CR Source 
current | F, Ri 
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L__+ 
1 2' 

B. Biased circuit 

Fic. 6-16. Controlled-negative-resistance device using two tunnel diodes and a 
resistor 

(Zz) through diode CR2. The output current (I,) is the sum of current J, 
and Ig. The analysis divides itself into two parts; determination of cur- 
rent J, at different values of EZ, with a fixed control current I,, and addition 
of I, and I. For this analysis diodes CR1 and CR2 are assumed to be 
identical, each having the diode curve shown subsequently in Fig. 6-18, 
which indicates a peak current of 0.2 ma. Resistor R1 has a value of 250 
ohms and the control current is fixed at 0.40 ma. 

1. Initially when voltage EZ, is zero, the circuit is reduced to that shown 
in Fig. 6-17A. Diode CR2 is shorted out of the circuit and resistor R1 and 
diode CR1 are in parallel across the constant-current source. To determine
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the division of current between R1 and CR1, it is necessary to resort to the 
technique used in Chapter 3 to demonstrate graphically the current gain 

of a parallel amplifier; i.e., the load line (250 ohms) is drawn on the same 

chart as the diode curve (Fig. 6-18). The current in resistor R1 and diode 

CR1 are then added point by point to yield the composite curve (dashed 

line). The control current value (0.40) is located at the vertical axis and 

0.40 ma-—> 1 0,20 ma —>- 

[ 
0.20 ma 

Constant | 
current | Rl *%) CRI 

source 250 Ep ® 
| | 2' E,=0 
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040ma—> 1 | 916ma _ Volt 
b— ——— 7 oltage 
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Fig. 6-17. Circuits used to determine output voltage and diode CR1 current rela- 
tionship in controlled-negative-resistance device 

a horizontal line drawn through it until it intersects the composite curve. 
At the point of intersection a vertical line is drawn until it intercepts the 
load line and the diode curve. In this case the point of intersection shows 

0.20 ma through the diode and 0.20 ma through the resistor with 50 mv 
across each. (Note that if the control current were other than 0.40 ma, the 

current would not divide equally between resistor and diode.) All the values 

determined for the initial condition are entered in a table, such as Table 

6-1; the columns are diode CR1 voltage (Zp), diode CR1 current (J;), 

resistor R1 current (Ip), resistor R1 voltage (Hz), and output port voltage 

(E,). The purpose of the table is to obtain a list of values for J; and E, 

so that a curve can be drawn for these two values and added to the curve 

for Iz and E,. To obtain additional values of J, and E,, consider the circuit 

shown in Fig. 6-17B. Assume a voltage of 100 mv across diode CR1; by
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using the diode curve (Fig. 6-18), it can be seen that the current through 
the diode is 0.16 ma. The current through the resistor must be the control 
current (0.40 ma) less the diode current (0.16 ma) or 0.24 ma. By Ohm’s 

/ 
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/ 
0.80 - curve 

0.70 t- / 
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0.50 [- 

0.40 

30 j— 0.3 ; 

0.20 [- 

Diode curve 
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0 i | ! | ! | ! | ! | 

0 100 200 300 400 500 mv 

Fic. 6-18. Graphical method used to determine initial division of control current 
in controlled-negative-resistance device 

law (I X R) the voltage across the resistor is calculated to be 60 mv. Be- 
cause resistor R1 voltage and output voltage (E,) are series aiding (must 
add to Ep), E, voltage is obtained by subtracting Ep from Ep; and is found 
to be 60 mv. These values are also entered in the table. The process is 
repeated for the indicated values (arbitrarily chosen) of Ep. 

2. The values determined for EZ, and I, are plotted as indicated (Fig. 
6-19). Note that the peak and valley currents of diode CR1 occur 255 mv
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TABLE 6-1 

Ep: qi Ip Ep E, 
(mv) (ma) (ma) (mv) (mv) 

50 0.20 0.20 50 0 
100 0.16 0.24 60 40 
150 0.12 0.28 70 80 
200 0.08 0.32 80 120 
350 0.02 0.38 95 255 
400 0.04 0.36 90 310 
450 0.08 0.32 80 370 
500 0.02 0.20 50 450 

apart with respect to #,, instead of 300 mv (350 — 50) for CR2. This is 
caused by the control current. In other words, the control current does not 

only voltage-offset the diode CR1 curve with respect to #, but also varies 
its shape. Current J, (dashed line) is obtained by adding the J, curve and 
the I, curve. Note that the valley current of J, is approximately 0.07 ma 
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Fig. 6-19. Controlled-negative-resistance device output current-voltage curve with 
fixed value of control current
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and occurs at 300 mv. If the same procedure is followed for a control cur- 

rent of 0.60 ma instead of 0.40 ma, it will be found that the composite 

valley current is raised to 0.08 ma and occurs at 250 mv. In other words, 

the greater the control current, the higher the total valley current, and the 

smaller the peak-to-valley current ratio. Since the negative resistance is 
inversely proportional to this ratio, the negative resistance is increased with 

0.60 

0.20 

0.10 F 

it J it i 1 

0 100 200 300 400 500 

E, (mv) 
Fie. 6-20. Controlled-negative-resistance device (using two tunnel diodes), char- 

acteristic curves 

increased control current and decreased with decreased control current. 

The net result is a controlled-negative-resistance device. The family of 

curves in Fig. 6-20 are curves obtained under practical conditions for 

two diodes each having a peak current of 0.25 ma and separated by a re- 

sistor of approximately 200 chms. Under practical conditions the current 

source and the voltage source are not ideal devices, so that direct graphical 

derivation of these curves would be complex. 

3. Characteristic curves of various shapes and possible applications can 

be obtained by using different values of resistance, as well as diodes made 

of different materials or made of the same material but having different 
peak currents, or peak-to-valley current ratios.



SEMICONDUCTOR COMBINATIONS AND CHARACTERISTICS 173 

b. Possible uses of the controlled-negative-resistance device are: 

1. Variable gain amplifier. The negative resistance displayed at the 

output port can be utilized for amplification, while the gain is varied man- 

ually or by AVC (automatic volume control) by increasing or decreasing 

the control current introduced at the input port. Increased control current 

would decrease the gain (minimum peak-to-valley current), the decreased 

control current would increase the gain (maximum peak-to-valley current). 

2. Amplitude-modulated oscillator. The negative resistance at the out- 
put port can be used for high-frequency oscillation, whereas the input con- 

trol current is varied at an audio rate. The resultant output is an ampli- 
tude-modulated signal. Such a circuit is covered in Chapter 9. 

3. Variable swing relaxation oscillator. A relaxation oscillator, such as 

a multivibrator, can be built by using the negative resistance at the output 

port. The output waveform can be varied in amplitude in accordance with 
a variable input at the input port; the input waveform can be a sawtooth, 

a sinewave, a square wave, or any other form. 

6-9. Controlled Negative Resistance, Three Tunnel Diodes 

Three tunnel diodes and two resistors can be connected as shown in Fig. 

6-21, and, as in the case of the two tunnel diode connection (par. 6-8), the 

arrangement can be considered a single two-port device. The negative re- 

sistance displayed at the output port (terminals 2-2’) depends on the 

control current introduced at the input port (terminals 1-1’). The analysis 

of the three tunnel diode arrangement is similar to the analysis for the two 

tunnel diode arrangement. A family of characteristic curves for the three 

tunnel diode arrangement is shown in Fig. 6-22. Three identical tunnel 

diodes were used, each having a peak current of 0.37 ma; resistors R1 and 

R2 are equal-value resistors each having a value of approximately 300 ohms. 
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Fig. 6-21. Controlled-negative-resistance device using three tunnel diodes and two 
resistors
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The three tunnel diode arrangement permits greater variation in minimum 

to maximum negative resistance by the control current; also a greater 

power-handling capacity is indicated. All types of applications possible 

for the two tunnel diode arrangement (par. 6-8b) are also possible for the 

three tunnel diode arrangement. The main disadvantage of the three tunnel 

diode arrangement is that no common ground can be established for the 

| ! | ! J 

99 100 200 300 400 500 

E, (mv) 

Fic. 6-22. Characteristic curves of three tunnel diode, controlled-negative-resistance 
device 

input and the output circuit; one input and one output lead are at the 
same potential in the two tunnel diode arrangement. 

6-10. Constant-Current Source, Limited Voltage Range 

A good approximation to a constant-current source can be obtained by 

placing a tunnel diode (CR1) in parallel with a resistor (R,) (Fig. 6-23A). 

The source voltage (Hz) must be a fixed value. For the moment consider 

load resistor R, shorted. Figure 6-23B plots the current through the parallel 

resistor (R,) and the tunnel diode (CR1). The composite curve (Ir) is the 

sum of the two currents. Note that if resistor R, value is properly chosen
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for the particular tunnel diode, the total current indicated between points 
1 and 2 represents a relatively fixed value; ic, for this portion of the 

composite curve the circuit arrangement acts like a constant-current source. 

Load resistor (R,), placed in the circuit as shown (Fig. 6-23A), will experi- 
ence a constant current provided the load-resistance values used limit the 

voltage applied (#4) to resistor R, and diode CR1 within points 1 and 2 

on the composite curve. A constant-current source employing tunnel diodes 
and having a more extended voltage range is discussed in paragraph 6-12. 

| Fixed | Constant current 
voltage | <I, LL! 

| source an me 

! | Rf tt ri | Ir 
} E,z+l | E, Lh 1, 1} 2) I, 

VT Qa 2% | ! CR1 L, 

| 
| 
Lo 4 0 E, 

A. B 

Fic. 6-23. Tunnel diode circuit (and current-voltage characteristic) used to pro- 
duce a limited-voltage, constant-current source 

6-11. Negative Valley-Current Characteristic 

a. Figure 6-24A shows an arrangement of two tunnel diodes and two 
batteries which results in a composite characteristic having a negative valley 

current. Diode CR1 is connected directly across battery E4; the only volt- 

age measurable across diode CR1 is battery voltage H4. Diode CR2 bias 

is the sum of voltages H4 and Hy. Both diodes are made of the same 

semiconductor material and therefore have the same peak and valley 

voltages. Battery voltage Hy is equal to the valley voltage and is consid- 

ered a fixed voltage. The composite characteristic and the individual char- 

acteristic of each diode is obtained by varying voltage #4. The individual 

characteristics are positioned so that their instantaneous currents can be 

added to produce the composite current. 

b. Figure 6-24B shows the current-voltage characteristic of diode CR1 
across which voltage H4 is directly applied. Note that voltages ZH, and Ey 
are opposing voltages. When voltage H4 equals voltage Ey, there is zero 

voltage across diode CR2 (Fig. 6-24C), whereas diode CR1 is forward 

biased at its valley point. An increase in voltage H'4 reverse biases diode 

CR2 and forward biases diode CR1 into the injection region. When volt-
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age E4 equals zero, diode CR1 current is zero, but diode CR2 is forward 

biased at its valley point. Reversal of the polarity of voltage E4 reverse 

biases diode CR1, while diode CR2 is forward biased into its injection re- 

gion. Because the diodes are placed in the circuit with the cathode of one 

connected at the same point as the anode of the other, the characteristic 

of diode CR2 must be inverted with respect to the characteristic of diode 

CR1 as shown. 

c. At this point the composite characteristic (Fig. 6-24D) can be obtained 
by adding the currents in diodes CR1 and CR2 to obtain the total current 
(Ir) for each value of voltage E,. Note that the composite characteristic 

displays a negative valley current while the applied voltage (H4) polarity 

is in one direction only. One application of this arrangement produces 

a constant-current source having an extended voltage range (par. 6-12). 

CR1 

Lt
 

J”
 

qj 
CR1 G 

rE, I, Ch) 

D. 

Fic. 6-24. Parallel arrangement of tunnel diodes to produce a negative valley- 

current characteristic
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Fig. 6-25. Tunnel diode circuit (and current-voltage characteristic) used to pro- 

duce an extended voltage, constant-current source 

6-12. Constant-Current Source, Extended Voltage Range 

A constant-current source having a limited voltage (and load resistor) 

range was discussed in paragraph 6~10. A circuit arrangement which pro- 

duces a constant-current source having a larger voltage range is shown in 

Fig. 6-25A. Diodes CR1 and CR2 and battery Ey produce the negative 
valley-current characteristic discussed in paragraph 6-11 and shown in 

Fig. 6-25B. The current drawn by parallel resistor Rp, is shown as a 
straight line. The total current (J7) drawn from battery Ez is the sum 

of the currents through parallel resistor R, and the diode pair. Current Ip 

is shown as the composite curve. If resistor R, is properly chosen, the por- 
tion of the composite curve between points 1 and 2 will representa relatively 
constant current. A load resistor (R;,) can be placed in the circuit as shown 

so that current Ip flows through it. With a fixed voltage source (Ez) the 

load-resistor value can vary over a wide range while the current through 

it remains constant. The load resistor can vary within a range that limits 

the voltage applied (#4) to the parallel combination of resistor R, and 
diodes CR1 and CR2 within points 1 and 2 on the composite curve. 

SECTION III. BACKWARD AND BACK DIODES 

6-13. General Properties 

The back and backward diodes are the result of research and develop- 
ment work on the tunnel diode. The tunnel diode junction is formed by 

two heavily doped regions of p-type and n-type semiconductor materials. 

This combination results in a very narrow junction barrier across which
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current carriers can tunnel (Chapter 2). Figure 6-26A shows the resultant 

characteristic of such a junction. If the percentage of doping in one or both 

semiconductor regions is reduced, the peak current is reduced (Fig. 6-26B). 

Further reduction of doping results in a characteristic (Fig. 6-26C) in which 
the current in the forward direction (at peak) is less than the current in 

the reverse direction for the same magnitude of applied voltage. Continued 
reduction in percentage of doping results in complete elimination of the 
peak current (Fig. 6-26D). 

a. Back Diode. A diode having a characteristic such as that shown in 
Fig. 6-26C is referred to in this text as a back diode. It is a diode having 

a very low peak current but a negative resistance that is still usable in 

certain circuits for amplification or oscillation. Actually the negative re- 

sistance of the back diode is much higher than that of the tunnel diode. 

This fact is readily observed by studying Fig. 6-27. Figure 6-27A shows 

the tunnel diode curve with AJ and AF indicated; Fig. 6-27B shows the 

back diode curve similarly marked. The negative resistance in each case 

is the ratio of AZ to AI. AE is the same value for each if each is made of 

+I +I 

-] -I 

A. Tunnel diode 3B. Reduced peak- 
current tunnel diode 

+7 +7 

-E +E -E +E 

-I -I 

C. Back diode D. Backward diode 

Fic. 6-26. Characteristic curves showing transition from tunnel diodes to back and 
backward diodes
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Fic. 6-27. Comparison of negative resistance of tunnel and back diodes 

the same semiconductor material. AZ is much smaller for the back diode; 

therefore its negative resistance is very high. Back diodes have a negative 

resistance of 600 to 4000 ohms, whereas tunnel diodes have a negative re- 

sistance of 40 to 150 ohms. Because of the low current, the power-handling 

capacity of the back diode is much less than that of the tunnel diode. 
Oscillator circuits employing the back diode are discussed in Chapter 7. 

b. Backward Diode. A diode having a characteristic such as that shown 

in Fig. 6-26D is referred to in this text as a backward diode. It is a diode 

having a zero or negligible peak current. Much of the technical literature 

uses the terms back and backward diodes interchangeably, which can cause 

confusion. Use of the backward diode to modify the characteristics of the 

tunnel diode is discussed in paragraphs 6-14 and 6-15. 

c. Graphical Representation. The graphical representation of the back 

or backward diode is shown in Fig. 6-28. It is the symbol of a rectifying 
diode with an angle mark (L) 
within the circle. The anode is <—I 

made of p-material and the cathode +— Anode 
is made of n-material. +L 

7 Ea G CR1 
6-14. Negative Resistance at 
Higher Voltage r<— Cathode 

a. The tunnel diode and the back- Fic. 6-28. Graphical representation of 
ward diode can be placed in series back and backward diodes 

as shown in Fig. 6-29A so that the 
normal negative-resistance slope of the tunnel diode occurs at a higher 

voltage. Note that both diodes are biased in the forward direction. Figure 

6-29B shows the characteristic of the tunnel diode alone with three points 

of equal current flow arbitrarily chosen and marked 1, 2, and 3. The re- 

quired voltage drops across the tunnel diode are marked Ej, He, and Es,
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respectively. The same current flows through the backward diode, but for 

the three points on the tunnel diode curve only one point (1’, 2’, and 3’) 

occurs on the backward diode curve (Fig. 6-29C). The voltage drop across 

the backward diode is the same for the three conditions and is marked EF)’. 

The composite characteristic is shown in Fig. 6-29D. The same three 

current points are marked 1, 2, 3. The total voltages applied are equal to 

the respective voltage drops across the tunnel diode offset (increased) by 

the voltage drop across the backward diode. The overall effect is to voltage- 
shift the negative-resistance region of the tunnel diode by the voltage drop 

required by the backward diode. 

pO 
“T CR1 CR2 

A. Tunnel and backward diodes in series 

vf I 

1, 253’ 
lhe ! 3 

| 
! | 
{ ! | 

- , | 
E,| E | E 
E, <— E, — 

| <— KE, > 

B. Tunnel diode C. Backward diode 
curve curve 

I 

1 2 3 
1 | 
1 4 | 
by | 

L_ 
<—E,+ E> | E 
<— E, +E; 

I< E.,+ E,. >| 

D. Composite curve 

Fic. 6-29. Tunnel diode and backward diode showing individual and composite 
characteristic curves



SEMICONDUCTOR COMBINATIONS AND CHARACTERISTICS 181 

CR1 CR2 CR3 CR4 

E, 

© 

A. Circuit arrangement 
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B. Composite curve 

Fic. 6-30. Tunnel diodes and backward diodes arranged to produce a higher-voltage 
symmetrical composite characteristic 

b. Figure 6-30A shows one pair of (tunnel and backward) diodes that 

would be forward biased for a particular value of applied voltage in series 

with another pair that would be reverse biased for the same voltage. In 

each case the negative-resistance region of the particular tunnel diode would 

be voltage-shifted by the voltage drop across the backward diode forward 

biased simultaneously. The composite characteristics of the four diodes 

are shown in Fig. 6-30B. Diodes CR1 and CR2 account for that portion 

of the curve to the right of the vertical axis; diodes CR3 and CR4 account 

for that portion of the curve to the left of the vertical axis. Such a composite 

curve can be used in a symmetrical switching circuit requiring higher volt- 

ages in the injection bias regions. 

SECTION IV. TUNNEL DIODES AND TRANSISTORS 

6-15. Increased Tunnel Diode Operating Current Level 

a. The tunnel diode can be used in conjunction with the transistor to in- 

crease many times the operating current of the diode. A circuit arrange-
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Fic. 6-31. Tunnel diode and transistor (with composite characteristic) arranged 

to increase tunnel diode current 

ment designed to achieve this effect is shown in Fig. 6-31A. Diode CR1 
is in series with the base-emitter junction of n-p-n transistor Q1 and deter- 

mines the transistor base-current characteristic. Transistor Q1 is used 

in the common-emitter configuration. The current amplification factor of 

| + CR1 

E, Ey BE 

ps 

I. CR1 $) 

@1 

[ ie 
B. 

Fia. 6-32. Battery in base lead or emit- 
ter lead used to overcome base-emitter 

offset voltage 

the common-emitter configuration 

varies between 30 and 50 times, de- 

pending on the particular transistor 
used. In this case it is assumed that 

the current amplification factor of 

@1 is 50; ie. the collector current 
is 50 times the base current. The 

electron current flow through each 
lead is indicated by the arrows. 
Note that the collector current is 50 
times the diode and base current 

(Ip). The collector current and 

diode current add to the common 
connection so that the total current 

is 51 times the diode current alone. 

b. Figure 6-31B shows the com- 

posite current-voltage characteristic. 

Note that no current flows until the 

base-emitter voltage (Haz) is suffi- 

ciently large to turn on the tran- 

sister. This condition offsets the 

normal tunnel diode voltage by the 

magnitude Ezy. The condition can 

be overcome by placing a separate 
battery voltage in the base lead (Fig. 6-32A) or the emitter lead (Fig.
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6-32B). The separate battery voltage (He) places the transistor on 

the verge of conduction when the applied voltage (H4) equals zero. 

c. The circuit will operate equally well with a p-n-p transistor provided 

the battery polarities are reversed and the cathode and anode of the tunnel 

diode are reversed in position. 

d. The cutoff frequency of the composite circuit will be limited by the 

cutoff frequency of the much slower acting transistor. The average tran- 

sistor operates up to 100 megacycles, whereas the tunnel diode can operate 

at several kilomegacycles. 

6-16. Decreased Tunnel Diode Operating Current Level 

a, The tunnel diode can be used in conjunction with the transistor, with 

the result that the input current to the combination is many times smaller 

than the current drawn by the tunnel diode alone. A circuit arrangement 

designed to achieve this effect is shown in Fig. 6-33A. Diode CR1 is in 

series with the emitter lead of n-p-n transistor Q1. The emitter current and 

the diode current (Ip) are the same. In the average transistor about 98% 

of the emitter current (0.98Zp) reaches the collector and 2% of the emitter 

current (0.02Ip) reaches the base. In this example, then, the base current 

is 50 times less than the tunnel diode current. Such a circuit can be used 

to drive the diode from a high-resistance, very low current source. 
b. A plot of the base current versus the applied voltage is shown in Fig. 

6-33B. Note that no current flows until the base-emitter junction voltage 

(£zz) is large enough to turn on the transistor. This offset voltage can be 

overcome by inserting a battery voltage (Ear) in the emitter lead at the 
terminals marked 1 and 2. The negative terminal of the battery must be 
placed at point 1. This battery voltage places the transistor on the verge 

of conduction when applied voltage E', equals zero. 
c. Note also that the output voltage can be taken from the emitter or 

the collector. The emitter voltage is exactly the diode voltage and is very 

low. Depending on the particular transistor and the collector load resistor 

(R,), the collector voltage can be many times the diode voltage. 

d. A p-n-p transistor can be used in the circuit provided the battery 
voltage is reversed and the positions of the diode cathode and anode are 

interchanged. 

6-17. S-type and N-type Characteristic Curves 

Devices that display negative resistance, decreasing current with increas- 

ing voltage, are referred to as either S-type or N-type negative-resistance 

devices. These designations refer to the general shape of their voltage-cur- 

rent characteristic curve when voltage is plotted vertically and current 

horizontally.
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Fic. 6-33. Circuit arrangement (and composite characteristic) used to decrease 

the tunnel diode input current 

a. An idealized S-type curve is shown in Fig. 6-34A. Devices that dis- 
play this curve are the tunnel diode, the tetrode vacuum tube (used as a 

transitron oscillator, par. 3-1), and the point-contact transistor used in the 
common-emitter configuration. Note that within the negative-resistance 

range, for any given current (dashed line), three possible values of voltage 
are possible. For any given value of voltage, however, only one current 

value is possible. The S-type characteristic device, therefore, is said to be 
voltage stable, or voltage controlled; i.e., its operating point is determined 

by a stiff (constant) voltage souree when operated as an oscillator or am- 

plifier. 
b. An idealized N-type curve is shown in Fig. 6-34B. Devices that dis- 

play this curve are the common-base configuration of the point-contact 

transistor (par. 3-3), the unijunction transistor (par. 3-5), the four-layer
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diode (par. 3-4), and gaseous discharge tubes. Note that within the 

negative-resistance range for any given voltage (dashed line), three 

values of current are possible. For any given value of current, however, 

only one voltage value is possible. The N-type characteristic device, there- 

fore, is said to be current stable, or current controlled; i.e., its operating 

point is determined by a constant-current source when operated as an 
oscillator or amplifier. 

c. The current-voltage characteristic of the tunnel diode which is nor- 
mally an S-type curve can be transformed into an N-type curve when the 

tunnel diode is combined in a particular arrangement with a transistor 
(par. 6-18). 

C 
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Fic. 6-34. Idealized S-type and N-type negative-resistance characteristic curves 

6-18. Tunnel Diode and N-type Characteristic 

a. The tunnel diode can be combined with a transistor (Fig. 6-35A) to 

produce an N-type voltage-current characteristic curve (par. 6-17). Tun- 

nel diode CR1 is placed in parallel with the base emitter of transistor Q1. 
Current limiting resistor R1 is placed in series with the parallel arrange- 

ment. The bias source consists of battery Hz in series with a heavy resistor 
R,. To develop the composite characteristic curve (Fig. 6-35B), assume 
switch S1 is closed. 

1. Voltage and current start to rise from zero to a steady-state condition. 
From point 0 to point A the transistor does not conduct because its base- 
emitter voltage is too low. The only current flow is through resistor R1 

and diode CR1. The applied voltage (#4) equals the peak voltage of the 
tunnel diode plus the peak current of the diode multiplied by the resistance 

of R1. 

2. At point A the diode switches rapidly to its high-voltage state and 

forward biases transistor Q1 sufficiently so that it conducts. The increase
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Fic. 6-35. Tunnel diode and transistor arranged to produce an N-type composite 
characteristic curve 

in total current (I7) due to the contribution of collector current by Q1 

drops the applied voltage (£4) to the low value at point B because of the 

increased voltage drop across resistor R,. The current (Ip) increases to 

point C without appreciable increase in voltage E4 because the emitter 

collector resistance of transistor Q1 decreases with increasing current. 

b. For this arrangement to be used as a switching device, it is most de- 

sirable that the voltage at point B be as low as possible. The voltage at 

point B is determined mainly by the tunnel diode valley-current flow through 
resistor R1. If a separate source is provided to supply the valley current 

to diode CR1, the voltage at point B can be substantially reduced. Such a 
circuit arrangement is shown in Fig. 6-36A. Battery Egg and current lim- 

iting resistor 22 have been added to supply only the valley current to diode 

CR1. The composite characteristic curve is shown in Fig. 6-36B. Note 

the very low value of voltage #4 at point B on the curve. A relaxation 
oscillator employing this arrangement is covered in Chapter 7. 
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Fic. 6-36. Separate valley-current source provided to reduce the applied voltage 

with transistor conducting
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c. The circuit discussed employs an n-p-n transistor. A p-n-p transistor 

can be used provided all voltage polarities and the diode are reversed. 

6-19. Summary 

a. Two tunnel diodes can be connected back-to-back (Fig. 6-3) to pro- 

duce a negative conducting region for positive or negative applied voltages. 

b. Any number of tunnel diodes can be placed in series (Fig. 6-4) to 

produce a composite characteristic useful in applications requiring multi- 

state switches. 

c. The tunnel diode, in parallel with a load resistor and fed from a con- 

stant-current source (Fig. 6-8), can approximate a relatively constant- 

voltage source. 
d. The tunnel diode coupled pair (Fig. 6-9) results in a two-port device 

with a current-voltage characteristic for one port that can be varied by 

changing the voltage at the other port (Fig. 6-15). The current-voltage 

characteristic will display negative resistance if the total bias voltage is 

greater than twice the diode peak voltage and less than twice the diode 

valley voltage. 

e. The resistances of the two positive slope regions of the coupled-pair 

characteristic are equal. 

f. A controlled-negative-resistance device can be obtained by using a 

resistor and two tunnel diodes (Fig. 6-16), or by using two resistors and 

three tunnel diodes (Fig. 6-21). Either arrangement can be used in cir- 

cuits such as variable gain amplifiers, variable swing relaxation oscillators, 

and amplitude-modulated oscillators. The main advantage of the two- 

diode over the three-diode arrangement is that the former permits a common 

ground connection between the input and the output circuits. 

g. The tunnel diode, placed in parallel with a suitable resistor and fed 

from a fixed voltage source (Fig. 6-23), can approximate a constant-current 

source over a limited load-voltage range. 

h. Two tunnel diodes properly biased and arranged (Fig. 6-24) can 

produce a negative valley-current characteristic. 

i. The same combination that produces the negative valley current (h 

above) when paralleled with the proper resistor (Fig. 6-25), can approxi- 

mate a constant current source over an extended load-voltage range. 

j. By progressive reduction in the percentage of doping materials used 

to make tunnel diodes, a back diode and a backward diode can be produced 

(Fig. 6-26). 

k. The back diode has a usable but greatly reduced peak current and its 

negative resistance is very high (about 4000 ohms). 

l. The backward diode has a negligible or zero peak current. 

m. A tunnel diode and a backward diode can be used in series (Fig. 6-29)
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to produce a negative resistance at a higher voltage range. Two pairs back- 
to-back (Fig. 6-30) produce a symmetrical composite characteristic with 
negative-resistance regions at higher positive or negative voltages. 

n. The tunnel diode can be used with a transistor to increase the tunnel 
diode current (Fig. 6-31) or to decrease the input current to the tunnel 
diode (Fig. 6-83). 

o. A negative-resistance device having an S-type voltage-current charac- 
teristic (Fig. 6-34) is a voltage-controlled device. A negative-resistance 
device having an N-type voltage-current characteristic is a current-con- 
trolled device. 

p. The tunnel diode can be used with a transistor (Figs. 6-35 and 6-36) 
to transform its S-type voltage-current characteristic into an N-type char- 
acteristic.



Chapter 7 

OSCILLATORS 

SECTION I. GENERAL 

7-1. Sinewave Oscillators 

a. A detailed discussion of the manner in which the ac negative resistance 

of the tunnel diode may be used in specific circuits to produce sinewave 

oscillations is given in Sections III and V of Chapter 3. Also discussed are 

the formulas for the self-resonant frequency (f,) and the resistance cutoff 

frequency (f,) of the tunnel diode (par. 3-17). 

b. Practical sinewave oscillators are discussed in this chapter as follows: 

1. Low-frequency oscillators (1 ke to 100 mc), which normally use lumped 

circuit elements, are discussed in paragraphs 7-3 through 7-6. 

2. Oscillators operating above several hundred megacycles, which nor- 

mally use transmission line resonators, are discussed in paragraph 7-7. 

3. Oscillators operating in the microwave band normally use waveguides 

and cavity resonators. These. circuits are discussed in paragraphs 7-8 and 

7-9. 

7-2. Relaxation Oscillators 

a. An oscillator circuit that produces a nonsinusoidal output waveform 

is generally classified as a relaxation oscillator. The tunnel diode relaxation 

oscillator uses the inherent negative resistance of the diode in conjunction 

with resistance-capacitance or resistance-inductance networks to provide 

a switching action. The charge and discharge times of the associated net- 

works are used to produce sawtooth, square, or pulse output waveforms. 

Capacitors and inductors require a definite amount of time to charge or 

discharge through a resistor. The measure of this time, the time constant, 

is determined by multiplying the resistance by the capacitance (R X C) 

or by dividing the inductance by the resistance (L + R). 

b. Relaxation oscillators are classified as astable, monostable, or bistable. 

The astable oscillator is a free-running oscillator and produces a continuous 
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output as long as bias voltage is supplied. In addition to bias voltage, the 
monostable and bistable oscillators require a signal (pulse or sinewave) 
input to produce an ac output. The conditions which determine whether 
a tunnel diode (or coupled pair) relaxation oscillator is astable, monostable, 
or bistable are discussed in paragraphs 7-10 and 7-12. Monostable and 
bistable oscillators (switching circuits) are discussed in Chapter 8. Astable 
oscillators are discussed in Section III of this chapter as follows: 

1. Single diode multivibrator (par. 7-11) 
2. Coupled-pair multivibrator (par. 7-13) 

3. Sawtooth generator (par. 7-14) 
4. Diode-transistor multivibrator (par. 7-15) 

SECTION u. LC RESONANT OSCILLATORS 

7-3. Oscillations Below and Above Self-Resonance 

a. Below Self-resonance. 1. The equivalent circuit of the tunnel diode 
is shown in dashed lines in Fig. 7-1A. At the self-resonant frequency 
(fs) the input impedance of the diode has zero reactance; Le., the input 
impedance is resistive only. Inasmuch as at frequencies below self-reso- 
nance the inductive reactance of L, decreases and the capacitive reactance 
of Cp increases, the input impedance displays capacitive reactance (X,) 
as indicated. Oscillation will occur at frequencies below self-resonance 
if an external inductor (Lz) is added with its inductive reactance equal to 
the capacitive reactance (X,). Bias is applied through variable resistor 
R1. Oscillation will occur, of course, only if the desired operating frequency 
is less than the resistive cutoff frequency of the diode, and the total positive 
resistance is less than the effective negative resistance of the diode. 

2, Figure 7-1B shows the same oscillator fed from a bias source having 
an appreciable lead (or cable) inductance (L1). To decouple this induc- 
tance from the oscillator circuit, resistor R2 is placed in the circuit as 
shown. The resistance value of resistor R2 is ten to twenty times less than 
the inductive reactance of L1. 

b. Above Self-resonance. 1. The equivalent circuit of the tunnel diode 
is shown in dashed lines in Fig. 7-2A. At frequencies above self-resonance, 
the capacitive reactance of Cp decreases and the inductive reactance of L; 
increases, causing the input impedance of the diode to display inductive 
reactance (Xz) as indicated. Oscillation will occur at frequencies above 
self-resonance if an external capacitor (Cz) is added with its capacitive 
reactance equal to the inductive reactance (X;,), provided that the operating 
frequency is below the resistance cutoff frequency of the diode.
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B. Decoupled oscillator 

Fic. 7-1. Circuit arrangement for oscillator operation below self-resonant frequency 

of diode 

2. Figure 7-2B shows the same oscillator fed from a bias source having 

an appreciable lead (or cable) inductance (1). Resistor R2 is added to 

decouple the lead inductance in the same manner as discussed in a2 above. 

7-4, Frequency Stability 

An oscillator consisting of a tunnel diode in series with a capacitor or 

inductor (a below) has poor frequency stability compared to an oscillator 

using the same tunnel diode in series with a separate tank (LC) circuit (6 

below). 

a. Figure 7-3 shows the series resonant circuit (Fig. 7-1A) with like 

elements lumped; i.e., resistor Ry represents that portion of variable resistor 

R1 that is in the circuit, plus lead and bulk resistance (R,) of the diode, 

and the de resistance (Rz) of inductor Le; inductor Ly represents the in-
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Fic. 7-2. Circuit arrangement. for oscillator operation above self-resonant frequency 
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Fig. 7-3. Circuit showing lumped constants of simple series oscillator
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ductance of Lz plus the lead inductance of the diode. Resistor Rp and 

capacitor Cp are the remaining parameters of the diode. An analysis of this 

circuit results in the following formula for the oscillating frequency (f,): 

1 |Rp — Rr 

bas LrCpRp 

This formula shows that the oscillating frequency is heavily dependent upon 
the negative resistance (Ry) of the diode as well as the diode capacitance 

(Cp). The negative resistance of the tunnel diode is not constant over the 

negative-resistance region of the diode (par. 4-5 and 4-6). A slight change 

in bias voltage results in a large change in the average value of —Rp and 

therefore in the oscillating frequency. Variation in bias voltage also varies 

Cp. Temperature variations also change —R»y and Cp (par. 4-7). 

b. Greater frequency stability is obtained with the oscillator circuit 
shown in Fig. 7-4. Resistors Ri and R2 form a voltage divider to establish 
the bias voltage. Capacitor C1 parallels the tunnel diode to swamp the in- 

herent tunnel diode junction capacitance; i.e., variations in the diode capaci- 
tance due to bias or temperature variations result in a smaller percentage 

change of the total capacitance across the diode. Coil L1 and capacitor 

C2 form a resonant tank circuit. Analysis of this circuit (ignoring diode 

lead resistance and inductance) results in the following formula for the 

oscillating frequency (f.) : 

1 1 1 

fo= 5 _—_ +02) CL(C1 + C2)Rp? 

In this formula capacitance C1 includes the junction capacitance (Cp) of 

the diode. This formula shows that the oscillating frequency is heavily 
dependent upon the constants of the tank circuit and swamping capacitor 
C1. Practical circuits using this arrangement are discussed in paragraph 

7-5. 

Cl 
a PS 

tae Rr, 4 ng aa 

Fic. 7-4. Oscillator using tunnel diode in series with tank (LC) circuit
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7-5. Series-Parallel Oscillators 

a. Back Diode Oscillators. Oscillators using a diode in series with a 

tank (ZC) circuit are shown in A, B, and C, Fig. 7-5. The circuits oscillate 

Cl 
0.07 uf 

R1 f-—_ 
9k ~<— 20 pa — 1@ 

.* CR1i Al 3V R2 ob. C2 
- 1k 100 mh 0.15 uf 

(100 2 DC) 

A. Back diode 1-kc oscillator 

700 ppt 
iva 

Ri C1" 

9k <— 20 wa ee 
3v+* R2 1 mh =F 1500 pt 

. 1k (12 DC) 

B. Back diode 100-kce oscillator 

Cl 
60 put 

R1 i 
9k <— 20 a se . CR1 

38vr R2 Li [C2 
- 1k 100 uh 7 150 wut 

C. Back diode 1-mc oscillator 

Fig. 7-5. Back diode oscillators (Adapted circuits, courtesy General Electric 
Company) 

at 1 ke, 100 kc, and 1 me, respectively. Capacitor Cl in each circuit is a 
swamping capacitor. The function of each part in each circuit is identical 

with the correspondingly referenced part of the oscillator shown in Fig. 7-4 

(par. 7-4). Note that in each circuit diode CR1 is a back diode (par. 6-13). 

The negative resistance of the back diode is approximately 600 to 4000 

ohms compared to 40 to 150 ohms for the tunnel diode. Such a high negative 

resistance permits the use of a high-resistance voltage divider (R1 and R2)
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which minimizes the drain on the bias battery. Furthermore a 1-ke oscil- 

lator requires a relatively large inductance in the tank circuit. Note that 

the de resistance of coil Z1 is 100 ohms (Fig. 7-4A). The de resistance 

inserted by the voltage divider equals the product of R1 and R2 divided 
by their sum and is less than 1000 ohms. The total positive resistance 

therefore is much less than the negative resistance, thereby assuring oscilla- 

tion. The main disadvantage of the back diode, however, is its limited 

Cl 
600 ut 

R1 it 

nA GD 
aL 7 cri 

Sv 7 R23 <—05ma _— Li =a C2 
° 22 1.7 mh 600 wut 

A. Tunnel diode 100-kce oscillator 

Rl Bt CR 
WN : >t * 

I yr OS 
isvie R2 ic ~05ma 7) 1c 

. | 22 0.001 pf 0.2 uh 3 ppt 

B. Tunnel diode 100-mc oscillator 

Fig. 7-6. Tunnel diode oscillators 

power output; note that the current flow at bias is only 20 microamperes. 
For greater power output, the tunnel diode must be used (b below). 

b. Tunnel Diode Oscillator. A 100-ke and a 100-me tunnel diode oscil- 

lator are shown in Figs. 7-6A and B, respectively. Because of the low 

negative resistance of the tunnel diode, lower values of resistance are used 
in the voltage divider network (resistors Rl and R2). The bias current 

is approximately 0.5 ma. In the 100-me oscillator no swamping capacitor 

parallels the diode. At 100 me a parallel capacitor would substantially 

reduce the effective negative resistance of the diode (par. 3-18) so that 

oscillations may not occur. In addition, capacitor C1 ac bypasses resistor 

F2 to reduce further the positive resistance in the circuit. 

7-6. Crystal Controlled Oscillator 

A crystal controlled tunnel diode oscillator is discussed in b below. A 
quartz crystal (a below) is normally used in an oscillator circuit because
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of its extremely high Q (narrow bandwidth) and good frequency stability 
over a given temperature range. In practical applications when the range 

of operating temperature or frequency tolerance is extremely critical, a 

constant-temperature chamber is used to house the crystal. 

a. Crystal Properties. The quartz crystal graphical representation (with 

reference designation Y1), its equivalent circuit, and its impedance-fre- 

quency characteristic are shown in Figs. 7-7A, B, and C. 

1. Resistance R, inductance L, and capacitance C, in series (Fig. 7-7B) 
represent the electrical equivalent of the mechanical vibrating characteristic 

of the crystal. At series resonance of capacitance C, and inductance LE, the 

impedance of the crystal is low and the resonant frequency of the oscillator 
circuit is determined only by the mechanical vibrating characteristics of 

the crystal. 

2. Parallel capacitance C,, represents the electrostatic capacitance be- 

tween the crystal electrodes (Fig. 7-7A). Above the frequency of series 

resonance (1 above), the inductive reactance of inductance L is greater than 

oo o— 
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Fra. 7-7. Quartz crystal, equivalent circuit and impedance-frequency characteristic
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Fig. 7-8. Crystal controlled tunnel diode oscillator 

the capacitive reactance of capacitance C,. The combination (L and C,) 
appears as a net inductance. This net inductance forms a parallel resonant 
circuit with capacitance C, and any circuit capacitance appearing across 
the crystal. At parallel resonance the impedance of the crystal is high and 
the resonant frequency is determined by the crystal and by externally con- 
nected circuit elements. 

3. The impedance-frequency chart of a typical quartz crystal is shown 
in Fig. 7-7C. The lowest impedance occurs at series resonance ( fi). The 
highest impedance occurs at parallel resonance (fo). The slopes of the 
curve are steep at each resonant point, indicating a high Q. For most crys- 
tals the difference in frequency between f, and f, is very small compared 
to the series resonant frequency of the crystal. 

4. Either the series or parallel mode of oscillation of the crystal may be 
used in an oscillator circuit. The mode of oscillation is primarily deter- 
mined by the impedance of the circuit to which the crystal is connected. 

b. Oscillator. A crystal-controlled tunnel diode oscillator is shown in 
Fig. 7-8. For the present discussion ignore the dashed-line portion of the 
circuit. 

1. Bias voltage is supplied by battery Hz through voltage divider R1 and 
R2. Note that no dc current flows through resistor R3. Inductor L1 and 
capacitor C1 are essentially in parallel at the series resonant frequency of 
crystal Y1 when its impedance can be considered a short circuit. 

2. Resistor R2 is selected so that its positive resistance is approximately 
twice the effective negative resistance of the tunnel diode. Resistor R3 is 
made equal to resistor R2. When the quartz crystal is at series resonance 
(low impedance), it acts as a short circuit and ac parallels resistors R2 and 
F3 so that the total positive resistance is one half of resistor R2 (dashed 

lines). This value equals (or is slightly less than) the diode negative re-
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sistance and oscillations can occur. Thus the circuit can oscillate only 

at the series resonant frequency of crystal Y1. 

7-1. Voltage-Tuned Oscillator 

a. Figure 7-9A shows an oscillator the frequency of which can be varied 
from 900 mc to 1000 me by varying the bias voltage. The circuit consists 

of a tunnel diode placed at the end of a coaxial transmission line and ter- 

a Coaxial cable 

Ps “sh: Sn LE; 
= o__ 

A. Voltage-tuned oscillator 

CRI 3h, gn 
Cl i 

C2 _ 

Gry 
YY 

- t<— Shorted stub 

B. Oscillator with shorted stub 

4
 

Fic. 7-9. Tunnel diode oscillators (voltage-tuned or stabilized) using coaxial 
transmission lines 

minated in its characteristic impedance Rz; capacitor C1 is a feed-through 
bypass capacitor and resistor R1 permits variation of bias voltage (Ez). 
For oscillation to occur the effective negative resistance of the diode must 

be greater than the total positive resistance of the circuit. Because the ac 

impedance of the coaxial cable is relatively constant over a broad range of 

frequencies, the operating frequency is determined primarily by the effective 

negative resistance of the diode. In turn, the effective negative resistance 

depends upon the bias voltage applied. Figure 7-10 presents a plot of the 

frequency output of the voltage-tuned oscillator versus the applied diode 
bias voltage. The nonlinearity of this curve is caused mainly by resonances 

at harmonic frequencies. 

b. Figure 7-9B shows the same circuit with a shorted stub cut to one 
quarter of the wavelength of the desired frequency (1050 mc). Capacitor 

C2 is a coaxial capacitor that prevents shorting of the de bias. The shorted
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stub is effectively a high-impedance tuned circuit in parallel with the tunnel 
diode. Its effect is to stabilize the operating frequency with varying bias 

voltage by making the frequency of operation less dependent on the effective 

negative resistance of the diode. The frequency output versus bias voltage 

for this circuit is also shown in Fig. 7-10. The output for each oscillator 

is obtained by inserting a loop within the coaxial cable. 

1100 - Stabilized with 
Frequency 1050 —__” shorted stub 

(mc) | 
1000 [- | 

|| 
950 | Voltage tunned 
900 [- | oscillator 

7 I | 
| | | 
| | | 
| | 

Current © | | 
(ma) 4 | | 

38 Fy | | 

2 | | 

i | 
0 | ! 

E, E, 

Fig. 7-10. Curves of frequency output versus bias voltage for voltage-tuned and 
for stabilized oscillators 

7-8. Strip Transmission-Line Oscillator 

a. For frequencies above 600 me, it is common practice to use hollow 
waveguides as cavity resonators in amplifiers and oscillators. The physical 

dimensions of the hollow waveguide mainly determine the resonant fre- 

quency. For a given frequency the overall dimensions of a hollow wave- 

guide are relatively large and can be avoided by using an alternate con- 

struction referred to as strip transmission-line construction which substan- 

tially reduces the required overall dimensions. The hollow waveguide is 

a completely enclosed structure except for input and output ports. The 

strip transmission-line construction consists of two (upper and lower) plates 

of conducting material separated by a low-loss dielectric; there are no side 

plates. The electrical field exists between the upper and lower plates; the 

lack of side plates leads to negligible radiation. Strip transmission-line 

construction is to microwave technology what printed-circuit construction 

is to low-frequency technology.
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b, A tunnel diode oscillator using a strip transmission-line cavity reso- 

nator is shown (exploded view and assembled view) in Fig. 7-11. Within 
the cavity is placed a suitably constructed tunnel diode and a stabilizing 

resistor. Terminals are provided for introducing the de bias and extracting 

the RF signal. It can be shown by mathematical analysis beyond the scope 

of this text that, in addition to other factors, the frequency of oscillation 

depends upon the positions of the tunnel diode and the stabilizing resistor 

(distances D1 and D2). This fact permits tuning over a relatively wide 
range by mechanically varying the position of the tunnel diode. One com- 

AO Stabilizing Tunnel diode 
™ resistor 

Low-loss 

dielectric 
Upper 
plate 

Assembled View 

Fic. 7-11. Exploded view and assembled view of tunnel diode oscillator using strip 
transmission-line construction 

mercially available model using this method of tuning gives an output range 
from 1000 to 1500 me. Electrical tuning over the desired frequency range 

can be achieved by placing a variable capacitor in a region of high electrical 

field. Similar experimental oscillators have been built to operate at 600 
me with 10 mw of output power and 7000 me with 12 pw (microwatt) of 

output power. The power output is primarily dependent upon the diode 

peak current as well as the operating frequency. 

7-9. Cylindrical Cavity (100 kmc) Oscillator 

Research in tunnel diode applications at Bell Telephone Laboratories has 

resulted in cylindrical cavity oscillators operating at fundamental fre- 
quencies of 3 to 40 kme. Detectable harmonic frequencies as high as 100 

kme have been produced. The cylindrical cavities (Fig. 7-12) act as tuned 
circuits, the resonant frequency depending upon the dimensions of the 

cavity. A tunnel diode was placed in each cavity at the apex (small end) 
of the re-entrant cone. The signal is coupled out of the circuit through a
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loop from a coaxial cable placed at the large end of the cone. Resonance 

of the cavity occurs approximately at all frequencies for which the radius 

equals an odd integral number of quarter wavelengths. Odd harmonics 

through the seventh were produced for fundamental oscillations of approxi- 

mately 3kme. The higher the fundamental oscillation, the lower the order 

of the odd harmonics detected. The microwave power output ranged from 

50 ww at the lower frequencies to fractions of a microwatt at the higher 
frequencies. Continued research throughout the industry is expected to 
increase both the frequency limit and the available output power. 

Re-entrant Cylindrical cavity 
cone 

| Coaxial cable 

Ad 

rm i 
| Output RF 

Tunnel diode | loop bypass 

Fie. 7-12. Simplified version of a cylindrical cavity oscillator 

SECTION III, RELAXATION OSCILLATORS 

7-10. Single Tunnel Diode, General 

As previously indicated (par. 7-2) relaxation oscillators are classified 

as astable (a below), monostable (b below), or bistable (c below). The 

classification into which a particular relaxation oscillator falls depends upon 

the value of positive resistance in the circuit, the magnitude of de voltage 

applied, and the current-voltage characteristic of the particular tunnel diode. 

For instance, the simplest tunnel diode relaxation oscillator is shown sub- 

sequently in Fig. 7-14A. Without knowledge of the value of resistance 
(21), applied voltage (Zz), and the diode CR1 characteristic, it would be 
impossible to classify this circuit as an astable, monostable, or bistable 

relaxation oscillator. As a matter of fact, if inductance L1 is small enough 
to resonate effectively with the junction capacitance of the diode, and re- 

sistor R1 is smaller in value than the negative resistance of the diode, this 
circuit would be a sinewave oscillator. 

a. Astable Circuit. Figure 7-13A shows the required relationship be- 
tween the load resistor (R,) value, the applied voltage (Hg), and current-
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voltage characteristic of the diode. The load line must intersect the diode 

characteristic only within the negative-resistance region of the diode. The 
slope of the load line depends upon the load-resistor value only. However, 

the position of the load line depends upon the load-resistor value and the 

applied voltage. The load-resistor 

value must be less than the negative 

resistance of the diode, and the ap- 
plied voltage must be greater than 

the diode peak voltage and less than 

the diode valley voltage (marked by 

dots). The point of intersection on 

Eo the voltage axis is at the applied 
B voltage point; it is assumed that at 

this point there is zero voltage across 

I the load resistor. The point of in- 
tersection on the current axis is 

found by dividing the applied volt- 

age by the load-resistor value; it is 

R assumed that. at this point there is 
M zero voltage across the diode. Using 

this technique, then, the point of 

intersection (marked ><) of the load 

line and the diode characteristic di- 

vides the applied voltage (Eg) be- 

tween the diode and the load resis- 

tor. From zero to the point of 
intersection indicates the voltage 

across the diode; from the point of 
intersection to Ez indicates the volt- 

age across the load resistor. If no 

A. Astable (free-running) 

En, E ‘B2 

B. Monostable 

C. Bistable 

Fic. 7~13. Relationships between load 
line and tunnel diode characteristic for 
astable, monostable, and bistable relaxa- 

reactive (energy storing) elements, 
such as coil £1, were in the circuit 

(Fig. 7-14A), a steady-state de cur- 
rent marked x (Fig. 7-13A) would 

flow continuously through the cir- 
cuit. The reactive element in the circuit, however, continuously adds or 
subtracts to the applied voltage (Eg) and effectively moves the load line to 
the extreme right (beyond valley voltage) and the extreme left (below peak 
voltage) to cause a continuously varying voltage across each element in the 

circuit except the battery (par. 7-11). The rate at which this action occurs 

depends upon the time constant of the circuit (par. 7-2). A continuous out- 

tion oscillators
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put results, because the circuit is not stable (or is astable) or referred to as 
free-running. 

b. Monostable. A monostable relaxation oscillator results if the load line 

intersects the diode characteristic at one point only; this point must be 

in one of the positive-resistance regions of the diode characteristic (Fig. 

7-13B). The positive-resistance regions occur below the peak-current point 

and above the valley-current point. The monostable relaxation oscillator 

is not a free-running oscillator even though reactive, energy-storing ele- 
ments, such as an inductance, may be included in the circuit. After the ap- 
plication of power to such a circuit, a steady-state condition results wherein 

the circuit comes to rest at the point of intersection between load line and 

diode characteristic. Since this point of intersection does not occur in the 

negative-resistance region where the diode is capable of shifting de battery 

power to an ac form (Chapter 3), a stable condition occurs and a continuous 
steady current flows. The circuit remains in this condition until a distur- 

bance (such as a voltage or a sinewave) is introduced from a separate 

source. This disturbance effectively increases or decreases the applied 
voltage. 

1. Assume that the circuit has a load line R,, as indicated; assume fur- 

ther that a pulse input raises the point of intersection to the peak-current 

point. At this point the circuit is unstable (negative resistance). Even 

though the original disturbances may no longer exist, the circuit will switch 

rapidly through the negative-resistance region until the point of intersection 

is in the high-voltage positive-resistance region of the diode. The extra 

voltage and power required to accomplish this switch is supplied to the 
circuit by the energy stored in the reactive component of the circuit. When 

this energy is dissipated (time dependent upon L/R or CR), the circuit re- 
turns to its original stable condition and remains at that point until other 
disturbances are introduced. 

2. Assume that the circuit has a load line Ry» as indicated; assume further 

that a pulse input lowers the point of intersection to the valley-current 

point. At this point the circuit is unstable (negative resistance). Even 

though the original disturbance may no longer exist, the circuit will switch 

rapidly through the negative-resistance region until the point of inter- 

section is in the low-voltage positive-resistance region of the diode. The 
extra voltage and power required to accomplish this is supplied to the 

circuit by the energy stored in the reactive component of the circuit. When 

this energy is dissipated, the circuit returns to its original stable condition 

and remains at that point until other disturbances are introduced. 

3. A monostable relaxation oscillator, therefore, under steady-state con-
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ditions will always be found in one particular point of bias current and 

diode voltage regardless of the previous history of the circuit. 

4. It is interesting to note that the circuit represented by Fig. 7-13A can 

be changed from astable to monostable by simply increasing the bias voltage 

above the valley-point voltage, or decreasing it below the peak-point voltage. 

c. Bistable. A bistable relaxation oscillator results if the load line inter- 

sects the diode characteristic in both positive-resistance regions (Fig. 

7-18C). The bistable circuit is not a free-running oscillator even though 
reactive elements may be included in the circuit. Assume that power is 
applied to the circuit represented. Current will increase to point 1 only; 

at this point a stable steady-state condition results with the applied voltage 

divided between the diode and the load resistor as indicated. If a dis- 

turbance such as a pulse voltage raises the current to the peak point, the 

circuit will switch rapidly to the high-voltage state. The circuit then comes 

to rest at point 2 which is also a steady-state condition. Note that at this 

steady-state point there is less current through the circuit with the applied 

voltage divided so that there is a greater voltage across the diode than 

across the load resistor. The circuit will remain in this condition until an- 

other disturbance is introduced to reduce the current to the valley-point 

value, and the circuit will switch to point 1. A bistable relaxation oscillator, 

therefore, has two points of steady-state values; the steady-state value at 
any particular time depends upon the previous history of the circuit. 

7-11. Single Diode Multivibrator 

The most common type of relaxation oscillator is the multivibrator. The 
electron-tube and the transistor versions of this circuit require two each of 
the particular active circuit device used. With only one tunnel diode a 

multivibrator circuit can be designed. 

a. Figure 7-14A shows a multivibrator constructed with one load resistor 
(R1), coil L1, and diode CR1 connected in series to a bias voltage (Hz) 

through power switch S1. The relationship between the load line and the 
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A. B. 

Fie. 7-14. Astable multivibrator, and load line and diode curve relationship
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Fic. 7-15. Tunnel diode characteristic showing switching action and output of 
astable multivibrator 

diode characteristic (Fig. 7-14B) indicates that the circuit is astable (par. 
7-10). 

b. Assume that switch S1 is closed. The current rises in the circuit from 

zero to peak current, point B (Fig. 7-15A). The output voltage (across the 

diode) rises relatively slowly from zero to point B (Fig. 7-15B). At point 

B, the current would have a tendency to decrease; however, the action of 

coil L1 is to maintain a steady current flow in the same direction. The field 

about the coil starts to collapse and induces an instantaneous voltage (Hz) 
which adds to the bias voltage (Ez). Note that at this instant the load line 

intercepts the diode characteristic at point C, where the current through the 

diode equals the peak current but the diode is in the high-voltage state. 
This action happens almost with the speed of light, so the diode does not 

pass through the negative-resistance portion of the characteristic, but jumps 

from B to C. The rise in output voltage from B to C is shown in Fig. 7-15B. 

At point C the field about the coil starts to collapse (coil Z discharges) and 
the current in the circuit falls from point C to point D. The drop in output 

voltage (C to D) is shown in Fig. 7-15B. At point D (valley-current point) 
the current would tend to rise; again the coil tends to maintain the same 

current. The diode then switches rapidly from point D to point A. The 
drop in output voltage from D to A is shown in Fig. 7-15B. This completes 

one cycle and a new cycle begins. Note that the voltage across the coil
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Fie. 7-16. Variations in output waveforms of multivibrator as resistance and in- 
ductance are varied 

opposes the applied voltage from zero to B, aids the applied voltage from 

B to C, continues to aid the applied voltage from C to D but in diminishing 
quantities, and opposes the applied voltage from D to A. 

c. A plot of the output voltage against time is shown in Fig. 7-15B. The 

periods represented by A-B and C-D are called dwell periods; the periods 

represented by B-C and D-A are called switching periods. Note that the 

dwell period (A-B) in the low-voltage region is much longer than the dwell 

period (C-D) in the high-voltage region. The dwell period is determined 

mainly by the charging and discharging of the coil (time constant) through 

the total resistance in the circuit. The time constant equals the ratio of 

inductance to resistance (L/R). During the A-B dwell period, the resistance 

of the diode is less than the resistance of the diode during the C-D dwell 

period. Note that the slope of the diode characteristic from A to B differs 

from the slope from C to D. This condition can be overcome with a single 

diode multivibrator by using a delay line (such as a long cable) in place of 
coil L1. Another method overcoming this problem uses a coupled pair (par. 

7-12). 
d. Variations of output waveforms with changes in resistance and in- 

ductance values are shown in Fig. 7-16. A 12-me multivibrator resulted 

when a 5-zh coil and a 2-ohm resistor were used.
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1. A and B show the decrease in frequency as the resistor is changed from 

25 to 8 ohms, respectively. A decrease in resistance causes an increase in 

time constant (L/R). 

2. C and D show the decrease in frequency as the inductance is changed 

to 15 and 70 wh, respectively. An increase in inductance causes an increase 

in time constant (L/R). 

7-12. Coupled Pair, General 

The development of the coupled-pair current-voltage characteristic was 

considered in paragraph 6-7. Like the single tunnel diode (par. 7-10), the 

coupled pair (Fig. 6-9) can also be used in astable, monostable, and bistable 
modes of operation. A basic coupled-pair relaxation oscillator is shown in 

Fig. 7-17. As in the case of the single diode, the mode of operation of this 

circuit depends upon the relationship of the current-voltage characteristic 
(at terminals 2~—2’) and the effective load line caused by resistors R1 and #2 

at terminals 2-2’, 

a. Astable Operation. For astable operation the effective load line must 

intersect the current-voltage characteristic only in the negative-resistance 

region (Fig. 7~18A). It can be shown that if resistors #1 and R2 are equal, 

the load line will pass through the origin (i., # = 0 and J = 0). Further- 

more, if resistor R1 and resistor R2 are each less than 2E,’/I,’, the effective 
load line will intersect the current-voltage curve at only one point. Note 

that E,’ is the voltage at terminals 2-2’ when peak current J,’ passes through 

the terminals. Under these conditions, with an energy storing element (coil 

Li, Fig. 7-17) a free-running multivibrator can be constructed. Operation 

of such a circuit is discussed in paragraph 7-13. 

b. Monostable Operation. For monostable operation the effective load 

line must intersect the current-voltage curve at only one point in either of 

the positive-resistance regions (Fig. 7-18B). Since the effective load line 

must not pass through the origin, resistors Rl and #2 cannot be equal (a 

1 

RI (63) CRI 
Aa 2 Li 2’ 

E,7 QI a 

ra @ cm 
1 

Fic. 7-17. Simplified coupled-pair relaxation oscillator
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above). Their values must be chosen to establish the desired monostable 
point of operation. As in the case of the single diode when in a state of 
quiescence, the monostable coupled pair will always be found biased with 
the same voltage and current regardless of the previous history of the circuit. 

c. Bistable Operation. Bistable operation requires the effective load line 
to intersect the current-voltage curve at one point in each positive-resistance 
region (Fig. 7-18C). If resistors R1 and R2 are equal, the effective load 
line will pass through the origin; in addition, if resistor R1 and resistor R2 

Effective +0 Effective +7 
load line load line 

el A\\I { 

PONS CINK ~ - Effective 
load line 

A. Astable +I B. Monostable 

= +E 

Effective 
- load line 

C. Bistable 

Fic. 7-18. Possible modes of operation of coupled-pair relaxation oscillator 

are each made greater in value than 2E,’/I,’, the effective load line will 
intersect the curve in each positive-resistance region. At quiescence the 

particular state of this circuit depends upon its previous history. Use of 
this mode of operation in switching circuits is covered in Chapter 8. 

7-13. Coupled-Pair Multivibrator 

a. Assume that the relaxation oscillator shown in Fig. 7-17 is so designed 

that resistors #1 and R2 form an effective load line that intersects the 

coupled-pair curve only at one point and in the negative-resistance region 
(Fig. 7-18A). The circuit constitutes a free-running multivibrator with an 
output (taken from terminal 2 to ground) as shown in Fig. 7-19B. Since 

diodes CR1 and CR2 have like current-voltage characteristics and resistors 

F1 and R2 are equal in value (par. 7-12a), one may conclude that each 
diode would draw an equal amount of current and no voltage would appear 

across coil L1; i.e., the circuit would act like a balanced bridge. In practice,



OSCILLATORS 209 

however, because of different tolerances, the diodes are not identical, nor 

are the resistors. Let it be assumed that when power is applied, the current 

through coil 1 (the difference in current between diodes CR1 and CR2) 

is the point A marked on the current-voltage curve (Fig. 7-19A). From 

A to B, the current continues to change in the same direction through coil 

£1; the corresponding points (A-B) are marked on the output waveform. 

The time it takes to go from A to B is directly proportional to the inductance 

of coil Z1 and inversely proportional to the effective load resistance and the 

resistance (slope) of the coupled-pair between A and B. At B an unstable 

Tox — |— ——-—-4C C C 

! i 
+ eee, 0 

| A } B 
ide -— —— + — / B (he A A 

A. B. 

Fic. 7-19. Coupled-pair characteristic showing switching action and output of 
astable multivibrator 

point is reached; the energy stored in the field of the coil discharges and 

switches the point of operation to C’ almost instantaneously. The current 

through the coil does not change in going from B to C. The corresponding 

points are marked on the output waveform. From C to D the current- 

charge through the coil is the same. The time duration from C to D depends 

upon the inductance of coil Z1, the slope of the curve, and the effective load 

resistance as cited above. At point D, the coil again discharges, maintains 

a constant current, and switches almost instantaneously to point A. The 

cycle will repeat as long as power is applied. Compare the output waveform 

of the coupled pair (Fig. 7-19B) with the output of the single diode (Fig. 

7-15B). With the coupled pair the duration of the dwell periods (AB and 
CD) are equal because the slopes of the coupled-pair curve in the positive- 

resistance regions are equal, whereas the slopes are unequal in the positive- 

resistance regions of the single diode. 

b. A practical 10-me coupled-pair multivibrator is shown in Fig. 7-20. 

Resistors #1, R2, R3, and R4 form voltage dividers which reduce the battery 
voltage to the desired value. The resistors also determine the effective load 

line for the coupled pair. The output of the multivibrator can be synchro-
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nized to a sinewave or pulse signal coupled to the circuit through isolating 

resistor 25 and de blocking capacitor C1. 

7-14, Sawtooth Generator 

a. A sawtooth generator using a tunnel diode (CR1) and a transistor (Q1) 

is shown in Fig. 7-21A. The composite characteristic of tunnel diode CR1 

and transistor Q1, when connected in a circuit including resistors Rl and 
R2 as shown, is an N-type characteristic (par. 6-17). The transformation 
from an S-type characteristic for the diode to an N-type characteristic for 

the combination is discussed in paragraph 6-18. 

b. Assume that power is applied to the circuit by closing switch S1. A 

sawtooth output will result (Fig. 7-21B). From 0 to A, capacitor Cl 

charges slowly through resistor R, with current flow (solid-line arrow) as 

indicated. During this period transistor Q1 is off (nonconducting) and the 

voltage across diode CR1 is less than its peak-current voltage. At point A, 

diode CR1 reaches its peak-current voltage and switches rapidly to its high- 

voltage state (beyond valley-current voltage). This high voltage on the 

transistor Q1 base turns on transistor Q1. Capacitor C1 discharges rapidly 

(dashed-line arrows) through the low-resistance emitter-collector circuit. 

When the voltage across capacitor C1 falls to point B, the diode switches 

rapidly to its low-voltage state and turns off the transistor. .The cycle then 

starts anew and continues as long as power is applied. 

Cl 
R5 

Sync 1k 10 wut 
signal >——/“VV\— LF —__ 
input R1 

200 
AI ¢ 

R2 OR 

E, aL 15v 7 1 

Li 

4 uh = 

R3 2 
70 CR? 

WN 
R4 
200 

Fig. 7-20. Ten-me coupled-pair multivibrator
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Fic. 7-21. Tunnel diode and transistor sawtooth generator 

7-15. Diode-Transistor Multivibrator 

An astable multivibrator formed by a tunnel diode and a transistor is 
shown in Fig. 7-22. The output voltage waveform is also shown. Resistor 
R3 is the collector load resistor. Resistors R1 and R2 with capacitor C1 
form the main part of the timing circuit. When power is first applied, 
capacitor C1 charges through resistors R2 and R3. Diode CR1 is in its low- 
voltage state and transistor Q1 is cut off. While capacitor C1 is charging, 
the voltage at the collector almost equals the supply voltage (EZ,). When 
the voltage across diode CR1 reaches the peak-current voltage, the diode 
switches rapidly to the high-voltage state and turns on transistor Q1 which 
immediately saturates and draws a heavy current. The collector voltage 
drops to a very low value and remains low until capacitor C1 discharges 
through resistor R2 and transistor Q1, as well as resistor R1, diode CR1, 
and the transistor base-emitter junction. When the voltage across diode 
CRI falls to the valley voltage, diode CR1 switches to the low-voltage state 

and turns off transistor Q1. The voltage at the collector immediately rises 

to a value almost equal to the supply voltage. On the output waveform,



212 BASIC THEORY AND APPLICATION OF TUNNEL DIODES 

Rl R2 
10k 10k 
WAV 

la 
T. 0.05 uf 

a, 

R8 ‘ 1k 0 Time —> 

Gi CRI - 
i -10} 12 1 2 

Fig. 7-22. Tunnel diode and transistor multivibrator 

the time from 0 to 1 the transistor is off; from 1 to 2 the transistor is on. 

With the values of components indicated in the circuit, the output frequency 

is approximately 4 ke. 

7-16. Summary 

a. A tunnel diode can be made to oscillate below its self-resonant fre- 

quency by adding external inductance. 

b. A tunnel diode can be made to oscillate above its self-resonant fre- 

quency by adding external capacitance. 

c. A tunnel diode cannot be made to oscillate above its resistance cutoff 

frequency. 

d. An oscillator formed by a diode in series with a reactive element has 

poor frequency stability. 

e. An oscillator formed by a diode in series with an LC tank circuit has 

good frequency stability. If the frequency is low enough, a swamping 

capacitor in parallel with the diode further improves frequency stability. 

f. Back diodes, which have high negative resistance, can be used in oscil- 
lators where high positive resistance exists because of high-resistance voltage 

dividers, or high-resistance coils. 
g. High-resistance voltage dividers limit the drain on the bias battery. 

h. At very low operating frequencies, the de resistance of the heavy coils 

becomes appreciable. 
1. The main disadvantage of the back diode is its very low power-handling 

capacity.
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j. Crystal controlled tunnel diode oscillators take advantage of the crystal 
properties to maintain excellent frequency stability. 

k, A voltage-tuned oscillator (900-1000 mc) may be formed with a tunnel 
diode and a portion of a coaxial transmission line (par. 7-7). 

I. Strip transmission-line oscillators, operating in the 600 to 8000 me 
range, can be mechanically or electrically tuned (par. 7-8). 

m. Strip transmission-line construction is to microwave technology what 
printed circuits are to low-frequency technology. 

n. Cylindrical cavity oscillators using tunnel diodes (par. 7-9) have pro- 

duced usable (fractions of a microwatt) output signals as high as 100 kme. 
o. A free-running (astable) relaxation oscillator results if the load (re- 

sistor) line intercepts the tunnel diode characteristic in the negative- 
resistance region only. 

p. A monostable relaxation oscillator results if the load (resistor) line 
intercepts the tunnel diode characteristic at one point not in the negative- 
resistance region. 

q. A bistable relaxation oscillator results if the load line intercepts the 
tunnel diode characteristic in the low-voltage and the high-voltage positive- 
resistance regions. 

r. An astable multivibrator can be formed using one tunnel diode; how- 

ever, the low-voltage and high-voltage dwell periods are not equal in time 
duration. 

s. A coupled-pair (tunnel diode) multivibrator produces a waveform that 

has equal dwell periods. 

t. A sawtooth generator can be formed by using a tunnel diode and tran- 

sistor whose composite characteristic is N-type. 

u. A low-frequency multivibrator can be formed by using a tunnel diode, 

transistor, and an RC timing circuit.



Chapter 8 

PULSE AND SWITCHING CIRCUITS 

SECTION I. SWITCHING CHARACTERISTICS 

8-1. General 

a. Circuit Applications. Pulse and switching circuits are used in radar, 

television, telemetering, pulse-code communication, and computer equip- 

ments. The circuits operate as relaxation oscillators, amplifiers, inverters, 

frequency dividers, and wave shapers to perform the functions of limiting, 

triggering, gating, and signal routing. Some typical circuits are described 

in this chapter; triggered circuits are covered in Section II and gating cir- 

cuits are covered in Section ITI. 

b. Nonlinear Operation. Pulse and switching circuits are normally char- 

acterized by large-signal, or nonlinear, operation of the tunnel diode. These 

circuits usually require the application of a pulse for operation (par. 8-2). 

The input trigger pulses produce large and sudden changes in output voltage 

or output current. Nonlinear operation of this type usually results in out- 

put waveforms differing considerably from the input waveforms. 

c. Unit Step Voltage. 1. Pulse waveforms widely encountered in large- 
signal operation of the tunnel diode are illustrated in Fig. 8-1. The znstan- 

taneous changes in voltage levels represent the zdeal pulse. The effect of 

the tunnel diode on the ideal pulse is given in paragraph 8-4. 

2. A voltage which experiences an instantaneous change in amplitude from 

one constant level to another is called a unit step voltage. When the unit 

step voltage is the applied signal to a switching circuit, it is usually of suf- 

ficient magnitude to cause the circuit output to change from a low-voltage 

state to a high-voltage state or vice versa. 

3. Figure 8-1A shows a positive unit step voltage occurring at time tl. 

A positive unit step voltage increases a positive potential level to a higher 

positive potential level and decreases a negative potential level to a less 

negative potential level. Depending on the magnitude of the positive unit 

step voltage, a negative potential level may even be changed to a positive 
214
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potential level. Figure 8-1B shows a negative unit step voltage occurring 

at time #2. A negative unit step voltage increases a negative potential level 

to a higher negative potential level and decreases a positive potential level 

to a less positive potential level or 

even to a negative potential level. 
Figure 8-1C shows the formation of 
an ideal pulse (square or rectangu- 

lar) by two unit step voltages, one 
positive (time ¢1) and one negative 
(time #2). 

Note: Unit step currents occur in 
the same manner as unit step volt- 

ages. Current levels, rather than 
voltage levels, undergo instantane- 
ous positive or negative changes. 
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8-2. Types of Operation , ; . 

Fic. 8-1. Positive and negative unit step 

All pulse and switching circuits voltages, showing formation of a pulse 
are classified as astable, monostable, 
or bistable. These terms are discussed in detail in paragraph 7~10 as they 

apply to a single tunnel diode circuit, and in paragraph 7-12 as they apply 

to a coupled-pair circuit. In addition, astable (free-running) relaxation 

oscillators are covered in Chapter 7. Monostable and bistable circuits are 

covered in paragraphs 8-5 through 8-9. The outstanding aspect of each 

circuit is as follows: 
a. The astable circuit requires only the application of de power for opera- 

tion. The values of the circuit elements will determine the rate at which 
the circuit will switch from a high-voltage level to a low-voltage level and 

vice versa. Trigger input pulses may be introduced into the circuit only to 

synchromze the output of the circuit with another signal. 
b. The monostable circuit requires dc power for operation as well as an 

input trigger pulse to switch it from its normally stable condition in the 

high- or low-voltage state (positive-resistance regions). After the trigger 

pulse initiates the change in the state of the circuit, the circuit will of its 

own power switch to the nonstable state and then return to its single stable 

condition. The time required for each complete action depends upon the 
values of the circuit elements. The action is repeated for each input pulse. 

c. The bistable circuit requires de power as well as two input trigger 

pulses for a complete switching action. Depending on its previous history, 

the bistable circuit may be found at rest in either the low-voltage or the 

high-voltage state. One trigger pulse will initiate action to switch the 

circuit from the state in which it is found to the other state; a second trigger
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pulse is required to initiate action to switch the circuit to its original state. 

The speed with which the circuit switches from one state to another depends 

primarily on the parameters of the particular tunnel diode used (par. 8-4). 

8-3. On and Off States 

The terms on and off, when used to describe electron tubes or transistors 

operating as switches, are for the most part self-explanatory. The term 
on with respect to these devices refers to heavy (usually saturation) current 

flow and low voltage between cathode and plate or emitter and collector, 

respectively. The term off refers to zero (or very low) current flow and 

high voltage between cathode and 
plate or emitter and collector. In 

Pp the case of the tunnel diode (Fig. 

8-2) the term off means that the 

tunnel diode is in the high-voltage 

| 

I 

I | state (biased beyond the valley- 

i. t point); the t a current point); the term on means 
| E, E, Es that the tunnel diode is in the low- 

| voltage state (biased below the 
‘On Off peak-current point). In a particular 
state application as a switch the tunnel 

Fic. 8-2. Tunnel diode showing on and diode current in the off or the on 
off switching regions state may very well be the same 

magnitude; therefore these terms do 

not necessarily imply differences in current flow. The terms are arbitrarily 

chosen and used to mean just the opposite in some of the literature. The 

terms on and off as defined here, however, with respect to the tunnel diode 

keep the same voltage output condition consistent for all three devices (elec- 

tron tube, transistor, and diode) ; i.e., on indicates low voltage and off indi- 

cates high voltage across the particular device. 

8-4. Tunnel Diode Switching Speed 

a. The speed with which the average tunnel diode switches from the on 

to the off state or vice versa is very high. Some practical diodes switch 

in less than one nanosecond (mys). The speed is determined mainly by the 

diode junction capacitance and the magnitude of the trigger pulse current. 
A current pulse which momentarily raises the diode current to a value 

larger than the peak current (Fig. 8-2) will switch the diode from the on 

state to the off state. A current pulse which momentarily lowers the diode 
current to a value less than the valley current will switch the diode from 
the off state to the on state. A measure of the switching speed is referred 

to as the tunnel diode voltage rise time. The rise time indicates the time
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required for the pulsed tunnel diode voltage to climb from 10% of its 
maximum value to 90% of its maximum value. The formula used to caleu- 
late the rise time is as follows: 

_ (Ey — Ey)Cp 

"(Ip — 1,)108 
wherein: 

rise time in nanoseconds ~*
~ 

4 tl 

Ey = tunnel diode forward injection voltage in mv 

E, = peak-current voltage in mv 

Cp = junction capacitance in uf 

I, = peak current in ma 

by
 

3 ll valley current in ma 

This formula is based on a tunnel diode fed from a constant-current load 

line and triggered by a pulse having a minimum amplitude. An example 

of the use of this formula is given in 6 below. 

b. Assume that it is desired to find the rise time of a tunnel diode having 
the following values: 

Ey; = 500 mv 

E, = 70 mv 

Cp = 40 upf 

I, = 10 ma 

I, =1ma 

Substitute these values in the formula for rise time (a above) : 

(500 — 70)40 
~ “(10 — 1108 

17,200 
9X 103 

r 

Therefore, t, = 1.9 nanoseconds. 

Note: The values required to calculate ¢, for a given tunnel diode are 

normally given in the manufacturer’s specifications for the tunnel diode.
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SECTION II. TRIGGERED CIRCUITS 

8-5. Monostable Multivibrator, Single Diode 

Figure 8-3A shows a monostable multivibrator, also referred to as a 

one-shot, single-shot, or single-swing multivibrator. The circuit is biased 

in the stable on region (a below) or the stable off region (b below). A single 

pulse causes the circuit to switch from its biased stable region to the other 
stable region and of its own accord returns to its biased stable region. The 

energy stored in the field of coil Z1 furnishes the power required to switch 

the diode. Resistor R1 is the diode load resistor and its value in conjunc- 
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Q -AKAL Cl R2 

Kew Switched load line 

O17) 3 Rs 
Input 2 = s/ 

R1 Li I 

‘ ® 1, %& L E, 3 CR1W) Output ~” v4 B L utpu ir E, 

~ Bi 
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Fic. 8-3. Monostable multivibrator biased in the on or the off region 

tion with the value of bias voltage (Hz) determines the stable region at 

quiescence. Capacitor C1 and resistors R2 and R3 form the pulse input 

network. Capacitor C1 is a blocking capacitor, resistor R3 is a de return 

resistor, and resistor R2 is an isolating resistor that prevents loading of the 

pulse source by the tunnel diode. 

a, On Region. Figure 8-8B shows the relation of the diode characteristic 

and the load line with a given bias voltage (Hz,). At quiescence the circuit 

is stable at point 1 and current Ip flows through resistor R1, coil L1, and 

diode CR1. Assume that a positive-going input pulse (input 1) of current 

equal in magnitude to I, — Ig is introduced through capacitor C1. The 
operating point rises to point 2, peak current. At this point when the cur- 

rent through the diode would normally fall (negative resistance), the field 

about coil L1 starts to collapse and switches the operating point almost 

instantaneously to point 3, also a stable point. Note that the action of coil 

L1 is to create a voltage (Z,) which adds to bias voltage Hy, and causes 

the load line to move to the right and intercept the diode curve at point 3; 

note also the switched load line. From point 3 to point 4 the field of coil 

[1 continues to discharge relatively slowly and voltage E; is diminishing 

in magnitude. At point 4 (the valley current) the circuit again reaches the
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negative-resistance (unstable) region where the current would tend to rise. 
The action of the coil is to keep the current constant and the circuit switches 

almost instantaneously to point 5. During this period the voltage across 

the coil opposes bias voltage Hz:. The circuit then returns relatively slowly 
to point 1, the biased stable condition. From point 5 to point 1 the oppos- 
ing voltage of the coil diminishes to zero. The resultant output is one 

rectangular wave. Another positive-going pulse will cause the cycle to 

repeat. 

b. Off Region. The same-valued circuit elements can be used to bias the 

multivibrator in the off region (Fig. 8-8C); only the bias voltage need be 

increased to that shown (Hz2). The circuit is now stable at quiescent point 

1. A negative-going input pulse (input 2) is now required to switch the 

circuit through one complete cycle. The pulse magnitude must equal 

Iz —I,. An action similar to that described in a above occurs with the 

circuit switching rapidly from point 2 to point 3, going relatively slowly 

from point 3 to point 4, rapidly from point 4 to point 5, and slowly from 

point 5 to point 1 to complete a cycle. The action will repeat with each 

negative-going pulse. 

8-6. Bistable Multivibrator, Single Diode 

a. The basic bistable single diode multivibrator is shown in Fig. 8-4A. It 

consists of a bias supply (Hs), a load resistor (R1), and a tunnel diode 
(CR1); capacitor C1 is used only to couple a trigger pulse into the circuit. 

An alternate method of introducing the trigger pulse is shown in Fig. 8-4B. 

Coil L1 has been added only to prevent shunting of the input pulse to 

ground by the bias battery. Note that the bistable circuit does not require 

an energy-storing element (an inductance) for operation, as in the case 

of the astable and monostable circuits. The discussion in b below applies 
to either circuit (Fig. 8-4A or B). 

b. Figure 8-4C shows that the load line (R1) intersects the diode curve 

in two stable points, 1 and 2; the intersection in the negative-conductance 
region, of course, is unstable. A positive-going input pulse (+,) raises 
the current in the diode to the peak value, effectively increases the bias 

voltage (Hz + H,), and causes the load line to rise so that it intersects the 

curve at 1’ and 2’. The diode switches almost instantaneously to point 2’; 
with the passing of the trigger pulse, the circuit comes to rest at point 2. 

Note that in going from point 1 to point 2 there has simply been a different 

division of the bias voltage (Hz); in the on state there was a small portion 

of the bias voltage across the diode and a high portion across the resistor; 

in the off state this condition is reversed. A negative-going input pulse 
(—£,) lowers the current through the diode to the valley current, effectively 

lowers the bias voltage (Hz — E,), and causes the load line to fall so that
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Fig. 8-4. Basie bistable circuit, showing alternate methods of triggering, load line 
on diode curve, and input pulses and output waveform 

it intersects the diode curve at 1” and 2”. The diode switches almost in- 
stantaneously to point 1”; with the passing of the trigger pulse the diode 

comes to rest at point 1. The relationship between the input pulses and the 

output waveform are shown in Fig, 8-4D. 

Note: If a negative input pulse is introduced when the circuit is in the 

on state (point 1), the load line is temporarily lowered and then returns to 

point 1 with no switching occurring. If a positive pulse is introduced when 
the circuit is in the off state (point 2), the load line is temporarily raised, 
but no switching occurs. 

8-7. Bistable Multivibrator, Increased Sensitivity 

A very sensitive bistable multivibrator can be made by using a tunnel 
diode and a rectifying diode (a below), or by using a tunnel diode and a
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transistor (b below). As used here, the sensitivity of a bistable multi- 

vibrator refers to the magnitude of the trigger pulses required to initiate 

switching action. The smaller the required pulse magnitude, the more 

sensitive the circuit. 
a, Tunnel Diode and Rectifying Diode. High sensitivity can be ob- 

tained with the basic bistable multivibrator (Fig. 8-4A) by selecting a load 

resistor and a bias voltage so that the load line intersects the on region of 

the diode curve close to the peak current, and also intersects the off region 

of the diode curve close to the valley current. Such a load line is shown 
intersecting points 1 and 3 in Fig. 8-5B. Low-valued positive and negative 

trigger pulse currents would initiate switching resulting in high sensitivity. 

However, because of the difference in the slopes of the diode curves in the 

on and off regions, a nonsymmetrical output will result. The resistance in 

the positive region is higher than that in the on region. A circuit used to 

overcome this difficulty and still retain high sensitivity is shown in Fig. 8-5A. 

The battery, resistor R2, and tunnel diode CR1 form the basic bistable 

multivibrator (par. 8-6). Isolating resistor R1 prevents loading of the 

pulse source by the tunnel diode. To the basic circuit has been added a 
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Fic. 8-5. High sensitivity bistable multivibrator showing biasing technique
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normal rectifying diode (CR2) and resistor R3. The normal rectifying 

diode, unlike the tunnel diode, does not start conducting when forward 

biased until the voltage is approximately equal to the tunnel diode valley 

voltage (#,), and then it conducts heavily. Figure 8-5B shows the load 
line for resistor R2 and indicates that in the on state the circuit is biased 
at point 1; diode CR2 is nonconducting. A small, positive-going input 

pulse would switch the circuit rapidly to point 2. At point 2 diode CR2 

conducts and effectively places low-valued resistor R3 in parallel with the 
tunnel diode. The effective load line composed of resistors R2 and R3 causes 
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Fic. 8-6. Bistable multivibrator using tunnel diode and transistor 

° 

the circuit to be biased at point 3 in the off state. Because of the low 
resistance, the circuit falls rapidly from point 2 to point 3. A negative- 
going input pulse will switch the circuit rapidly from 3 to 1, causing diode 
CR2 to become nonconducting and setting the circuit for another cycle. 

The input to this circuit could be a sinewave (input A) or pulses (input B). 

If a sinewave is used, the circuit is referred to as a squarer. 

b. Tunnel Diode and Transistor. A very sensitive bistable multivibrator 
using a tunnel diode (CR1) and an n-p-n transistor (Q1) is shown in Fig. 
8-6. The main difference between this circuit and that shown in Fig. 8-5A 

is that rectifying diode CR2 has been replaced by the base-emitter junction 

of transistor Q1. When the tunnel diode is in the on state, resistor R2 biases 
the diode close to the peak current; the base-emitter junction of the tran- 

sistor is nonconducting. When the tunnel diode is in the off state, the base- 
emitter junction conducts and parallels the tunnel diode with low-valued 
resistor #3 so that the circuit is biased close to the valley-current point 
of the tunnel diode. Resistor R1 acts as the collector load for transistor 
Q1. With the tunnel diode in the on state, the transistor is cut off and its
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collector voltage is high (almost equal to the battery voltage). A small 

positive input pulse rapidly switches the tunnel diode to the off state; tran- 

sistor Q1 conducts and saturates; collector voltage drops to near zero. A 

small negative input pulse rapidly switches the tunnel diode to the on state; 

transistor Q1 cuts off and its collector voltage rises to the battery voltage. 

The cycle is repeated with each pair of positive and negative pulses. 

Note: If a p-n-p transistor is used, the battery and the tunnel diode must 

be reversed in their respective positions. A negative pulse will then switch 

the tunnel diode from the on to the off state; a positive pulse will switch 

the tunnel diode from the off to the on state. 
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Fic. 8-7. Monostable or bistable coupled-pair multivibrator 

8-8. Monostable or Bistable Multivibrator, Coupled Pair 

The basic coupled-pair tunnel diode circuit is shown in dashed lines in 

Fig. 8-7A. The development of a family of characteristic curves for this 

device is covered in paragraph 6-7. An astable multivibrator using the 

coupled pair is covered in paragraphs 7-12 and 7-13. A monostable multi- 

vibrator is covered in a below; a bistable multivibrator is covered in b 

below. In the circuit shown, resistors R1, R3, and R4 form a voltage di- 

vider and establish the quiescent bias voltage for diodes CR1 and CR2. 

Capacitor C1 is a blocking capacitor and couples the trigger pulses into the 

circuit. Isolating resistor R2 prevents loading of the pulse source. Coil 

£1 ig the energy-storing element required for switching action. 

a. Monostable Circmt. For monostable operation, it is required that the 

values of resistors R1, R3, and £4 be so chosen that their combined effective 

resistance (actually in series with coil L1) results in a load line that inter-
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sects the diode-pair curve at one point in a positive-resistance region. To 

accomplish this, resistors R3 and R4 must be different in value. Depending 

on the choice of values, load line 1 (Fig. 8-8A) may be chosen, or load 

line 2; in each case monostable operation will result. If load line 1 or 
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Fic. 8-8. Relationships of load lines and coupled-pair characteristic for monostable 
and bistable operation 

load line 2 is used, the same positive trigger pulse will initiate switching 
action. The trigger pulse momentarily changes the input bias voltage and 
the diode-pair curve to that shown in dashed lines. This change causes the 

load line (either 1 or 2) to fall in the negative-resistance (unstable) region 

and rapid switching occurs. The load line moves to the opposite stable 

region and back to the original stable bias region to complete one cycle. 

This action occurs for each positive input pulse. Because the positive-re- 

sistance regions of the diode-pair curve are symmetrical, a symmetrical
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output wave results. Note that the same action would occur if the trigger 

pulse were introduced in series with battery Ey. 

b. Bistable Circuit. For bistable operation it is required that the load 
line intersect the diode-pair curve in each positive-resistance region (Fig. 

8-8B). Such a load line will result if resistors R3 and R4 (Fig. 8-7) are 
equal in value and of the proper magnitude. A positive trigger pulse mo- 

mentarily changes the input bias voltage and the diode-pair curve to that 

shown in dashed lines. This change causes the load line to fall into the 

negative-resistance (unstable) region and switching occurs. If the circuit 

was at rest at point 1, it will now come to rest at point 2; if it was at rest 

at point 2, it will now come to rest at point 1. Note that a positive input 
pulse can switch the circuit in either direction. A second positive trigger 
pulse will complete one cycle. In addition to having a symmetrical output 

waveform, the coupled-pair bistable multivibrator has a second advantage 

over the single tunnel diode bistable multivibrator (par. 8-6) in that trig- 

gering pulses of only one polarity are required by the coupled pair. 

8-9. Controlled-Negative-Resistance Multivibrator 

a. A two-tunnel diode controlled-negative-resistance device is shown in 

dashed lines in Fig. 8-9A. A discussion of the development of the family 

of characteristics for this device is given in paragraph 6-8. The most im- 
portant property of this circuit is the variation in negative resistance at 

terminals 2-2’ in accordance with the control current introduced at ter- 

minals 1-1’ (Fig. 8-9B). This feature permits the construction of a multi- 

vibrator with an output waveform, the amplitude of which can be controlled. 

The circuit shown is a monostable multivibrator. The basic multivibrator 

is formed by load resistor R3, the energy-storing element (coil L1), and bias 
battery Hz in conjunction with the negative resistance displayed at terminals 

2-2’. The values of load resistor R3 and battery voltage Ep are selected so 
that the circuit is stable only at one point in the on region of the device. 

Capacitor C2 couples the trigger pulses to the multivibrator. Resistor R2 

is large in value and, with battery E£,, produces a constant-current source 
for biasing the input port. (Actually this bias selects the particular curve 

of the family of characteristics at which the device will operate at quies- 

cence.) Capacitor C1 couples an input signal to the circuit to vary the con- 
trol current as desired. Note that a step-voltage (staircase) signal is used 

here. 

b. Each input trigger pulse causes the load line to rise above the peak 

current of the device and enter the unstable region; the circuit switches 

rapidly to the off state. In the off state the load line can intercept any of 

the device curves, depending upon the control current present at that instant.
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After a period depending upon the values of resistor 23, and coil L1, and the 
resistance of the device in the off region, the circuit switches rapidly to 
its original bias point and completes one cycle. Each trigger pulse will 

repeat the cycle. As indicated in Fig. 8-9A the trigger pulses and the con- 
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Fic. 8-9. Variable output monostable multivibrator showing relationship of load 
line and characteristic curves 

trol current input signal are synchronized to produce the varying amplitude 

output. 

c. The monostable multivibrator can also be biased in the off region of 

the device. In that case a negative trigger pulse would be required for 

switching. The negative trigger pulse would have to vary in magnitude as 

required by the control current input signal, or a large enough value would 

have to be used to ensure switching at any level of control current. 

d. With proper biasing this circuit could also be used for astable or bi- 

stable operation. In addition, the three tunnel diode controlled-negative- 

resistance device could be used (par. 6-9).
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8-10. Pulse Frequency Divider and Staircase Wave Generator 

a. The circuit shown in Fig. 8-10 can be used as a pulse frequency divider 

or a staircase wave generator; these functions are performed simultaneously. 

In the circuit shown four tunnel diodes are connected in series. This num- 

ber of diodes will produce a four-step staircase wave (not counting the step 

at quiescence) for each four input trigger pulses. After the fourth step the 

output returns to its original voltage level. In addition, the fourth input 
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Fie. 8-10. Four-to-one pulse frequency divider and staircase wave generator 

trigger pulse produces a pulse output across diode CR4, thus providing a 

four-to-one pulse frequency divider. A larger or a smaller number of diodes 

can be used; the number of steps of the staircase wave and the pulse fre- 

quency division ratio will correspond to the number of diodes used. 

b. The development of the combined characteristic curve of series-con- 

nected tunnel diodes to form a multistate switch is covered in paragraph 6-5. 

Diode CR1 has the lowest peak current; each diode has a slightly higher 

peak current than the lower-numbered diode. Diode CR4, having the 

highest peak current, will switch last. Inasmuch as resistor R2 and battery 
Ey form a constant-current source that limits the voltage under quiescent 

conditions, all the diodes are initially in the on state. With diode CR4 in 

the on (low-voltage) state, transistor Q1 does not conduct. Resistor R2 

also acts as the transistor collector load. Resistor R1 prevents loading of
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the pulse source by the tunnel diode circuit. Capacitor C1 couples the 

trigger pulses into the circuit. 

c. The first input pulse switches diode CR1 to the off state and raises the 

output voltage level by one step. The second, third, and fourth pulses 

switch diodes CR2, CR3, and CR4, respectively, to the off state; with each 
switching action the output voltage level is increased by one step. Imme- 

diately after diode CR4 switches, transistor Q1 conducts and saturates; its 

collector voltage drops to near zero and causes all the diodes to reset to 

the on state. This action in turn cuts off transistor Q1 collector current. 

A second set of pulses will repeat the cycle. Coil L1 and capacitor C2 isolate 

diode CR4 from the base-emitter circuit of transistor Q1. The time factor 

introduced by the two elements permits diode CR4 to switch to the off state 
before transistor Q1 conducts. Switching speed is thereby increased and 
efficient use is made of the trigger pulse input current. 

d. The speed of the circuit is limited by the speed of the reset transistor. 

The rise time of the staircase wave depends upon the rise time of the trigger 

pulses. Note that operation of the circuit does not require trigger pulses 

equally spaced in time. 

SECTION III. GATING CIRCUITS 

8-11. General 

Gating circuits are used most extensively in computers and computer-type 

equipment. The gating circuits discussed in this section are multiple input 

bistable tunnel diode circuits which will switch from one stable state to 
another stable state (produce an output) when certain conditions are met 

by the input signals. The input signals are most often pulses, or unit step 

voltages and currents. The conditions to be met by the input signals are 

usually implied by the designation assigned to a particular type gate. 

a. The AND gate, also known as the COINCIDENCE gate, produces an 

output only if all the input terminals receive input signal pulses simultane- 

ously (par. 8-12, 8-14, 8-15, 8-16, 8-17, and 8-21). 

b. The NOT AND gate input requirements are the same as those for the 
AND gate (a above) except that the resultant output is opposite in polarity 

to the input signal pulses (par. 8-13). The NOT refers to phase inversion. 

c. The OR gate produces an output if any one input is present or if all 

inputs are present simultaneously (par. 8-12, 8-14, 8-15, 8-17, and 8-21). 

d. The NOR gate is identical with the OR gate except that phase inversion 

occurs (par. 8-13). 

e. The NOT gate is actually a phase inverter (par. 8-18). Unlike the 

other gating circuits, multiple input signals are not required. A positive
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unit step or a negative unit step input voltage results in a negative unit 
step or a positive unit step output voltage, respectively. 

f. The EXCLUSIVE OR gate (par. 8-18) produces a high-level output 

if one input signal is high, and it will produce a low-level output if both 

input signals are high. 

g. The MAJORITY gate (par. 8-19 and 8-20) has an odd number of 

input terminals. The polarity or magnitude of the output signal depends 

upon the predominant polarity of the input signals. Assume that three 
input pulses are present. If the three are not alike in polarity, the output 

polarity or magnitude is determined by the two pulses that are alike. 

8-12. Biasing for AND or OR Gate 

Figure 8-11A shows a basic bistable circuit with multiple inputs. De- 
pending on the bias conditions established, the circuit can operate as an 
AND gate (a below) or an OR gate (b below). Resistors R1, R2, and R3 
isolate the input pulse sources from each other and prevent loading of the 

pulse sources by the tunnel diode circuit. Resistor R4, in conjunction with 
bias battery Hz, determines the bistable operating points on the diode char- 
acteristic. 
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a. AND Gate. Figure 8-11B shows the normal bias conditions for AND 

gate operation. Resistor #4 load line intersects the diode curve at a very 

low point wn the on region. Initially the current through the diode at point 

1 equals Ip. The total current input of the pulses required for switching to 

the off state (point 2) must be at least equal to I, — Iz. AND gate opera- 

tion is assured if all the input pulses are so restricted in magnitude that 

all must be present simultaneously to cause a current increase equal to 

I, — Ig to flow through the diode. When this condition is met, the circuit 
will switch to point 2, another stable point. To perform the AND function 

again, the circuit must be switched back to point 1. This condition can be 

achieved by reducing the bias voltage to zero, changing the bias resistor 

(R1) value, or introducing a negative pulse sufficient in magnitude to drive 

the circuit to the valley-current point causing switching to occur. The 

latter method is most often used. The pulse used to accomplish this action 

is referred to as a reset or clearing pulse. 

b. OR Gate. Figure 8-11C shows the normal bias conditions for OR 

gate operation. Resistor R4 intersects the diode curve at a point close to 

the peak current in the on region. Initially the current through the diode 

equals Iz. Switching occurs if the current increase in the diode equals 
I, — Ip. OR gate operation is assured if each input pulse signal causes a 

current increase equal to I, — Ig to flow through the diode. When this con- 

dition is met, the diode will switch to point 2 when one or more of the 
prescribed inputs are present. To repeat the OR function, a negative input 

reset pulse is required. 

8-13. NOT AND or NOR Gate 

Biasing techniques for the NOT AND or the NOR gate are identical with 

those for the AND or the OR gate, respectively (par. 8-11). Figure 8-12 

shows a circuit that can be used for a NOT AND or a NOR gate. Circuit 
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elements in this circuit perform the same function as the correspondingly 
referenced circuit elements in Fig. 8-11 and have the same values for the 

corresponding circuit application. In Fig. 8-12, however, transformer T1 

has been added to provide the negation feature, which is a phase-inversion 

at the output. In this manner an AND gate is transformed to a NOT AND 

gate, and an OR gate is transformed to a NOR gate. 

8-14. Unidirectional AND or OR Gate 

A circuit which can be used as an AND or an OR gate is shown in Fig. 

8-13. The basic bistable circuit is inclosed in dashed lines and consists of 

load resistor £5, bias battery Ho, and tunnel diode CR5. The circuit is 
fed from three previous stages through terminals 1, 2, and 3. One preceding 

stage (tunnel diode CR1, load resistor Ri, and bias battery #1) is shown. 

Resistors R2, R3, and R4 prevent loading of the input stages by diode CR5. 
Backward diodes CR2, CR3, and CR4 ensure unidirectional (left-to-right) 

flow of energy from the input stage to that in dashed lines. The stage under 

consideration feeds three succeeding stages connected to terminals 4, 5, and 

6. One output stage (load resistor #9, tunnel diode CR9, and bias battery 
En3) is shown. Resistors R6, R7, and R8 prevent loading of diode CR5 by 

the succeeding stages. Backward diodes CR6, CR7, and CR8 ensure uni- 

directional (left-to-right) flow of energy from diode CR5 to the succeeding 

stages. Backward diodes (par. 6-2) must be used for the indicated purpose 
because the tunnel diode is a one-port, bidirectional device that uses the 

same two terminals for input and output. The operation of the backward 

diodes in performing their function is discussed below. Analysis of the cir- 

cuit as an AND or OR gate is discussed in paragraph 8-15. 

a. A comparison of a tunnel diode current-voltage curve and a backward 

diode current-voltage curve is made in Fig. 8-14A. When the tunnel diode 

goes through its peak current and valley current, negligible current (con- 

sidered leakage current) flows through the backward diode (although it is 

forward biased). With reverse bias (Jess in magnitude than the tunnel diode 

peak voltage) the backward diode conducts very heavily. Because of this 

the backward diode can be used as a rectifying device in the necessarily 
low-voltage circuits of tunnel diodes. The high-voltage requirements of 
the normal (lightly doped) rectifying diode precludes its use in simple 

tunnel diode circuits. A comparison of the current-voltage curves of the 
backward diode and the normal rectifying diode is made in Fig. 8-14B. 

Note that the backward-diode curve has been reversed and inverted for 

comparison purposes. When reverse biased, the backward diode displays 

low resistance, whereas the normal rectifying diode displays low resistance 

when forward biased beyond the valley-voltage point of a tunnel diode made 

of the same material.
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b. The method by which the backward diode ensures unidirectional energy 

flow in the gate circuit (Fig. 8-13) is by acting as a rectifier within low- 

voltage ranges. 

1. Figure 8-15A shows a partial schematic of the gate circuit. The input 
tunnel diode (CR1), one isolating resistor (R4), one backward diode (CR4), 

and the gate diode (CR5) are shown. When input diode CRI is in the low- 
voltage state and gate diode CR5 is in the high-voltage state, backward 
diode CR4 is forward biased in the leakage current region which is a high- 

resistance region; this point of bias is marked by a dot on the current- 

voltage curve. The direction of electron flow representing the negligible 

leakage current is shown by a dashed-line arrow. The backward diode acts 
on an open switch and no energy flows right to left (from diode CRS to 

diode CR1). 
2. With the voltage conditions reversed for diodes CR1 and CR5 (Fig. 

8-15B), backward diode CR4 is reverse biased (indicated by a dot on the 

current-voltage curve), and conducts heavily; it acts as a low-resistance 

or short circuit. The direction of electron-current flow is shown by the 
arrow. With diode CR1 at a higher voltage than diode C'R5, energy flows 
from left to right, which is desirable. 
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3. When diodes CR1 and CR5 are both in the high-voltage state or both 
in the low-voltage state, zero voltage occurs across backward diode CR4; 
there is no exchange of energy in either direction. 

c. Figure 8-16A shows a partial schematic of the gate circuit. The gate 

diode (CR5), one backward diode (CR8), one isolating resistor (R8), and 

one output tunnel diode (CR9) are shown. With diode CR5 in the low- 

voltage state and diode CR9 in the high-voltage state, backward diode CR8 

is forward biased in the leakage current region (marked by a dot) and acts 

as an open circuit. There is no flow of energy from right to left. With 

diode C'R5 in the high-voltage state and diode CR9 in the low-voltage state, 

diode CR8 is reverse biased in the high-current region (marked by a dot) ; 

electron current flows in the direction shown by the arrow. Electrical energy 
flows from the high voltage to the low voltage (left to right). When diodes 
CR5 and CR9 are in the same voltage state, zero bias occurs across diode 
CR8 and no current or energy flows in either direction. 

d. The backward diodes (CR2, CR3, and CR4, Fig. 8-13) also prevent 
interaction between any two input circuits that may be in different voltage 

states. Between any two terminals one of the two diodes in series between 

the terminals will be biased in the leakage current (high-resistance) region 
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because the diodes are back-to-back. Similarly backward diodes CR6, 

CR7, and CR8 prevent interaction between any of the output circuits. 

Note: Throughout this text the arrowhead on the graphical symbol for 

any crystal diode represents p-type semiconductor material. In some tech- 

nical literature the arrowhead represents p-type material for tunnel diodes 

and normal rectifying diodes, but then represents n-type material for the 

backward diode. 

8-15. AND or OR Gate, Circuit Analysis 

If the basic bistable circuit shown in dashed lines in Fig. 8-13 is biased 

as indicated in Fig. 8-11B the circuit can be operated as an AND gate (a 

below). If biased as indicated in Fig. 8-11C, the circuit can be operated 

as an OR gate (b below). A discussion of the function of all the parts in 

the circuit is given in paragraph 8-14. 

a. AND Gate. Under quiescent conditions diode CR5 (Fig. 8-13) is 

biased at a low current point in the on region. When all the preceding tunnel 

diode stages switch to the off state, diode CR5 receives sufficient current 

to exceed its peak current and switches rapidly to the off state. In turn 

the resultant high voltage across diode CR5 switches each succeeding stage 
that is in the on state to the off state.. To return diode CR5 to the on state 

a negative reset pulse is normally introduced at the diode anode. To assure 

proper operation as an AND gate, several conditions must be met. (Note 

that in the circuit each input current adds to diode CR5 current because 

resistor #5 and battery Hz, act as a constant-current source that delivers 

a current Ig at all times. Likewise each output current subtracts from diode 
CR5 current for the same reason.) 

1. The sum of the maximum bias current (Ig) plus the maximum values 

of any two of the input currents (J;, Is, or Iz) must be less than the mini- 
mum value of the diode CR5 peak current (I,); otherwise the diode will 

switch with less than all inputs present. The terms maximum and minimum 

are used here, because the indicated current will vary with temperature; 
in addition they depend on the tolerances of the circuit elements. 

2. The sum of the minimum values of all the input currents plus the 
minimum value of the bias current must be larger than the maximum value 
of the diode CR5 peak current; otherwise the circuit will not switch even 

when ali inputs are present. 

3. The minimum value of bias current (Ig) less the maximum value of 

all output currents (I4, Is, and Is) must be greater than the maximum value 

of the diode CR5 valley current (I,); otherwise the circuit will switch to 

the on state before application of a reset pulse. In practice this condition 

is usually very difficult to meet with the given circuit. The reason is the
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very low value of bias current (Ig) required for AND gate operation. This 

in turn would require extremely low values of output current. An improved 

version of this circuit, known as Chow’s circuit, is discussed in paragraph 

8-16. 
b. OR Gate. Under quiescent conditions diode CR5 is biased at a high 

current point in the on region. When any one of the preceding tunnel diode 

stages switch to the off state, diode CR5 receives sufficient current to exceed 

its peak current and switches rapidly to the off state. In turn, succeeding 

stages in the on state are switched to the off state. To assure operation 

as an OR gate, several conditions must be met: 

1. The maximum value of bias current (Jz) must be less than the mini- 

mum value of the diode CR5 peak current; otherwise the circuit will switch 

of its own accord to the off state. 

2. The minimum value of bias current plus the minimum value of any 

one input current (J1, Jz, or Z3) must be greater than the maximum value 

of the diode CR5 peak current; otherwise the circuit will not switch to the 

off state with one input pulse present. 

3. The condition stated in a3 above for the AND gate also applies for 

the OR gate. The difficulty encountered for the practical AND gate, how- 

ever, normally does not apply to the OR gate because in the latter case bias 

current (Ig) is much higher. 

8-16. Chow’s Circuit 

The AND gate shown in Fig. 8-17 is named after the originator, W. F. 

Chow of the General Electric Company. Basically the circuit is similar 
to that shown in Fig. 8-13 and discussed in paragraphs 8-14 and 8-15. The 

main difference is the addition of a second tunnel diode (CR4) across the 
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Fig. 8-17. Chow’s circuit (Adapted circuit, courtesy General Electric Company)
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load resistor (27) of the basic bistable circuit shown in dashed lines (Fig. 

8-17). This second tunnel diode in turn eliminates the severe output con- 

dition experienced with the previous circuit (par. 8-15a3). The input and 

output resistors (#1 through #6) and the input and output backward diodes 

perform the same functions as those of the previous circuit. 
a. In the previous circuit (Fig. 8-13) the bias current remained a fixed 

quantity whether diode CR5 was in the on or the off condition. For an 

AND circuit it is desired to have a low bias current when the diode is in 

the on state and a high bias current when the diode is in the off state. With 

fixed-bias current (constant-current source) only a limited compromise is 

possible; this condition limits the number of stages that can be fed by the 
AND gate. Otherwise the possibility of the current through the diode 

falling below its valley current is risked and unwanted switching occurs. 

b. Chow’s circuit (Fig. 8-17) permits a low bias current to be delivered 

by battery Hz when diode CR5 is in the on state, and a high bias current 

to be delivered by battery EZ, when diode CR5 is in the off state. The 

voltage value of battery EH, is limited so that only one of the two tunnel 

diodes (CR5 or CR4) can be in the high-voltage state; ie., Hz = Ep + E, 

of the diode. In the initial operating condition diode CR5 is in the on state 

and diode CR4 is in the off state. The latter diode draws its low valley 

current. The total current through diode CR5 equals the current through 

diode CR4 and the current through load resistor R7. The value of load 

resistor R7 therefore depends upon the number of input pulses. The value 

is chosen to draw high current for few inputs and very low current for more 

inputs. When diode CR5 is switched to the off state by the sum of the 
input pulses, diode CR4 must switch to the on state. In the on state diode 
CR4 resistance is low and a current almost equal to its peak current can 

be delivered by battery Ez, plus the current through resistor R7. Diode 

CR4 can be selected so that its peak current is much higher than that of 

diode CR5. The current now available for delivery to the following stages 

(ignoring the current through resistor R7) is the difference in diode CR4 

peak current and diode CR5 valley current. To assure AND circuit opera- 
tion the conditions stated in paragraph 8-15a1 and 2 must be met. In 

addition, the maximum valley current of diode CR5 plus the maximum 

value of all the output currents (4, Is, and Ig) must be less than the mini- 

mum peak current of diode CR4. Otherwise the circuit will switch to the 
initial bias condition without application of a reset pulse if diode CR4 peak 

current is exceeded. 

8-17. AND Gates, Separate Input Terminals 

a. Input Pulses of Unlike Polarity. A variation of the basic AND gate 

is shown in Fig. 8-18A. The basic bistable circuit consists of diode CR1,
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Fig. 8-18. AND gates with separate input terminals and requiring input pulses 
of unlike polarity 

resistor R1, and bias battery Hz. The circuit is arranged so that an output 
will result with one positive input pulse and one negative input pulse. 

Essentially this condition is obtained by introducing the pulses at opposite 
ends of the diode. In addition to permitting the use of pulses of opposite 

polarity, the arrangement offers good isolation of the pulse sources from 

each other. Capacitors Cl and C2 are de blocking capacitors and couple 

the input pulses to the circuit. Coil L1 offers a high ac impedance to the 

input pulses, and a low de resistance to the diode bias current. The output is 
coupled to the following stage through step-up transformer 71. Because 

the diode current flows through the primary of transformer 71, the output 

signal is proportional to the diode current change. Figure 8-18B shows 
a circuit that is similar in all respects except that the output is proportional 
to the change in diode voltage. This is accomplished by placing the primary 

of transformer T1 in parallel with the diode through de blocking capacitor 
C3. AND circuit operation is assured by limiting each input pulse voltage 

to slightly more than half of the total input voltage required to switch the 

diode from the on to the off state.
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b. Input Pulses of Like Polarity. Another variation of the basic AND 
gate is shown in Fig. 8-19A. The basic bistable circuit consists of diode 
CR1, battery Ep, and resistors Rl and R2; the effective load line is equal 
to the parallel resistance value of resistors Rl and R2. Capacitors Cl and 
C2 are de blocking capacitors. Coils L1 and L2 offer a high ac impedance 

to the input pulses and a low de resistance to the diode bias current. The 

output of step-up transformer T'1 is proportional to the diode current change. 

Two positive-going input pulses are required for switching. The pulses are 

actually fed to the diode anode through isolating parallel networks. Two 

negative-going input pulses could be used if the battery and diode are 

connected in opposite directions in the circuit. The circuit shown in Fig. 

8-19B is identical in all respects except that step-up transformer T1 is in 

parallel with diode CR1 through de blocking capacitor C3. The output 

therefore is proportional to the voltage change across the diode. AND gate 

operation is assured by limiting each input pulse current to slightly more 
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Fic. 8-19. AND gates with separate input terminals and requiring input pulses 
of like polarity
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than half the total input current required to switch the diode from the on 
to the off state. 

8-18. NOT Gate or EXCLUSIVE OR Gate 

The circuit shown in Fig. 8-20 can be used as a NOT gate or an EX- 

CLUSIVE OR gate. As a NOT gate (a below) it is required that the peak 

current of diode CR1 be relatively low. As an EXCLUSIVE OR gate (b 

below), it is required that the peak current of diode C'R1 be relatively high. 

Either application is best analyzed by graphical means. Resistor R1 is 

the pulse-source isolating resistor if the circuit is used as a NOT gate. 

Resistors R2 and R3 are pulse-source isolating resistors if the circuit is 

used as an EXCLUSIVE OR gate. Bias battery Hz and resistor R4 form 
a constant-current source that delivers a fixed current (Ip). Diode CR1 

is considered the diode that is being switched, whereas diode CR2 and re- 
sistor R,, in series, are considered to form a load for diode CR1. The out- 
put is taken across resistor R;. The effective load formed by diode CR2 

and resistor Rz is obtained by considering the graphs shown in Fig. 8-21. 
Refer to Fig. 8-20 for the current and voltage designations used. In Fig. 

8-21A the current through and the voltage across diode CR2 (Ip vs Ee) is 

NOT ,__ 
input R1 

OR R2 
inputs 

ho 
R3 I, | | 

—O} - 
I, msi "| |, 

é CR1 E. SR, Output 

E; pan E, 

Fic. 8-20. NOT gate or EXCLUSIVE OR gate
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(I,vs E,) 

Fic. 8-21. Development of an effective parallel load line formed by a tunnel diode 
and a resistor 

drawn; the current through and the voltage across resistor Rz, (Ig vs Ez) is 

drawn. Note that the current through diode CR2 and resistor R, is the 

same and that the applied voltage (H4) equals the sum of the voltages across 

these two elements (H4 = H. + E,). Uf diode and resistor curves are added 

point for point in a horizontal direction, their composite curve (Iz vs Ea) 

is obtained. In Fig. 8-21B the composite curve (Iz vs E4) is subtracted 

from the fixed bias current (Iz) and the difference (Ig — Iz) represents the 

effective load. Actually Ig — Iz equals I,. When the curve (Ig — Is) is 
superimposed on diode CR1 current-voltage curve, the points of intersection 

in the positive-resistance regions will be the stable operating points; ie., 

those points are the only points that represent a compatible division of bias 

current between the two branches of the circuit. 

a. NOT Gate. Figure 8-22A shows diode CR1 curve (I;) and the effec- 

tive load (Ig — Ig) formed by diode CR2 and resistor Rz. Note that diode 

CF1 has a low peak current. Points 1 and 2, both in the high-voltage region 
of diode CR1, are the only stable points. When the power is first turned on, 

the circuit stabilizes at point 1. Here the current through diode CR1 is low; 
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A. NOT graphical analysis B. EXCLUSIVE OR 
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Fic. 8-22. Biasing relationships for NOT gate and EXCLUSIVE OR gate
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that through resistor R, is high and the output voltage is a high positive 

value. A positive input current switches the circuit to point 2. Here the 

current through diode CR1 is high; that through resistor Rz is low and the 

output voltage is low. A negative input current now has the opposite effect. 

The circuit therefore performs the NOT or inversion function. 

b. EXCLUSIVE OR Gate. Figure 8-22B shows diode CR1 curve and 

the effective load (Ip — Ig). Note that in this case diode CR1 has a high 

peak current which results in three stable operating points. At point 1 the 

current through resistor R, is low and the output voltage is low. If either 

input pulse of high magnitude is present, the circuit will switch to point 2 

which is a high-voltage output point. If both input pulses of high magnitude 
are present, the circuit will switch to point 3 which is a low-voltage output 
point. The EXCLUSIVE feature refers to whether the output will be a 

high- or a low-voltage output. 

8-19. MAJORITY Gate, Goto Pair 

The MAJORITY gate shown in Fig. 8-23A is named after the originator, 

E. Goto of the University of Tokyo. Basically the circuit consists of the 
coupled-pair or twin-diode arrangement, the current-voltage characteristic 

of which is discussed in detail in paragraph 6-7. The supply voltage (2E,), 

however, consists of a pulse coupled into the circuit through transformer 7'1. 

During operation the supply voltage pulse is rising when the trigger input 

pulses are introduced. The input pulses are coupled through isolating re- 

sistors R,. The outputs are taken through isolating resistors R,. These 

resistors (considered to be all in parallel and of equal value) also form a 

bistable load line with the current-voltage characteristic of terminals 2-2’ 
(Fig. 8-23B). The circuit is stable at points 1 and 2. Note that an odd 

number of inputs are used. Both negative and positive input trigger pulses 

are used. If the sum of the input currents causes a net electron flow (Jin) 

into terminal 2’, the circuit will stabilize at point 2 and the output voltage 

will be positive with respect to ground. If the sum of the input currents 

causes a net electron flow (Zin) out of terminal 2’, the circuit will stabilize at 

point 1 and the output voltage will be negative. In other words, the polarity 

of the output voltage depends upon the polarity of the majority of the input 

pulses. The circuit is reset each time the supply voltage pulse drops to zero. 

Note: The Goto pair is actually one example of tunnel diode locking cir- 
cuits. Locking circuits usually do not have a de power supply and are 

receptive to input signals only during the time that the power supply wave- 

form rises from zero to its maximum value. The circuit then locks into 

one of its two possible stable states. Another example of a locked pair is 

discussed in paragraph 8-20.
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Fic, 8-23. Goto pair MAJORITY gate, and bistable arrangement of characteristics 

8-20. Majority Gate, Single-Ended Locked Pair 

a. Like the Goto pair (par. 8-19), the circuit shown in Fig. 8-24 is classi- 

fied as a locking circuit; the input power is in the form of a rectangular 

pulse coupled into the circuit by transformer T1. Unlike the Goto pair, the 

output is taken from anode to cathode of one tunnel diode and is therefore 

a single-ended circuit. The secondary of the input transformer need not be 

eenter-tapped. In this circuit, the two diodes are matched. Resistors R1, 

£2, and 3 are the input isolating resistors. Supply voltage EZ, is limited 

so that only one of the two diodes can be in the off state. The circuit there- 

fore is stable with diode CR1 in the off state and diode CR2 in the on state, 

or vice versa. 

b. Pulses of mixed polarity are introduced into terminals 1, 2, and 3 at
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the same time that the power supply pulse is rising in magnitude. Current 

I, in diode CR1 and [2 in diode CR2 start to rise. 

1. If negative input pulses predominate, input current J,, flows toward 

the junction of the diodes; this current adds to current J, and causes diode 

CR1 to exceed is peak current and switch rapidly to its off state. Diode CR1 

remains in the on state and the output voltage is low. 

2. If positive input pulses predominate, input current Ij, flows away from 

the junction of the diodes. This current adds to current I, and causes diode 

CR2 to exceed its peak current and switch rapidly to its off state. The out- 

put voltage is high. 

3. Thus the magnitude of the output voltage depends upon the polarity 

of the majority of the input pulses. 
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Fic. 8-24. Single-ended, locked pair MAJORITY gate 

8-21. AND or OR Locking Circuit 

The locking circuit shown in Fig. 8-24 can also be designed for use as 

an AND gate or an OR gate. This can be accomplished by using two tunnel 
diodes having different peak currents. As an AND gate (a below) the 

difference in peak currents must be relatively large. As an OR gate (b 

below) the difference in peak currents must be relatively small. The power 

supply limitations are the same as for the MAJORITY gate (par. 8-20). 

a. AND Gate. Assume that the diode CR1 has a much lower peak current 

than diode CR2. With no input pulses except from the power supply, diode 

C1 will always reach its peak current first and switch to the off state. 

Diode CR2 must remain in the on state and the output voltage is low. If all 

the input pulses of predetermined value are present and _ positive-going 

(drawing current from the junction of the diodes) when power is turned on, 

the aiding effect on diode CR2 will cause it to switch to the off state first. 

The output voltage is high. AND circuit operation is assured by having the 

difference in the diode peak currents sufficiently large that all inputs must 

be present to cause diode CR2 to switch first. All negative-going input
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pulses can also be used. In this case diode CR1 will have a higher peak 

current than diode CR2. When all input pulses are present, the output 

voltage will be low instead of high as with positive-going input pulses. 

b. OR Gate. The operation of the locking circuit as an OR gate is identi- 

cal with its operation as an AND gate (a above). The peak currents of the 

diodes, however, are only slightly different in magnitude, and effective switch- 

ing can be accomplished with only one input pulse present. 

8-22. Summary 

a, Switching circuits perform triggering, gating, inverting, and signal 

routing functions. 

b. Pulse and switching circuits are characterized by large-signal operation. 
c. A unit-step voltage (or current) refers to an instantaneous change in 

amplitude either positive- or negative-going. 

d. When biased in the low-voltage state, the tunnel diode is considered to 

be on; in the high-voltage state, it is off. 

e. The basic monostable multivibrator requires a bias voltage, a load 

resistor, a tunne! diode, and an energy-storing element, such as a coil. The 

monostable multivibrator may be stable in the on region cr the off region. 

f. The basic bistable multivibrator requires a bias voltage, a load resistor, 

and a tunnel diode. The bistable multivibrator is stable in the on region 

and the off region. 

g. The basic bistable multivibrator can be made more sensitive by shunt- 

ing the tunnel diode with a normal rectifying diode in series with a low- 
valued resistor (par. 8-7). The resultant output waveform has almost equal 

dwell periods. The base-emitter junction of a transistor can be substituted 
for the rectifying diode. 

h. Monostable or bistable multivibrators can be constructed from a 

coupled pair. Trigger pulses of the same polarity can be used for switching 

in either direction (par. 8-8). 

i. A controlled-negative-resistance multivibrator (par. 8-9) produces a 

variable-amplitude output waveform. 

j. By using a multistate switch composed of several tunnel diodes in 
series, a pulse-frequency divider and staircase generator can be formed 

(par. 8-10). 

k. Most AND or OR gates are similar except for the bias points used in 
the basic bistable circuit. 

Ll. Inversion of the output of an AND or OR gate results in a NOT AND 

or NOR gate, respectively. 
m. Unidirectional flow of energy (or information) is achieved in certain 

gating circuits (par. 8-14) by using backward diodes at the input and output 
terminals.
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n. A backward diode may be considered a low-voltage rectifying diode. 

o. A NOT gate can be formed by using a tunnel diode and a series resistor 

combination as a parallel load for the active tunnel diode (par. 8-18). 

p. The EXCLUSIVE OR gate uses similar components as the NOT gate 

(o above). The NOT gate has two stable operating points; the EXCLU- 
SIVE OR gate has three stable operating points. 

q. A locking circuit is one that is receptive to input pulses only during the 

rising portion of the power supply waveform. 

r. The Goto pair MAJORITY gate is a special application of the coupled 

pair in a locking circuit. 
s. By using two tunnel diodes in a single-ended locking circuit (par. 8-20 

and 8-21),a MAJORITY gate, and AND gate, or an OR gate can be formed.



Chapter 9 

MODULATORS, DEMODULATORS, AND 
HETERODYNE DETECTORS 

SECTION I. MODULATORS 

9-1. Modulation, General 

The process of varying a particular characteristic of radio signal (a car- 

rier) in accordance with the amplitude of a signal that represents intelli- 

gence, such as speech or music, is called modulation. The most commonly 

used types of modulation are called amplitude modulation (AM) and fre- 

quency modulation (FM); these processes are discussed briefly in para- 

graphs 9-2 and 9-5, respectively. 

9-2. Amplitude Modulation 

The basic process of amplitude modulation (AM) is represented in block 

form in Fig. 9-1. The amplitude of a carrier (RF signal) is varied in ac- 

cordance with the amplitude of a modulating signal. The latter signal, 

usually of low frequency (20 cps to 20 ke), is an electrical representation 
of the intelligence to be transmitted. The most direct method of producing 
an amplitude-modulated carrier uses the technique of varying the gain of 
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Fic. 9-1. Block diagram of amplitude-modulated oscillator 
247
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Fig. 9-2. Amplitude-modulated, 1-mc tunnel diode oscillator 

the oscillator (that generates the carrier signal) in accordance with the 

amplitude of the modulating signal. Because the negative-resistance char- 

acteristic of the tunnel diode facilitates the construction of an oscillator, this 

technique is most often employed. Typical tunnel diode, amplitude-modu- 

lated oscillators are covered in paragraphs 9-3 and 9-4. 

9-3. Single Diode AM Oscillator 

A single diode amplitude-modulated oscillator is shown in Fig. 9-2. The 

frequency of oscillation (1 me) is determined mainly by the tank circuit 

consisting of the transformer 7'2 secondary in resonance with capacitor C2. 

Trimmer capacitor C3 permits tuning of the tank circuit to the desired 

frequency. Diode CR1 bias is supplied through the voltage divider con- 

sisting of resistors R1 and R2. The bias for diode CR1 is varied at an 

audio rate by the signal introduced into the circuit by transformer T1. 
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Fic. 9-3. Amplitude-modulated oscillator using three tunnel diode controlled- 
negative-resistance device
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Capacitor Cl bypasses the 1-mc carrier signal around the audio circuit. 

The amplitude of oscillation varies in accordance with the input modulating 

signal. The resultant output is a 1-mc, amplitude-modulated carrier signal. 

9-4, Amplitude-Modulated Controiled-Negative-Resistance Device 

An amplitude-modulated oscillator is shown in Fig. 9-3. In this circuit 

the combination of diodes CR1, CR2, and CR3, and resistors Rl and R2 

(shown in dashed lines) form a controlled-negative-resistance device. 

Typical characteristics of the device were considered in paragraph 6-9. 

The family of characteristic curves for the arrangement used in the ampli- 

tude-modulated oscillator is shown in Fig. 9-4. Note that the negative 

resistance value at terminals 2-2’ depends upon the control current (J,) in- 

troduced at terminals 1-1’. In the circuit shown, resistor R3 has a high 

value and, in conjunction with battery 2#,, simulates a constant-current 

source. At quiescence it introduces a control current of 0.75 ma at ter- 

minals 1-1’; the characteristic curve at this value is shown. Battery Ez 

in conjunction with the voltage divider (resistors R4 and R5) biases the 

output circuit approximately at the midpoint of the negative-resistance 
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Fic. 94. Bias point indicated on three tunnel diode characteristic curves 
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portion of the 0.75-ma curve. With the positive resistance (in the output 

circuit) less than the total negative resistance, the output circuit will os- 

cillate at an RF frequency determined mainly by the tank circuit consisting 

of capacitor C2 and the primary of transformer 72. If an audio signal is 

introduced into the input circuit through transformer T1 as shown, the 

control current will be varied at an audio rate. Increased control current 

(to 1.10 ma) forces the oscillator to operate on the top curve (Fig. 9-4), 

with a minimum output from the oscillator. Decreased control current (to 

0.40 ma) forces the oscillator to operate on the lower curve, with a maximum 

output from the oscillator. The result is an audio modulated RF output. 

In the circuit capacitor C1 is an RF bypass capacitor which prevents feed- 

back of RF to the audio circuit. Note that the two tunnel diode controlled- 

negative-resistance device (par. 6-8) can also be used in a similar circuit. 

9-5. Frequency Modulation 

The basic process of frequency modulation is represented in block form 

in Fig. 9-5. The frequency of a carrier (RF signal) is varied in accordance 

with the amplitude of a modulating signal; the rate of frequency change 

of the carrier is proportional to the frequency of the modulating signal. 

The latter signal is an electrical representation of the intelligence to be 

transmitted. Frequency modulation is established by varying the frequency 

of the oscillator (that generates the carrier signal) in accordance with the 

amplitude of the modulating signal and at a rate determined by the fre- 

quency of the modulating signal. The amplitude of the transmitted signal 

remains constant. In the illustration the negative peaks of the modulating 
signal are shown separated by time ¢,,. The relative position of this time 
factor in the FM signal is also marked by t». Note that the modulating 
signal negative peaks result in a low frequency in the FM signal; the posi- 
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Fig. 9-5. Block diagram of frequency-modulated oscillator
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Fic. 9-6. Frequency-modulated (100-mc) oscillator (Adapted circuit, courtesy 

General Electric Co.) 

tive peaks result in a high frequency. A typical tunnel diode FM oscillator 

is discussed in paragraph 9-6. 

9-6. FM Oscillator 

a. A practical 100-mc, frequency-modulated tunnel diode oscillator is 

shown in Fig. 9-6. The circuit consists of two stages, transistor Q1 audio 

amplifier and the diode oscillator (CR1). The audio amplifier is an emitter 

follower that amplifies the weak output from dynamic microphone M1. 

Transformer T1 couples the output of microphone M1 to the base-emitter 

circuit of transistor Q1. Capacitor C1 is a blocking capacitor that prevents 

shorting of the base-bias voltage to ground through the secondary of trans- 

former T1. Resistors Rl and #2 form a voltage divider that provides the 

forward-bias voltage. Resistor #3 is the emitter load resistor that develops 

the amplified audio current output. Battery H_ provides bias voltage for 
the transistor and the diode. De blocking capacitor C2 couples the audio 

signal to the diode anode. Resistors R4 and R5 form a low-impedance 

voltage divider to establish the diode bias. The frequency of the diode 

oscillator is determined mainly by the tank circuit consisting of capacitor 

C4 and coil L1. RF bypass capacitor C3 prevents feedback from the 100- 

me oscillator stage to the audio stage. 

b. It was shown in paragraph 3-17 that the frequency of oscillation of 

a tunnel diode oscillator depends upon the negative-resistance value of 

the tunnel diode. Because the negative-resistance value varies slightly 

with bias (par. 4-6), the frequency of oscillation varies with bias. In this 

case the bias is being varied at an audio rate. The resultant output is a 

frequency-modulated signal: the positive audio peak increases the oscillator 

frequency by 75 kc; the negative audio peak decreases the oscillator peak 

by 75 ke. The frequency deviation therefore is +75 ke. This circuit can be 

used as a wireless microphone and can operate efficiently within 100 ft of an 
FM receiver having a minimum sensitivity of 10 pv.
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SECTION II. DEMODULATORS 

9-7. Demodulation 

The basic process of demodulation is illustrated in Fig. 9-7. An ampli- 

tude-modulated carrier is introduced into an AM detector (demodulator). 

The output is the original modulating signal. Demodulation then is the 

process of extracting the original modulating signal from a modulated 

carrier. 

a. In the case of electron tubes and transistors demodulators are classified 

as linear detectors and square-law detectors. The linear detector produces 

an output magnitude which is directly proportional to the input magnitude. 

AM Modulating signal 

carrier input (output) 

AM [\ /\ 
detector Wi VW 

Fic. 9-7. Block diagram, AM detector, showing input and output waveforms 

A square-law detector produces an output magnitude which is proportional 

to the square of the input magnitude. The tunnel diode, used as an AM 
demodulator, displays the characteristics of a square-law detector. A brief 

discussion of an electron-tube square-law detector is given in paragraph 

9-8. The tunnel diode AM detector is discussed in paragraph 9-9. 

b. To extract the original modulating signal from an FM carrier, an FM 

detector is required. The tunnel diode can be used to demodulate FM car- 

rier signals by use of a technique referred to as slope detection. A circuit 
employing this technique is discussed in paragraph 9-10. 

9-8. Electron-Tube Square-Law Detector 

The operation of an electron-tube square-law detector (Fig. 9-8A) is 

discussed here so that the operation of the tunnel diode detector (par. 9-9) 

can readily be compared. 

a. Although the amplitude of a carrier signal may vary in accordance 

with the amplitude of a modulating signal, the AM carrier does not contain 

the original modulating signal. The AM carrier contains the original car- 

rier and upper and lower sidebands removed from the carrier frequency by 

the frequency of the modulating signal. The original modulating signal can 
be created by deliberately distorting the AM carrier by full- or half-wave 

rectification, or by nonlinear amplification of the carrier signal. The
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square-law detector operates on the latter principle. The electron tube is 

biased so that operation occurs on the curved portion of the plate-current 

(Ip)-grid voltage (E,) curve (Fig. 9-8B). Note that one half of the AM 

carrier receives greater amplification than the other half. The resultant 
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Fig. 9-8. Electron-tube square-law detector, showing method of biasing 

plate current now contains the original modulating signal. If the plate 

current is passed through a low-pass filter, the modulating signal is recov- 

ered. Because a portion of the I,-E, curve used approximates a parabola, 

the output is proportional to the square of the input. 

b. In the circuit shown (Fig. 9-8A), transformer 71 couples the AM 

carrier into the grid-cathode circuit. Battery H, biases the grid-cathode 

circuit. Capacitor C1 resonates with the transformer 71 secondary at the
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carrier frequency. The distorted carrier plate current is indicated. Trans- 
former T2 couples the output of tube V1 to a low-pass filter which recovers 

the modulating signal. Battery E, biases the cathode-plate circuit. 

9-9. Tunnel Diode Square-Law Detector 

A tunnel diode square-law detector is shown in Fig. 9-9A. Transformer 

T1 couples the AM carrier to the diode. Capacitor C1 tunes the transformer 
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Fic. 9-9, Tunnel-diode square-law detector and point of bias 

T1 secondary to the carrier signal. Resistors Rl and R2 form a voltage 

divider to bias diode CR1. Transformer 71 couples the output of diode 
CRI1 to a low-pass filter which extracts the original modulating signal. As 

in the case of the electron-tube square-law detector (par. 9-8), the tunnel 

diode is biased so that the upper portion of the AM carrier receives higher 

amplification than the lower portion. (Actually, the lower portion receives 

no amplification.) The point of bias of the tunnel diode is just below the 

peak-current point (Fig. 9-9B). Note that the output current (Ip) of diode 

CR1 (Fig. 9-9A) is similar in form to the output current (I,) of the elec- 

tron tube (Fig. 9-8A). 

a. For an explanation of the operation of the tunnel diode, refer to Fig. 

9-10. For clarity the idealized current-voltage characteristic of the tunnel
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diode is represented by curve A. The effective load on the tunnel diode is 

represented by curve B. The composite of curves A and B is represented 

by curve C. Note that these curves are identical to those used for graphical 

analysis of the parallel amplifier (par. 3-24). The bias point is represented 

by a dot on curves A and C. 

b. To determine the resultant amplification, the AM carrier input current 

is projected onto composite curve A. To determine the current in the effec- 
C
u
r
r
e
n
t
 

Q
 

Voltage 

Fic. 9-10. Graphical analysis used to show detection by properly biased tunnel 
diode 

tive load, the points of intersection on composite curve A are projected ver- 

tically down until they intersect the effective load line (curve B). These 

points in turn are projected horizontally to the left to obtain the output 

current. Note that the upper portion of the AM carrier signal has experi- 

enced large current gain because this portion extends into the negative- 

resistance region of the tunnel diode. If the practical current-voltage curve 

of the tunnel diode were used instead of the idealized curve, it can be shown 

that the output is proportional to the square of the input; thus permitting 

square-law detection. 

9-10. FM Slope Detector 

A possible circuit arrangement for detecting FM carrier signals is shown 

in Fig. 9-11A. Essentially the circuit converts the FM carrier to an AM 

carrier. The AM carrier is then demodulated by the square-law tunnel 

diode detector. The functions of transformers T1 and T2, resistors R1 and
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2, and diode CR1 are identical with the correspondingly referenced circuit 
elements shown in Fig. 9-9A. However, the parallel resonant circuit con- 

sisting of coil L1 and capacitor Cl has been added in series with the seec- 

ondary of transformer T1. The curve of impedance versus frequency for 

this resonant circuit is shown in Fig. 9-11B. Note that the peak (resonant 

frequency point) of the curve is well above the FM carrier frequency. The 

FM carrier frequency falls approximately at the center of the lower slope. 

The result is a higher impedance for the high-frequency deviations of the 

carrier, and a lower impedance for the low-frequency deviations of the car- 

rier. Correspondingly, the voltage input to the diode is greater for the 

higher frequencies (originally caused by the positive half of the modulating 

signal) than for the lower frequencies (originally caused by the negative 

half of the modulating signal). The result is a conversion of the FM 

carrier to an AM carrier. The circuit then functions as an AM detector 

T1 

Low- TA 

Slope- 
tuned L1 
circuit 

A. 

8 
I 

oS 
2 | fom 

5 | 
ols 4 ~ 

: Frequency —> 
FM 

carrier 

B. 

Fic. 9-11. FM slope detector showing position of FM carrier on impedance-fre- 
quency curve of parallel tuned circuit
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(par. 9-9). Because of the position of the FM carrier on the slope of the 

impedance-frequency curve, the overall circuit is referred to as a slope 

detector. 

SECTION III. HETERODYNE DETECTORS 

9-11. Heterodyne Detection 

The basic principle of heterodyne action is demonstrated in Fig. 9-12. 

If two signals (#, and #,) of slightly different frequencies are added or 

superimposed in a given circuit, the 

result will be a signal (#,), the am- E, AVA 

plitude of which will vary at a rate 
equal to the difference in frequency 

between EH, and H,. The amplitude E, Ss iHININTHIiiNn 

modulation of the resultant wave 

(Z,) at the difference frequency is 

occasioned by the periodic in-phase 

and out-of-phase relationship be-  £, 
tween E, and E,. The percentage of 

modulation of the resultant wave Fie. 9-12. Combinati et sonal 
1 j- IG. v-1L2Z, omomation o WoO signais 

sepend’s RE - d oe TY onal 100% (EZ, and E,) to produce a resultant sig- 
: ; oo? nal (#,), amplitude modulated at the modulation occurs; if one is one half difference frequency 

of the other, 50% modulation results. 
a. The resultant signal (Z,) contains only two frequencies, the original 

frequencies (E, and E,). To produce the difference frequency, signal E, 
must be deliberately distorted by rectification or square-law detection (par. 
9-8 and 9-9). Such distortion produces a signal that contains the differ- 
ence frequency, the original frequencies (EZ, and E,), as well as the sum 
frequency (E, + E,); other frequencies may also be present. 

b. Production of the difference frequency or the sum frequency is called 
heterodyne detection. The most common application of this process is in 
superheterodyne receivers. In this case the difference frequency is of most 
interest. The received radio signal (a high frequency for ease of trans- 
mission) is heterodyned against a signal generated in the receiver by the 
local oscillator to produce a lower frequency [intermediate frequency (IF) 
for ease of amplification]. 

c. If the local oscillator signal is generated by a separate circuit and 
coupled into the heterodyne detector along with the received radio signal, 
the heterodyne detector is referred to as a mixer. If the heteredyne de- 
tector also generates the local oscillator signal, the heterodyne detector is 
referred to as a converter,
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d. A mixer circuit using a normal rectifying diode is discussed in para- 

graph 9-12. Mixer circuits using tunnel diodes are discussed in paragraphs 

9-13 and 9-14. Tunnel diode converters are discussed in paragraph 9-15. 

9-12. Mixer, Using Normal Diode Rectifier 

A very simple mixer stage is shown in Fig. 9-13. The RF signal (E,) 

and the local oscillator signal (#,) are combined in series by the series 

~<—] 
Ti > 

CR1 

AWA 3f cx 
RF signal 

T2 

Caz B+ EE, 

Fic. 9-13. Normal rectifying diode used in a mixer stage 

N\
 

T3 

= 
Local oscillator 

arrangement of the secondaries of transformers T1 and T2 to produce a 

heterodyne signal (H,). Capacitors C1 and C2 form tuned circuits with 

the secondaries of transformers T1 and T2 at the RF signal and the local 

oscillator signal, respectively. The normal-diode (CR1) rectified current 
(I,) contains a number of signals (par. 9-11) including the IF frequency. 

With transformer T3 secondary tuned to this frequency, only the IF fre- 

quency is coupled to the following stage. One disadvantage of the normal 

rectifier mixer circuit is that no conversion gain results. The tunnel diode 

mixer (par. 9-13) does produce gain. 

9-13. Tunnel Diode Mixer 

A tunnel diode mixer stage is shown in Fig. 9-14. A 160-me RF input 

and a 130-me local oscillator input are heterodyned in diode CR1. The 

output is the 30-me IF frequency. To operate as a heterodyne detector, the 

diode is biased just below the peak current as indicated by the dot on the 

diode current-voltage characteristic shown in Fig. 9-9B. Except for the
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introduction of the local oscillator signal to produce heterodyne action 
(par. 9-11), the operation of the tunnel diode mixer is similar to the opera- 
tion of the tunnel diode (square-law detector) demodulator. (See par. 9-9 
and Fig. 9-10.) Because the mixer operates over a portion of the negative- 
resistance region of the diode characteristic, conversion gain (with relatively 
low noise) results. The circuit shown produces a conversion gain of 3 to 

IF 
L3 output 

0.15? 30 me 

Note: Resistances in ohms 

Capacitances in upf 

Inductances in uh 

Fic. 9-14. Tunnel diode mixer stage 

6 db, depending upon the exact point of bias. The circuit can be divided 
into four parts, RF input, local oscillator input, bias circuit, and IF output; 
these are discussed below. 

a. Resistor R1 matches the output impedance of the RF input source to 
the tunnel diode. Capacitor C1 and coil Z1 form a parallel resonant circuit 
that can be tuned to 160 me. 

b. Resistor R2 is an impedance-matching resistor. Capacitor C2 is a 
de blocking capacitor that couples the local oscillator signal to diode CR1. 

c. Resistors R3 and R4 form a voltage divider to bias diode CR1. Bypass 
capacitor C2 and choke coil L2 decouple the bias source from the diode 
CR1 cathode. 

d. De blocking capacitor C3 couples the ac output of diode CR1 to the 
IF resonant tuned circuit consisting of capacitor C4 and coil L3; trimmer 
capacitor C5 permits tuning exactly at 30 me. This resonant circuit also 
acts as a short circuit to all other frequency components of the diode output.
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9-14. Hybrid-Coupled Tunnel Diode Mixer 

a. In many applications a tunnel diode mixer is fed from an RF tunnel 

diode amplifier as well as a tunnel diode local oscillator. In these applica- 

tions it has been found that even if a small amount of the oscillator output 

reaches the RF amplifier, the gain of the amplifier is substantially reduced. 

To avoid this condition, it is necessary to isolate the RF amplifier from 

the output of the local oscillator. A circuit arrangement which successfully 

achieves this requirement is shown in Fig. 9-15. Isolation of the RF ampli- 

fier from the local oscillator is obtained by use of a hybrid junction. A brief 

RF input : 
400 mc R1 | Port i Port 3] Li 

Tl 

Hybrid 4. DG, _ 
junction = | bias 

Local — 
oscillator 3 R2 | Port 2 Port 4} L2 3 
370 mc _—___, 

CACY) 
N
A
A
A
S
 

Q ay
 

ay
 aT
 

Fie. 9-15. Hybrid-coupled tunnel diode mixer 

discussion of the theory of operation of the hybrid junction is presented 
in paragraph 5-18. Essentially the hybrid junction is a four-port wave- 
guide device that prevents exchange of energy between adjacent ports (ie., 

ports 1 and 2, or ports 3 and 4). By placing the RF amplifier and the 
local oscillator at adjacent ports as shown, the amplifier is isolated from 

the oscillator. Resistors Rl and R2 terminate ports 1 and 2, respectively, 

in their characteristic impedance for maximum effective hybrid action. 
b. At ports 3 and 4 two matched tunnel diodes (CR1 and CR2) operat- 

ing in push-pull through center-tapped output transformer T1 operate as 

mixers. The tunnel diodes are biased near the peak point of their char- 

acteristic (Fig. 9-9B) and operate in the same manner as the single-tunnel 

diode mixer (par. 9-13). The mixer stage (Fig. 9-15) heterodynes the 

400-me RF signal and the 370-me local oscillator signal. The resultant 

signal is distorted and detected by the diodes to produce the IF (30-mc) 

signal. Capacitor Cl tunes the transformer T1 primary to 30 mc. The 

diodes receive bias voltage through the tapped primary winding. Coils L1 

and L2 are RF chokes that offer a low de resistance path for the bias current
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and high ac input impedance. The circuit produces a conversion gain of 

6 to 10 db, depending upon the magnitude of the local oscillator signal and 

the exact point of bias of the diodes. 

9-15. Tunnel Diode Converters 

The tunnel diode converter differs from the tunnel diode mixer (par. 

9-13) in that the converter generates its own local oscillator frequency. 

. St ral L2 Se L3 ; 

R2 
RF { IF 

Vale) CR1 ® Ra output 

Cl T1 . ‘L, T2 C3 

RF IF 
input Rl output 

o 

B. Converter—transformer coupling 

Fig. 9-16. Tunnel diode converters 

A directly coupled converter is shown in Fig. 9-16A; a transformer-coupled 

converter is shown in Fig. 9-16B. In each circuit it is necessary to ensure 
oscillation at the local-oscillator frequency only. To assure this condition 

the circuit is heavily loaded at the RF input frequency and the IF output 

frequency. Heterodyne detection is obtained by virtue of the nonlinearity 

of the diode characteristic in its negative-resistance region. 
a. Directly Coupled Converter. The converter shown in Fig. 9-16A 

contains three series-resonant circuits. Capacitor Cl and coil L1 are tuned 

to the RF input frequency and offer a low-input impedance to the RF 

signal only. Resistor R1 loads the tunnel diode at this frequency to pre- 

vent RF oscillation. Capacitor C2 and coil L2 are tuned to the desired 

oscillator frequency. Resistors R2 and R3 form a voltage divider to bias
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diode CR1 in the negative-resistance region. Capacitor C3 and coil £3 are 

tuned to the IF frequency and offer a low-output impedance to the IF signal 

only. Resistor R4 loads the tunnel diode at the IF frequency to prevent 

IF oscillation. Amplification occurs at the RF and the IF frequencies so 

that a conversion gain of 15 to 25 db can be achieved. 

b. The converter shown in Fig. 9-16B is similar to the directly coupled 
converter (a above), except that transformer coupling is used. In this case, 

capacitor C1 and the primary of transformer T1 are tuned to the RF signal. 

Capacitor C2, transformer T1 secondary, and transformer T2 primary are 

tuned to the desired oscillator frequency. Capacitor C3 and transformer 

T2 secondary are series tuned to the IF frequency. 

9-16. Summary 

a. An amplitude-modulated signal can be obtained by varying the bias 

of a tunnel diode oscillator in accordance with the modulating signal. 

b. The controlled-negative-resistance device oscillator (par. 9-4) can be 

amplitude modulated by varying the control] current in accordance with 

the modulating signal. 
c. Frequency modulation of a tunnel diode oscillator depends upon the 

variation of the tunnel diode negative resistance which in turn helps to 

determine the oscillator frequency. 
d. The tunnel diode AM demodulator operates as a square-law detector. 

e. The tunnel diode AM demodulator can be used to detect an FM carrier 

by first converting the FM signal to AM by slope-tuning the input circuit. 

f. Tunnel diode mixers are biased at or just below the peak-current point. 
The distortion thus introduced produces heterodyne action. 

g. In some mixer applications it is necessary to isolate the local oscillator 

output from the RF amplifier. One method of achieving this condition is 

by use of a hybrid junction. 

h. Tunnel diode converters depend upon the nonlinearity of the negative- 

resistance region of the diode characteristic for heterodyne detection.
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Appendix B 

DERIVATION AND ANALYSIS OF FORMULAS 

B-1. Series Amplifier 

Figure B-1A shows a voltage source (e,) in series with a load resistor (Rr). Figure 
B-1B shows the equivalent circuit of the same voltage source in series with a tunnel 
diode (— Rp) and the same load resistor. 

a. Current Gain. 1. The current gain (A1) is the ratio of the current flow i (Fig. 
B-1B) to the current flow 7, (Fig. B-1A): 

tg 
A;= > 

uy 

2. Write the voltage equation for the circuit of Fig. B-1A: 

és = URy 

3. Write the voltage equation for the circuit of Fig. B-1B: 

és = (Ri — Rp) 

4, Equate the right-hand sides of 2 and 3: 

(Rt — Rp) = ih, 

5. Divide both sides by 71(Rz, — Rp), then: 

R A,= a= 
UU Rr _— Rp 

<—_ i, ~<—ly 
WY 
-Ry 

e, e, R tL 8s €, 3 R, 

A. B. 

Fig. B-1. Voltage source with load and voltage source with series load and negative 
resistance 
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b. Voltage Gain. 1. The voltage gain (A,) is the ratio of ¢2 (Fig. B-1B) to e: (Fig. 
B-1A): 

A,=2 
€y 

2. Note that: 

€g = Rr 

and 
ey = nk, 

3. Divide the two equations (2 above): 

@ 
ey rer 

4. Note that the voltage gain (3 above) equals the current gain (a5 above), and 
therefore: R 

L 

Ri — Rp 
A, = 

ce. Power Gain. Power gain (@) is the product of current and voltage gain: 

1. Write the expression for power gain: 

G=A;A, 

2. Substitute formulas for A; (a5 above) and A, (64 above): 

Rt Ri 

~ (Ri — Rp) (Ri — Ro) 
38. Therefore: 

Ry? 
¢ = =} 

(Ri — Rp)? 

B-2. Cutoff and Self-resonant Frequency 

The resistance cutoff frequency (f,) and the self-resonant frequency (f;) of a tunnel 
diode are defined in paragraph 3-11. The cutoff frequency (f,) is derived in a below by 
finding the frequency at which the positive resistance of the impedance (Z) equals the 

negative resistance of the impedance. Likewise the self-resonant frequency (f;) is 
derived in b below by finding the frequency at which the positive (inductive) reactance 

equals the negative (capacitive) reactance. 
a. Cutoff Frequency. Proceed as follows: 
1, Write the impedance formula of the series-parallel equivalent circuit (Fig. B-2) of 

the tunnel diode: 

(= = Fon —IjX.) 
Z=R, + jx, +—— DIX, 

Note that the vector rotator operator (j = ~/ —1) must be used preceding reactances. 

2. Consolidate negative factors in last term of above equation: 

jX-Rp 

0 BSI ROT GX,
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L, R, 

(7X;) 
~ Ry = Cp 

(-jXQ) 

Fic. B-2. Tunnel diode equivalent circuit 

3. To eliminate the vector rotator operator (j) in the denominator of the last term, 

multiply numerator and denominator by (Rp — jX,). (Note that j? = —1 and that 

the product of the sum and difference of two given terms is equal to the difference of 
their squares) : 

jh. x eta Rp — jx e 

Rp +jXe Rp — jXe 

jX Rp* + RpX 22 

Rp* + xX! 

Z=R,+5X1—- 

Z=R,+jX1L—- 

4. Separate last term into resistive and inductive parts: 

jXRp? _—_—=RoX2 
Rp’ + Xe Rp? + Xo“ 

Z=R,+5X1—- 

5. Equate absolute values of the two resistive terms of the equation: 

_RpX? 
Rp? + X 6” 

R, 
Xe= Rov BSB, 

1 
Xe=-x 

2rf,Cp 

— = Rp je __ 
2rf,Cp 7 > Rp —_ R, 

,-— [Rp — R. 
r 2xCpRp R; 

Note: To use this formula, use the absolute (positive) numerical value for Rp. 
b. Self-resonant Frequency. To determine the self-resonant frequency (fs), proceed 

as follows: 
1, Equate the positive and negative reactance terms of equation a4 above: 

x, = Xeot 
gXt 7 Rp? + Xe 

Rs = 

6. Solve for X;: 

7. Substitute for X-.: 

Therefore, 

8. Solve for f;: 
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2, Divide both sides by 7 and substitute w.L for Xz, and l 
Qrfs: wsCp 

w L _ Rp?/wsCp 

Rp? + 1/(w.Cp)? 

3. Multiply numerator and denominator by (w,C'p)?: 

wCpRp? _ 

Rp*(w.Cp)? + 1 

4, Multiply both sides by the denominator: 

(weL) (wsCp)*Rp? + w.L = w.CpRp? 

5. Divide both sides by w,: 

w*Cp’LRp? + L = CpRp? 

for X,, where w; = 

wel = 

6. Solve for w,?: 
» _ CoRp? — L 

ve = 
Cy’*Rp?L 

7. Take square root of both sides and substitute 2mf, for w, and solve for fs: 

i,-— {Coke —L 
a 2nCpRp L 

Note: To use this formula, use positive numerical value for Rp. 

B-3. Effective Negative Resistance 

a. The effective negative resistance (Rp’) of the tunnel diode depends upon the 
shunting effect of the capacitive reactance of the inherent capacitance (Cp) of the 
tunnel diode (Fig. B-2). The last term of the equation of paragraph B-2a4 represents 
the value of Ry’ at any operating frequency (f). Thus: 

_ RX 
Ko! = Rp? + X2 

A more usable form for this equation is derived in b below. 
b. To transform the equation (a above) proceed as follows: 
1. Write the reactance formula for X,: 

1 
Xe = QnfCp 

2. Substitute in the equation (a above): 

1 2 

,__ Be (sas) 

Rp? + (saa) 
Rp
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L es Rh, -R, 

A. B. 

Fig. B-3. Voltage source with load and voltage source with parallel load and nega- 
tive resistance 

3. Multiply numerator and denominator of the complex fraction by (21fC. ‘p)?: 

Rp! = = > nfCpRp)? + 1 

It can be readily seen from this equation that the effective negative resistance (Rp’) 
decreases with increasing frequency. Numerical examples of the use of this formula 
are given in paragraph 3-18. 

B-4. Parallel Amplifier 

Figure B-3A shows a voltage source (e,) in series with a load resistor (Rr). Figure 
3-3B shows the equivalent circuit of the same voltage source in series with the parallel 
combination of the same load resistor and a tunnel diode (— Rp). 

a. Voltage Gain. By observation it can be seen that there is no voltage gain, or: 

A,=%=1 
€s 

b. Current Gain. The magnitude of current through load resistor Rz, is the same with 
or without the tunnel diode. However, if the current gain is defined as the ratio of 
total current (1) drawn from the source with load resistor Rz alone to total current (te) 
drawn from the source with Rz and the tunnel diode, then there is a current gain. 

1. Write the current gain formula: 

ay 
A; = 

dg 

2, Write the formula for current for Fig. B-3A: 

a us Ri 

3. Write the formula for current for Fig. B-3B: 

ba=e Riu(—Rp) _ e(Ri — Ro) 
> *? Ri — Rp Ri(—Rp) 
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4, Divide equations 2 and 3 above; invert the fraction in equation 3 and multiply: 

ties  R1i(—Rp) 

iz Rr e(Rv— Rp) 

5. Divide numerators and denominators by common factors: 

ty —Rp Ape =P 
12 Ry _— Rp 

6. Multiply numerator and denominator by —1: 

Rp 
Rp — Rr 

c. Power Gain. Power gain (G) is the product of current and voltage gain. Since 
voltage gain (a above) is unity, then: 

Ay = 

= Rp 

= RR: 

B-5. Parallel Amplifier with Signal Source Resistance 

When the load resistor (fz) is directly in parallel with the tunnel diode (par. B-4), 

there is no voltage gain provided the signal source has no internal resistance. If the 

signal source has internal resistance, then voltage gain can be achieved as well as 
current gain. Derivation of applicable current, voltage, and power gain formulas for 
the latter case is covered in b, c, and d below. 

a. Conversion of Voltage Generator. To simplify the derivation of the gain formulas, 
the voltage generator (e;) with internal resistance (R,) (in dashed lines in Fig. B-4.A) 
must be converted to a current generator (7,) with the shunt resistance (R,) (in dashed 
lines in Fig. B-4B). According to network theory, a voltage generator (e,) with in- 

ternal resistance (R,) may be replaced by a current generator having output current 

ts = és/R, under short-circuit conditions, and an output voltage of e, = i,R, under 
open-circuit conditions. The circuits in A and B are equivalent. 

b. Current Gain. Figures B-4B and C represent the same circuit, except that in the 

latter, the resistance values are replaced by their conductance values; furthermore the 
current (7;) through and the voltage (e1) across the load conductance are indicated in C. 
Figure B-4D is the equivalent circuit of C with a tunnel diode (—Gp) negative con- 
ductance in parallel with Gr. In Fig. B-4D, 72 and ee represent the current through 
and the voltage across the load conductance. To derive the current gain formula, 
proceed as follows: 

1. Write the expression for current gain: 

A; = ta 
at 

2. Write the expression for ¢2 (Fig. B-4D): 
Note: The current through Gz, is the total current multiplied by the ratio of Gz to 

total conductance (@Gz+G, — Gp). 

w-t (apg ra)
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source to current source with conductance values for internal resistance, load, and 
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3. Write the expression for 7, (Fig. B-4C): 

=i (ge 
* “N\Gr+ Gs 

4. Divide the equation in 2 above by the equation in 3 above, then: 

Auta Gi+4G; 

‘a Gp +G@, — Gp 

5. Quite often it is desirable to have the current gain expressed in terms of resistance 

rather than conductance. To do this, substitute Gr (total positive conductance) for 

Gi + G;, as follows: 
Gr 

4i- GH &



272 BASIC THEORY AND APPLICATION OF TUNNEL DIODES 

6. Substitute resistance (reciprocals) for conductance values as follows: 

Note: Gr = m= where Rr equals the quotient of the product and the sum (parallel 
T 

value) of the two positive resistances (Fig. B-4B): 

7. Simplify the complex fraction by multiplying numerator and denominator by 
(RrRp): R 

_ D 
Ai Rp — Rr 

c. Voltage Gain. To derive the voltage gain formula, proceed as follows: 
1. Write the expression for voltage gain: 

A, =2 
@1 

2. Note that: . 
,—- 2= oe 

3. Note that: 

e = th 
17 Gr 

4, Divide 2 above by 3 above: . 
ea _ ts 
él 7 Y 

5. The voltage gain equals the current gain and: 

Rp 
Ay = BR 

d. Power Gain. To find power gain, proceed as follows: 
1. Write power gain formula: 

G = A;A, 

2. Substitute expressions for A; (7 above) and A, (c5 above): 

_ — Fo’ __ 
(Rp — Rr) 

B-6. Tunnel Diode Noise Figure 

a. General. The noise figure of merit of the tunnel diode evaluates the noise pro- 
ducing characteristics of the tunnel diode alone. The smaller the noise figure of merit 
of the tunnel diode, the better the quality of the tunnel diode. The factors which 
affect the noise figure of merit (F) of the tunnel diode are the ac negative resistance 
(Rp), the series positive resistance (R,) of the diode (par. 4-2b), the resistance cutoff 
frequency (f,) of the diode (par. 3-17), and the operating frequency (f). One other 
factor is involved in the noise figure: the effect of the shot noise is represented by resis- 

G
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tance (R.). This resistance is inversely proportional to the de current through the 
device and the operating frequency. Considering all the factors, the noise figure of 
merit of the tunnel diode is expressed : 

Rp +8) Ore 
=) Lt - (7) G-a)b (5 

For the derivation of this formula see the referenced literature (Appendix A). Accord- 
ing to this formula, the noise figure is determined by three ratios: Rp/R. which relates 
the negative resistance to the shot noise; R,/Rp which relates the thermal noise 

(caused by R,) to the negative resistance; and f/f, which relates the operating fre- 
quency to the resistance cutoff frequency. The information conveyed by this formula 
at low (audio) frequencies and at high frequencies is covered in b and c below. 

b. Low-Frequency Considerations. At very low frequencies (including the audio fre- 

quencies) the ratio f/f, is very small and may be considered equal to zero. The ratio 
R,/Rp is approximately 0.005 in value for germanium diodes and is negligible. At low 
frequencies, then, the denominator of the noise figure formula (a above) equals one and 
the formula reduces to: 

= Rp PrIlt+t® 

The major contribution to the noise figure at the low frequencies is due to shot noise. 
The equivalent shot noise resistance &, decreases at low frequencies. As a result, at 1 

ke the noise figure varies approximately from 10 to 20 db (Fig. 4-1) which is relatively 
high. (Note: db = 10 logy.) At approximately 30 kc the noise figure is reduced to an 
average of 3 to 4 db. This is a very low notse figure and normally better than can be 

achieved with electron tubes or transistors. 
c. High-Frequency Considerations. At medium frequencies [operating frequencies (f) 

less than half the resistance cutoff frequency (f,)], Rp/R- is approximately equal to 
unity; and R,/Rp is approximately equal to 0.01. Note that as the operating frequency 
increases, the effective negative resistance Rp is reduced by the shunting effect of the 
inherent capacitance of the diode, thus accounting for increase in value (b above) of the 
ratio R,/Rp. Use of these values in the noise figure formula (a above) will produce a 
noise figure close to 3 db. If f goes to 0.707 f,, then F approaches 6 db and, at f = .09f,, 
F exceeds 10 db. The reason for the rise is that R,/Rp approaches unity as the effective 
Rp is reduced, and f/f, also approaches unity. Thus the denominator of the ex- 
pression for F becomes very large. It can be stated then that at the higher frequencies 
the thermal noise predominates, and that at operating frequencies close to the resistance 
cutoff frequency, the noise becomes excessive.



Appendix C 

REVIEW OF TRANSISTOR FUNDAMENTALS 

C-1. General 

Many circuits combine the desirable properties of tunnel diodes and transistors. 
To facilitate the discussion of these circuits, a brief review of the theory of operation 
of transistors is presented. The following aspects of transistor theory are discussed: 

a, Current flow in p-n-p and n-p-n junction transistor (par. C-2) 
b. Reference designations and graphical symbols (par. C-3) 
ce. General rules of transistor operation (par. C-4) 
d. Transistor configurations (par. C-5) 

. Bias stabilization (par. C-6) 
Voltage phase relationships in transistor configurations (par. C-7) 

. Comparison of configurations (par. C-8) 
. Transistor equivalent circuit and parameters (par. C-9) Pe
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o
 

C-2. Current Flow in Transistors 

If a crystal containing two p-n junctions were prepared, signal could be intro- 
duced into one p-n junction biased in the forward direction (low resistance) and ex- 
tracted from the other p-n junction biased in the reverse direction (high resistance). 
This would produce a power gain of the signal when developed in an external circuit. 
Such a device would transfer the signal current from a low-resistance circuit to a 
high-resistance circuit. Contracting the terms transfer and resistor results in the 
term transistor. 

a. p-n-p Transistor. To form two p-n junctions, three sections of a semiconduc- 
tor are required (Fig. C-1). The p-n-p transistor contains two sections of p-type 
semiconductor and one section of n-type semiconductor. When the three sections 
are combined, two depletion regions (barriers) occur at the junctions even though 
there is no application of external voltages, or fields. This phenomenon is the same 
as that which occurs when two sections of semiconductor are combined. Transistor 
action requires that one junction be biased in the forward direction and the second 
junction be biased in the reverse direction. Note that the junction between the 
emitter-base regions is forward biased and the junction between the base-collector 
regions is reverse biased. [Note that the reverse bias between the collector and the 
base causes a reverse-biased current (Igz9) to flow. This current is caused by the 
minority carriers (electrons) in the collector region and the minority carriers 
(holes) in the base region and is the same as the reverse-biased current that occurs 

in a rectifying diode. This current is important in determining the temperature 
274
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Emitter Base Collector 
(p) (n) (p) 

Legend: 

Shaded area = depletion region 

— > Electron current 

--> Hole current 

Fic. C-1. p-n-p transistor showing current flow and applied bias voltages 

stability of the transistor (par. C-6).] Because of the simultaneous bias voltages 

applied, a large number of the holes from the emitter does not combine with the 
electrons entering the base from the emitter-base battery. About 95% to 99% of 

the holes diffuse through the base and penetrate the base-collector junction. In the 
collector region the holes combine with electrons that enter the collector from the 
negative terminal of the base-collector battery. If the holes that enter the base 
from the emitter-base junction avoid combination with electrons entering the base 
from the battery, the holes are attracted to the collector by the acceptor ions 
(negative) in the collector and the negative potential of the base-collector battery. 
Maximum gain is achieved if most of the emitter current (/,) penetrates the base- 
collector junction. This condition is achieved in practice by making the base region 

as narrow as possible. The most important aspects of Fig. C-1 are as follows: 

1, The end region, forward biased with respect to the base, is called the emitter. 
Its function is similar to that of the cathode in an electron tube. 

2. The center region is called the base. Its function is similar to that of the 
control grid in a triode electron tube. The number of electrons that enter the base 
as a result of the bias (and signal) voltage determines the collector current. The 
greater the number of electrons, the greater the emitter and collector current. 

3. The end region, reverse biased with respect to the base, is called the collector. 
Its function is similar to that of the plate in an electron tube.
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Emitter Base Collector 

(n) (p) (n) 

ails 

Legend: 

Shaded area= depletion region 

-—-> Electron current 

—~>Hole current 

Fic. C-2. n-p-n transistor showing current flow and applied bias voltages 

4, Note that the net base-lead current is the difference between the emitter-base 

current and the reverse-biased current ([ggo). 

b. n-p-n Transistor. The theory of operation of the n-p-n transistor (Fig. C-2) 
is similar to that of the p-n-p transistor (a above). However, there are two im- 
portant differences: 

1. The emitter-to-collector carrier in the p-n-p transistor is the hole. The emitter- 
to-collector carrier in the n-p-n transistor is the electron. 

2. The bias voltage polarities are reversed because of the different positional re- 
lationships of the two types of semiconductor materials used. 

C-3. Reference Designations and Graphical Symbols 

The reference designations and graphical symbols for.transistors are shown in 
Figs. C-3A and B. 

a. Reference Designations. The letter portion of the transistor reference desig- 
nation is Q and the number portion may be any whole number. 

b. Graphical Symbols. 1. In the p-n-p transistor (Fig. C-3A) the emitter-to- 
collector current carrier in the crystal is the hole (par. C-2). For holes to flow in- 
ternally from emitter to collector, the collector must be negative with respect to 
the emitter. In the external circuit, electrons flow from the emitter (opposite to 
direction of the emitter arrow) to the collector.
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2. In the n-p-n transistor (Fig. C-3B), the emitter-to-collector current carrier 
in the crystal is the electron (par. C-2). For electrons to flow internally from 
emitter to collector, the collector must be positive with respect to the emitter. In 
the external cireuit, electrons flow from the collector to the emitter (opposite to 
direction of the emitter arrow). 

C-4. Transistor Amplifier General Rules 

The following general rules will help in the qualitative (nonmathematical) 
analysis of transistor circuits. ‘These general rules apply to a class A transistor 
amplifier. 

a. The external de electron current direction is always against the direction of 
the arrow on the emitter (Figs. C-3A and B). 

b. If the electrons flow into or out from the emitter, the electrons flow out from 
or into the collector, respectively. 

c. The base-emitter junction is always forward biased. 
d. The collector-base junction is always reverse biased. 
e. An input voltage that aids (increases) the forward bias increases the emitter 

and collector currents. 
f. An input voltage’ that opposes (decreases) the forward bias decreases the 

emitter and collector currents. 
g. The first letter of the transistor type indicates the emitter polarity with respect 

to the base. The p-n-p transistor emitter is at a positive de voltage. The n-p-n 
transistor emitter is at a negative de voltage. 

h, The second letter of the transistor type indicates the collector polarity with 
respect to the base. The p-n-p transistor collector is at a negative de voltage. 
The n-p-n transistor collector is at a positive de voltage. 

t. The first and second letter of the transistor type indicate the rélative polarities 
between the emitter and the collector, respectively. The p-n-p transistor emitter 
is positive with respect to the collector; the collector is negative with respect to 
the emitter. The n-p-n transistor emitter is negative with respect to the collector; 
the collector is positive with respect to the emitter. 

C-5. Transistor Configurations 

The transistor may be connected in a common base, common emitter, or a com- 
mon collector configuration. The designation depends on which element is common 
to the input and the output circuit. In electronic equipments, inasmuch as the 

Ql Collector @2 Collector 
Base Base 

Emitter Emitter 

A. p-n-p transistor B. n-p-n transistor 

Fic. C-3. Transistor reference designations and graphical symbols
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common element is most often at ac ground potential or ac and de ground (chassis) 
potential, these configurations are also referred to as grounded base, grounded 
emitter, or grounded collector. Regardless of the configuration used, the class A 

amplifier requires forward bias of the base-emitter junction and reverse bias of the 
collector-base junction. 

Note: This paragraph discusses configurations using p-n-p transistors; the dis- 
cussion also applies to n-p-n transistors if the bias batteries are reversed in polarity. 

a. Common-Base (CB) Amplifier. Figure C-4 shows the common-base config- 
uration in which the signal is introduced into the emitter-base circuit, and extracted 
from the collector-base circuit. The base element of the transistor is common to the 
input circuit and the output circuit.. Figure C-4A shows the use of two separate 

batteries for biasing; one battery forward biases the base-emitter junction, and a 

second battery forward biases the collector-base junction. Figure C-4B shows the 
use of one battery for collector-base and emitter-base biasing. Forward bias is 
achieved by using the voltage divider consisting of resistors R3 and R4. 

b. Common-Emitter (CE) Amplifier. Figure C-5 shows the common emitter 
configuration in which the signal is introduced into the base-emitter circuit and 
extracted from the collector-emitter circuit. The emitter element of the transistor 
is common to the input circuit and the output circuit. Figure C-5A shows the 
use of two biasing batteries: one to forward bias the base-emitter junction, and the 

Y 

A. 

°o 

(Oe 
Input Sn = NY Output 

RB | = 
+ 

©} 

Fic, C-4, Common base configurations, using two-battery and single-battery biasing
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Fic. C-5. Common emitter configuration using two-battery and single-battery 

biasing 

second to reverse bias the collector-base junction. Note that the battery in the 
emitter-collector circuit is larger than the battery in the emitter-base circuit. 
Figure C-5B shows the use of one battery to bias the base-emitter junction and the 
base-collector junction. Forward bias is achieved by using the voltage divider con- 
sisting of resistors R3 and R1. 

c. Common-Collector (CC) Amplifier. Figure C-6 shows the common collector 
configuration in which the signal is introduced into the base-collector circuit and 
extracted from the emitter-collector circuit. The collector element of the transistor 
is common to the input circuit and the output circuit. Figure C-6A shows the use 
of two batteries to obtain the proper biases; their potentials are such that the base- 
emitter junction is forward biased and the collector-base is reverse biased. Fig- 
ure C-6B shows the use of one battery for biasing. To obtain forward bias in the 
base-emitter circuit, a voltage divider consisting of resistors Rl and R3 is used. 

C-6 Bias Stabilization 

Bias (operating point) is established for a transistor by specifying the quiescent 
(dc, no-signal) values of output voltage and input current. Distortionless opera- 
tion of a transistor over a wide range of temperatures requires that bias voltage 
and current remain stable. However, variations of reverse-biased collector current 
(a below) and emitter-base junction resistance (b below) with temperature pre-
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Fie. C-6. Common collector configuration using two-battery and single-battery 
biasing 

clude stable bias unless external compensating circuits are employed. Bias stabili- 
zation using resistors is discussed in ¢ below. 

a. Reverse-bias Collector Current (I[g¢go). 1. The reverse-biased collector cur- 
rent (par. C-2) is also referred to as a leakage current (because it is undesirable) 

and saturation current (because it reaches its maximum value at a given tempera- 

ture with a small amount of reverse bias). This current is designated Iggq because 
it is the collector-base current measured with the emitter open. The saturation 
current increases when the temperature of the transistor increases. The saturation 
current value varies from almost zero at 10° C to well over 1 milliampere at 125° C, 

2. Figures C-1 and C-2 show the direction of current flow in the base lead of 
a p-n-p and an n-p-n transistor caused by the saturation current. In each case the 
direction of current is such that a forward bias in the base-emitter circuit will be 

created by this current if resistance is present in the base lead. This increased for- 
ward bias increases the collector current. Increased collector current would raise 

the temperature of the collector-base junction and increase the saturation current. 
The cycle would continue until distortion occurs; the transistor becomes inopera- 
tive, or it destroys itself. This condition can be minimized by avoiding the use of 
high-valued resistors in the base lead.
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b. Emitter-Base Junction Resistance. 1. If the collector current variation with 
temperature were caused only by the saturation current, then collector current 

variation at temperatures below 10°C should not occur (a1 above). However, 
collector current increases with temperature even when the saturation current is 
near zero. This variation is caused by the decrease in emitter-base junction re- 
sistance when the temperature is increased ; i.e., the emitter-base junction resistance 
has a negative temperature coefficient of resistance. 

2. One method of reducing the effect of the negative temperature coefficient of 
resistance is to place a large-valued resistor in the emitter lead. This causes the 
variation of the emitter-base junction resistance to be a small percentage of 

the total resistance in the emitter circuit. The external resistor swamps (over- 
comes) the junction resistance; the resistor is referred to as a swamping resistor 
and is usually bypassed by a capacitor to avoid negative feedback of the ac signal. 

3. A second method of reducing the effect of the negative temperature coefficient 

of resistance is to reduce the emitter-base forward bias as the temperature increases. 

This method employs temperature-sensitive elements such as thermistors and junc- 
tion diodes in the biasing circuits of the transistor amplifier. 

c. Bias Stabilization Using Resistors. 1. The common base configuration shown 

in Figure C-4A has good temperature stability because the base-lead resistance is 
zero and emitter load resistor 1 also acts as an emitter swamping resistor. 

2. The common collector configurations shown in Fig. C-6 would have good tem- 
perature stability if base resistor R1 were replaced by a low-resistance coil or if 
transformer coupling were used to minimize base resistance. Emitter load resistor 
R2 also acts as an emitter swamping resistor. 

3. One method of obtaining temperature stability in a CH amplifier uses near- 
zero base resistance and an emitter swamping resistor as shown in Fig. C-7A. Re- 
sistor R1, ac bypassed by capacitor C1, is the swamping resistor; the secondary of 

transformer T1 offers a very low de resistance in the base circuit. Resistor R2 is 

the collector load. The collector current for this circuit will remain stable over a 
wide operating temperature. 

R2 B8 

Lo 
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H
 

T1 

3 f cil sp SR 4 i 

A. B. 

Fic. C-7. CH amplifiers employing transformer input and self-bias



282 BASIC THEORY AND APPLICATION OF TUNNEL DIODES 

4. A circuit employing negative feedback voltage to improve current stability 
is shown in Fig. C-7B. This method of bias is referred to as self-bias. If the col- 
lector current (Ig) rises, the collector becomes less negative because of the larger 
de drop in resistor R5. As a result, less forward bias (negative base to positive 
emitter) is coupled through resistors R2 and R38 to the base. Reduced forward bias 
then reduces the collector current. Resistor R2 isolates the base terminal from ac 
decoupling capacitor C1; resistor R3 isolates the collector terminal from ae de- 

coupling capacitor Cl. Resistor R4 is the emitter swamping resistor, ac bypassed 

by capacitor C2. Resistor R5 is the collector load and develops the output signal. 

C-7. Voltage Phase Relations 

Electron current flow through CB, CE, and CC amplifiers using p-n-p transistors 

is indicated by the direction of the arrows in Figs. C-8, C-9, and C-10 respectively. 
To simplify the explanation of the circuits, the saturation current has been ignored. 
Most of the emitter current flows through the collector. In practical transistors, 
from 95 to 99% of the emitter current reaches the collector; the remainder flows 

through the base. In the figures, the total emitter current is represented by the 
letter J. For discussion purposes, it is assumed that 99% (or 0.99 J) of the current 
reaches the collector; 1% (or 0.01 J) flows to the base. The waveforms on the 
illustrations represent voltage waveforms. The input signal produced by the signal 

generator is on the left and the output signal developed across resistor R1 is on the 

right. If n-p-n transistors were to be used, the polarities of the batteries would 
have to be reversed, but the voltage phase relationships would be the same. 

a, CB Amplifier (Fig. C-8). 1, Consider an instant of time when the voltage 
(AB) from the signal generator aids the base-emitter forward bias. The resultant 

forward bias at this instant has been increased, thereby increasing the total emitter 
current (2). By corresponding amounts, the collector and the base currents have 
been increased. The increased current flow through resistor R1 causes the top 
part of the resistor to become more positive with respect to the lower part. This 
effect is shown by AB on the output waveform. For the entire half cycle that the 
input signal goes positive and aids the forward bias, the output signal goes positive. 

2. Consider an instant of time when the voltage (CD) from the input signal 
opposes the forward bias. The decreased forward bias decreases the total emitter 
current (J). By corresponding amounts, the collector and the base currents have 
been decreased. The decreased current flow through resistor R1 causes the top 
part of the resistor to become less positive with respect to the lower part. This 
effect is shown by CD on the output waveform. For the entire half cycle that the 
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Fig. C-8. Common base (CB) amplifier, input and output voltage waveforms



REVIEW OF TRANSISTOR FUNDAMENTALS 283 

~— 0.991 if 
ool (V a 

D — 

‘L + — 

4 {\|-— 

Fig. C-9. Common-emitter (CEH) amplifier, input and output voltage waveforms 

input signal goes negative and opposes the forward bias, the output signal goes 
negative. 

3. Comparing the input and output signals, therefore, it can be seen that there 
is no voltage phase reversal in a CB amplifier. 

b. CE Amplifier (Fig. C-9). 1. Consider an instant of time when the input 
voltage (AB) opposes the forward bias of the base-emitter battery. The reduced 

forward voltage at this instant decreases the total emitter current (J). By corre- 

sponding amounts the collector and the base currents are decreased. The decreased 

current through resistor #1 causes the top part of the resistor to become less posi- 

tive with respect to the lower part. This effect is shown by AB on the output 
waveform. For the entire half cycle that the input signal goes positive and opposes 
the forward bias, the output signal goes negative. 

2. Consider an instant of time when the input voltage (CD) aids the forward 

bias. The increased forward voltage increases the emitter current. By correspond- 

ing amounts the collector and the base currents are increased. The increased cur- 

rent through resistor R1 causes the top part of the resistor to become more positive 
with respect to the lower part. This effect is shown by CD on the output wave- 
form. For the entire half cycle that the input signal goes negative and aids the 
forward bias, the output signal goes positive. 

3. Comparing the input and the output signals, therefore, it can be seen that 
the input signal voltage is reversed 180° in phase in going through the CE amplifier. 

c. CC Amplifier (Fig. C-10). 1. Consider an instant of time when the input 
voltage (AB) opposes the forward-bias voltage. The reduced forward voltage 
decreases the emitter current (J). The decreased current through resistor R1 

causes the top part of the resistor to become less negative (more positive) with 

respect to the lower part. This effect is shown by AB on the output waveform. 
For the entire half cycle that the input signal goes positive, the output signal also 
goes positive. 

2. When the input signal is negative (CD), the forward bias is increased and the 
emitter current increases. The increase in emitter current causes the top part of 
resistor R1 to become more negative with respect to the lower part. This effect is 
shown by CD on the output waveform. For the entire half cycle that the input 
signal goes negative, the output signal also goes negative. 

3. Comparing the input and output signals, it can be seen that there is no phase 
reversal of the signal by the CC amplifier.
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Fic. C-10. Common-collector (CC) amplifier, input and output voltage waveforms 

C-8. Comparison of Configurations 

a. General. The three possible circuit configurations for the transistor were cov- 

ered in paragraph C-5. Typical values of input resistance, output resistance, cur- 
rent gain, voltage gain, and power gain for medium-power transistors are given in 
6 below. This information will help the reader to appreciate the combinations of 
configurations used in specific applications, and the combinations of configura- 

tions used to achieve a given result. In equipments containing transistors, 

the CE amplifier is most often used because it provides current, voltage, and power 
gain, while the CB amplifier current gain is always less than 1 and the CC ampli- 
fier voltage gain is always less than 1. The CB amplifier is used most often to 
match a low-impedance circuit to a high-impedance circuit. The CC amplifier is 
used most often to match a high-impedance circuit to a low-impedance circuit. 

b. Typical Values. Table C-1 lists typical values of input resistance, output 
resistance, voltage gain, current gain, and power gain for the three configurations. 

TARLE C-l. TYPICAL CONFIGURATION VALUES 

Item CB Amplifier CE Amplifier CC Amplifier 

Input resistance 30-150 ohms 500-1500 ohms 2K-500K ohms 
Output resistance 3800K-500K 30K-50K 50-1000 ohms 

Voltage gain 500-1500 300-1000 Less than 1 

Current gain Less than 1 25-50 25-50 
Power gain 20-30 db 25-40 db 10-20 eb 

C-9. Transistor Equivalent Circuit and Parameters 

Figure C-i1 shows a CE amplifier and an equivalent circuit by which the ampli- 
fier can be represented. The transistor (in dashed lines) is represented by a re- 

sistor h;,, a voltage generator with an output voltage h,¥¢-, a resistor having a 
conductance h,,, and a current generator having an output current A,,.%). These 
parameters are used extensively in the field and are referred to as hybrid parameters. 

They are so called because they represent a mixture of dimensions; ie., hj, is meas-
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ured in ohms and h,, in mhos, while h,, and h,, are pure numbers. Other equivalent 
circuits can be derived using all resistance values or all conductance values. The 
hybrid parameters are defined in a below, and specific formulas and typical values 

are given in b below. 
a, Definition. The general definitions for each parameter (1 through 4 below) 

applies to the CE, CB, or CC configuration; each is made applicable to the specific 
configuration by adding e, b, or c, respectively, to the subscript. 

1. h, is the put resistance measured with the output ac short-circuited. 
2. h, is the reverse (feedback) open-circuit voltage amplification factor and is 

measured with the input ac open-circuited. 
3. h, is the forward current amplification factor and is measured with the output 

ac short-circuited. 
4, h, is the output conductance measured with the input ac open-circuited. 

b. Formulas and Typical Values. Table C-2 lists the hybrid parameters for the 
CE, CB, and CC configurations. In the case of voltage (V) and current (J), the 

subscripts C, B, £, refer to collector, base, and emitter, respectively; where C' is 
used alone, it means constant. For instance, the first formula reads: the input 
resistance (A;,) equals the ratio of the incremental (4) values of base-emitter volt- 

age (Vg) to base current (7g), measured with the collector-emitter voltage (Vgn) 
constant (C). The table also presents a set of values for the hybrid parameters 

of a typical transistor. Actually, the parameter values for a given configuration 
vary over a very wide range, depending on the transistor types. The value of the 
table, therefore, is in showing the relative magnitudes in parameter values among 

the three configurations.



GLOSSARY 

Acceptor Impurity. A substance with three (3) valence electrons in its atom; 

added to a semiconductor crystal, it creates a positive mobile hole in the lattice 
structure of the crystal. 

AND Circuit (AND Gate). A gating circuit that switches from one stable state 
to another when all inputs are applied simultaneously. 

Astable Multivibrator. A multivibrator biased in an unstable region and switch- 

ing rapidly and continuously through the unstable region when power is applied; 
referred to as free running. 

Backward Diode. A semiconductor device in which the tunneling current at a 
given small reverse bias is greater than the tunneling current at the same forward 

bias. 
Barrier. In a semiconductor, the electric field between the acceptor ions and the 

donor ions at a junction. See Depletion Region. 

Barrier Height. In a semiconductor, the difference in potential from one side of 
a barrier to the other. 

Base (junction transistor). The center semiconductor region of a double junction 
(n-p-n or p-n-p) transistor. The base is comparable to the control grid of a 
triode electron tube. 

Bistable Multivibrator. A circuit with two stable states requiring two input 
pulses to complete a cycle. 

Collector. The end semiconductor material of a double junction (n-p-n or p-n-p) 

transistor that is normally reverse-biased with respect to the base. The collector 
is comparable to the plate of an electron tube. 

Common-Base (CB) Amplifier. A transistor amplifier in which the base element 
is common to the input and the output circuit. This configuration is comparable 
to the grounded-grid triode electron tube. 

Common-Collector (CC) Amplifier. A transistor amplifier in which the col- 
lector element is common to the input and the output circuit. This configuration 
is comparable to the electron-tube cathode follower. 

Common-Emitter (CE) Amplifier. A transistor amplifier in which the emitter 
element is common to the input and the output circuit. This configuration is 
comparable to the conventional electron-tube amplifier. 

Conductance, Negative. See Negative Conductance. 

Configuration. The relative arrangement of parts (or components) in a circuit. 
Cutoff Frequency, Resistance. See Resistance Cutoff Frequency. 

Depletion Region (or Layer). The region in a semiconductor containing the 
uncompensated acceptor and donor ions; also referred to as the space-charge 
region or barrier region. 

Donor Impurity. A substance with five (5) electrons in the outer orbit of its 
atom; added to a semiconductor crystal, it provides one free electron. 

287
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Dwell Period. That period during which a switching device remains for a rela- 
tively long time at a given operating (voltage or current) level; the time between 
two switching periods. 

Electron-Pair Bond. A valence bond formed by two electrons, one from each of 
two adjacent atoms. 

Emitter-Follower Amplifier. See Common-Collector Amplifier. 
Emitter (junction transistor). The end semiconductor material of a double 

junction (p-n-p or n-p-n) transistor that is normally forward-biased with respect 
to the base. The emitter is comparable to the cathode of an electron tube. 

Equivalent Circuit. A diagrammatic circuit representation of any device exhibit- 
ing two or more electrical parameters. 

EXCLUSIVE OR Gate. A circuit which may have a high-voltage output or a 
low-voltage output depending upon the magnitude of the input pulses. 

Fall Time. The length of time during which the amplitude of a pulse decreases 
from 90% to 10% of its maximum value. 

Forward Bias. An external potential applied to a p-n junction so that the deple- 
tion region is narrowed and relatively high current flows through the junction. 

Forward Short-Circuit Current Amplification Factor. In a transistor, the 
ratio of incremental values of output to input current when the output circuit is 
ac short-circuited. 

Forward Voltage. See Injection Current Voltage. 
Gating Circuit. A circuit operating as a switch, making use of a short or open 

circuit to apply or eliminate a signal. 
Hall Effect. The electromotive force (voltage gradient) developed in a current- 

carrying conductor when immersed in a magnetic field. The direction of the 
electromotive force is at right angles to the direction of current flow and the 
magnetic field. 

Hole. A mobile vacancy in the lattice structure of a semiconductor crystal. The 
hole acts similarly to a positive electronic charge having a positive mass. 

Hybrid Junction. As used in this text, a four-port hollow waveguide device that 
permits electrical energy flow from one port to only two other ports; used as an 
isolating device. 

Hybrid Parameter. The parameters of an equivalent circuit of a transistor which 
are not dimensionally identical. 

Inflection Point. That point on the current-voltage (J-V) chart of a tunnel diode 
that displays minimum negative resistance (maximum negative conductance). 

Injection Current. Current flow across a forward-biased semiconductor junction 
that occurs because of the high energy levels of the mobile charges. In a tunnel 
diode it is the current flow beyond the valley current. 

Injection Current Voltage. In a tunnel diode, the applied forward voltage that 
causes an injection current equal to the peak current. 

Junction Transistor. A device having three alternate sections of p-type and 
n-type semiconductor material. 

Lattice Structure. Ina crystal, a stable arrangement of atoms and their electron- 
pair bonds. 

Majority Carriers. The holes or free electrons in p-type or n-type semiconductors, 
respectively. 

MAJORITY Gate. A circuit, the output signal magnitude or polarity of which 
depends upon the polarity of the majority of the inputs.
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Maser. Word derived from Microwave Amplification by Stimulated Emission of 
Radiation. Term refers to process of, or device for, microwave amplification or 
oscillation by direct interaction of electromagnetic fields and the molecular struc- 
ture of a device. 

Minority Carriers. The holes or excess electrons in n-type or p-type semicon- 
ductors, respectively. 

Monostable Multivibrator. A circuit having one stable state and requiring one 
trigger pulse to complete a cycle, 

Multivibrator. A type of relaxation oscillator used to generate nonsinusoidal 
waves. 

Nanosecond. One billionth of a second; one millimicrosecond; 10-® second. 
Negative Conductance. The reciprocal of negative resistance. 
Negative Resistance. The ac quantitative (mathematical) effect of a device the 

instantaneous de positive resistance value of which increases with increasing volt- 
age (i.., current decreases with increasing voltage). 

NOR Circuit. An OR gating circuit that provides pulse phase inversion. 

NOT AND Circuit. An AND gating circuit that provides pulse phase inversion. 

NOT Gate. A phase inverter; the output pulse is reversed 180° in phase with 
respect to the input pulse. 

n-Type Semiconductor. A semiconductor into which a donor impurity has been 
introduced. It contains free electrons. 

OFF State. With respect to the tunnel diode, the device is biased above the valley 
voltage. 

ON State. With respect to the tunnel diode, the device is biased below the peak 
voltage. 

OR Circuit (OR Gate). A gate circuit that produces the desired output with 
only one of several possible input signals applied. 

Peak Current. The maximum current that occurs in a forward-biased tunnel diode 
during the tunneling process. 

Peak-Current Voltage. The tunnel diode voltage at which the peak current 
occurs. 

p-n Junction. The area of contact between n-type and p-type semiconductor 
materials that are lightly doped. 

Pr-n Junction. A p-n junction formed by heavily doped semiconductor regions 
and resulting in electron tunneling. 

Polycrystalline Structure. The granular structure of crystals which are non- 
uniform in shape and irregularly arranged. 

Precession. The rotary motion of the azis of spin of a rotating body when a force 
is applied at an angle to the axis of spin. If the body were not rotating (did not 

have angular momentum), the body would simply move in the direction of the 

applied force. The rotary motion of the axis of spin, therefore, takes precedence 
over the latter possible motion. 

p-Type Semiconductor. A semiconductor crystal into which an acceptor im- 
purity has been introduced. It provides holes in the crystal lattice structure. 

Pulse Time. The length of time a pulse remains at its maximum value. 

Quiescence. The operating condition that exists in a circuit when no input signal 
is applied to the circuit. 

Resistance Cutoff Frequency. The frequency above which a negative-resistance 
device cannot oscillate because its total positive resistance equals its negative
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resistance. The frequency at which the real part of its impedance equation equals 
zero. 

Resistance, Negative. See Negative Resistance. 

Reverse Bias. An external potential applied to a p-n junction that increases the 

junction barrier and prevents the movement of majority current carriers. 

Rise Time. The time required for the leading edge of a pulse to increase from 
10% to 90% of its maximum value. 

Semiconductor. A substance having a resistivity between that of conductors and 
insulators. 

Stabilization. The reduction of variations in voltage or current not due to pre- 
scribed conditions. 

Swamping Resistor. In transistor circuits, a resistor placed in the emitter lead 

to mask (or minimize the effects of) variations in emitter-base junction resistance 
caused by variations in temperature. 

Switching Period. That period during which a switching device moves almost 

instantaneously from one operating (current or voltage) level to another. 

Thermal Agitation. In a semiconductor, the random movement of holes and 

electrons within a crystal due to the thermal (heat) energy. 
Transistor. A semiconductor device capable of transferring a signal from one 

circuit to another and producing amplification. See Junction Transistor. 
Triggered Circuit. A circuit that requires an input signal (trigger) to produce 

a desired output determined by the characteristics of the circuit. 
Tunnel Diode. A heavily doped semiconductor diode that exhibits a negative- 

resistance region in its current-voltage chart because of electron tunneling. 

Tunneling. The movement of electrons across a normally impassable narrow 

barrier when holes (or other positive ions) exist on the other side of the barrier 
at the same energy level as the electron. 

Tunneltron. A device consisting of a sandwich of two conductors and an ultra- 
thin insulator and exhibiting the electron tunneling phenomenon. 

Unilateralization. The process by which an amplifier or cascaded amplifiers are 
prevented from oscillating by ensuring the unidirectional flow of energy through 
the circuit. 

Unit Step Current (or Voltage). A current (or voltage) that undergoes an 
instantaneous change in magnitude from one constant level to another. 

Valley Current. The minimum current that occurs in a tunnel diode forward 

biased beyond the peak voltage. The transition point between tunneling current 
and injection current. 

Valley Current Voltage. The tunnel diode voltage at which the valley current 
occurs. 

Zener Diode. A p-n junction diode reverse-biased into the breakdown region; 
used for voltage stabilization.
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AM oscillator: 

Controlled-negative 

249 

Single diode, 248 

Amplifier: 

Audio, 117 

Compound connected, 90, 98 

Parallel arrangement, 75, 85 

RF (30 me), 116 

RF (100 me), 115 

Series arrangement, 59, 85 
Tuned RF, 114 

Amplifiers, cascaded, 122, 128, 137, 189, 143, 
151 

Amplitude modulation, 247 

AND or OR gate: 

Biasing, 229 

Circuit analysis, 235 
Locking circuit, 244 

Separate input terminals, 237 

Unidirectional, 231 

Atomic structure, 11 

Audio amplifier, tunnel diode, 117 

resistance device, 

Back-to-back tunnel diodes, 155 

Backward and back diode properties, 177 

Backward diode and tunnel diode, 154 
Barrier, junction, 27 

Bias considerations, 111 

Biasing for AND or OR gate, 229 

Bistable multivibrator (see multivibrator) 

Breakdown diode voltage regulator, 112 

Cascaded amplifiers (see amplifiers, cas- 

caded) 
Characteristic : 

n-type, 183 
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Characteristic: (Cont.) 

s-type, 183 

Tunnel diode and n-type, 185 

Chow’s circuit, 236 

Circulator, ferrite, 149 
Comparison : 

Transistors and tunnel diodes, 5 

Tunneltron and tunnel action, 46 
Conductors, 14 

Constant-current source: 

Limited voltage range, 174 

Extended voltage range, 177 

Constant-voltage source, 159 

Controlled-negative-resistance : 

Amplitude modulated device, 249 

Multivibrator, 225 

Three tunnel diodes, 173 

Two tunnel diodes, 167 

Converters, tunnel diode, 261 

Coupled pair: 

Monostable or bistable multivibrator 
223 

Multivibrator, 208 

Relaxation oscillator, 207 

Twin diode arrangement characteristics, 

161 

Crystal controlled oscillators, 195 

Crystal semiconductor: 

Impurities, 18 

Pure, 16, 17 

Currents, peak, valley, and injection, 37, 
39, 40, 42 

Cutoff frequency, resistance, 73 

Cylindrical cavity oscillator, 200 

? 

De resistance: 

Parallel gain by varying, 79
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De resistance: (Cont.) 

Series gain by varying, 62 
Varying, 58 

Decreased tunnel diode input current, 183 

Demodulation, 252 

Detection, heterodyne, 257 

Detector: 

FM slope, 255 

Heterodyne, 257, 261 

Square-law, 252, 254 

Diode in series, increasing peak current, 

156 

Distortion, 104, 105 

Electromagnetic fields, 140 

Electron precession, 145 

Energy levels: 

Forward biased p-n junction, 34 

p-n junctions, general, 31 

Reverse-biased p-n junction, 33 

Unbiased p-n junction, 32 

Equivalent circuit: 

Parallel amplifier, 79 

Series amplifier, 62 

Tunnel! diode, 73 

EXCLUSIVE OR gate, 240 

Ferrite circulator, 145, 149 
Ferrite isolator, 148 

FM oscillator, 251 

FM slope detector, 255 

Forward biased: 

Diode regulator, 113 

p-n junction, 29 

p-n junction, energy levels, 34 

pq junction, injection current, 40 

Pen junction, peak current, 37 
pn junction, valley current, 39 

Four-layer diode, 52 

Frequency dependence of negative resist- 

ance, 75 
Frequency modulation, 250 

Frequency stability, oscillators, 191 

Functions of tunnel diodes, 4 

Gain formulas: 

Parallel amplifier, 82 

Parallel amplifier with signal source re- 

sistance, 85 

Series amplifier, 65, 68 

Gating circuits: 

AND or OR, 229, 231, 235, 236, 237, 244 
EXCLUSIVE OR, 240 
General, 228 

MAJORITY, 242, 243 

NOT, 240 

NOT AND or NOR, 230 

Goto pair, MAJORITY GATE, 242 

Graphic symbols and reference designa- 

tions, 56 

Graphical analysis: 

Parallel amplifier, 83 

Series amplifier, 67 
Gyrator, Hall-effect, 133 

Hali-effect: 

General, 131, 183 

Gyrator, 133 

Tsolator, 135 

Isolators, cascaded amplifiers using, 137 

Heterodyne detection, 257 

History of semiconductor devices, 1 
Hole: 

Movement, 23 

Properties and characteristics, 23 
Hybrid coupled tunnel diode: 

Amplifier, 143 

Mixer, 260 

Hybrid junction, 140, 142 

Impedance matching, 90 

Impurities in semiconductor crystals, 18 

Increasing peak current, diodes in series, 
156 

Inflection point, 105 

Insulators, 14 

Isolation, 121 

Isolator: 

Ferrite, 148 

Hall-effect, 135 

Hybrid junction, 142 

Quarter-wave line, 124, 126 
Skew, 135 

Transmission line, 121 

Junction: 

Barrier, 27 

Hybrid, 142 

Linear characteristics, ideal, 105 

Linearly polarized wave, 146 

Locking circuit, AND or OR, 244
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MAJORITY gate: 

Goto pair, 242 

Single-ended pair, 243 

Matched amplifiers using quarter-wave 
line: 

Cascading, 122 

General, 124, 128 

Matched transmission line technique, gen- 
eral, 121 

Matching, impedance, 90 

Materials of tunnel diodes, 8 
Matter, general, 10 

Mixer: 

Tunnel diode, 253 

Using normal diode rectifier, 258 
Modulation: 

Amplitude, 247 

Frequency, 250: 

General, 247 

Monostable multivibrator, single diode, 
218 

Monostable or bistable multivibrator: 
Coupled pair, 223 

Multivibrator: 

Controlled negative resistance, 225 

Coupled pair: 

Astable, 208 

Bistable, 223 

Monostable, 223 

Diode-transistor, 211 

Single diode: 

Astable, 201, 204 

Bistable, 219, 220 

Monostable, 218 

Negative resistance : 

Ac, 57 

At higher voltage, 179 

Frequency dependence of, 75 

Semiconductor devices, 49, 54 
Neutrons, 13 

Noise considerations, 102 

Noise figure, tunnel diode, 104 

NOT AND or NOR gate, 230 

NOT gate or EXCLUSIVE OR, 240 

n-type semiconductor, 19 

On and Off state, switching characteristics 

216 

Open end quarter-wave line, 126 

? 

Oscillation : 

Above and below self-resonance, 190 
Power-shift relations, 72, 89 

Oscillator: 

Above and below self-resonance, 190 
Crystal-controlled, 195 

Cylindrical cavity, 200 
FM, 251 

Parallel, 87 

Relaxation, 189 

Series, 70 

Sinewave, 189 

Strip-transmission line, 199 

Transitron, 49 

Voltage tuned, 198 

Parallel amplifier: 

Diode series resistor, 96 

Equivalent circuit, 79 

Gain formulas, 82 

Graphical analysis, 83 

Load series resistor, 97 

Parallel matching resistor, 98 
Tunnel diode, 76 

With signal source resistance, 85 

Parallel arrangement amplification, gen- 
eral, 75 

Parallel gain by varying de resistance, 79 
Parallel oscillator, 87 

Parallel oscillator, power-shift relations, 89 

Peak and valley currents, 42 

Peak and valley currents, temperature ef- 

fects on, 108 
p-n junction: 

Forward biased, 29 

General, 25 

Reverse biased, 28 

Power shift relations: 

Parallel oscillator, 89 

Series oscillator, 72 

Precession, electron, 145 

Properties of holes, 23 

Protons, 13 

Ppn junction: 

Reverse biased, 41 

Tunnel diodes, general, 35 

With forward bias and injection current, 
40 

With forward bias and peak current, 37 

With forward bias and valley current, 39
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ppn junction: (Cont.) 

Zero bias, 36 

p-type semiconductor, 21 
Pulse frequency divider, 227 

Pure semiconductor crystal, 17 

Quarter-wave line, 124 

Quarter-wave line, open-end, 126 

Reference designations and graphical sym- 

bols, 56 

Relaxation oscillator: 
Coupled pair multivibrator, 207, 208 

Diode-transistor multivibrator, 211 

General, 189 

Sawtooth generator, 210 

Single diode, 201, 204 

Resonant frequency, self, 73 

Reverse biased p-n junction, 28 

Reverse biased p-n junction, energy-levels, 

33 

Reverse biased p_n junction, 41 

RF amplifiers (see amplifier) 

Sawtooth generator, 210 

Semiconductors, 14 

Semiconductor: 

n-type, 19 

p-type, 21 

Semiconductor crystal : 

Impurities, 18 

Pure, 17 

Semiconductor devices: 
Displaying negative resistance, 51 

History of, 1 

Series amplifier: 

Diode paralleled, 92 

Equivalent circuit, 62 

Gain formulas, 65 

Gain formula references, 68 

Graphical analysis, 67 

Load paralleled, 93 

Series matching resistor, 94 

Tunnel diode, 59 

Series gain by varying de resistance, 62 

Series oscillator, 70 

Series-parallel LC oscillators, 194 

Sinewave oscillator, 189 

Single diode: 

AM oscillator, 248 

Single diode: (Cont.) 

Bistable multivibrator, 219 

Monostable multivibrator, 218 

Multivibrator, 204 

Single-ended locked pair, MAJORITY 

gate, 243 

Skew isolator, 136 

Skew isolators, cascaded amplifiers using, 

189 

Square-law detector: 

Electron tube, 252 

Tunnel diode, 254 

Staircase wave generator, 227 

Strip transmission-line oscillator, 199 

Switching characteristics : 

General, 214 

On and Off state, 216 

Tunnel diode, switching speed, 216 

Types of operation, 215 

Temperature effects on: 

Diode voltages, 109 

Peak and valley currents, 108 

Specific applications, 109 

Three tunnel diodes, controlled-negative 

resistance, 173 

Transistor: 

And tunnel diodes, 154 

And tunnel diode comparisons, 5 

Unijunction, 54 

Transitron oscillator, 49 

Tunnel diode: 

Advantages of, 5 

Amplifiers, hybrid junction, 143 

And backward diode, 154 

And n-type characteristic, 183, 185 

Audio amplifier, 117 

Back-to-back, 155 

Combinations, 154 

Converters, 261 

Current, increased, 181 

Disadvantages of, 5 

Equivalent circuit, 73 

Functions, 4 

Fundamental theory, 10 

Input current, decreased, 183 

Mixer: 

Hybrid coupled, 260 

Normal rectifier, 258
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Tunnel diode: (Cont.) 

Noise figure, 104 

Noise, origin of, 102 

Parallel amplifier, 76 

Series amplifier, 59 

Square-law detector, 254 

Switching speed, 216 

Tunneling through ultra-thin insulators, 43 

Tunneltron: 

Advantages and disadvantages, 45 

Tunnel diode action, comparison with 
46 

Twin diode arrangement, 161 

Two-port and one-port devices, 120 

’ 

Two tunnel diodes, controlled-negative re- 
sistances, 167 

Ultra-thin insulators, tunneling through, 43 

Unbiased p-n junction, energy levels, 32 

Unidirectional AND or OR gate, 231 
Unijunction transistor, 54 

Varying dc resistance, 58 

Voltage regulator, breakdown diode, 112 
Voltage source, constant, 159 

Voltage tuned LC oscillator, 198 

Wave, linearly polarized, 146 

Zener diode, 112
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