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Linear IC Principles, experiments, and Projecfs was written to in-

troduce the principles of operation of the integrated circuit. The 

boo.< begins with a review of semiconductor theory and practical 

devices. The formation and general fabrication of the various ac-
tive and passive components are covered. 

Next, the text discusses the common internal circuit arrange-
merts and :he basic external circuitry reeded to perfom a specific 
electronic function. Considerab'e emphasis is placed on differen-

tial and operationsl amplifie-s, which are fundamental to IC 

devices. Important multipurpose ICs arid special systems are dis-

cussed ir detail. A coverage of digital ICs is presented because 

they are found in many linear systems. A set of five experiments is 

included for classroom use or as a home-study learning aid. 
The last four chapters give a broad coverage of how linear ICs 

are used in commerc al, industrial, and test equipment. Home-

entertainment audio. a-m, fm, and television applications are also 
stressed. Ham-radio and short-wave erthusiasts will find the pro-

jects in Chapters 9 and 10 gocd examples of the many opportun-

ities for the use of ICs in the two-way radio field. These last four 
chapters will also be appreciated by those who like the learn-by-

doing approach; they'll find an intriguing collection of school, lab-
oratory, ano home construction projects. 
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Preface 

The integrated circuit is a natural follow-up to the discrete semi-
conductor device. In the integrated circuit, various semiconductor 
devices such as diodes, bipolar transistors, field-effect transistors, etc., 
are incorporated into a single semiconductor package. Discrete tran-
sistors are indeed small devices in themselves, but the integrated circuit 
permits an even greater number of semiconductor devices to be pack-
aged together in such a manner that they can internally perform 
complete simple and complex electronic functions. 

ICs are now produced in great numbers and can be found in most 
electronic equipment. They are a part of most home-entertainment 
units coming off the production lines today. These units include radio 
and television receivers, audio amplifiers, a-m and fm systems, two-
way rados, etc. The little electronic calculator you can hold in your 
hand is just one example of the almost unbelievable extent to which 
integrated circuits can miniaturize electronic equipment. Commercial 
and industrial electronic equipment also employ these little magic 
devices. 
When these devices first became available, many thought that the 

need for capable electronic technicians and engineers would decline 
because electronic equipment would now be automatic. The same 
fate was predicted for electronic experimentation. How wrong those 
beliefs were. 
What the integrated circuit did do was to permit more compact 

miniaturization and make feasible more complex functions. It triggered 
the need for a greater depth of electronic knowledge and an even 
greater experimentation effort to find out how many ways the IC 
could perform a service. Knowledge was not turned off, nor was 
experimentation stymied. Instead, the integrated circuit came to be 
realized as an exciting device and an essential part in many electronic 
systems. 

EDWARD M. Not.t. 
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1 

Basic Semiconductor Principles 

The technician or engineer who works with integrated circuits has a 
two-fold responsibility. He must know how the device functions in the 
system with which it is associated, as well as have some understanding 
of what takes place within the device. (There are arguments occasion-
ally with regard to the latter.) However, as the device becomes in-
creasingly complex, it becomes more difficult to know how to apply 
the device or to understand its multiple-function capabilities in a sys-
tem. Therefore, it is best that you know integrated circuits, or ICs as 
they are usually called, inside and outside. 

Integrated circuits are now being produced in the millions. In vary-
ing degrees, these tiny packages of electronic marvels have infiltrated 
all facets of the electronics industry. Inside each package are com-
ponents numbering from a few to hundreds of items. One device may 
function in a routine way in a simple system; another will perform a 
complex function in a complex electronic system. The device may be 
just a simple amplifier or a complete system. 

Modern electronic entertainment units use their share of integrated 
circuits, but commercial and industrial electronic systems have come 
to depend on these tiny devices. Test equipment (Fig. 1-1) and two-
way radio gear of all types (Fig. 1-2) have led the way in using ICs to 
advantage. 

BASIC IC STRUCTURES 

The two basic integrated circuit structures are monolithic and hy-
brid. In the monolithic type, the entire integrated circuit is completed 
as a single silicon die. All circuit components are an inherent part of 
the structure, formed within or on top of a tiny block of silicon. All 
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Courtesy Heath Co. 

Fig. 1-1. A test instrument utilizing integrated circuits. 

components are inseparable in a continuous array of silicon atoms— 
of proper polarization and differing degrees of impurity. Interconnec-
tions between components and connections to the output leads are 
handled by metalized patterns included in the manufacturing process. 
The photomicrograph of Fig. 1-3 shows an integrated circuit and its 
terminals. Thin wire leads connect the terminals to the pins of the 
integrated circuit casing. 

The structure of a monolithic IC is built around a single silicon 
specimen. More than one monolithic device can be incorporated in a 
single case. Electrical isolation among the various devices and com-
ponents is handled by polarization of the various layers and the dep-
osition of special insulating strata. This latter process is called multi-
phasing ( Fig. 1-4). Isolating dielectric barriers separate individual 
monolithic components or groups of components both electrically and 
physically. 

In a hybrid-type IC, metallic depositions or wire bonds intercon-
nect very tiny active and discrete components within a small case, 

Courtesy Nidrc(i Avionics 

Fig. 1-2. Integrated circuits are used in this compact 

aviation communicator. 



Fig. 1-4. Multiphased integrated circuits. 

Fig. 1-3. Integrated circuit mounted in cose. 

Fig. 1-5. A hybrid circuit can contain one or several individual mono-
lithic structures plus discrete components in its design. 

These various IC constructions are discussed further in Chapter 2. 
Also considered are the various active and passive electronic compo-
nents that can be incorporated into an integrated circuit. But before 
examining the construction of ICs, a review of certain solid-state 
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principles will assist in understanding IC structures and modes of 
operation. 

SEMICONDUCTOR FUNDAMENTALS 

The factor that differentiates one element from another is deter-
mined by the grouping, number, and placement of its electrons around 
the atomic nucleus. Electrons may occupy one or more energy bands 
or shells. These shells are spaced a certain distance from the nucleus 

l 

(A) IC showing external toroid coils. 

(B) Multichup LC 

Fig. 1-5. Hybrid integrated circuits. 



and contain a specific number of electrons of approximately the same 
energy level. Those electrons in orbit near the nucleus have a low 
energy level and are tightly held to the atomic structure. Electrons in 
the outer shell are of much higher energy content and are held less 
tightly. 

The Silicon Atom 

The element silicon is basic to most diodes, transistors, and inte-
grated circuits in practical use today. The makeup of the silicon atom 
is illustrated in Fig. 1-6A. It consists of 2 electrons in the first shell 

NUCLEUS 
14 PROTONS 

K SHELL 
(2 ELECTRONS) 

L SHELL 
(8 ELECTRONS) 

M SHELL 
(4 ELECTRONS) 

SILICON ATOM 

(A) Silicon atom showing energy bands. 

SILICON 

14 El ECTRONS 
4 VALENCE ELECTRONS 

ATOMIC 
NUCLEUS 

OUTER ----
M SHELL 

VALENCE 
ELECTRONS 

ATOMIC 
NUCLEI 

BONDED 

ELECTRONS 
VALENCE 

(13) Simplified drawing of the atom. (C) Atoms arranged in a lattice. 

Fig. 1-6. Atomic structure of silicon. 

(K), 8 electrons in the second shell ( L), and 4 electrons in the outer 
shell ( M). Customarily, the simplified version shown in Fig. 1-6B is 
employed and shows the nucleus and the 4 electrons of the outer shell. 
It is the outer, so-called valence electrons, that determine the electrical 
characteristics of the particular element. 
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There are never more than 8 electrons in the outer shell of an ele-
ment, but there may be fewer. When there are exactly 8 electrons, an 
element has a high stability because the valence electrons are bound 
tightly to the atom. Such an element serves as an excellent electrical 
insulator. Fewer than 8 valence electrons results in a less stable atom. 
Atoms having 5, 6, and 7 electrons tend to borrow additional electrons 
from other atoms. Those with 1, 2, or 3 valence electrons lose elec-
trons to other atoms. 
The interlocking of valence electrons among atoms produces stable 

molecules of a substance, forming crystalline formations of molecules. 
Silicon is an unusual element because there are 4 valence electrons in 
a balanced arrangement (Fig. 1-6C). Its binding is tight, and it takes 
on the characteristics of an insulator. 
When highly purified silicon is produced, it is called intrinsic silicon. 

Although its conductivity is poor, its crystalline makeup is not a per-
fect insulator because the bonding can be broken with high tempera-
ture or an appropriate electrical energy. 

Adding Impurities 

In the manufacture of semiconductor devices, very small and very 
accurate amounts of impurities are added to the intrinsic crystal. These 
impurities establish the polarization of the material and lower its 
resistivity by a specific amount, giving a very carefully regulated 
amount of electrical conduction. Such a crystal with the proper amount 
of doping (added impurity) is called an extrinsic semiconductor. It 
has a conductivity that lies somewhere between the high conductivity 
of a conductor and the low conductivity of an insulator. 
The impurities added to the intrinsic silicon crystal are of two types: 

one has only 3 electrons in the valence shell, while the other has 5 
valence electrons. The makeup of the more common impurity elements 
is shown in Fig. 1-7. Elements with 3 electrons in the valence band, 

OUTER 
SHELL 

5 VALENCE ELECTRONS 

PHOSPHORUS 
ARSENIC 

ANT IMONT 

(A) Donor atom. 

3 VALENCE ELECTRONS 

BORON 

ALUMINUM 

GALLIUM 

INDIUM 

(B) Acceptor atom. 

Fig. 1-7. Simplified drawings of impurity elements. 
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such as boron, aluminum, gallium, and indium, are called acceptor 
materials. Elements that have 5 valence electrons are phosphorous, 
arsenic, and antimony. They are called donor atoms. The doping of 
the silicon crystal determines whether it acts as a p-type or n-type 
material. 

If the impurity that is added has 5 valence electrons, the bonding of 
the material is as shown in Fig. 1-8A. Note that at the position where 
there is an impurity atom, there is an extra electron in the outer orbit. 
Such a crystal is called n-type because doping with a donor material 
has produced extra electrons which can be moved as negatively 

EXTRA ELECTRON IN 
OUTER ORBIT CF 
IMPURITY ATOM 

IMPURITY IMPURITY 
ATOM ATOM 

(A) N-type. 

HOLE REPRESENTS 
ABSENCE OF ELECTRON 
IN OUTER ORBIT OF 
IMPURITY ATOM 

(B) P-type. 

Fig. 1-8. Silicon lattice structures showing presence of an impurity atom. 

charged particles. It is important to note that the semiconductor mate-
rial itself does not have an overall negative charge because the total 
number of electrons in the substance equals the total number of pro-
tons. However, it is said to have electron carriers that can be moved 
with the application of a suitable outside force. 

If the doping element has 3 valence electrons, the bonding of the 
atoms is such that there are electron vacancies as shown in Fig. 1-8B. 
This vacant charge position, at which there would be an electron in a 
complete bond, is called a hole. It constitutes an electron absence and 
can be considered as a positive particle. There is always a tendency 
for an electron from a neighboring atom to move into the empty posi-
tion or hole. In this case, there will be a hole left in the bonded makeup 
of the neighboring atom. As a result, there is a free motion of holes ( or 
positive charges) throughout the material. Current that results from 
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the random motion of holes is said to be supported by the motion of 
hole carriers. 
The actual conductivity of the material depends on the amount of 

doping. The higher the doping, the greater is the number of electron or 
hole carriers. Current in a semiconductor is usually spoken of as move-
ment of positive or negative carriers instead of hole or electron carriers. 
In n-type semiconductor material, current is the result of the motion 
of negative charges (electrons), while in p-type material, current re-
sults from the motion of positive charges (holes). These positive or 
negative charges can be made to drift in a given direction to produce 
an electrical current. 

Carrier Motion 

When a battery is connected to an extrinsic material, there is a di-
rectional movement of positive and negative carriers. In addition, car-
riers (sometimes wanted and other times not wanted) can be produced 
by heat, light, strong electric fields, and other forms of radiation. Also, 
certain imperfections in the crystal result in the release of some free 
electrons or holes. 

Heat is present in all materials and as such is responsible for the 
release of free carriers. Heat in a semiconductor also releases car-
riers of an opposite polarity. In order to refer to one type of carrier 
or the other, they are called majority and minority carriers. The 
majority carriers are positive in p-type material and negative in n-type 
material. Minority carriers released by heat are negative in a p-type 
material and positive in an n-type. 

Fig. 1-9A shows the movement of majority carriers when a voltage 
is connected across a block of semiconductor material. Note that in the 
n-type material, the negative (electron) carriers move toward the posi-
tive terminal of the battery. The n-type material also contains minority 
carrier holes, and these positive charges move toward the negative 
terminal of the battery, as shown in Fig. 1-9B. This minority carrier 
motion is the result of heat in the semiconductor material. The result-
ant increase of these carriers with a rise in temperature is an unde-
sirable feature in semiconductor devices. In practice, the number of 
minority carriers is small as compared to the majority carriers. 

In the p-type material, majority carriers are positive particles or 
holes. They move toward the negative terminal of the battery as shown 
in Fig. 1-9A. The minority carriers are electrons; these negative par-
ticles move toward the positive terminal of the battery (Fig. 1-9B). 

THE PN JUNCTION 

The pn junction of a semiconductor is an important part of most 
solid-state devices—diodes, bipolar transistors, field-effect transistors, 
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(A) Effect of battery only. 

o 
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(B) Effect of battery and heat. 

Fig. 1-9. Charge How in o semiconductor. 

integrated circuits, and so forth. The types and applications of such 
junctions seem endless because of the versatile manner in which 
characteristics can be controlled by the shape, extent of doping, type 
of material, manner of activation, and other factors. 

What occurs at a pn junction is best clarified by considering the 
junction activity—in terms of the motion of positive (hole) and neg-
ative ( electron) charges. Unlike charges attract; like charges repel. 
Therefore, the electron is a negative charge that can be attracted by a 
positive voltage or charge but repelled by a negative voltage or charge. 
Conversely, the hole is a positive charge that can be attracted by a 
negative voltage or charge but repelled by a positive voltage or charge. 
Current in a semiconductor is composed of a movement of negative or 
positive charges and, in some cases, motion of both negative and posi-
tive charges in opposite directions. 

Charge Motion 

Much happens when a piece of n-type semiconductor is "positioned" 
back-to-back with a piece of p-type material as shown in Fig. 1-10. 
The motion of charges depends on the polarity of any external voltage 
applied across the junction. When a negative voltage is applied to the 
n-type material and a positive voltage to the p-type material, there is 
a motion of charges (current). The negative potential on the n-type 
material repels the negative charges, driving the electrons toward the 
junction between the two segments. In a similar manner, the positive 
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potential on the p-type material drives the positive particles toward 
the junction. Consequently, there is a free motion of charges across 
the junction and a low resistance-conducting path results. The junction 
has been forward biased (Fig. 1-10A). 
The activity is quite different when the p-type material is made neg-

ative with respect to the n-type material. In this case, the negative 
charges are drawn toward the positive terminal. In a similar manner, 

+ = HOLES 

- ELECTRONS 
JUNCTION 

.,_414 4 

4. 

• P •- 
4. • •- 
+ + • + r-

• • 

+ + 

r + 

LOW-RESISTANCE 
CURRENT PATH 

(A) Forward bias 

+ + 

NO CHARGES 

AT JUNCTION 

N - _ 

- - 

NO CURRENT 

Fig. 1-10. The pn junction. 

HIGH-RESISTANCE 
PATH 

•  •  
- • 

(B) Reverse bias. 

the positive charges are drawn toward the negative terminal. There-
fore, charges are pulled away from the junction and there is no motion 
of charges between the two segments. Thus, a continuous charge 
motion (current) is not established because of the very high resistance 
of the junction under this bias condition. In this case, the junction is 
said to be reverse biased or back biased (Fig. 1-10B). 
The pn junction just described has a low resistance when it is for-

ward biased, permitting a high current. When it is reverse biased, it has 
a high resistance; little or no current results. External current can only 
be in one direction and, therefore, a pn junction can function as a 
diode detector or rectifier. This is the basic operation of a pn junction; 
however, there are other activities worthy of note. 

Barrier Potential 

When a pn junction is formed, the majority carriers near the junc-
tion attract each other ( even without the application of a bias). They 
cross the junction and combine or cancel each other, as shown in Fig. 
1-11A. This cancelling action of the carriers by electron-hole pairing 
establishes a charge between the two types of semiconductor material. 
Since the majority carriers near the junction have cancelled (com-
bined), the semiconductor material near the junction has a charge that 
tends to hold the majority carriers away from the junction as shown in 
Fig. 1-11B. In effect, no more majority carriers can move to the junc-
tion because the electrons in the n-material are repelled by the nega-
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tive charge of the p-material and the holes of the p-type material are 
repelled by the positive charge in the n-type material. The majority 
carriers, therefore, maintain positions back from the junction. This 
repelling force is called a barrier potential ( Fig. 1-11C). In silicon, it 
amounts to a charge of approximately 0.5 volt. This barrier potential 
must be overcome before it is possible to move majority carriers ( elec-
trons or holes) freely across the junction. 

ELECTRON-HOLE 
PAIRS COMBINE AND 
CANCEL AT JUNCTION 

P- TYPE N- TYPE 

(A) Majority carriers join together. 

(C) Repelling force shown graphically. 

O 0 0 0 

O 0 0 0 

O 0 0 0 

O 0 0 0 

e 
e 

e 

e 

P- TYPE 

NEUTRALIZED 
AREA 

(B) Electron-hole pairs cause a 
balanced area. 

N- TYPE 

P- TYPE N-TYPE 

BARRIER 
POTENTIAL 

Fig. 1-11. Forming the pn junction barrier. 

One important thing about the pn junction is that the establishment 
of the barrier potential depends on the movement of electrons in one 
material and holes in the other. Electrons are bound, or immobile, in a 
p-type material; the current depends on the movement of holes. In an 
n-type material, the holes are immobile and the current depends on the 
movement of electrons. This fact is important to the operation of a pn 
junction and practically all semiconductor devices. 

Junction Capacitive Effect 

In the area near the junction where the limited combining of the 
majority carriers takes place, the resistivity is high. In fact, this section 
acts much like an insulating dielectric material between two plates of 
a capacitor. In the pn junction shown in Fig. 1-12, the edge of the ma-
jority carrier in each segment acts as a capacitor plate. When the junc-
tion is reverse biased by an external voltage, further cancellation of 
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the majority carriers takes place by pairing, and the two demarcation 
lines move further back from the junction. In effect, a capacitance of a 
lower value is established. Thus, by changing the reverse bias value, 
one changes the effective capacitance of the junction. This is one man-
ner of forming a capacitor in a monolithic integrated circuit. 

ACTS LIKE 
CAPACITOR PLATES 

/ \ 

DEPLETICel 

AREA 

-11 (DIELECTRIC) 

P- TYPE N- TYPE 

 o o  

Fig. 1-12. The capacitive effect in a semiconductor. 

Effect of Temperature 

It is true that when a pn junction is reverse biased, the majority 
carriers are kept back from the junction. However, there are minor-
ity carriers present and to them the junction appears as though it is 
forward biased. Although the reverse resistance of the junction is high 

BACK BIASED FORWARD BIASED 

N P N 

TEMPERATURE 

NOT CONSIDERED 
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MINORITY 

TEMPERATURE 
CONSIDERED 
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(B) Increased flow as temperature increases. 

Fig. 1-13. Minority carrier (reverse current) flow. 



compared to the forward bias resistance, there will be a minority 
charge flow (Fig. 1-13). This current is low. At low operating temp-
eratures, it is usually considered insignificant. However, at a high 
operating temperature, it is a factor that must be considered. Even 
when forward biased, a rise in temperature will increase the number 
of minority carriers and the external current increases correspondingly 
(Fig. 1-13B). 
The response of a typical pn junction is shown in Fig. 1-14. After 

the forward bias voltage is made to exceed the barrier potential, the 
forward current begins its rise. The higher the forward bias voltage, 

HIGH 

TEMPERATURE 

BACK BIAS 

VOLTAGE 

AVALANCHE 

CURRENT 

I-
s 

FORWARD 
ee BIAS VOLTAGE 

MEDIAN 
TEMPERATURE 

NORMAL 
FORWARD CURRENT 

Fig. 1-14. Voltage/current characteristics of a pn junction. 

the greater the junction current—up to normal operating limits. Cur-
rent is low for the back bias condition and changes very little with an 
increase in the reverse voltage, up to the avalanche break-down value. 
At this potential, there is an abrupt increase in junction current. When 
the reverse bias exceeds a certain value, a complete breakdown of the 
electron binding occurs and the reverse current rises sharply. This is 
known as avalanche current. 

The influence of temperature rise is shown by the dashed curve line. 
Note that for a given increase in forward bias, there is a higher junc-
tion current. With back bias, there is a current increase too. In effect, 
the efficiency of the pn junction as a unidirectional current device is de-
creased as a result of heat. 

THE BIPOLAR TRANSISTOR 

The most common integrated circuit device is the bipolar transistor. 
Scores of such transistors are often part of a single monolithic chip. 
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The bipolar transistor is a three-segment device having two pn junc-
tions ( Fig. 1-15). The center segment is called the base; the two outer 
segments are called the emitter and the collector. The base segment is 
a different polarity from the two outer segments, an n-type semicon-
ductor for pnp transistors and a p-type semiconductor for npn tran-
sistors. 

e e ç• # 
ee.,4* 

eeece 

P- TYPE 
N-TYPE 

/ \ 

N P N 

Y 

P-TYPE 
SEMICONDUCTOR 

(A) Block diagram. 

Fig. 1-15. Simple diagram of a transistor. 

(B) Symbols. 

The point at which the emitter and base segments join is known as 
the emitter-base junction or simply the emitter junction. The position 
at which the collector and base join is called the collector-base junc-
tion or simply the collector junction. 

The following factors are important in understanding the operation 
of a transistor: 

1. In an operating circuit, the collector-base junction is reverse 
biased. Thus, the collector-base junction has a high resistance. 

2. When no voltage ( zero bias) is applied to the emitter junction, 
there is no current (charge motion) through either junction. 

3. If the emitter junction is reverse biased, it has a high resistance. 
Again, there is no current through either junction. 

4. When the emitter junction is forward biased, as it is in normal 
operation there is a motion of charges across the emitter junction. 
Its resistance is low. Internal activity is such that there is an am-
plified current crossing the collector junction. In a normal circuit, 
the collector current is higher than the base current. The tran-
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sistor stage can be operated as a current amplifier and, with an 
appropriate external circuit, as a voltage amplifier. 

Biasing 

Consider the activity that takes place when in normal operation the 
collector junction is back biased and the emitter junction is forward 
biased. A small amount of signal current variation in the base circuit 
causes a substantially larger variation in the collector current. This 
collector current produces an output in the load circuit. 
The circuits shown in Fig. 1-16 are biased for normal operation. In 

the case of the npn transistor, the collector junction is reverse biased 
by connecting a positive voltage to the collector, while the emitter junc-
tion is forward biased by connecting a positive voltage to the base and 
a negative voltage to the emitter. The forward bias on the emitter junc-
tion forces positive and negative charges to the junction, and a base 
current results. As a result, electrons from the emitter move into the 
base element. Some of them are neutralized by the positive charges or 
holes in the base. However, the emitter is doped to a higher level than 
the base. Consequently, more electrons move into the base than there 
are neutralizing holes. These electrons move toward the collector be-
cause of the positive potential of the collector. As a result, there is a 
strong movement of electrons from the emitter into the collector by 
way of the base. This current is greater than the base current. 
A similar activity occurs in a pnp transistor. Pnp and npn transis-

tors are said to have complementary characteristics. In the case of the 
pnp transistor, the forward biasing of the emitter junction causes a 
movement of positive charges across the emitter junction and into the 
base. These are, in part, neutralized by the electrons of the base. 
However, the positive charges continue on, attracted by the negative 
potential of the collector. Thus, they cross the collector junction in 
quantity and there is a strong collector current. 
As shown in Fig. 1-16, current directions are opposite for the npn 

and pnp types. Note that a negative potential is applied to the p-type 

COLLECTOR 

COLLECTOR - BASE 

JUNCT ION   
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N 

BASE- EMITTER 

JUNCT ION • 

EM ITTER - • 

N 1 
(A) Npn transistor .(B) Pnp transistor. 

Fig. 1-16. Basic transistor operation. 
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collector material in order to reverse bias the collector junction. Hence, 
the current direction in the external circuit is opposite from that of the 
npn transistor circuit. 

Gain 

In the previous discussion, the dc current paths were considered. 
The ratio of the dc collector current to the dc base current is referred to 
as the dc current gain or dc beta of a bipolar transistor. In the common-
emitter configuration shown in Fig. 1-17, the dc current gain is repre-
sented by the symbol hFE . Another current gain term is alpha, which 
is the ratio of the emitter current to the collector current. The value for 
alpha is always less than unity. 
An audio signal applied to the base of the circuit shown in Fig. 

1-17A causes the base current to vary about the base-bias current set 
by the dc base-bias voltage. This base-current variation, in turn, causes 
an amplified change in collector current. This can be seen by com-
paring the collector current variation with the base current variation of 
Fig. 1-16B. The ratio of the ac collector current to the ac base current 
is known as the small-signal beta of the transistor. 

where, 

hre is the small-signal current gain, 
AI, is a small change in collector current, 

is the corresponding small change in base current. 

AI 
hfe = 

ÉLIb 

Output Voltage 

The actual output voltage E0 results from the variations of the col-
lector current in the collector load R1. The input base-current variation 
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(A) Circuit diagram. 
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(B) Graph showing operation. 

Fig. 1-17. Basic transistor amplifier. 
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was caused by the input voltage EIN . Hence, the actual voltage gain of 
the transistor stage is the ratio of Eo/EIN. 

In the basic common-emitter circuit, the input and output voltages 
are out-of-phase. In Fig. 1-17A, a pnp transistor is indicated; its base 
is negative with respect to the emitter, and its collector is negative with 
respect to the base. As shown in Fig. 1-18, a positive swing of the 
base voltage decreases the base current. In turn, the collector current 
decreases. A decrease in collector current through the load resistor 
makes the output voltage swing negative. Conversely, the negative al-

Fig. 1-18. Basic amplifier waveforms. 
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ternation of the input voltage causes an increase in base current, an 
increase in collector current, and a positive swing of the output voltage. 

Transistor Currents 

The direction of electron flow into and out of the two transistor 
types is shown in Fig. 1-19. Arrows indicate that the emitter current is 
a combination of the base and collector currents. This fact is apparent 
when you recall that most of the carriers emitted into the base move 
to the collector to produce the collector current, while a few of the 
carriers combine with opposite polarity carriers in the base to produce 
the base current. Stated as an equation: 

1E -= 

The base current can be indicated as the difference between the emitter 
current and the collector current. By rearranging the formula: 
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Fig. 1-19. Transistor currents. 

The collector current is: 

IB 

t IB 

e 

(B) Pnp 

le = IE — IB 

This applies to both the pnp and npn types shown in Fig. 1-19. 
The matter of diffusion current in the base is often a stumbling 

block in understanding the operation of a transistor. Actually it is the 
result of the higher doping of the emitter segment as compared to the 
base segment. When the emitter junction is forward biased, a great 
many of the emitter carriers cross the junction into the base. As men-
tioned previously, the number of electron-hole pairs that combine is 
limited by the fewer carriers in the thin base. The bulk of the carriers 
crossing between emitter and base are not neutralized. They crowd 
each other, Fig. 1-19A. Since they are of like polarity, they repel each 
other and drift across the relatively thin base segment toward the col-
lector segment. In effect, this mutual repulsion causes the carriers to 
diffuse to a region of low concentration (Fig. 1-19C) from the area of 
high concentration on the other side of the emitter junction. Once they 

(A) Time T. 
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(B) Time T, (C) Time 

Fig. 1-20. Diffusion current. 



arrive at the collector junction, they are attracted across this demarca-
tion by the opposite polarity of the collector. They are then moved at 
high velocity through the collector and into the external collector 
circuit. 

The thinner the base, the shorter the time interval needed for the 
carriers to diffuse from the emitter side of the base to the collector 
side of the base. As the carriers reach the collector, they must be re-
moved from the area of the junction by the voltage potential applied to 
the collector terminal. 

The collector voltage need only be high enough to sweep the col-
lector area near the junction free of current carriers. Increasing the col-
lector voltage does increase the collector current slightly, but this in-
crease is used primarily to obtain a more efficient removal of the 
carriers crossing the junction. 

Remember that the collector current is the result of available car-
riers that are injected into the base by the forward biasing of the emitter 
junction. If the carriers are not injected into the base, they will not be 
available in the collector circuit and there will be no collector current. 
Thus, the collector current is related directly to the number of car-
riers injected into the base. This is fundamental for the operation of the 
bipolar transistor. Changing the emitter-junction bias influences the 
number of injected carriers and, therefore, varies the collector current. 
Fundamentally, a transistor is known as a current amplifier because 
the collector-current change responds to the change in the input cur-
rent; namely, variations in the level of the injected carriers. 

MAJORITY AND MINORITY CARRIER MOVEMENTS 

The movements of majority and minority carriers for a pnp tran-
sistor are depicted in Fig. 1-21. The movement of positive particles 
(holes) is indicated by the (+) sign, while the negative sign ( —) in-
dicates the movement of negative particles or electrons. Fig. 1-21B 
illustrates the movement of majority carriers only. 

With normal biasing, the electrons of the n-type base neutralize the 
holes injected into the base from the p-type emitter. For each electron 
that cancels an injected hole, there is an electron supplied to the base 
from the bias source. At the terminal end of the emitter, there must be 
an electron that leaves the emitter and enters the positive terminal of 
the base source. This current through the emitter junction and around 
the external circuit is called the bias or base current. 
More holes are injected into the base from the emitter than can be 

neutralized by the base electrons, so these positive charges diffuse 
through the base to the collector. These holes present a positive 
charge at the collector junction and they are attracted to the negative 
potential of the collector. Electrons in the collector rush to pair up with 
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Fig. 1-21. Movement of current carriers in a pnp transistor. 

the incoming holes. As a result, at the terminal end of the collector, 
electrons must be supplied from the collector supply-voltage source. 
As shown in Fig. 1-21B, the majority-current path is from the 

emitter to the collector through the two junctions. However, in the 
discussion of separate input (emitter-base) and output (collector-
base) circuits, the currents are thought of as existing in the base lead 
as shown by the two arrows labeled I and Ie. These two currents are 
in opposite directions; consequently, the current present in the base 
lead is the difference between the emitter current and the collector 
current. 

The majority-carrier movement (solid line) and the minority-car-
rier movement (dashed lines) are shown in Fig. 1-21C. In normal 
operation, the emitter junction is forward biased. Therefore, the mi-
nority carriers which are present (electrons in the p-type emitter and 
holes in the n-type base) move away from the junction. Thus, the 
minority current is insignificant and is usually not considered. Were 
the emitter junction reverse biased, there would be no majority cur-
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rent but there would be some minority current because minority car-
riers would be propelled toward the junction. 

In the normal operation of a transistor, the collector junction is re-
verse biased. As a result, the minority carriers—electrons in the p-
type collector and holes in the n-type base—are propelled toward the 
collector junction and there is a minority current. It should be noted 
that the majority carriers moving through the base, as a result of the 
carrier injection from the emitter, are of the same polarity as the minor-
ity carriers that are generated in the base by heat. These carriers are 
also neutralized by the electron carriers in the collector. 
The minority current in the collector circuit when there is zero 

voltage present at the emitter junction is called the collector cut-off 
current, I(•Ø. With normal operation and biasing of the emitter junction, 
there is a resultant collector current which is the sum of the majority-
carrier collector current and the minority-carrier collector current. 
(The latter is related to the effects of temperature.) Stated as an 
equation: 

One of the hazards of minority-carrier flow is a distinctive effect 
called thermal runaway. Heating can cause the minority current to 
forward bias the emitter junction. The direction of minority current is 
such that the emitter junction is forward biased even though no exter-
nal forward bias is being applied. This produces a small collector cur-
rent. As the junction is heated, there are more minority carriers 
formed. Thus, minority current increases and places a higher forward 
bias on the emitter junction. This results in an increased collector cur-
rent and further heating of the junction. This chain reaction multiplies 
rapidly; the resulting high current and heating can destroy the transis-
tor. Appropriate circuit design can reduce the possibility of thermal 
runaway. 

Even in many circuits that do not runaway, heat causes higher 
transistor currents. Thus, heat influences the operating condition of a 
transistor even though the transistor itself does not take off. Correct 
circuit design is needed to minimize the influence of heat on the regular 
operating conditions of a bipolar transistor stage. Certainly this is an 
important consideration in the design of integrated circuits that use 
many individual bipolar transistors; each of which is small, closely 
related physically, and often closely related electrically to each other. 
Heat limits the power capability of the average monolithic integrated 
circuit. High-powered integrated circuits are usually of the hybrid type. 

Except that it illustrates the movements of majority and minority 
carriers in an npn transistor, Fig. 1-22 is the same as Fig. 1-21. The 
previous discussion will explain the actions in Fig. 1-22, if care is 
taken to observe proper polarities. 
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Fig. 1-22. Movement of current carriers in an npn transistor. 

TRANSISTOR FABRICATION 

In the fabrication of modern transistors and integrated circuits, there 
are only two major processes although there are a number of ad-
ditional techniques used less often. Diffusion and epitaxial processes 
are the most common and permit the construction of devices as shown 
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Fig. 1-23. Methods of fabricating transistors. 
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in Fig. 1-23. In the manufacture of a bipolar transistor, there must be 
three separate semiconductor regions processed to form the collector, 
base, and emitter. 
The construction process begins with a waferlike piece of semicon-

ductor material called a substrate (one to two inches in diameter). 
Usually this wafer also serves as the collector of the finished transistors. 
In the diffusion method of construction, impurity atoms at high tem-
perature are placed in contact with the surface of the substrate col-
lector. This causes the impurity atoms to penetrate the material in a 
controlled fashion. In the epitaxial process, the additional segments are 
grown on top of the basic substrate collector. This buildup occurs atom 
by atom and includes the particular polarized impurity that is to form 
the next segment of the transistor. This is done in a heat chamber. Both 
processes are used in the fabrication of many transistor and integrated 
circuit types. 

The transistor in Fig. 1-23A is called a double-diffused planar type. 
It begins with a silicon wafer about the size of a quarter or larger. 
This wafer is then diffused with the proper impurity, forming the 
substrate collector material. The remaining two elements of the tran-
sistor are then diffused into the wafer. Finally, the wafer is sliced into 
individual transistors; sometimes as many as 20,000 devices. 

In the manufacture of an npn transistor, the basic silicon wafer is 
diffused with an n-type impurity atom. An insulating layer—usually 
silicon dioxide—is deposited on one side of the wafer. The other side 
must make an ohmic contact to provide a collector termination. This is 
often made to the case of the transistor after the wafer is sliced into 
individual transistors. Masking and photolithographic procedures are 
used to set up a design pattern for the diffusion of base and emitter 
impurities into the wafer. Usually the first diffusion step runs impuri-
ties into the central base area of the transistor. In our example, this 
would be a p-type impurity. In the second diffusion step, there is an 
n-type impurity run into selected areas of the wafer to form the emitter. 
Isolation between emitter and base surfaces is handled by a previously 
deposited insulating layer. A deposited metal film can be used to make 
ohmic contact between the base and emitter and the external transistor 
leads. 

In the epitaxial process (Fig. 1-23B), the base and emitter seg-
ments are grown on top of the basic semiconductor wafer. This takes 
place in a high-temperature reaction chamber. The deposition becomes 
an extension of the crystal lattice of the wafer. The process begins 
with a lightly doped base grown onto the highly doped collector wafer. 
Material with opposite-type doping is now diffused into the base to 
form the emitter region. (The appropriate photolithographic and 
masking steps must accompany this single-impurity diffusion procedure 
that will complete the epitaxial transistor.) 
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FIELD-EFFECT TRANSISTOR (FET) 

Another device inherent in a number of monolithic and hybrid 
integrated circuits is the field-effect transistor. There are two basic 
types, the junction field-effect transistor (JFET) and the insulated-
gate type (IGFET). The field-effect transistor is called a unipolar 
device. It consists of a single junction and one polarity of charge car-
rier ( either electrons or holes). In contrast, the bipolar transistor has 
two junctions, and both polarities of carriers ( electrons and holes) are 
essential to its operation. 

Junction FET 

The junction field-effect transistor consists of a bar of p- or n-type 
silicon semiconductor material. A thin strip of semiconductor material 
with opposite charge carriers is placed above or wrapped around the 
bar ( Fig. 1-24). In FET terminology, the bar is called a channel, while 
the element that controls the motion of charges along the channel is 
known as the gate. The common end of the channel is called its source, 
while the opposite end is named the drain. 
An understanding of FET operation is aided by a review of semi-

conductor junction theory. When a junction is reverse biased, there 
is no significant motion of charges across the junction. However, as 
shown earlier, there is a rearrangement of the electron and hole car-
riers. Electron and hole carriers appear drawn away from the junction, 
establishing a depletion area (Fig. 1-25A). An increase in the re-
verse bias, as shown in Fig. 1-25B, widens the depletion area. The 
width of the depletion area in both the p- and n-segments also depends 
on the number of carriers within the area, and the amount of carriers is 
a function of the chemical makeup or doping of the semiconductor 
material. Since a greater number of excess charges are available per 
volume, the actual depletion area is smaller for a heavily doped mater-
ial than for one with fewer charge carriers ( Fig. 1-25C). 
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(A) N-type hr (B) P-type gate added. 

Fig. 1-24. Basic FET structure. 
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Fig. 1-25. Influence of bias and doping on the depletion area. 

A junction exists between the gate and the channel of the junc-
tion FET. A bias voltage applied to the gate is able to control the 
motion of charges ( current) that flow between the source and the 
drain. When there is a zero bias between the gate and the source ( see 
Fig. 1-24B), the application of a positive voltage between the drain 
and the source will cause the electron carriers of the channel to move 
between source and drain. As the positive voltage is increased, this 
current rises. In effect, the channel acts as a resistor. 

As current rises, a voltage gradient (see Fig. 1-24A) appears along 
the semiconductor material ( the resistor), and the junction between 
the gate and the channel becomes reverse biased. This causes a de-
pletion area to extend outward from the gate into the channel, as 
shown in Fig. 1-26. This results in a decrease in the effective cross-
sectional area of the channel, which is similar to decreasing the di-
ameter of a conductor or a resistor. The greater the voltage potential 
gradient along the channel, the further the depletion area extends 
into the channel. Eventually, a point is reached at which there is no 
significant increase in drain current because the extension of the de-
pletion area balances out the influence of any increase in drain-source 
voltage. The current is then said to be pinched off. 

FET Characteristic Curves 

The above explanation is represented by the = 0 curve shown 
in Fig. 1-27. Note how the drain current increases between a drain-
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source voltage of 0 and +5 volts. This is known as the ohmic region 
of FET characteristic curves and is a factor in using these devices 
for switching and control applications. The pinch-off region occurs 
above a drain voltage of 5 volts. Note how slowly the drain current 
increases for a given increase in drain voltage, producing a vacuum-
tube pentodelike curve. The drain current at which pinch-off starts 
is known as the saturation current and is symbolized by IDss . 
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(A) Low drain-source voltage. (B) Higher drain-source voltage. 

Fig. 1-26. Infl  of Vox on the depletion area. 

Also, observe in Fig. 1-27, that the drain-source voltage VD5 cor-
responding to the saturation current IDss is +5 volts. The bias volt-
age VGg needed to cut off the drain current for this amount of drain-
source voltage is known as the gate-source pinch-off voltage V,. In 
the example, this falls between — 1.8 and —2.0 volts VG5 . 
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Fig. 1-28. Increasing negative bias on 

th c gate. 

Vos 

When the gate is biased more negative in relation to the source 
(Fig. 1-28), the pinch-off point occurs at a lower value of drain cur-
rent. This is to be anticipated because the negative voltage applied 
to the gate has extended the depletion area further into the channel. 
The higher the gate bias, the lower is the pinch-off drain current. Thus, 
individual bias curves can be plotted for the various values of gate 
bias, setting up a family of FET characteristic curves as shown in 
Fig. 1-27. Too much gate bias will close the channel and cut off the 
drain current just as a vacuum tube can be turned off by applying a 
high enough negative bias to its grid. In the example discussed, this 
value is about —2 volts Vos. 

FET Amplifiers 

The FET has a very high input impedance as well as a moderate 
to high output impedance. In contrast, the bipolar transistor has a 
very low input impedance and an output impedance that is signifi-
cantly lower than that of an FET. The FET is basically a voltage am-
plifier, while the bipolar transistor is a current amplifier. 
A typical FET amplifier stage is shown in Fig. 1-29. An applied 

audio or other signal causes the gate voltage to vary about the gate 
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(B) FET dynamic characteristics. 

Fig. 1-29. Basic FET amplifier stage. 
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bias set by the gate battery voltage. A small gate voltage variation 
causes a like variation in the channel or drain current. In fact, as the 
gate voltage is made to vary with signal, there results a substantial 
change in the drain current. The actual output voltage results from 
the variations of the drain current in the drain load resistor. Voltage 
gain of the stage is the ratio of Vo/VIN . 
A positive swing of the gate voltage produces an increase in drain 

current. In turn, there is a drop in the drain voltage ( the output volt-
age swings negatively). Conversely, the negative alternation of the 
input voltage decreases drain current, and a positive swing of the 
drain and output voltage results. Input and output voltages are said 
to be of opposite polarity or out-of-phase. 
The field-effect transistor is an excellent small-signal amplifier hav-

ing low distortion and low noise. Like the pentode vacuum tube, it can 
be considered as a constant-current generator. Its transconductance, 
gr„, is a measure of how much the drain current is changed by a given 
small change in gate voltage. In many practical applications, the 
equation for gain of a field-effect transistor is: 

Ar — gf.RD 

FET Fabrication 

As with the bipolar transistor, diffusion and epitaxial methods are 
the common fabrication techniques. Instead of a single wrap-around 
gate element, a two-gate arrangement can be used. This technique 
provides two inputs for mixing and other circuit activities, such as 
agc or a feedback arrangement. These are known as double-gate 
field-effect transistors. In the basic junction FET, Fig. 1-30, a double 
diffusion process is employed. The basic semiconductor wafer serves 
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Fig. 1-30. Construction of a junction FET. 
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as the bottom gate region, and the drain-source channel is formed in 
the first diffusion process. At this time, the appropriate impurities are 
introduced through a mask. A second diffusion process is then used 
to form the top gate. 

In the epitaxial method, it is possible to process a segment with 
two degrees of doping in order to establish the most favorable elec-
trical characteristics near the junction. At the same time, this presents 
the most favorable conditions to the external circuit. In some cases, 
combined diffusion and epitaxial techniques are employed. 

MOSFETs 

A special form of the field-effect transistor is the MOSFET—metal-
oxide semiconductor field-effect transistor. Its structure provides some 
unique characteristics and makes the MOSFET attractive for small-
signal and low-noise, audio- and radio-frequency amplifiers. The char-
acteristics are favorable for use in other high-impedance applications 
and in chopper and switching circuits. 
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(B) Symbol. 

Fig. 1-31. Depletion-type MOSFET. 

SUB 

In this structural arrangement, illustrated in Fig. 1-31, the gate 
electrode acts as a control element just as it does in a junction field-
effect transistor. However, in the junction type, the gate exerts an 
influence only when the junction is reverse biased. In the MOSFET 
construction, the thin gate layer is insulated by a thin layer of silicon 
dioxide, from the semiconductor material that forms the channel. The 
electrical field that results when the gate is biased appropriately in-
fluences the active carriers in the source-drain channel. Since there is 
insulation instead of a junction between the gate and the channel, the 
leakage current is very low and is little affected by temperature. A 
very high input impedance results. The gate and channel, separated 
by an oxide layer, are in effect the plates of a capacitor. 

The arrangement of Fig. 1-31 shows the structure of a depletion-
type MOSFET. In this example, the channel material is n-type so 
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there are excess electrons. As the gate is made negative relative to the 
source, the number of electrons in the channel is depleted ( reduced). 
This activity is similar to that of a junction FET. 

During normal operation, the gate of a junction FET may not be 
permitted to swing significantly past zero because the junction will 
then be forward biased, decreasing the input impedance. The 
MOSFET has no such limitation. If the metal gate is made to swing 
past zero, there is no increase in input current or decrease in im-
pedance, and the gate maintains its control of channel conductivity. 
Like the junction FET, the depletion-type MOSFET can also be con-
structed with a channel of p-type semiconductor material. 
A typical family of curves for an n-channel MOSFET is shown in 

Fig. 1-32. Note the polarity of the gate bias curves. The gate voltage 
(VGB ) can be made positive or negative. In fact, operation is feasible 
with no dc gate bias. 

Still another type of construction is the enhancement-mode 
MOSFET, shown in Fig. 1-33. Note that in its basic structure, there 
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is no channel between the source and the drain. However, the gate 
itself does span this region. When a positive bias is applied to the 
gate, a conduction path between the source and the drain is established. 
The conductivity of this path is a function of the charge on the gate. 
In this manner, the magnitude of the drain current is controlled. 
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Fig. 1-34. Characteristic curves for an enhancement-type MOSFET. 

The unusual characteristic of the enhancement-type MOSFET is 
that it is normally cut off (no drain current) until the application of 
a gate voltage. (The depletion-type MOSFET is the opposite—it is 
normally conductive. The application of a gate voltage causes the 
drain-source current to increase or decrease). When the gate-source 
junction of the enhancement MOSFET is at zero bias, there is no 
channel current and, therefore, no drain current. Note from the 
characteristic curves shown in Fig. 1-34, that drain current increases 
when the gate voltage is increased in the negative direction ( away 
from zero). The higher the negative gate-source voltage, the higher 
the drain current. For ZERO gate bias, the drain current would be 
zero, while for —9 volts of bias ( assuming a drain voltage of — 12 
volts), the drain current is nearly 10 milliamperes. 
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2 

Integrated Circuit Structures 

Integrated circuit fabrication is simply an extension, elaboration 
and miniaturization of the basic techniques discussed in Chapter 1. 
The transistor remains the key device and is formed in a similar man-
ner. Processed simultaneously along with this basic device are diodes, 
resistors, capacitors and, occasionally, coils and other components. 
This chapter explains the various arrangements of integrated circuit 
components and how they are either made part of a single piece of 
silicon or incorporated into a hybrid design. Also covered are the 
various finished forms of integrated circuits and how they are con-
nected into electronic systems. An experiment, based on several sim-
ple stages that can be built around an integrated circuit, concludes 
the chapter. 

THE MONOLITHIC STRUCTURE 

The conventional transistor is a three-layer affair that is usually 
built on a single substrate wafer which serves as the collector after 
the wafer is diced into individual transistors. The usual monolithic 
integrated circuit consists of two or more isolated transistors. There-
fore, the continuous collector substrate is not feasible because it would 
not be possible to obtain isolation between the collectors of the indi-
vidual transistors that comprise the integrated circuit. As a result, the 
basic monolithic integrated circuit is a four-layer affair that comprises 
three pn junctions, Fig. 2-1. 
The substrate remains but it is no longer the collector layer. In-

stead, a second layer of opposite polarization is deposited on the sub-
strate to serve as a collector. The individual collectors are now iso-
lated from each other by the substrate material, as shown in Fig. 2-2. 
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Fig. 2-1. A basic monolithic IC. 

Additional diffusion and etching processes fabricate the base and 
emitter regions. Electrically, the junction between substrate and col-
lector serves as an isolating diode. When this junction is back biased, 
each individual transistor can be isolated from all the other transistors 
and components of the integrated circuit. Then, dicing the wafer 
breaks up the fundamental wafer into individual integrated circuits, 
each having the appropriate number of transistors and other compo-
nents that comprise a complete unit. 

ISOLATED 
COLLECTORS 

4- --T\ Fig. 2-2. Using substrate to 

isolate collectors. 

In other integrated circuits, the isolation among transistors and 
other components is handled by a silicon-dioxide diffusion that serves 
as a dielectric (capacitive) isolator. 
An electrically equivalent circuit for two transistors and the sub-

strate of an integrated circuit is given in Fig. 2-3. Note that individual 
diodes link the collectors separately to the substrate. These diodes are 
formed by the pn junction between each collector and the common 

JUNCTIONS BETWEEN 
COLLECTORS AND SUBSTRATE 

El E 2 
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Fig. 2-3. Electrically equivalent 
circuit for the substrate and two 

transistors of an IC. 



substrate. The collectors will remain isolated as long as these diodes 
are reverse biased. 

Isolation is not complete because these junctions have a specific 
capacitance, as any pn junction does when it is back biased. This ca-
pacitance is a factor in the fabrication of integrated circuits and the 
use of such circuits in high-frequency applications. Fortunately, sci-
ence has advanced greatly in the field of miniaturization, and low-
capacitance high-frequency designs are common. 

BASIC FABRICATION METHODS 

The most common method of fabrication is known as the epitaxial-
diffused method and begins with a p-type silicon wafer for the sub-
strate ( Fig. 2-4A). This is followed by an epitaxial n-type layer. Next, 
an isolating silicon-dioxide layer is added (Fig. 2-4B). Diffusion and 
masking processes are then used to complete the integrated circuit. 

There are also two methods of fabrication that are strictly diffusion 
type. In the first, the substrate, again, is usually a p-type silicon wafer 
followed by a diffused layer of silicon dioxide. A phosphorous diffu-
sion process now forms isolated collectors, as well as so-called n-type 
islands. The base and emitter elements are next diffused into these 
islands. In the other diffusion process, the substrate itself is n-type 
material and formed under a controlled-doping procedure. This is 
covered with an appropriate silicon-dioxide layer. The photolith 
process permits the formation of the n-type collector regions in the 
substrate. Two additional diffusions form bases and emitters. 

(A) The start of an IC. 

N EPITAXIAL 

P SUBSTRATE 

THIN 5102 LAYER 

ADDED ON TOP 

(B) Sil.con-dioxide layer is added. 

Fig. 2-4. Fabrication of an integrated circuit. 

GROWN 

WA7ER 
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Any one of the previous procedures adds an additional silicon 
layer. The composite consists of two devices, as shown in Fig. 2-5. 
The regular device is an npn type. However, the combination of base, 
collector, and substrate forms a parasitic pnp transistor as well. The 
collector-substrate junction must be kept back biased to keep the para-
sitic pnp transistor inactive. 

C B 

Fig. 2-5. The parasitic pnp transistor 
present in a basic monolithic structure. 

• 
P ti P 

PARASITIC 

In certain designs, it is possible to incorporate both types in a 
monolithic wafer if the electrical characteristics and isolation are not 
strict ones. A high order of electrical isolaton can be obtained using 
the five-layer arrangement of Fig. 2-6. In this arrangement, there are 
no elements common to both transistors. 

Fig. 2-6. Five-layer fabrication that permits isolation of pnp and npn devices. 

Since the integrated circuit transistor consists of four or more layers, 
the biasing and circuit design must be such that it does not become a 
four-layer switch. To do so, the customary p-type substrate must 
be connected to the most negative voltage present in the circuit. An 
additional capacitance that must be considered exists between the 
collector and the substrate. This capacitance, in effect, acts in parallel 
with the normal base-collector capacitance of the transistor. 
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A TYPICAL MONOLITHIC PROCESS 

The structure and some general electrical characteristics for a 
typical Motorola monolithic integrated circuit transistor are discussed 
in conjunction with Figs. 2-7, 2-8, and 2-9. The device is constructed 
using the epitaxial process and starting with a p-type substrate. Upon 
this is grown an n-type epitaxial layer that is 25 microns thick ( 1 mil). 
A thin silicon-dioxide film, resulting from exposing the wafer to an 
oxygen atmosphere heated to about 1000°C, follows. 
The basic epitaxial wafer is now processed using a photolitho-

graphic process. This involves covering the silicon-dioxide layer with 
a photosensitive emulsion. A mask of the pattern to be fabricated is 
fitted upon the surface and the photolith exposed to ultraviolet light. 
The film not exposed to light is readily removed with certain liquids. 
The exposed portion forms a polymerized deposit over selected 
areas which cannot be etched. These remaining polymer areas now 
serve as a mask for the diffusion processes that follow. 
As shown in Fig. 2-7, the diffusion activity penetrates between the 

highly resistant islands. By careful control, diffusion penetrates 

N - TYPE 
EPITAXIAL LAYER 

P- TYPE N- TYPE 
ISOLATION DIFFUSION 5102 EPITAX IAL LAYER 

Fig. 2-7. The starting process in constructing on IC transistor. 

through the n-type epitaxial layer down to the p-type substrate. Con-
sequently, isolated n-type epitaxial islands are formed and are sepa-
rated electrically from each other. A two-layer structure has now been 
formed that is topped with silicon-dioxide islands. The substrate and 
collector have been formed. 

After the isolation step, two successive diffusions take place. First, 
with appropriate masking, the p-type base is diffused into the n-type 
collector (Fig. 2-8). Finally, the n-type emitter, through another 
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SiO2 

N- TYPE 

EMITTER 

P- TYPE 

BASE 

P -TYPE SUBSTRATE 

Al METALLIZING 

Au 

Fig. 2-8. Single isolated transistor of a monolithic integrated circuit. 

masking arrangement, is diffused into the p-type base region, forming 
a planar type construction. 

Important profiling is shown in Fig. 2-9. The solid line ( at 10'6 on 
the graph) represents the impurity level of the epitaxial collector, 
Curve 1. The distance of impurity concentration into the epitaxial 
collector from the top surface of the transistor is shown by Curve 2. 
This represents the diffused boron which forms the p-type base. As 
shown, it is diffused to a depth of 2.7 microns ( intersection of lines 1 
and 2). Emitter diffusion using phosphorous is depicted by Curve 3 
and is a heavier concentration of impurity, diffusing to a depth of 2 
microns. It is interesting that these two opposite polarity curves inter-
sect at a distance of two microns, forming the position of emitter-base 
junction. Therefore, the base thickness is 0.7 ( 2.7 — 2.0) micron. 
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Making the connections is the final matter for consideration. Actu-
ally, the connection to the collector region can be provided simulta-
neously with the diffusion of the emitter by diffusing n-type impurities 
into the collector. Hence, an ohmic contact is made. An aluminum 
metalizing procedure that makes contact with each of the three ele-
ments is the final operation. 
A comparison between a discrete planar epitaxial transistor and a 

single transistor of a monolithic integrated circuit is shown in Fig. 2-10. 
In the integrated circuit, an ohmic contact must be made to the col-
lector which is isolated within the p-type substrate. This introduces 
an additional collector series resistance. As mentioned previously, 
there is also the additional capacitance that is present between the 
collector and substrate which does not exist for the discrete transistor. 

P-TYPE 
ISOLATION 
DIFFUSION 

(B) Discrete bipolar transistor. 

Fig. 2-10. A comparison of two transistors. 

(A) Single monolithic IC transistor. 

COLLECTOR CONTACT 

BASE CONTACT 

EMITTER CONTACT 

BASE CONTACT 

EMITTER CONTACT 

A multiphase structure is shown in Fig. 2-11. As mentioned pre-
viously for a basic monolithic arrangement, there is an orderly array 
of single-crystal silicon. Back biasing of the junctions provides an 
isolation for a given monolithic circuit. When individual monolithic 
groups must be isolated from each other, it is possible to use an elec-
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P+ 
(BUR IED LAYER) 

N (COLLECTOR) 

P (COLLECTOR) N+ (EMITTER) 

P + (EMITTER) P ( BASE) ALUMINUM 

N+ (BASE) N +( BUR IED LAYER) SiO2 

 , 
TRANSISTOR RESISTOR CAPACITOR 

NPN 

ISOLATING 
BARRIER 

ISOLATING 
BARRIER 

SUBSTRATE 

Fig. 2-11. IC structure showing two transistors, a resistor, a capacitor, and the 
isolating barrier separating each unit. 

trically inert material that is common to the substrate but provides a 
more complete isolation between individual integrated circuits. This 
is called an isolating barrier. Such a barrier not only isolates individual 
integrated circuits but also reduces parasitic capacitance and removes 
the four-layer switching hazard. 

ACTIVE COMPONENTS 

A variety of active devices can be incorporated in an integrated cir-
cuit. The two most common active components of the modern inte-
grated circuit are the transistor and the diode. The latter is most often 
a transistor connected as a diode. In addition to the bipolar transistor 
previously discussed, integrated circuits can include FET, MOSFET, 
and unijunction types. Besides the conventional diode, special types, 
such as the voltage-variable capacitance diode, tunnel diode, etc., also 
lend themselves to monolithic fabrication. Even such power devices 
as four-layer switches and silicon-controlled rectifiers are found in 
special type ICs. 

Diodes 

Although specific diodes can be fabricated within the IC chip, many 
integrated-circuit diodes are basically transistors with one element 
either left free or connected to another element. Transistors must be 
formed in the fabrication process, regardless of whether or not other 
devices are needed. This technique is inexpensive in comparison to 
the cost of incorporating special diode arrangements. The arrange-

46 



ment used depends upon the application of the diode in the IC 
circuitry. 

The five ways in which a transistor can be connected as a diode are 
shown in Fig. 2-12. Each connection has its own characteristics. The 
most common connection is that of circuit A with the collector-base 
junction shorted. This wiring method takes out the parasitic pnp tran-
sistor. The connection provides good high-frequency performance, a 
high-speed diode operation in digital circuits, and the lowest forward 
voltage drop. When forward biased, the current is the function of 

-+3)  • +3 / +/ 

  EQUIVALENT CIRCUIT   
(AI 

+ - 
_ ..!C) .101 (El + - 

MONOLITHIC STRUCTURE   y 

Fig. 2-12. IC transistors connected to operate os diodes. 

minority-carrier flow and rises linearly with an increase in forward 
bias. The monolithic structure is shown in Fig. 2-13. The base and 
collector are tied together to serve as the diode anode; the emitter 
connection serves as the cathode. The substrate, as always, must be 
returned to the most negative point of the circuit, back biasing the 
collector substrate junction. 

It should be noted that in all the other connections of Fig. 2-12, the 
collector and base are not shorted together. Therefore, the influence 

EMITTER 

SUBSTRATE 

KA 

f  

Fig. 2-13. Monolithic structure of on IC diode. 
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of the parasitic pnp transistor (substrate-collector-base) must be con-
sidered in terms of performance and circuit interconnections. Circuits 
B and D are attractive for switching circuits because of their ability 
to store a charge, particularly the floating collector of circuit D. The 
connections of circuits C and E serve well as general-purpose diodes 
and have a high reverse-voltage rating. 

Variable-capacitance diodes in the form of varactor, parametric 
and tuning diodes can be incorporated in monolithic integrated cir-
cuits. However, tunnel diodes are made with much more favorable 
characteristics using germanium or gallium arsenite rather than sili-
con. Therefore, they are seldom found in monolithic structures. When 
used, they are usually part of a hybrid integrated circuit. 

Variable-capacitive diodes incorporate special doping and struc-
tures. They are reverse-biased devices. A varactor diode is designed 
with a suitable nonlinear capacitance that serves as an efficient har-
monic generator. The nonlinear characteristic of a parametric diode 
is capable of producing high-frequency gain when driven by a pump 
signal. The characteristics of the tuning diode are set by the rate and 
range of frequency change it must accomplish. 

In all of the variable-capacitance diode functions, size and process-
ing are important. Fine variable-capacitance diodes can be made in a 
silicon structure, although a few characteristics can be enhanced with 
the use of gallium arsenite. A typical monolithic arrangement for a 
variable-capacitance diode is given in Fig. 2-14. These devices require 

N 

Fig. 2-14. Diagram of an IC variable-
capacitance diode. 

a low series resistance. Note that both the anode and cathode ohmic 
contacts are made from the top, as is required for the monolithic-strata 
type of construction. To lower the cathode-region resistance, a so-
called "buried layer" of very high doping provides a low-resistance 
internal lateral-current path (high-plus doping) through the cathode 
structure. At the junction itself, the n-material is less highly doped, 
establishing the desired pn junction characteristic for the variable-
capacitance diode. 
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Switches and Rectifiers 

Normally, pnpn switches and silicon-controlled rectifiers are four-
layer devices that consist of npn and pnp transistors, sharing a com-
mon pn control junction ( Fig. 2-15A). This is a structure that is in-
herent in integrated-circuit construction, consisting of the npn transis-

A 

CONTRCt 

JUNCTION 

(A) Four-layer structural arrangement. 

ANODE 
GATE 

(B) Diagram of a five-layer devices. 

Fig. 2-15. Multiple layer devices. 

N 

N 

CATHODE 

tor and its parasitic pnp neighbor. However, control geometry and the 
need for top contacts are such that a more suitable construction can 
be arranged using five layers, as shown in Fig. 2-15B. The p-segment 
at the top of the IC serves as the anode; the gate area is located be-
tween it and the cathode. Internal resistance is again reduced with the 
use of the highly doped n+ buried layer. In the operation of these 
devices, the common junction is reverse biased and there is no conduc-
tion. However, upon application of a high reverse bias, the junction 
avalanches and there is a low-resistance high-current path between 
the cathode and anode. It is the gating action at the common junction 
that switches the rectifier action of the device. 

49 



FETs 

The three types of FET devices lend themselves well to monolithic 
IC fabrication. An example of the makeup of an epitaxial-diffused 
junction FET is shown in Fig. 2-16. The p-type substrate, that also 
serves as gate 1, is the basic wafer. Upon it are grown two epitaxial 
layers of opposite polarity with an identical thickness of two microns 
(A of Fig. 2-16). The initial n-type layer serves as the FET channel 
and, when of suitable resistivity, results in a pinch-off value of 4 volts. 

Note that this is a basic pnp structure. A deep diffusion of p+-type 
material ties off the ends of the n-type epitaxial channel. Masking 
selectivity now permits the diffusion of an n-polarity doping through 
the upper p-type layer, tying the source and drain terminals to the 
channel ends. This also defines the p-type gate 2 (B of Fig. 2-16). 
The final step is cutting the apertures for metalization and making 
contact with the three elements of the field-effect transistor. The dif-
fusion mask design may tie the two gates together, or they can be 
kept separate for mixing or other two-gate applications. 

The structure of an isolated-gate FET is shown in Fig. 2-17. Here, 
n-type material has been diffused into the p-type wafer. The region 
of the p-type material that links the source and drain diffusions serves 
as the channel. The metallic gate rests on a dielectric layer that is 
deposited on top of the wafer by using a masking process. 
A dual-gate MOSFET structure by Sprague Electric Company is 

shown in Fig. 2-18. The unit consists of an n-type substrate and a 

P EPITAX IAL LAYER 
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N EPITAX IAL LAYER 

1 OHM CM 

P SUBSTRATE 

0.5 OHM CM 

P EPITAXIAL 
GATE 2 

N EPITAX IAL 
CHANNEL 

P SUBSTRATE 

GATE 1 

)-1-
2 MICRONS 

) 
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A 

Fig. 2-16. An epitaxial-diffused junction FET. 
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Fig. 2-17. Structural diagram of an IC IGFET. 
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p-type channel ( with its source and drain connections). Two separate 
gates exert a balanced influence on channel operation through a spe-
cial ion-implanted region. The resistance and other characteristics of 
the region can be controlled exactly. In the implantation process, boron 
ions are permitted to penetrate the more conventional oxide dielectric 
region. These charged ions permit a smaller area to have a high and 
exactly controlled resistivity. 

PASSIVE COMPONENTS 

The single most common passive component is the resistor. In fact, 
most integrated circuits are a combination of transistors, diodes, and 
resistors. The second most common passive component, but not nearly 
so common as the resistor, is the capacitor. Occasionally, coils and 
filters are incorporated into integrated-circuit design, but these are 
usually found only in hybrid-type ICs. 

SOURCE GATE # 1 GATE II DRAIN 
o 

N SUBSTRATE 

ION- IMPLANTED 

REGION": 

Fig. 2-18. Dual-gate MOSFET fabrication using Sprague Electric Company ion 
implantation techniques. 
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Fig. 2-19. Cross-sectional view of a diffused IC resistor. 
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In a monolithic integrated circuit, the fabrication of a resistor differs 
little from that of a transistor. Such a resistor in no way resembles the 
usual discrete resistor. It is, in fact, a highly doped silicon layer. A 
cross-sectional view of a diffused resistor is shown in Fig. 2-19. As 
usual, the process begins with the substrate. The resistors are formed 
simultaneously with the formation of the transistors and other seg-
ments of the monolithic integrated circuit. A n-type isolation region 
follows the substrate. This layer corresponds with the formation of 
the collectors in the neighboring transistors. Diffusion, along with ap-
propriate masking, forms the layer of semiconductor material that 
serves as the resistor. This step is similar to the formation of the tran-
sistor base of a monolithic transistor. Contact leads are attached at 
opposite ends of this resistor layer. The equation for such a resistor is: 

R = Rs( L \ 
W ) 

where, 
Rs is the sheet resistance of the diffused layer, 
L is the length of the diffused area, 
W is the width of the diffused area. 

From the equation it is apparent that the ohmic value of the dif-
fused resistor depends upon the doping, which determines the sheet 
resistance, and the dimensions of the resistor layer. In the tiny mono-
lithic chip, there are size limitations and also sheet-resistance limits 
of about 10 to 500 ohms per square mil. If the sheet resistance were 
200 ohms per square mil, a layer 1 mil wide and 25 mils long would 
have a resistance of 5000 ohms, or: 

R = 200 ohms x —25 = 5000 ohms 
1 

52 



A practical range of values for monolithic diffused resistors extends 
between 50 ohms and 30,000 ohms. 

It should be noted from Fig. 2-19 that the resistor itself is part of 
the parasitic pnp transistor and includes its stray capacitances. There-
fore, it is necessary to connect the substrate to the most negative volt-
age present in the circuit, keeping the parasitic transistor isolated and 
incapable of four-layer switching. It is also important that the pn 
junction between the resistor and the n-type isolation layer never be-
comes forward biased. To prevent this, it is necessary that the isola-
tion layer be held at the highest positive circuit potential. 

Very tiny resistor chips can also be fabricated for use in hybrid 
integrated circuits. The arrangement shown in Fig. 2-20 is typical. 

N SUBSTRATE 

*- P RESISTOR 

Fig. 2-20. Fabrication of resistor chip for use in a hybrid IC. 

The n-type substrate is basic and provides the mechanical strength, 
while the p-type layer is the resistive element. Such a resistor is well 
isolated and need only contend with the pn diode junction and its 
distributed capacitance when a contact is made to the substrate 
material. 

Resistors are subject to frequency effects, monolithics more than 
hybrids, because of the inherent capacitance between the resistor and 
the isolating substrate. Therefore, the impedance of the combination— 
resistance and stray capacitances—drops off at the higher frequencies. 
Resistors of this type have a positive temperature coefficient; that is, 
resistance increases with temperature. 
The ion-implantation technique (Fig. 2-21), permits the processing 

of very shallow pn-junction resistors. In the example, the implanta-
tion is made into the n-type epitaxial material using appropriate photo-
mask techniques. The penetration of the charge ions can be controlled 
precisely and resistor values of high accuracy can be obtained. Sheet 
resistivities can be varied between 500 and 10,000 ohms/square mil. 
The thin-film technique can also be used to form integrated-circuit 

resistors. In hybrid circuits, such a thin film of metal or semiconduct-
ing oxide is laid down on a substrate. In monolithic application, the 
thin film can be deposited on the regular silicon dioxide layer using 
mask etching. An insulating layer is now placed on top of the resistor 
and apertures etched for making ohmic contacts. Various materials 
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Fig. 2-21. Using the ion-implantation process to fabricate o resistor. 

can be used for thin-film fabrication, including tin oxide, tantalum, 
aluminum, and Nichrome ( a combination of chromium and nickel). 
A pn junction when reverse biased is a capacitor. The construction 

of a monolithic capacitor follows along the same lines as the fabrica-
tion of active transistors and diodes. First, a 25-micron layer of n-type 
silicon is grown epitaxially on a p-type wafer (A of Fig. 2-22). A 
thin layer of silicon dioxide is now placed over the layer and, through 
suitable masking, a deep p-type diffusion is made, penetrating to the 
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Fig. 2-22. Processing a monolithic capacitor. 



substrate. This sets off n-type islands, serving as one plate of a junc-
tion capacitor. A shallow p-type diffusion now forms the second plate 
of the capacitor (B of Fig. 2-22). Ohmic contact is made to this area 
and to the n-type epitaxial layer to form the capacitor terminals. 

Such a junction only operates as a capacitor when it is back biased 
properly. Also, the substrate must again be returned to the highest 
negative potential of the circuit to prevent conduction of the junction 
between the epitaxial layer and the substrate. 

The construction of a tiny chip capacitor for hybrid IC application 
is shown in Fig. 2-23. Since such components can be isolated from 
one another on the ceramic wafer of a hybrid integrated circuit, they 

PLATE 1 
Al 
ATETALLIZATION 

Fig. 2-23. Makeup of a capacitor for a hybrid IC. 

PLATE 2 

SiO2 

are easier to fabricate and relatively free of parasitic influences. The 
capacitor is the reverse-bias junction between the p region and the 
n+-diffusion. External connections are made to the metalized alumi-
num areas on the top. 
The thin-film process can also be used to form capacitors. One such 

device is the silicon dioxide capacitor illustrated in Fig. 2-24. In this 
case, silicon dioxide serves as the capacitor dielectric while the two 
capacitor plates are the aluminum metalization on top and the silicon 
substrate beneath. The substrate makes ohmic contact with the gold 
metalization at the very bottom. This idea can be included as part of 
a monolithic integrated circuit also, although additional diffusions are 
required—as in the case of the monolithic pn-junction capacitor. 
Other dielectric materials that can be used in the construction of thin-
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film type capacitors are tantalum oxide, aluminum oxide, and silicon 
monoxide. 

Obtainable capacitor values are somewhat limited. In the case of 
monolithic construction, the maximum value that can be obtained is 
about 500 pF. For the hybrid types, a maximum value up to about 
0.1 FLF can be expected. Thin-film values go up to about 1000 pF. 
Larger value capacitors are usually in the form of separate packages 
for hybrid applications. They are generally in the form of a nonsilicon 
construction, such as a tantalum capacitor mounted in a hermetically 
sealed package or a TO-5 case. 

AI METALLIZATION 

Au 

N TYPE OR P-TYPE SILICON 

Fig. 2-24. Capacitor formed using thin-film process. 

Inductors are the most difficult components to incorporate into 
integrated circuits. Perhaps it is just a matter of time before one of the 
semiconductor or thin-film processes will permit coil construction. In 
practice, most coils are mounted externally. The toroidal construction 
is popular because of its ability to attain high inductance in a small 
space. 

It is feasible to incorporate various filters using resistors and ca-
pacitors into an integrated circuit. Those that require the presence of 
a coil are much more difficult to make. 

PACKAGES AND SOCKETS 

Integrated circuits come in a variety of cases and mounting arrange-
ments. There are three major cases. One of these (Fig. 2-25) is the 
TO-5 round package with either 8, 10, or 12 leads. Another is the flat 
pack with 14 terminals, as shown in Fig. 2-26. This type of integrated 
circuit is usually surface supported and is wired directly into the 
printed-circuit board. 
The most common types are the 14-terminal and 16-terminal dual-

in-line cases (Fig. 2-27). These can be wired directly to a printed-

56 



circuit board having the appropriate aperture spacing or, as has 
become increasingly popular, mounted using 14-pin and 16-pin dual-
in-line sockets. The dual-in-line cases are either plastic or ceramic 
packages. The ceramic packages, of course, are able to withstand 
higher temperatures. Also, TO-5 sockets are now widely used for 
that particular case style. 

8-TERMINAL 10-TERMINAL 12-TERMINAL 

(A) Round package having 8-, 10-, or 12-terminal leads. 

.060 
DIA TYP 

.011 TYP 

—T 

.071 TYP 

(B) Dimensions of the 10-terminal IC package. 

Fig. 2-25. TO-5 package styles. 

The dual-in-line type can be either surface mounted or have the 
leads forced through the holes of the pc board. Dual-in-line cases are 
found with as few as 8 and as many as 16 terminals. There are also 
staggered in-line cases as shown in Fig. 2-28. This style is used for 
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high-current application and when greater separation between termi-
nals is required or is desired ( in terms of circuit board wiring). 

EXPERIMENTS 

A set of five experiments, one each at the end of Chapters 2 through 
6, are included to help you gain a practical knowledge of the im-
portant fundamental circuits found in ICs. The experiments include 

(A) Illustration of package. 

(B) Dimensions of package. 

Fig. 2-26. Ceramic, 14- terminal, flat pack IC. 

the construction and tests of a differential amplifier, an operational 
amplifier, a crystal-controlled pulse generator, and a NOR-gate flip-
flop and decade divider. 

All five experiments are to be constructed on a single vector board 
(Fig. 2-29). TO-5 and in-line sockets are to be attached to the per-
forated vector board. These sockets are widely used in both experi-
mental and finished IC circuits. 
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(A) 14-terminal package. 

0.050" 
TYP 

(B) 16-terminal package. 

DIRECTION OF LEAD CLINCH 

(C) Package d mensions 

Fig. 2-27. Popular dual-in-line plastic packages. 

The parts list shown in Table 2-1 includes the components re-
quired for all five experiments. Cost of the components is low, and 
you will gain practical experience as well as firming your theoretical 
knowledge of IC operation by constructing these projects. 

In the first experiment, you will work with a simple four-transistor 
integrated circuit. You will check the performance of the associated 
transistors in both dc and ac applications. The final segment of the 

8 

o 

Fig. 2-28. Other IC cases. 
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Fig. 2-29. Arrangement of sockets on vector boord used for experiments. 

Table 2-1. Equipment for Experiments 1 Through 5 

2 

3 

2 

2 

12 

24 

1 

8 
1 

1 

3 

1 

2 

3 

2 

2 

3 

3 

Volt-ohm-milliammeter 

Audio sine/square wave oscillator 
Oscilloscope 

Voltmeter, dc 

100-kHz crystal and socket 

Vector board, 81/2" X 41/2" 

HEP 580 IC 

HEP 583 IC 

741 operational amplifier 

7490 decade divider 

8-pin round IC socket 

15-pin dual-in-line IC socket 

Transistor radio battery, 9 volt 

Lantern battery, 6-volt 

Penlight battery, 11/2-volt 

Binding post 

Vector micro-clip terminals (Vector Company) 

7-35 pF trimmer capacitor 

0.1-µF disc capacitor 

2-SF 12-volt electrolytic capacitor 

220-ohm 1/2 -watt resistor 

1K, 1/2-watt resistor 

1.8K, 1/2-watt resistor 

4.7K, 1/2-watt resistor 

10K, 1/2-watt resistor 

15K, 1/2-watt resistor 

27K, 1/2-watt resistor 

100K, 1/2-watt resistor 

1-megohm 1/2 -watt resistor 
Insulated hookup wire 
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experiment is the construction of a sine-wave audio oscillator. This 
audio oscillator can be used as a signal source in some of the succeed-
ing experiments. 

EXPERIMENT 1: FOUR-TRANSISTOR IC 

General 

The schematic diagram of a Motorola HEP 580 integrated circuit 
is given in Fig. 2-30. It consists of four transistors and six resistors. 
The transistors are connected in pairs with common collectors. The 
base inputs are separate for ease of connection in a differential ampli-
fier circuit. All emitters are joined together and connected to pin 4. 
An external high-value resistor or constant-current source can be con-

3.6K 3.6K 

7 6 

-Vv\e-,̀ 2 3 5 
1.5K 1.5K 1.5K 1.5K 

1 

4 

Fig. 2-30. Schematic of Motorola HEP 580 IC. 

nected here for stabilizing a differential amplifier. Also, the emitter can 
be connected to a common or low-value emitter resistor for a more 
routine operation of the transistors. The proper value emitter-resistor 
and an appropriate feedback circuit permit the HEP 580 to be oper-
ated as an oscillator. Integrated series base resistances increase input 
resistances as well as suppress any tendency to parasitic oscillations. 

Symbolically, integrated circuits are presented in the two ways 
shown in Fig. 2-31. The triangle representation is the more common, 
although the circle arrangement depicts a definite pin positioning. An 
advantage of the triangle representation is that schematic lay-outs can 
be drawn with greater ease, indicating input and output points regard-
less of pin numbers. 
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Vector Board Construction 

The first step involves vector board layout. Except for the decade 
divider which will be the last experiment, the integrated-circuit sockets 
used are round 8-pin types. The first step, then, can be the mounting 
of four IC sockets on the vector board, three 8-pin round sockets and 
one 14-terminal dual-in-line socket. These can be seen in Fig. 2-29, 
mounted across the center of the 41/2 " by 81/2 " vector board. Binding 
posts and various other components for the first experiment are also 
shown in the photograph. ( When the experiments are completed, the 
vector board will have mounted on it a tone oscillator, a square-wave 
100-kHz crystal oscillator, and a frequency calibrator that has se-
lected outputs from 100 kHz to 5 kHz.) 

Fig. 2-31. Integrated circuit symbols. 

Note on the left of the photo that the HEP 580 has been plugged 
into the IC socket. The 8 terminals underneath the IC socket are con-
nected to 8 vector micro-clip terminals. Temporary connections can 
be made by pressing wires or component leads into these terminals, 
or they can be soldered for a permanent circuit connection. The final 
procedure of this experiment is the construction of a sine-wave oscil-
lator. You may wish to wire this experiment permanently by making 
soldered connections. Supply voltage and oscillator output binding 
posts are also seen in the photograph. 

Procedure 1: Basic Common-Emitter Stage 

1. Connect the circuit of Fig. 2-32. Leave resistor R1 disconnected 
for the initial part of the experiment. Connect a current meter into 
the circuit and set to the 0-5-milliampere scale. Connect a dc volt-
meter between the output terminal and common (ground). 

2. Turn on the amplifier. Note that only a small leakage current is 
present. Supply voltages at pin 7 and pin 8 are approximately the 
same. 

3. Connect a 11/2 -volt battery directly between the parallel connection 
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of pins 1 and 2 and common. The + voltage of the battery on the 
base input turns on the transistor. Note the current reading. Also, 
the collector voltage at the output drops to near zero. Is it reason-
able to expect this drop in collector voltage? Remember the cur-
rent is present in the internal 3.6K collector resistor. What will be 
the voltage drop across this resistor? 

4. Reverse the base-bias battery voltage. Cutoff condition is estab-
lished. Disconnect the battery and connect the 15K bias resistor 
(R1) into the circuit. 

5. After a shut-down period of at least five minutes, turn on the ampli-
fier. Record the collector current and collector voltage. In our test 
example, the collector current was 2.2 mA, and the collector volt-
age 3.1 volt. This reading will probably vary significantly from 
unit to unit. 

6. Shunt a 10K resistor across the bias resistor R1. What happens to 
the collector current and collector voltage? Why? 

A decrease in the ohmic value of the bias resistance increases 
the base bias current. As a result, collector current increases 
and collector voltage declines. 

+9V 

RI 

AC 
INPUT •H 

0.1 pI 

R2 

0.1 kiF 
AC 
INPUT "I 

DC R2 
INPUT 

3.6K 
INT 

(A) HEP 580 and external circuit. 

RI 

4.7K 

OUTPUT 

OUTPUT 

(B) External circuit and one internal transistor and resistor. 

Fig. 2-32. Common-emitter amplifier. 
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Procedure 2: AC Operation 

I. Substitute the 50K potentiometer for resistor RI. Connect the 
voltmeter to the output and the current meter to the supply volt-
age line. Turn on the amplifier. 

2. Vary the potentiometer throughout its range. As the bias resistance 
is decreased, the collector current rises and the collector voltage 
falls. Adjust the potentiometer for a collector voltage of 4 volts. 
Note the collector current at this setting. 

3. Apply a 1000-Hz sine wave to the input of the amplifier through 
the 0.1 e series capacitor. Connect an oscilloscope to the ampli-
fier output. Set the bias control resistor ( potentiometer) to mid-
position. Set the gain control of the audio generator to the minimum 
setting. 

4. Slowly increase the audio generator output and observe the in-
creasing amplitude of the sine wave displayed on the oscilloscope 
screen. Adjust the horizontal frequency control of the oscilloscope 
to display two sine waves. 

VC C 

9V 

RI 
4.7K 

R6 
1. 8K 

0.4 

2 pF 

1-1". 
R7 OUTPUT 

50K 

R2 
220 

Fig. 2-33. An IC tone oscillator. 

5. Increase the audio generator signal to the point where the sine 
wave begins to distort. Vary the bias potentiometer for a maximum 
undistorted output. Note the collector current at this point. In our 
sample, the desired collector current was approximately 1.8 mA. 

6. Measure the output voltage using the oscilloscope or the ac scale 
of the voltmeter. A typical output voltage reading was 2.5 volts. 
Voltage gain of the amplifier is quite high and may be well over 50. 

7. Disassemble the circuit. 
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Procedure 3: Tone Oscillator 

1. Construct the tone oscillator using the simple feedback circuit of 
Fig. 2-33. Basically, the circuit is an emitter-coupled multivibrator 
using emitter resistor R2. The feedback path between the output 
stage and the base of the input stage is by way of resistor R6 and 
capacitor C3. Long time-constant circuits in both bases permit the 
formation of a tone output that is reasonably sinusoidal. Check the 
tone frequency. It will fall somewhere between 1000-2000 Hz. 
Collector current is approximately 2.5 mA and output about 2 volts 
maximum. Note the influence of the 50K control on the output 
level. 

2. If you have not permanently attached the components to the vector 
board, store the board so the components will not be dislodged. 
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Basic IC Circuits 

The integrated circuit is an extension of the solid-state science of 
packing active and passive components into a small package. This 
has been done with great success. Versatility, reliability, and stability 
are additional rewards. There is an ever-expanding number of internal 
circuits and systems, along with external applications, being developed. 

Transistors, diodes, and resistors are the only components used in 
most integrated circuits. Capacitors, while used, are not common be-
cause they take up considerable space. Customarily, the internal cir-
cuit is designed in such a manner that capacitors are not required. 

It is difficult to fabricate a resistor of some precise value into an in-
tegrated circuit. Conversely, there is no great problem in including 
two or more resistors of exactly the same value, even though a certain 
absolute value is difficult to attain. Hence, internal-circuit systems em-
ploy balanced configurations that require equal-value resistors but 
are noncritical of absolute values. For this reason, the most common 
integrated circuit is the balanced dc differential amplifier. 

BASIC DIFFERENTIAL AMPLIFIER 

The differential amplifier is the key circuit of most ICs. The cir-
cuit ( Fig, 3-1) is basically an emitter-coupled configuration. It has 
fine stability and a good rejection of undesired signal components. 
Being direct coupled, no interstage coupling capacitors are needed, 
providing a saving in space. Correct differential operation requires 
that the two collector resistances be identical in both ohmic value and 
general characteristics. In the fabrication of integrated circuits, these 
conditions are met quite readily and at low cost— in comparison to a 
similar amplifier designed to use discrete circuit components. 
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In basic operation, the differential amplifier responds to the signal 
difference that exists between the base inputs, developing equal-ampli-
tude and out-of-phase collector signals. This type of input is called a 
differential-mode input signal. In practice, this is accomplished by 
applying the desired ac signal to one of the base inputs but not to the 
other. Since no signal is applied to the opposite base, the difference 
voltage is the signal applied to the input base. 
When two equal-amplitude but same-polarity signals are applied 

to the base inputs, the ac signals across the common-emitter resistor 
are subtractive. In a situation of perfect balance, the differential ampli-
fier thus performs in a bridgelike manner and there is no output from 
collector to collector. A much reduced output signal appears from 
each collector to common. 

In-phase signals at the bases are referred to as common-mode input 
signals. This is usually in the form of any undesired signal, such as 
hum and interference components. Thus, another advantage of the 
differential amplifier is its ability to reject and reduce common-mode 
signals. 

In the differential-mode operation, a signal applied to the base of 
transistor 01 ( Fig. 3-1) appears at the collector output of transistor 
Q1 and also across the common-emitter resistor. The latter signal 
component serves as the input signal for transistor 02. Consequently, 
a signal of opposite polarity appears at the collector of transistor 02. 
In effect, the differential amplifier acts as a phase splitter, developing 
two equal-amplitude but opposite-polarity signal components at the 
output. 

The differential amplifier has a high order of dc stability, reducing 
the influence of supply voltage changes, temperature, etc. Supply 

Fig. 3-1. Basic differential amplifier. 
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voltage variations, in general, create a common-mode type of inter-
ference which the differential circuit inherently reduces. Thus, it is a 
stable dc amplifier and is very practical when designing the multistage 
circuits that are so common in ICs. Not only does the basic circuit 
have no need for interstage coupling capacitors, but the emitter bypass 
is also eliminated. 

In summary, integrated circuits have few passive components ( re-
sistors, capacitors, and coils) and are largely active component sys-
tems ( transistors and diodes). 

STABILITY FACTORS 

To repeat, the differential amplifier is a very stable circuit. In un-
derstanding its operation, one needs to know about the factors that 
determine this stability and how special circuit arrangements can 
further enhance this basic advantage. 

The efficiency of the differential amplifier depends on its ability to 
compensate for any imbalance that may arise. A change in leakage 
current and/or gain in one side of the differential circuit is balanced 
out by a like change in the second side. This ability to respond sets 
the operating limits of the differential amplifier. These limits are best 
obtained with suitable biasing and proper temperature compensation. 

In the rejection of common-mode signals, one depends upon the 
degenerating effects of the common-emitter resistor. The higher the 
ohmic value of this resistance, the greater is the rejection. Such in-
crease is limited by supply voltage requirements and the difficulty 
involved in including high-value resistors in integrated circuits. 
One answer to obtaining high stability and good rejection of 

common-mode signals is to include a constant-current emitter source 
composed of an additional active component rather than a high-value 
resistor. The fundamental arrangement is shown in Fig. 3-2. In this 
circuit, the combination of the transistor and its low-value emitter re-
sistor acts as the high-resistance constant-current source. The presence 
of a common-mode signal on the differential transistors affects both 
voltages and junction resistances. A constant-current source holds the 
emitter and collector currents constant. In fact, the undesired voltage 
change appears totally across the constant-current source circuit, which 
is unbypassed and, therefore, highly degenerative. Thus, the differ-
ential gain of the amplifier, in terms of the common mode, is greatly 
reduced. 

Additionally, diodes in the base circuit of this constant-current 
source provide temperature compensation. When the characteristics 
of the base-emitter junction of the constant-current transistor and the 
diode junction are identical, there is exact compensation. An increase 
in the conductance of the base-emitter junction results from a rise in 
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temperature. Since the compensating diode junction is physically near 
the transistor, there follows a similar change in its conductance. As 
a result, a compensation is made in the base bias, keeping the collector-
emitter current constant. The basic circuit of Fig. 3-2 is very common 
in integrated circuits. 

Fig. 3-2. Constant-current source 
using an active component. 

DARLINGTON CONFIGURATION 

The previous differential amplifiers have low input impedances. 
When a high impedance is required, Darlington circuitry is included 
in the integrated circuits. An additional transistor is included for each 
pair as shown in Figs. 3-3 and 3-4. 

In the normal operation of a transistor, the emitter junction is for-
ward biased and conducts. Input resistance is low and approximates 
the product of beta times the emitter resistance. 

RIN = PRE 

To a degree, the input resistance can be increased by increasing the 
ohmic value of the emitter resistance. There is a resultant sacrifice in 
gain and a need for a higher supply potential. The Darlington-pair 
approach is to use the input resistance of a second transistor as the 
emitter resistance of the first ( Fig. 3-3). The input stage then operates 
with a highly degenerative emitter circuit and a resultant high-input 
impedance. Both stages contribute an output with a net gain figure that 
is comparable to that obtained using a single transistor of the same 
type but operating with a much lower input resistance. Two such 
identical circuits are needed for the separate inputs of the configura-
tion shown in Fig. 3-4. 
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+vcc 

Fig. 3-3. Basic Darlington 
pair configuration. 

Fig. 3-4. Differential amplifier using 
Darlington pairs. 

IN 

vcc 

THE DIFFERENTIAL AMPLIFIER IN INTEGRATED CIRCUITS 

The advantages of a differential amplifier match the needs of inte-
grated circuits. The IC fabrication process permits the attainment of 
exceptional balance because all the components of the circuit are 
processed simultaneously. They have identical characteristics and can 
be placed near each other. They display similar temperature coeffi-
cients and maintain stable electrical characteristics over a wide tem-
perature range. Good input and output isolation are inherent and no 
neutralization is required. This is basic to simple feedback systems. 

Either no capacitors, or very few, are needed in differential cir-
cuitry. Large-value resistors can be avoided, and exact, absolute re-
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sistor values are not critical because differential amplifier performance 
depends mainly on resistance ratios. 

The differential amplifier is a versatile configuration, lending itself 
well for use as an amplifier, oscillator, limiter, modulator, demodu-
lator, mixer, or several other applications. Its ability to emphasize 
the desired signal and de-emphasize common-mode components was 
mentioned previously, along with its capability for highly linear 
amplification. 

Differential Amplifier Current 

An example of a simple monolithic differential amplifier is given 
in Fig. 3-5. The differential transistors and their associated monolithic 
resistors are identical. This symmetry produces a truly balanced am-
plifier and is matched so well that there is little circuit unbalance when 
the two emitters are joined and operated from a common power 
source. 

••••— 

I B 1 

CONSTANT-
CURRENT 
SOURCE 

Fig. 3-5. Currents present in a basic 
differential amplifier. 

Zero voltage, or no voltage, base-to-common on each half-circuit 
produces identical collector currents Ici and I'2. When the amplifier 
is balanced perfectly and the base voltages are 0, the differential out-
put voltage VD is also zero. It is zero for any value of equal voltage 
present at the base of transistor QI and the base of transistor 02. 
The sum of the two emitter currents is equal to the source 

current I. 

Io) = 1E1 + 1E2 

If current Io is a true constant-current source, an increase in either 
emitter current is followed by a like decrease in the other current; the 
sum remains the same. 
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When the base voltages of the differential amplifier are unlike, one 
transistor draws more current than the other. However, the net current 
Io remains unchanged. For example, a positive voltage on the base of 
transistor Q1 causes an increase in its collector current. The rise in 
the emitter current results in a lower biasing of the second transistor 
and the collector current of transistor 02 decreases; so does its emit-
ter current, restoring current Io to the previous value. 

Differential Amplifier Voltage 

Inasmuch as the collector current of transistor Q1 increases and 
the collector current of transistor 02 decreases, the collector voltage 
of transistor 02 becomes higher than the collector voltage of transistor 
01. No longer is there a zero voltage between collector and collector. 
Instead, the output voltage is positive as measured between the col-
lector of transistor 02 and the collector of transistor Q 1 . 

If the base voltage of transistor 01 is made more negative, there is 
a converse cycle of events. The constant current remains the same, the 
collector current of transistor Q1 decreases, the collector current of 
transistor 02 increases, the collector voltage of transistor Q1 in-
creases, the collector voltage of transistor 02 decreases, and the out-
put voltage, as measured between collector 2 and collector 1, is 
negative. 
A differential input voltage results in a differential output voltage. 

This occurs whether the input is a dc voltage change, an ac voltage 
change, or a combination of both. In terms of the collector-to-collector 
output voltage, these changes occur on each side of a zero voltage— 
which is the condition met when the two bias voltages are alike. 

Operational Modes 

Differential amplifiers can be operated in various modes. The mode 
described above is referred to as the differential input, differential 
output mode. 
The differential amplifier has three additional operational modes 

(Fig. 3-6). In the circuit shown in Fig. 3-6A, the signal is applied to 
the base of transistor Q1 and removed at the collector of transistor 
Q1 . A positive input swing results in a negative swing between col-
lector of transistor Q1 and common. This is known as the single-ended 
input, single-ended output inverting mode. 

Fig. 3-6B shows the input at the base of transistor Q1 and the out-
put between the collector of transistor 02 and common. The input 
swings positive and so does the collector voltage of transistor 02. 
Output and input voltages are in phase. This operation is known as 
the single-ended input, single-ended output noninverting mode. 

In the final manner of operation ( Fig. 3-6C), input voltage is ap-
plied from base-to-base and the output voltage can be removed from 
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-VCC 

-Vcc 

(B) Single-ended input, single-ended output 
noninverting mode. 

(A) Single-ended input, single-ended output 
inverting mode. 

'VCC 

OUT OUT 

IN 

-VCC 

(C) Differential input, single-ended 
output mode. 

Fig. 3-6. Operating modes of a differential amplifier. 

either of the collectors. This is known as differential input, single-ended 
output mode. 

The various modes of operation require that gain be specified in one 
of three ways. First, differential-voltage gain is the ratio of collector-
voltage change to the difference voltage between the two bases. Sec-
ond, the double-ended, differential-voltage gain is the ratio of the 
collector-to-collector voltage change to the base voltage change. 
Finally, the single-ended differential-voltage gain refers to the ratio 
of collector-to-common change to the base-voltage change. 

Transconductance 

The transfer curves of a basic differential amplifier are shown in 
Fig. 3-7. The center of the linear region corresponds to 0 input volt-
age. In this region, the transconductance g,„ is at its highest. Trans-
conductance, as for other amplifier devices, is the ratio of a small 
change in output current over the small change in input voltage that 
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produces it. The basic equation for the mutual conductance of the 
differential amplifier is: 

aIo  
gin 4KT/Q 

where, 

a is the current gain, 
lo is the constant current, 
K is Boltzman's constant or 1.38 x 10—", 
T is the temperature in degrees Kelvin, 
Q is the electron charge or 1.6 x 10 -19 coulomb. 

2 I 

770.8 

Fig. 3-7. Transfer curves of a typical 6cÊ 0.6 
cc differential amplifier. 
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Note from the above that the mutual conductance varies directly 
with the constant current. This indicates that it is possible to change 
the mutual conductance and, therefore, the gain of the differential 
amplifier by varying the value of the constant-current source. Also, 
the equation indicates that the transfer characteristics and the slope 
of these curves are a function of alpha and temperature, which are two 
physical constants. Since these factors are predictable in the case of a 
monolithic transistor, the mutual conductance equation can be simpli-
fied to: 

aIo  
gni 

100 

Inasmuch as the constant-current (l)) controls mutual conductance 
and other operational factors, the differential amplifier is an ideal cir-
cuit for use as a mixer, frequency multiplier, modulator, or product 
detector. When the input is overdriven, it performs well as a limiter, 
producing a good square-wave output. 
The range of linearity and the degree of linearity are improved with 

some emitter degeneration ( Fig. 3-8). Two like-value resistors are 
placed between the emitters and the constant-current source. This feed-
back improves the slope of the linear portion of the transfer charac-
teristic and extends it over a greater range of differential input volt-
ages ( Fig. 3-9). This technique is widely used in integrated-circuit 
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-vcc 

Fig. 3-8. Differential amplifier with 

emitter degeneration. 

systems, resulting in a more linear mutual-conductance change and a 
higher possible input voltage without distortion. 

In the previous discussions, it was assumed, as in normal operation, 
that a differential input voltage existed. When both base voltages are 
increased or decreased simultaneously, the input signal is known as a 
common-mode input voltage. Such a like-polarity and like-magnitude 
of input voltage change, provided the transistors are not driven into 
the saturation region, produces an equal change in emitter currents. 
Therefore, there is no change in the collector output voltage. Theoreti-
cally, a common-mode input-voltage change produces no change in 
the output voltage of the differential amplifier. How well a differen-
tial amplifier rejects these common-mode signal changes is related to 
the impedance of the constant-current source. Since this impedance is 
finite, there is always some slight change that results from a common-
mode signal. The common-mode voltage gain is the ratio of a small 
output-voltage change that results from a common-mode input-voltage 
change. In a good differential amplifier circuit, this value is very 
much less than unity. The ratio of the common-mode gain to the dif-
ferential gain is known as the common-mode rejection ratio. 

In monolithic IC forms, the differential amplifier is a well-balanced 
circuit and, therefore, serves as an excellent dc amplifier, superior to 
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other circuit forms. In the perfect form, there is zero voltage between 
the two collectors when the two base voltages are identical. Perfec-
tion is an impossibility and some imbalances do exist, such as un-
equal-value betas and unequal-value resistors. Output offset voltage 
(V00) is the term given to the minute difference in dc voltage that 
exists between collectors when the dc base voltages are identical. 

There are two related quantities. The input offset voltage refers to 
the difference in base voltages needed to equalize the two collector 
voltages. Also, the input bias offset current is the difference in the 
input base-bias dc currents when the dc collector voltages are equal. 

CONSTANT-CURRENT SOURCES 

The key to top performance from a differential amplifier is its con-
stant-current source. The more one improves this special segment of a 
differential circuit, the better the overall performance of the amplifier. 
Various methods for improving the constant-current source will be 
discussed. 
A constant-current source is a high-impedance source. Its effective 

series resistance is so high that it exerts dominating control over the 
currents in the two transistors of a differential amplifier and in their 
collector circuits. The higher the effective impedance of the common 
source, the less influence the collector current of transistor Q1 exerts 
in the emitter resistance ( Fig. 3-10). Therefore, this current has little 

Fig. 3-10. Using a high-value resistor 
as a constant-current source. 

FIN 

effect on the operation of transistor 02. The higher the effective emit-
ter resistance Rs, the less influence the collector output circuits have 
on the input circuits and the operating conditions of the two transistors. 
One limit to the ohmic value of the common-source resistance is its 

influence on the required supply voltage (Vec ). The larger the value 
of R8, the greater is the supply voltage that is needed to obtain the 
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required value of constant current (Jo). This factor compromises the 
value of RR downward. 
An alternative is using a transistor as the common-current source, 

as illustrated in Fig. 3-11. The impedance at the collector of the con-
stant-source transistor is high. Nevertheless, a high-level current (I0) 
can be caused in resistor RE by proper biasing of the base. Resistor 
RE can be of low ohmic value and the voltage between the collector 
of transistor 03 and common can be correspondingly low. In fact, the 
voltage drop at the common emitters need only be low enough to 
equal the sum of the necessary collector-emitter voltage ( less than 
1 volt) and the voltage drop (I012E) across the emitter resistor. 
Some inherent temperature compensation exists when the negative-

temperature coefficient of the emitter junction ( of the source transis-
tor 03) is matched by the positive-temperature coefficient of the 
monolithic diffused emitter resistor. In an integrated circuit where the 
collector resistors are external, this compensation is especially helpful 
because the external collector resistors do not follow exactly the tem-
perature changes that take place within the monolithic structure. 

Another temperature-compensating scheme is shown in Fig. 3-12. 
It is more appropriate when the collector load resistors are diffused 
types within the monolithic structure. The internal diodes have a com-
pensating response to any change in the emitter-junction bias of the 
source transistor 03 caused by temperature and producing a correct-
ing bias change that holds the current ][4, constant. A temperature rise 
at the emitter junction tries to increase junction current. However, the 
diode junction resistance also drops and some bias current is shuttled 
away from the emitter junction. 
When a voltage-divider bias system is employed, the RI /R2 ratio 

must be considered. Often two or more diodes are employed in series 
to obtain a more exact temperature compensation at the emitter 
junction. 

Fig. 3-11 Using a transistor as a 
constant-current source. 
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Fig. 3-12. Transistor constant-current 
source using compensating diodes. BIAS RI 

R2 

XI 

X2 

Q3 

-vCC 

A single diode can be employed as in Fig. 3-13. In this case, the 
diode and transistor 03 are matched monolithic transistors within 
the IC structure. As discussed in Chapter 2, it is common to use a 
monolithic transistor structure connected as a diode. A special advan-
tage in this circuit is that the two monolithic structures respond in ex-
actly the same manner to temperature change and more exact com-

pensation is feasible. 
It can be seen in Fig. 3-14A that the base current finds a path 

through resistor R3, the emitter junction and resistor RI. Inasmuch 

Fig. 3-13. Diode and emitter junction 
with identical monolithic 

base-emitter characteristics. 

XI 
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(A) Using a large-value resistor. 

as the emitter junction voltage VEE has the dominant influence on the 
constant-source current 10, this voltage can vary with temperature and 
produce a substantial variation in current I. Although a high-value 
resistor RE can reduce the effects of temperature change, it requires 
a large voltage drop across the emitter resistor and, thus, is self-defeat-
ing, in terms of holding down the supply voltage of its associated dif-
ferential amplifier. A high-value emitter resistor is avoided with the 
circuit of Fig. 3-14B. In some arrangements, no emitter resistor is 
required. It is necessary that the characteristics of the diode-connected 
transistor be the same as the emitter junction of the constant-current 
transistor. Note that the bases are biased from the same base-bias 
source. The influence of temperature produces the same change at both 
transistors. However, in so doing, transistor QI is correcting the bias 
of transistor 02 correspondingly, and the current I0 is held constant. 
This results from the changing shunt influence of transistor Q1 across 
the emitter junction of transistor 02. 

(B) Using a transistor connected as a 

compensating diode. 

Fig. 3-14. Combating effect of temperature on constant-current source. 

MULTISTAGE AMPLIFIERS AND BIASING 

The multistage IC amplifier shown in Fig. 3-15 consists of three 
differential amplifiers connected in cascade. Two emitter-followers 
link the first stage with the second and the second stage with the third. 
The input signal is applied to the base of transistor QI of the first dif-
ferential amplifier, while the output signal is removed at the collector 
of transistor 08 in the final differential amplifier. The possible volt-
age gain is up to 70 dB at 1 MHz, falling off to under 60 dB above 
10 MHz. 
The supply voltage is connected between terminals 10 and 8. A 

positive supply voltage must also be connected to terminal 5 through 
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Fig. 3-15. Multistage IC amplifier. 

00 
..-. 



the external load. Signal grounds can be connected to terminals 2, 3, 
and 4 through external capacitors. Capacitors provide dc isolation and 
decouple the bases of differential amplifiers to which no signals are 
being applied. 

Bias 

The biasing is handled by a series of seven monolithic diodes. These 
diodes, as well as all of the transistors, are matched. The voltage drop 
across the diodes and across the base-emitter junctions is approxi-
mately 0.7 volt (the standard voltage drop across a silicon pn junc-
tion). Like-value resistors are also perfectly matched. 
As each diode has a voltage drop of 0.7 volt, four of them con-

nected in series would have a voltage drop of 2.8 volts (0.7 x 4). 
Thus, the series-connected group can serve as a voltage divider, and 
voltages can be tapped off according to the needs of the total integrated 
circuit. They also function as voltage regulators. 

The relation between the base-emitter voltage ( emitter bias) and 
the collector current is shown in Fig. 3-16. The collector current with 
an emitter bias of 0.7 volt is approximately 0.7 milliampere. Observe 
how widely the collector current can vary with only a slight change 

COLLECTOR TÓ-EMITTER VOLTAGE 
-AMBIENT TEMPERATURE - 25°C  

t.4 0.8 

0.7 

o 

0.6 

0.5 
2 4 6 8 2 4 6 8 2 4 6 8 

0.01 0.1 10 

COLLECTOR CURRENT - mA 

\le 
Fig. 3-16. I versus V,, curve for a 

typical monolithic transistor. 

in the bias voltage. In fact, only a 10% change in the bias voltage 
causes a substantial shift in the collector current. This demonstrates 
the need for good bias regulation within the monolithic chip. 
The emitter-junction bias applied to the base circuits of transistors 

01, 05, and 08 in Fig. 3-15 is 2.1 volts. This bias is derived through 
the emitter-follower transistor 010 from the 2.8-volt tap of the diode 
divider. Inasmuch as it encounters an emitter-junction drop of 0.7 
volt in transistor 010, the actual bias value is 2.1 volts ( 2.8 — 0.7). 
The bias at the base of transistor 01 is 2.1 volt. The pn junction 

voltage is 0.7 volt, assuming that the two bases of the pair are biased 
alike and operate in matched manner. The voltage drop across the 
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resistor R1 will be base bias less the pn junction value or 1.4 volts 
(2.1 — 0.7). By Ohm's law, the emitter current for the pair is 2.8 
mA (1.4V/50012). Since the current divides equally between the two 
transistors, the voltage drop across resistor R2 is 1.4 volts ( 100011 x 
1.4 mA). The voltage at the supply-line end of resistor R2 is 4.2 volts 
(down from the supply-line value because of the presence of emitter-
follower transistor 09). 
The above 1.4 voltage drop supplies the necessary base bias for 

emitter-follower 03, which direct couples the output of one differen-
tial amplifier to the input of the next. Any applied input signal varies 
about the direct-coupled bias component that is transferred from 
stage to stage. Likewise, any shift in the dc base bias will be trans-
ferred as a dc voltage change to the next amplifier. 

Level-Shifting Circuits 

One of the problems of a simple direct-coupled amplifier is that 
progressively higher voltages must be used along the amplifier chain. 
As a result, the overall supply voltage must be higher than that needed 
for a capacitive- or transformer-coupled ac amplifier change. Another 
disadvantage is the fact that at the dc output of the final stage under 
resting, no-signal condition must be significantly higher than the very 
low dc level at the input. 
The above unfavorable features are overcome with the use of so-

called level-shifting circuits. In such an arrangement, it is possible for 
the dc resting voltage at the input of each stage to be made identical. 
Furthermore, resting dc voltage at the very output can be made to 
correspond in value to the dc level at the amplifier input. In the cir-
cuit of Fig. 3-15, the emitter-follower transistors 03 and 06 are 
emitter-follower dc level-shifting stages. A simplified version is given 
in Fig. 3-17. The primary function of a level-shifter is to shift down 
the average dc level from the output of one stage to the input of the 
next. Keep in mind that this is the no-signal level (no ac or dc signal 
input is present). 
The technique in the circuit of Fig. 3-17 is to make certain that 

the ohmic value of resistor Re, along with the differential constant-
current Io, is such that the dc voltage at the collector output is four 
forward-biased pn-junction voltage drops above the dc voltage at the 
input. Under the above condition, the voltage drop at the emitter 
junction of the level-shifting transistor reduces this figure by one 
forward-bias junction voltage (4VBE — 1VBE ). In so doing, the bias at 
the base (input) of the second differential stage is 2.1 volts, the 
same as the input-stage bias of the first cascade stage. This arrange-
ment is used between the first and second stages and also between the 
second and third stages of the integrated-circuit amplifier shown in 
Fig. 3-15. 
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Fig. 3-17. Level-shifting circuit configuration. 

A level-shifting arrangement commonly used in the output circuits 
of monolithic power amplifiers is given in Fig. 3-18. In this arrange-
ment, transistor 03 serves as the constant-current bias source for 
transistor Q 1 . Transistor 01 is both the driver amplifier and the 
emitter-follower that supplies signals to the base of the output tran-
sistor. The level-shift is accomplished by the voltage drop across 
resistor R1, as set by the collector current from transistor 03. In turn, 
the emitter of the output stage (02) has a dc feedback link to the 
emitter of the control transistor 03. This feedback path ( bootstrap) 

+vcc 

SIGNAL 

ERROR 
VOLTAGE 
CONTROL 
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-vCC 

OUTPUT 

Fig. 3-18. Level shifting in the 
output stage. 



determines the collector current present in resistor R 1 . The resting 
dc voltage at the emitter of transistor 02 can be made the same as the 
dc voltage at the base of transistor Q 1 . If we assume that the resting 
dc voltage at the base of transistor 01, through previous level-shifting 
circuits, is the same as at the input of the amplifier chain, the no-signal 
dc input voltage and dc output voltages can be made zero volts or some 
other preferred value depending upon design requirements. Further 
stabilization is accomplished with application of a control error volt-
age to the base of transistor 03. Error voltage responds to any un-
desired common-mode component. 

Output Circuits 

Integrated circuits employ a variety of output systems. The most 
frequently used are the so-called uncommitted collector outputs. A 
good example of an uncommitted collector is the collector of transistor 
08, connected to terminal 5 in Fig. 3-15, which must be connected 
directly to an external load. This load must present a dc path which 

.vCC 

(A) Single-ended arrangement. 

(B) Push-pull ar-angement. 

•VCC 

EITHER 
OR BOTH 

RI 

10 

(C) Phase-splitter arrangement. 

Fig. 3-19. Uncommitted collector output configuration. 
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will supply a proper operating potential for the collector of the output 
differential amplifier. Quite often, the load is tuned and resonated to 
the band of frequencies that are to be amplified. In many integrated 
circuits, both output collectors are uncommitted as shown in Fig. 3-19. 
Such an output can be connected single-ended, in push-pull, or as a 
phase-splitter. 

Another arrangement is to use internal load resistors as shown in 
Fig. 3-20. The output can be derived directly and then capacitively 

v 
CC 

INTERNAL 
LOAD 
RESISTORS 

Hf— 
Fig. 3-20. Output circuit using 

internal load resistors. 

coupled to a succeeding stage or load. Inasmuch as the internal re-
sistors have rather high ohmic values, it is also possible to connect an 
external load of lower impedance. Thus, the total load on the output 
would consist of the internal resistances and the external load. If the 
external load impedance is quite low, the internal resistances will 
have an insignificant influence on stage operation. 
When a low output impedance is desired, an emitter-follower out-

put stage is often employed (Fig. 3-21). Note that the driver stage is 
a Darlington pair which provide good voltage gain. This is transformed 
to a low-impedance output of significant power by using the emitter-
follower output stage. The circuit shows how the emitter-follower out-
put can be modified with the addition of one or two resistors. Resistor 
R1 is of such value that when it is connected to common, there will 
always be a certain minimum current even though a high impedance 
or no-load is connected to the output. Sometimes, this is of value 
in maintaining low distortion. Also, a short placed across the out-
put could be damaging for some monolithic chips. In this case, the 
series resistor R2, although of low value, will act as a protection for 
the IC. 
The previous circuits were single-ended stages, operated class-A. 

Substantially more output for a given level of distortion can be ob-
tained with the push-pull configuration. The class-B output transistors 
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Fig. 3-21. Output stage using an 
emitter follower. 

R2 02 

RI 

of Fig. 3-2.2 are driven from the same single-ended driver. Note that 
the input signal to the driver (01) is also applied to the base of tran-
sistor 03. After inversion by transistor 01, the signal is applied to the 
base of transistor 02. Since the stages are direct coupled and the no-
signal dc output is zero volts, there is very little current in the load. 
When the input voltage swings positive from its zero quiescent value, 

the collector currents of both transistors, 01 and 03, increase. In this 
situation, transistor 02 is cut off by the drop in QI collector voltage. 
Remember that in class-B operation, activity is switched from one 
transistor to the other with a change in polarity of the input wave. 
As the knput voltage swings negatively, collector currents of tran-

sistor Q1 and transistor 03 both decrease. The positive swing in the 
collector voltage of transistor QI causes transistor 02 to go into con-
duction and deliver the output for the negative alternation of the in-

+V cc 

Fig. 3-22. 3asic class-B output stage. 

-vcc 
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put wave. In this situation, transistor 03 becomes the inactive output 
transistor. 

WORKING WITH INTEGRATED CIRCUITS 

There are hundreds of integrated circuits of varying characteristics 
and applications. Almost every general classification of electronic cir-
cuitry has a number of integrated circuits that match its needs. There 
are amplifiers, modulators, demodulators, phase-comparators, regu-
lators, function generators, digital devices, and so forth. Except at the 
high-power level, there is an IC for each application. 

Previously, the emphasis in this book was on understanding the 
internal circuits of the IC. In the paragraphs that follow, the internal 
and external components are considered together by blending the 
two into operating stages. Signals must be applied and removed; 
power circuits are needed; and depending upon function, other exter-
nal components are required. 

Voltage 

Voltages are derived from either single-supply or dual-supply 
sources. The basic differential amplifier and constant-current source 
are shown wired for both types of supplies in Fig. 3-23. In the first cir-
cuit ( Fig. 2-23A), there are two batteries with common (ground) lo-
cated between them. The bases operate at common bias level. Shown 
is resistor-capacitor input, with the ac signal applied to one of the tran-
sistor bases of the differential amplifier. Although no signal is applied, 

(A) Dual-supply source (B) Single-supply source 

Fig. 3-23. Differential amplifier voltage supplies. 

RI 
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the base of the second transistor of the differential pair is connected 
to common through a like-value resistor. An external load resistor 
(RL) is also shown. Signal is removed at this point. 
The circuit of Fig. 3-23B shows how the same IC differential am-

plifier can be operated from a single supply battery. In this case, a 
resistive voltage divider (R1 and R2), along with a filter capacitor 
(C), are required. This divider sets the base bias for the differential 
transistors. The emitter side of the constant-current source is operated 
at ground potential. 

A Typical IC Device 

A typical integrated circuit (RCA CA3000) is shown in Fig. 3-24. 
The terminals are shown by circled numbers. In this case, the inte-

î  

Fig. 3-24. Sche-natic diagram of the RCA CA3000 integratd circuit. 

grated circuit has been packed into a 10-lead TO-5 package. It is 
basically a differential amplifier using a Darlington input configura-
tion. It employs a transistor constant-current source along with two 
temperature-compensating diodes. Application is mainly as a linear 
amplifier. The device is capable of handling a good signal-input level 
because of the use of individual emitter resistors in the differential 
amplifier. Note that internal resistor values are indicated on the 
schematic. 

89 



Two of these ICs, connected in a cascaded, resistance-capacitance-
coupled amplifier (with feedback), are shown in Fig. 3-25. Note that 
a triangle represents the integrated circuits and the internal compo-
nents are not shown. Integrated circuits are shown in this manner in 
most schematics. 

In most applications, it is not necessary to show the internal wiring 
because it cannot be changed in any way. However, in learning, de-
signing, or simple experimentation, it is often helpful to know just 
what is inside the chip, so you can make circuit changes (or explore 
other possibilities) of value for your particular application. In this 
case, the diagram supplied by the manufacturer of the device should 
be consulted. 

Terminal numbers of the IC are indicated in Fig. 3-25. Although 
some terminals are not shown in the triangle diagram, they are present. 
In almost all cases, when a terminal is not shown, it indicates that no 
connection is to be made to that particular terminal. In the circuit of 
Fig. 3-25, seven of the ten available terminals are used. 
By comparing Figs. 3-24 and 3-25, you will note that the input 

signal is being applied to the base of the first differential amplifier. 
A push-pull output is removed between terminals 8 and 10 and is 
applied in push-pull to terminals 1 and 6 of the second integrated 
circuit. Amplifier output is removed at terminal 8 (second transistor 
of the differential pair) of the second integrated circuit. This ampli-
fier employs feedback that is transferred through a resistor-capacitor 
combination back to terminal 6 of the first IC which, you will note, 
is the base of the second differential-input pair. 
The gain of the amplifier can be varied with a voltage applied to 

terminal 2 of the first IC. Note that this voltage biases the base of the 

Fig. 3-25. Resistance-capacitance-coupled amplifier using two 

integrated circuits. 
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Fig. 3-26. Graph showing amplifier 
frequency response. 

106 102 104 
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constant-current transistor. As discussed previously, the base voltage 
controls the constant current ( I() ) and, thus, can regulate the gain of 
the differential amplifier. If the gain is to be controlled automatically, 
this voltage can be derived from an automatic-gain-control system. The 
gain and frequency response of the cascaded amplifier is shown by the 
graph of Fig. 3-26. Over the flat region, the gain is in excess of 60 dB. 
Note that the response extends upward into the megahertz regions 
even though no peaking coils or resonant circuits are employed. 

Fig. 3-27. Crystal-controlled 
oscillator circuit. 

Applications 

A single IC of this type can operate as an efficient oscillator. A 
crystal-controlled circuit is shown in Fig. 3-27. The feedback path 
exists between the collector of the second transistor in the differential 
pair to base one of the first. Output is removed from the collector cir-
cuit of the first transistor in the differential pair. If desired, the oscil-
lator frequency can be modulated with a low-frequency tone applied 
to the base of the constant-current transistor. This in turn modulates 
current Io. 

The CA3000 integrated circuit can be operated as a radio-frequency 
amplifier as shown in Fig. 3-28. This 10-MHz amplifier has a gain of 
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approximately 30 dB. With appropriate tuned circuits, it can be made 
to perform up to the 30-MHz range. Input is single-ended to terminal 
1; output, also single-ended, is removed at terminal 8. 
A popular integrated circuit, represented by the RCA CA3028A, 

is simply a single-stage differential amplifier and its constant-current 
source (Fig. 3-29). No unbypassed emitter resistors or diode tem-
perature-compensating diodes are included. There are no collector 
resistors, and the collector output terminals provide means for attach-
ing external tuned circuits. This IC does not offer the advantages of 
versatile biasing arrangements. However, the simple arrangement and 
compactness of construction make it an ideal device for use as a 
radio-frequency or intermediate-frequency amplifier. Performance is 

(A) Schematic. 
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(B) Response curve 

Fig. 3-28. Narrow-band tuned amplifier. 
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good up into the vhf frequency range; the device can even serve as a 
front end for an fm receiver. 

Wiring and supply voltage configurations for various applications 
of the CA3028A are given in the circuits of Fig. 3-30. Operation as 
a differential radio-frequency amplifier is shown in Fig. 3-30A. Single-
ended signal is applied to terminals 1 or 5 (bases of the differential 
amplifier). A single power supply is used with a resistor voltage di-
vider supplying the correct base bias. Output is removed single-ended 
from one of the differential collectors. Since a differential amplifier 
circuit has good limiting action, this configuration can also be used 
as a limiter in fm i-f systems. 

Fig. 3-29. Schematic diagram of the 
RCA CA3028A integrated circuit. 

R3: 

R2 2".8K 

CASE AND 
SUBSTRATE 

500 

For high-gain applications, the cascode circuit of Fig. 3-30B is 
preferred. Signal is applied to terminal 2 of transistor 03 which acts 
as the input transistor of the cascode pair. Note in Fig. 3-29 that the 
collector of transistor 03 is direct coupled to the emitter of transistor 
02. Output is removed at terminal 6 which is the collector of tran-
sistor 02. Biasing is again handled with a two-resistor divider. If de-
sired, agc voltage can be applied to terminal 7. This connection biases 
the base of transistor Q3 through monolithic resistor Rl. 

Fig. 3-30C shows the amplifier operated as an oscillator. The feed-
back path, by way of capacitor Cr, is between terminals 6 and 1, or 
from the collector of the output transistor to the base of the input 
transistor. The level of oscillation can be controlled by regulating the 
terminal 7 bias voltage, which sets the level of the constant-source 
current. 
To use this oscillator arrangement as a converter, illustrated in 

Fig. 3-30D, it is only necessary to apply the rf signal to terminal 2 
which is the base of the constant-current transistor 03. In this cir-
cuit, the oscillator feedback path is to terminal 1 or the base of tran-
sistor 01. Mixing action takes place in transistor Q1 producing a 
difference frequency at terminal 8. The oscillator tuned circuit is con-
nected to terminal 6 (the collector of transistor 02). 
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A mixer is shown in the circuit of Fig. 3-30E. A balanced rf signal 
is applied between the two bases, terminals 1 and 5. The oscillator 
component is applied to the base of the constant-current transistor. 
Mixing takes place in the balanced differential arrangement, and the 
difference-frequency signal is removed in the push-pull output con-
nection using terminals 6 and 8 (both collectors of the differential 
amplifier). 
An fm tuner using two RCA CA3028A integrated circuits is shown 

in Fig. 3-31. The input stage of the tuner functions as an rf ampli-
fier and is connected differentially to obtain the best noise performance. 
Biasing of the constant-current source occurs at terminal 7 by way 
of resistor RI. The level is adjusted to obtain a power gain of 15 dB. 
A similar arrangement is used to bias the two bases of the differential 

(A) A balanced differential amplifier. 

(B) A cascode amplifier. 

(C) An oscillator 

OUI 

Fig. 3-30 Typical circuits 
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amplifier. Output is derived at terminal 6, the collector of the second 
differential pair. Note that for proper impedance matching, both the 
input coil L 1 and the output coil L2 are tapped because of the low 
input and output impedances of the transistor circuit. 
A double-tuned transformer links the amplifier with the converter. 

This transformer also serves as the tuned circuit for the oscillator, with 
the feedback path by way of the 1-pF capacitor that links the base 
circuit ( terminal 1) to collector terminal 8. The incoming signal is 
applied to the base of the constant-current transistor at terminal 2. The 
difference frequency is removed at collector terminal 6 and applied 
to the intermediate-frequency transformer. 

AUDIO POWER AMPLIFIERS 

A popular example of a monolithic IC audio-power amplifier is 
the RCA CA3020 type shown in Fig. 3-32A. Typical specifications 
are given in Fig. 3-32B. Maximum power output using the CA3020A 
version approaches 1 watt. This maximum is obtained with an input 

signal of approximately 45 millivolts. Note that the maximum signal 
current is in excess of 140 mA. Although used widely as an audio-

(D) A converter. 

ÊO-F UT 

(E) A mixer. 

OUT 

using the RCA CA3028A IC. 
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(A) Internal circuitry. 

OUTPUT 
STAGE 

CHARACTERISTIC CA3020 CA3021:14  

POWER SUPPLY— V-1   9   9 V 

V+2   9   12 V 

ZERO-SIGNAL IDLING CURRENT—I cci   15   15 _ mA 

ICC2   24   24 mA 

MAXIMUM- SIGNAL CURRENT — Icci   16   16.6 _ mA 

ICC2   125   140 ____ mA 

MAXIMUM POWER OUTPUT AT 10% THD   550   1000 _ mW 

SENSITIVITY   35   45 mV 

POWER GAIN   75   75 _ dB 

INPUT RESISTANCE   55   55 _ k it 

EFF ICIENCY   45   55 % 

S IGNAL-TO-NOI SE RATIO   70   66 _ dB 

% TOTAL HARMONIC D I STORT ICN AT 150 mW   3.1   3.3 % 

TEST SIGNAL   1000 Hz/6000 GENERATOR   

EQUIVALENT COLLECTOR-TO-COIECTOR LOAD 130   200 it 

IDLING- C-URRENT ADJUST RESISTOR IR11)   1000   1000 S? 

(B) Typical specifications. 

Fig. 3-32. IC power amplifier (RCA CA3020). 
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power amplifier, the device has a voltage gain of approximately 60 dB, 
up to as high as 8 MHz, assuming a 3 dB bandwidth. The device 
consists of an input differential amplifier followed by a driver and a 
class-B push-pull output stage. This is shown in block diagram form 
in Fig. 3-33. The buffer amplifier may or may not be used, depending 
upon the input characteristics desired. 

Note that the differential amplifier is thoroughly regulated. This is 
accomplished by the three diodes and two resistors connected in series 
between terminal 9 and common ( Fig. 3-32A). These monolithic di-
odes bias the differential amplifier. Inasmuch as the driver and output 
stages are direct coupled from the differential amplifier, this controlled 
biasing also sets the idling current of the output stage and the entire 
device. In fact, the characteristics of the monolithic diodes match the 
junction characteristics of both the driver and output stages. 

The differential amplifier operates in class-A, providing power gain 
and phase inversion for driving the push-pull driver stages 04 and 
05. A single-ended differential input signal applied to terminal 3 re-
sults in a balanced output signal. The positive swing at transistor 02 
causes its collector to swing negatively and applies a negative-going 
signal to the base of the top driver (04). The same rise in current in 
the emitter circuit is also present in the emitter junction of the second 
transistor of the differential pair ( transistor 03). The current direc-
tion is such that the collector current of transistor 03 drops. As a 
result, its collector voltage swings positive, resulting in a positive rise 
at the base of the lower driver, transistor 05. The emitters of the 
driver stage supply equal-amplitude but opposite-polarity drive sig-
nals to the bases of the output stage. The output resistors 06 and 07 
are monolithic power transistors and are connected to operate class-B 
when the emitter terminals 5 and 6 are connected to common 
(ground). Push-pull output is derived between terminals 4 and 7. 
Two typical circuits are shown in Fig. 3-34. The unit is so com-

pletely self-contained that few external components are needed. In 
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Fig. 3-33. Functional block diagram of schematic shown in Fig. 3-32. 



the circuit of Fig. 3-34A, the signal is applied directly to the base of 
the differential amplifier by way of terminal 3. In this connection, the 
input resistance is approximately 700 ohms. 
A 50,000-ohm input resistance is obtained using the circuit of 

Fig. 3-34B. The signal is applied to the base of the buffer amplifier 
by way of terminal 10. Externally, through potentiometer R2, the 
emitter of the buffer amplifier is connected to the base input of the 
differential amplifier. This emitter amplifier connection provides the 
higher input resistance. The buffer amplifier is biased by connecting 
resistor RI to the supply voltage. Frequency response of the ampli-
fier is determined by the values of capacitors Cl through C5. Capaci-

*v cc 

AC 
INPUT 
SIGNAL 

I pT 

CA3020 
OR 

GA302(14 

C3 _r 2 'IT 
G4 111Pd-

(A) Low impedance. (B) High impedance. 

Fig. 3-34. Input connections. 

tors Cl, C2, and C3 influence the low-frequency response. Note that 
these are mainly interstage coupling capacitors and influence low-
frequency results just as the interstage capacitors of the ordinary re-
sistance-capacitance-coupled amplifier do. Capacitors C4 and C5 
shunt the signal path and, like distributed capacitance in any ampli-
fier, determine the high-frequency response and roll off. The capacitor 
values indicated establish the restricted voice-communications band-
width of 300 cycles to 3000 cycles. For other responses, you can in-
crease or decrease the above capacitor values. 

The amplifier of Fig. 3-35 provides more than 1/2 -watt output for 
driving a low-impedance speaker. Collector-to-collector load imped-
ance falls somewhere between 130 and 200 ohms. Thus, the push-
pull output transformer must match this amount to the 3.2- or 8-ohm 
speaker. Normal operating conditions would be an idling current of 
22 mA and an input resistance of 50,000 ohms. Maximum input volt-
age of 45 millivolts will drive the amplifier to maximum output. An 

99 



even higher output can be obtained by using a 12-volt supply and the 
CA-3020A device. 
A similar circuit connecting the device for use as a simple intercom 

system is shown in Fig. 3-36. In this arrangement, an input trans-
former is also needed to match the speakers (being used as a micro-
phone) to the higher input resistance of the device. By inserting the 
additional resistor between the supply voltage point and terminal 11, 
there is an additional injection of current into the voltage regulator 
circuit, and the idling current can be increased. A somewhat higher 
output can be obtained. 
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Fig. 3-35. Audio power amplifier for use in a radio. 

The SL402/SL403 power amplifier ICs (Plessy Semiconductors, 
England) differ from most in that they do not employ differential 
amplifiers (Fig. 3-37). Stability depends upon feedback and stiff 
voltage-regulating circuits. The SL402 is a two-watt output, audio 
amplifier; the SL403 is a three-watt amplifier. 
The IC is a complete amplifier too, including a preamplifier as 

well as a main amplifier. The preamplifier can be wired into or left 
out of the circuit through an external terminal. A jumper connected 
between terminals 4 and 5 connects the preamplifier into the circuit. 
A pair of Darlington trios serve as input for the preamplifier and 

the main amplifier. For the preamplifier, input transistors 01 and 02 
are cascaded emitter-followers while transistor 03 is the common-
emitter output. Such an arrangement has a high input impedance (in 
the megohm range). 
The transistor trio forming the main amplifier is followed by two 

cascaded common-emitter stages, 07 and 08. These prevent the out-
put stage from placing a low-impedance load on the output of the 
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Darlington voltage amplifier. The class-B output transistors are 015 
and 016. Diodes are used to channel the currents between the two 
output transistors, responding to either the negative or positive alter-
nation of the drive wave applied to the base of transistor 016. 

Considerable negative feedback insures a linear response and a 
distortion as low as 0.3% for a one-watt output. Shunt feedback 
exists from the output through a 1K resistor to the emitter of tran-
sistor 06 of the main amplifier input stage. 

+9V 

Fig. 3-36. A single- IC intercom system. 

A decoupling facility is brought out to terminal 7. A large capaci-
tor, connected between this point and common, permits reducing the 
hum to a very low level. 

Diode and transistor arrangements provide over-voltage protection. 
Excessive-current protection is provided by the monolithic silicon 
controlled rectifier X2. If the voltage across either current-monitoring 
resistor is exceeded, the SCR fires, shuts down transistors 09 and 
010 which, in turn, switch off the output amplifiers. 
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A high-gain voltage amplifier is shown in Fig. 3-38. An input sig-
nal of only 25-mV rms results in maximum power output. A 1-meg-
ohm potentiometer serves as the audio gain control. A potentiometer 
connected to terminal 7 provides bias adjustment. This is set for 
maximum undistorted output when you wish to reduce distortion to 
the lowest possible value. 

C5 

Fig. 3-38. High-gair voltage amplifier. 
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Note that the output of the preamplifier is connected to the input of 
the main amplifier by placing a short circuit between terminals 4 and 
5. Various high-value decoupling capacitors are used externally to 
keep the hum at a very low level and to prevent feedback problems. 

EXPERIMENT 2: DIFFERENTIAL AMPLIFIER 

General 

The differential amplifier is the basic stage of most integrated cir-
cuits. It amplifies the difference voltage between its two inputs (Fig. 
3-39). Customarily, one of the inputs is grounded and a signal is ap-
plied to the opposite input as in Fig. 3-39A. An alternative to the 
single-ended input is the application of opposite-polarity signal com-
ponents to the two inputs as shown in Fig. 3-39B. These two circuits 
show the operation of the amplifier in terms of a differential-mode 
input signal. 
When a signal is applied to two inputs connected in parallel as in 

Fig. 3-39C, there will be either no output or a minimum output. This 
is called common-mode operation, and a major advantage of the dif-
ferential amplifier is its ability to reject common-mode components. 
The output from a differential amplifier can be removed either bal-
anced or single-ended as shown in Fig. 3-40. The balanced arrange-
ment of the circuit in Fig. 3-40A provides equal-amplitude but oppo-
site-polarity outputs. As shown in Fig. 3-40B, single-ended output can 
be derived from either side. 

103 



(B) Differential input. 

The HEP 580 integrated circuit can be connected in various differ-
ential modes. This will be the objective of our experiment. Both dc 
and ac checks will be made. The differential amplifier will be built 
around the second IC socket mounted on the experiment board. 

(A) One input grounded. 

I 

(C) Inputs paralleled. 

Fig. 3-39. Input configurations. 

Procedure 1: Construction and DC Checks 

1. Construct the circuit of Fig. 3-41. The transistors of each pair are 
connected in parallel when setting up the differential circuit. Thus, 
there are two inputs and outputs brought out to binding posts. To 
make it convenient in checking out the various input and output 
modes, you can also locate a common (grounded) binding post 
between the input and output posts as shown. Supply voltage is a 
9-volt transistor radio battery. A 11/2 -volt battery is needed for 
checking out the dc performance of the differential amplifier. 
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(A) Balanced output. (B) Single-ended output. 

Fig. 3-40. Output configurations. 

2. Apply power and measure the total collector current and the indi-
vidual collector voltages. Normally, the collector current will be a 
bit under 1.5 mA and the individual collector voltages somewhat 
greater than 6 volts. 

3. Connect the voltmeter from collector to collector. This reading 
will be about 0 volts. On the 0.4-volt scale of a typical high-
impedance voltmeter, the reading may be about 0.15 volt. The 
imbalance is likely to be due to a slight difference in the ohmic 
values of the 1-megohm bias resistors. 

4. To make the dc voltage checks, assemble the voltage divider net-
work shown in Fig. 3-42. It is connected across a 11/2 -volt battery. 

INPUT 1 

INPUT 2 

+9V 

Fig. 3-41. Circuit for differential dc measurements. 
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Bias voltages for the transistor stage are removed from across the 
two 1K resistors. A 1-megohm resistor is used for isolation and to 
prevent the divider network from affecting the normal biasing of 
the two sides of the differential amplifier. 

5. Connect the center connection of the divider to the common 
(ground) input. The output across one of the 1K resistors is con-
nected to input 1; the output across the second 1K resistor goes 
to differential input 2. 

1-1/2V 

27K 

1K 

1K 

27K 

Fig. 3-42. Circuit for voltage divider 

dc measurements. 

6. Turn on the amplifier and measure the voltages for each collector-
to-common and then from collector-to-collector. Note that one col-
lector voltage reads less than the value taken in Step 2; the other, 
higher. The total collector current remains unchanged with the 
current being less in one section but more in the other, producing 
the same total current. The voltage measured from collector-to-
collector is the difference between the two collector-voltage read-
ings. This is the balanced output. 

7. Reverse the battery polarities and repeat Step 6. The collector 
voltages will be the same but interchanged. The voltage from 
collector-to-collector will also be the same but of opposite polarity. 

8. Connect a jumper between the two inputs. Connect the positive 
side of the potential ( as measured across one of the 1K resistors) 
between this point and common. There will be a low voltage meas-
ured collector-to-collector. This is the common-mode output and 
is, of course, much lower than the output that is obtained with the 
differential application of dc voltage. 

Procedure 2: AC Operation 

1. Disconnect the battery divider from the input and reconnect the 
circuit as shown in Fig. 3-43A. The single-ended output of an 
audio generator set for a 1000 Hz frequency is connected to supply 
a differential signal to the amplifier input of the circuit in Fig. 
3-43A. Note that input 2 is grounded through a 0.1-I.LF capacitor. 
The high side of the audio generator output is applied to input 1. 
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Fig. 3-43. Circuits for oc measurements. 

The output indicator is an oscilloscope connected to one of the 
collector outputs. 

2. Turn on power. Note that the total collector current is a bit less 
than 1.5 mA, just as it was for the previous procedure. Slowly in-
crease the output of the audio generator up to the point where the 
sine wave as displayed on the oscilloscope begins to distort. Back 
off adjustment slightly to obtain an undistorted output. 

3. Transfer the oscilloscope leads to the other collector output. Note 
that the two outputs are of approximately the same amplitude. 
Now, connect the oscilloscope to read the output from collector-to-
collector. Note that the output is twice that observed at the 
individual collectors. 

4. Transfer the input, grounding input 1 and connecting the high 
side of the audio generator output to input 2. The results are the 
same as above. 

5. Apply the audio signal generator in common-mode fashion. The 
connection is shown in Fig. 3-43B. Note that the inputs are paral-
leled and connected to the high side of the audio generator out-
put. The ground side of the audio generator remains connected to 
the ground of the differential amplifier. Turn on power and observe 
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the output at each collector and from collector-to-collector. Note 
that only a very weak output component is observed from col-
lector-to-collector, indicating the good common-mode rejection of 
a differential amplifier. A higher-level common-mode output can 
be observed from each collector to common, although even this 
is substantially less than the previous differential output. 

6. Insert a 1K emitter resistor in place of the 220-ohm resistor (RE). 
Note that there is a significant drop in the common-mode compo-
nent because of the influence of a higher emitter resistance. How-
ever, there is also some drop in output. This proves the importance 
of a higher emitter resistance and its capability in maintaining a 
constant emitter-bias source. However, there is a limit to how 
much the resistance can be increased before the output drops to a 
low value and a much higher supply voltage is needed. 

7. Disconnect and store all parts used in this experiment. 
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4 

Operational Amplifiers 

An operational amplifier is a special form of linear integrated cir-
cuit with high dc and ac gain and a high stability. Its many applications 
include digital as well as linear functions. Some of these are signal am-
plification, waveform generation and shaping, analog-digital conver-
sion, impedance transformation, instrumentation, and so forth. It can 
also perform mathematical operations ( the original purpose of this 
device) that include summations, subtractions, integration, and dif-
ferentiation. 
When the amplifier no-feedback gain (open-loop gain) is adequate 

and a feedback system is of correct design, the closed-loop gain and 
characteristics of the operational amplifier become a function of only 
the feedback components. Basically the relative ohmic values of two 
external resistors can be used to set the operating characteristics for a 
particular operational amplifier. 

BASIC OPERATION 

The operational amplifier or op amp is a multistage affair that in-
cludes the popular monolithic differential amplifier as well as other 
types of amplifiers, level shifting, and matching and voltage regulation 
stages. A typical operational amplifier is shown in Fig. 4-1. 

It consists of a pair of differential amplifiers and a cascaded single-
ended output stage. The first differential amplifier uses transistors Q1 
and 02 along with the constant-current transistor 06. There is also a 
temperature-compensating diode X 1. The second amplifier consists of 
transistors 03, 04, 07, and diode X2. 
The feedback circuit of transistor 05 reduces any common-mode 

error signal. It does this by evaluating the signal at the emitters of 
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transistors 03 and 04. When the second differential amplifier is driven 
push-pull, there should be a zero level at this point, indicating proper 
operation of both the first differential amplifier and the input system 
of the second. If an error voltage is present, a correcting voltage is 
developed across resistor R2 ( in the differential collector circuit) by 
transistor Q5. This same transistor ( 05) also introduces an error bias 
into the constant-current transistor circuit (07) to bring a further 
reduction in common-mode signal. 

10 

3 

NON-
INVERTING 
INPUT 

R8 
' 5.8K 

Fig. 4-1. Typical operational amplifier. 

R15 
1K 

+vcc 

VouT 

The emitter circuit of this important stabilizing transistor ( 05) also 
supplies a dc error voltage to the base of transistors 07 and 09. Com-
mon-mode de stabilization results. For example, a decline in supply 
voltage reduces the base biases at transistors 07 and 09. Since the 
collector of 09 is linked to the base of transistor 010 and to the 
emitter of transistor 08, there is a similar change there as well as at 
the bases of transistors 03 and 04. The net result is to produce in-
creases in collector voltages that compensate for the supply voltage 
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decline. The feedback stabilization furnished by transistor 05 offers 
excellent common-mode rejection, tolerance to supply voltage change, 
and high open-loop stability. 
The output of the second differential amplifier supplies drive to 

the base of the emitter-follower transistor, 08. In turn, transistor 08 
supplies a signal to the base of the single-ended emitter-follower out-
put transistor, 010. There is a limited amount of signal gain con-
tributed by the output circuit as the result of the bootstrap (small 
amount of positive feedback) from the emitter of transistor 010 to 
the emitter of transistor 09. Therefore, transistor 09 serves a dual 
purpose; as a constant-current source for the drive transistor and as a 
part of the bootstrap. The output system also provides a dc level shift 
and the level at terminal 9 now corresponds to the no-signal input 
level. 
The RCA CA3015 op amp, connected as a single-supply 10-dB 

amplifier, is shown in Fig. 4-2. The ac signal is applied to the base of 

Fig. 4-2. Amplifier application of an 
operational amplifier. 

- 

the first transistor of the first differential pair. However, dc bias is 
applied to both bases by way of the four-resistor bias network—R1, 
R2, R3, and R4. Output is taken off at terminal 9, the emitter of out-
put transistor 010. The feedback component is also derived here and 
is transferred back to the second base (terminal 2) of the input dif-
ferential amplifier through the feedback resistor-capacitor combina-
tion, RfCf. 

Supply voltage is applied directly to the collector of the output 
transistor by way of terminal 10. Supply voltage for the base of the 
input constant-current transistor 06 is supplied through resistor RS. 
High-frequency stabilization is provided by resistor R6 and its associ-
ated capacitor connected between collector and base of the differential 
transistor 03. Resistor R7 and its associated series capacitor performs 
in a similar capacity for transistor 04 of the second differential 
amplifier. Terminal 4 connects to common. 
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In summary, the feedback plan of the operational amplifier pro-
vides high stability and characteristics that can be, if desired, related 
directly to the feedback network. An operational amplifier has addi-
tional favorable attributes. Some have high ac and dc voltage gain, 
from several thousand up to as high as a million. The bandwidth of 
some extends uniformly from dc up to several hundred megahertz. 
Common-mode rejection is excellent and there is little dc offset or drift 
with temperature. If desired, the input impedance of some types can 
be made very high, and the power input and current requirements 
made insignificant. 

SIGNAL 

(A) Noninverting input. 

NCNINVERTING INPUT 

INVERTING INPUT 

(B) Inverting input. 

Fig. 4-3. Operational amplifier inputs. 

Most operational amplifiers have single-ended outputs and push-
pull inputs. There are some operational amplifiers with single-ended 
inputs, although these are not as versatile and may have only a 
specialized function. An advantage of the differential input in this re-
spect is demonstrated in Fig. 4-3. When signal is applied to one of the 
differential inputs ( Fig. 4-3A), the output is not inverted ( same 
polarity). If the signal is transferred to the second input, an inverted 
(opposite polarity) signal appears at the output ( Fig. 4-3B). In terms 
of an ac input signal, this means that an input can be selected to pro-
duce either an in-phase or an out-of-phase output signal. Ordinarily, 
the input terminals of operational amplifiers are labeled as either the 
inverting input or the noninverting input. 

OPERATIONAL PRINCIPLES 

Several mathematical relations aid in understanding the character-
istics of an operational amplifier. Such an amplifier has open-loop in-
trinsic input and output impedances and an inherent voltage gain A0, 
called the open-loop differential voltage gain. The latter quantity is 
frequency related as illustrated in Fig. 4-4. As a function of various 
supply voltages, the curves show the gain-frequency characteristics 
for the RCA CA3015 monolithic operational amplifier. Note for the 
-J--6 volt operation condition that the open loop gain is 60 dB. ( 60 dB 
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Fig. 4-4. Op amp open-loop 
voltage-gain curves. 
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corresponds to a voltage amplification of 1000.) At about 300 kHz, 
the response is down 3 dB, while near 3 MHz the gain is down 20 dB. 
Unity gain falls at 18 MHz. 

Fig. 4-5 demonstrates the excellent common-mode rejection of an 
operational amplifier with a differential input. This rejection is in ex-
cess of 90 dB for frequencies below 100 kHz. The rejection at 10 
MHz remains above 55 dB. 

Fig. 4-5. Op amp common-mode 
rejection-ratio curves. 
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Phase compensation maintains the high stability of an op amp and 
removes the tendency for self-oscillation at high frequencies, particu-
larly near the unity-gain region. At these high frequencies, the phase 
angle approaches the point at which there is a turnover to positive 
feedback instead of the desired negative feedback. External com-
ponents connected in a series resistor-capacitor combination provide 
phase compensation and a more linear decline in the gain-bandwidth 
factor at high frequencies ( Fig. 4-6). The dropoff is maintained 
reasonably constant at a figure of 6 dB per octave. This phase compen-
sation is the function of the networks connected between terminals 6 
and 7, and between terminals 11 and 12 in Fig. 4-2. 

Equivalent diagrams of inverting and noninverting operational-
amplifier configurations are given in Fig. 4-7. These are closed-loop 
equivalents with a portion of the output transferred back to one side 
of the differential input by way of resistors Zr and ZR. Resistor ZR, 
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of necessity, must include the source impedance as well as bias com-
ponents when used. Inasmuch as there is a differential input, the dc 
return path to common from both sides must be equal. Therefore, the 
ohmic value of resistor RR must be made equal to the ohmic resistance 
ZR and must consider the resistance of the signal source VIN . 
The input impedance Z1 and output impedance Zo are intrinsic to 

the operational amplifier. The output generator has a value of Ao 
The term Ao is the open-loop differential voltage gain mentioned 
previously. (The closed-loop gain is lower than this value because of 
the influence of feedback.) 
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Fig. 4-6. Op amp phase-
compensation curves. 

The load resistance RI, is also shown although it is assumed in this 
discussion of the basic equivalents that its value is high in comparison 
to the output impedance of the operational amplifier. Therefore, it can 
for the moment be neglected. 
The closed-loop gain expression is very simple: 

A — VouT ZF , -„- 
v c,R 

Note that the gain of the inverting configuration is entirely dependent 
on the values of the external feedback components. This is true only 
if certain requirements are met. The open-loop differential voltage 
gain must be very high. The intrinsic input impedance Z1 must be 
much greater than the value of ZR and the paralleling feedback com-
ponents. The intrinsic output impedance Zo must be smaller than the 
feedback value Zp. 

Another factor is the loop gain of the equivalent circuit which 
amounts to a comparison ratio between the open-loop gain and 
closed-loop gain. 

Ao Ao  Loop gain = —A = 
m„. Le./ 1_,R 

If we can assume that the intrinsic input impedance is high, the 
actual input impedance of the equivalent then becomes simply: 

ZIS ZR 
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(A) Inverting mode. 

RL 

- 

(B) Noninverting mode. 

Fig. 4-7. Equivalent diagrams of op amp configurations. 

The equivalent output impedance is a more complex term because 
the impedance of the feedback circuit must be considered in conjunc-
tion with the intrinsic output impedance of the operational amplifier. 

, ZR + ZF  
ZOUT -- .f-,0 AOZR 

These requirements are inherent in the design of most operational 
amplifiers especially those with differential inputs. 

Similar operational requirements can be safely assumed for the 
noninverting configuration, Fig. 4-7B. The basic equations are not 
identical because the input arrangement differs from the inverting type. 
Signal is applied to the noninverting side while feedback component 
must of necessity be applied to the inverting side of the differential 
input. The basic equations are the close loop voltage gain, 
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loop gain, 

the input impedance, 

the output impedance, 

VOUT   
A v = ZR 

VIN ZR 

A0ZR  
Loop gain = 

ZR Zp 

A0ZIZR 
ZIN— 

ZR ZF 

ZOUT ZO 
ZR 

A knowledge of the configuration equivalents for inverting and non-
inverting operation permits an easier understanding of an operational 
equivalent circuit which includes the influence of the output load. This 
basic equivalent applies to both inverting and noninverting operation, 
Fig. 4-8. Within the equivalent, the terms ZIN and ZoFT will have dif-
ferent values for the inverting and the noninverting modes. The values 
for ZIN and ZOUT take into consideration the values of the feedback 
components. Even though the expression ZR is included within the 
equivalent dashed block, one must make certain that its value in-
cludes the influence of the source impedance. For these reasons, the 
equivalent is appropriate for both configurations of an operational am-
plifier. 

VIN 

Ao(ZR + ZF)  

Fig. 4-8. Closed-loop equivalent 

including output load. 

The voltage of the output generator is the product of the closed-loop 
voltage gain of the operational amplifier times the input voltage, or 
ASIN . This voltage divides between the output impedance and the 
load. Hence, the output voltage itself becomes 

VOUT = AvVIN 

and stage gain becomes 
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If the ohmic value of the output impedance ZouT is low in compari-
son to the ohmic value of the load resistance, there is a further simpli-
fication of the equation for voltage gain. For the inverting mode 

ZF 
Voltage gain = A, — 

ZR 

and for the noninverting mode. 

Voltage gain -= A. — ZR ± ZF  
ZR 

As stressed previously, it is important to keep the inputs to a dif-
ferential-input operational amplifier well balanced to reduce ac and 
dc common-mode components. The dc resistances at both inputs 
should be kept equal. This does not seem to be the case for the cir-
cuit of Fig. 4-2 because resistors R2 and R3 are of different values. 
However, it must be noted that the feedback resistor Rf is also con-
nected to the inverting input of the amplifier. This has a shunting in-
fluence on resistor R3. To compensate for this resistor, R2 must be of 
lower value and thus, equal bias currents are present at terminals 2 
and 3. 

Fig. 4-9. Nulling circuit for correcting 
dc offset components. 

The equalization of differential input-bias currents throughout the 
amplifier is what establishes proper level shift through the entire am-
plifier. In many designs, this results in a zero no-signal output. Very 
fine equalization can also be accomplished by using a balancing poten-
tiometer in the collector circuit of the first differential amplifier (Fig.. 
4-9). A similar arrangement for nulling can be included in the differ-
ential input-bias circuit. 

The RCA CA3015 IC, connected as a noninverting video ampli-
fier, is shown in Fig. 4-10A. Note in Fig. 4-10B, that an essentially flat 
response is obtained up to 25 MHz. A combination of phase-lead and 
phase-lag compensation permits the bandwidth extension. The Miller-
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type phase-lag compensation uses a resistor-capacitor feedback ar-
rangement between the collectors of the second differential amplifiers 
and the collector-base connections between the differential pairs. In 
Fig. 4-10, these series circuits can be found between terminals 6 and 7, 
and terminals 11 and 12. These connections produce the compensated 
response shown in Fig. 4-6. They do not increase the high-frequency 
response but they do eliminate instability and provide a uniform drop-
off of the high-frequency performance. 
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(A) Circuit diagram. 

(B) Response curve. 

Fig. 4-10. A noninverting video amplifier. 

Phase-lead compensation does extend the high-frequency response 
by providing a low capacitive-reactance path between the base of the 
driver and the base of the output stage of the operational amplifier 
for high-frequency signal components. This is done by inserting a 
capacitor between terminals 7 and 8 (See Fig. 4-1). As shown in 
Fig. 4-10, the value of this capacitor is 470 pF. This phase-lead high-
frequency coupling extends the response above 20 MHz. Above the 
limit of the flat response, there is a drop-off that corresponds to the 
6 dB per octave set by the phase-lag compensation. 
A term often referred to in regarding operational amplifier per-

formance is the slew or slewing rate. As applied to a sine-wave signal, 
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it refers to how well a given amplifier will respond to a high-amplitude, 

high-frequency signal. The equation is: 

Slew rate = rfVp „ 

where, 
Slew rate is in volts per microsecond, 
IT is the constant 3.1416, 
f is the frequency in MHz, 
V„ „ is the peak-to-peak sine-wave voltage. 

The higher the slew rate of a given amplifier and circuit, the better 
it is able to produce a full output at a given high frequency. A lower 
slew rate means that full output cannot be obtained at this frequency. 

Phase-lag compensation has a degrading influence on the slewing 
rate. For this reason, phase compensation, just as much as is needed, 
is incorporated in the earliest stage possible. Since as the operational 
amplifier has a relatively high gain after this point, the slewing rate 
is less influenced than if the phase compensation occurred later in the 
amplifier. 

Three bandpass amplifier arrangements are shown in Figs. 4-11, 
4-12, and 4-13. Fig. 4-11 is a simple inverting amplifier and employs 
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(A) Circuit diagram. 

Fig. 4-11. Simple inverting amplifier. 
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a tuned-feedback link. Inasmuch as it is parallel resonant, there is 
little feedback at the resonant frequency. However, off resonance, the 
feedback increases and the gain of the amplifier is correspondingly 
less. No phase compensating circuits are required for operation at this 
low frequency. 

Fig. 4-12 is unusual. It employs no coils and still has a sharply 
resonant characteristic at radio frequencies. The twin-T feedback net-
work is a combination of low-pass and high-pass filters. The side con-
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taming the two resistors (R1) and capacitor (C2) passes frequencies 
from the lows up to a certain high-frequency limit. Conversely, the 
other side with the two series capacitors (CI) and resistor ( R2) passes 
the highs down to a certain low-frequency limit. By proper selection 
of cutoff frequencies, an intervening range of frequencies is not passed 
by either filter. Over this range of frequencies, there is no or little 
feedback and, as a result, maximum amplification. Away from this 
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(A) Circuit diagram. (B) Response curve. 

Fig. 4-12. Bandpass amplifier. 
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Fig. 4-13. High-frequency amplifier. 
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band, there is great feedback and no amplification. The twin-T net-
work equations showing the relationships between the component are: 

RI = 2 R2 
C 1 = 1/2 C2 

1  
F°=-- 2 ( R1) (Cl) 

Fig. 4-13 is a 10-MHz high-frequency amplifier. The feedback 
combination is a parallel RLC combination tuned to 10 MHz. It 
minimizes the transfer of a signal of this frequency along the feedback 
path. Consequently, the amplifier has maximum gain. There is much 
more feedback off the bandpass and little amplifier gain. Note that 
the Q is reasonable at this high frequency, and the gain is 20 dB. 

OPERATIONAL AMPLIFIERS AT WORK 

The versatility and circuit simplicity of operational amplifiers are 
demonstrated by the following circuits. (The LM number prefix indi-
cates a National Semiconductor Corporation type device; the CA pre-
fix is an RCA type. The basic inverting and noninverting amplifier 
configurations, as described previously, are represented by the cir-
cuits in Figs. 4-14A and 4-14B. Gain of the inverting amplifier is the 

R2 RI 

VIN 

(A) Inverting. 

R2 

V OUT 

V OUT 

VIN 

(B) Noninverting. 

100K 

(C) Difference (D) Summing. 

Fig. 4-14. Basic operational amplifier applications. 
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quotient of R2/R1; gain of the noninverting version is ( R1 + R2)/ 
R I 

Difference and summing amplifiers are shown in the circuits of 
Figs. 4-14C and 4-14D. The two voltages are applied separately to 
the differential inputs. When resistor RI is made to equal R3 and 
resistor R2 is equal to resistor R4 in the circuit of Fig. 4-14C, the 
difference-amplifier output becomes: 

R2  VouT = —Iv,, 2 — V1) RI 

The parallel combination of R1 and R2 must be made equal to the 
parallel combination of R3 and R4. In the case of the summing am-
plifier of Fig. 4-14D, all signals are applied to one of the differential 
inputs. The output is the sum of the individual applied voltages. 

Because the operational amplifier is a dc amplifier, the circuits can 
be operated with applied dc and/or ac signals. For ac amplification 
alone, signals to each of the circuits can be applied by way of a cou-
pling capacitor. 

Operational amplifiers can be used in a variety of wave-form gen-
erating and shaping stages. Typical integrating and differentiating cir-
cuits are shown in Figs. 4-15 and 4-16. Basically, an integrating cir-
cuit has a poor high-frequency response. When a pulse or square wave 
is applied to the input of the integrating circuit, its low-frequency 
content is passed while the high-frequency components—steep lead-
ing and trailing edges—are attenuated. This frequency selection is 

390K 
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(A) Circuit. 
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V N•N 
OUTPUT 0.2V/DIV 

f 10 kHz 

OUTPUT • 5OrnV/DIV 

(B) Waveforms. 

Fig. 4-15. Using an op amp as an integrator. 



done by the characteristics of the feedback network Zr(Fig. 4-15A). 
Note that the capacitor passes the high frequencies readily and, 
therefore, they see less gain. The feedback network has a high im-
pedance to low frequencies, making it relatively inactive. Conse-
quently, the lows pass readily to the output. As a result, the output 
wave is triangular; it has an exponential rise and fall like the rise and 
fall of voltages across a capacitor. 

Differentiation is a converse type of function (Fig. 4-16). The 
highs are passed and the lows are attenuated. On application of a pulse 
or square wave, it is the high-frequency leading and trailing steep 
edges that are transferred to the output. Long sustained flattops of 
pulses or square waves do not appear. This portion of the pulse is 
determined mainly by the low-frequency response and the lows have 
been attenuated. 

VIN 

Se 

f - 1kFtz 

INPUT 2mVIDIV 

'OUTPUT 1VI DIV 

Iii  

(A) CycL t (B) Waveforms. 

Fig. 4-16. Using an op amp as a differentiator. 

In the circuit shown in Fig. 4-16A, note that the Z. portion of the 
feedback combination has a very low impedance except at low fre-
quencies. At low frequencies, the reactance of the capacitor is sig-
nificant and impedance Z, becomes high. The influence of this fre-
quency characteristic is shown clearly in the output waveform (Fig. 
4-16B) by the sharp spikes in voltage that correspond in time to the 
leading and trailing edges of the square wave. 

Operational amplifiers function well as sine-wave and square-wave 
oscillators. The example of Fig. 4-17 uses two operational amplifiers 
to obtain the necessary positive feedback needed to sustain oscilla-
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tions. In addition, the resistor-capacitor network associated with the 
first stage acts as a tuned circuit and permits operation only on a 
frequency determined by its values. That frequency, however, can be 
tuned over a significant range with the use of potentiometer R3. 

Feedback from the output to the input stage is by way of resistor 
R2. Potentiometer R8 regulates the amplitude of the sine-wave out-
put while the zener diode X1 stabilizes the amplitude of the square-
wave output. Note that sine-wave output is obtained at terminal 6 of 
the first stage. The sine-wave signal is applied to the second stage 
which acts as a limiter and also causes a resulting square-wave output. 

R2 
Vv•  
50K 

+15V 

SQUARE 
OUTPUT 

1K 

SI 
UUTPUT 

1NY14 

Cl, C2 
MIN 
FREQ 

MAX 
FREQ 

0.47 if 18 Hz 80 Hz 
0.1 if 80 Hz 380 HZ 
.022 oF 380Hz 1.7 kHz 

.0047 4F 1.7 kHz 8 kHz 
.002 if 4.4 kHz 20 kHz 

Rb 

10 meg 

Fg. 4-17. Sine/square wave generator. 

Typical capacitor values for the resistor-capacitor tuning network 
are shown in the chart. The frequency range over which potentiometer 
R3 can adjust a specific frequency determined by the RC values, is 
also shown. 
The single, operational-amplifier, sine-wave oscillator shown in 

Fig. 4-18 uses a Wien-bridge circuit. The constants of the feedback 

124 



R3 

Fig. 4-18. Sine-wave oscillator using Li 
10V 

an op amp. 
14 mA 

network produce a positive feedback of the proper phase for sustain-
ing oscillations only at the frequency determined by the network 
values. If resistors R1 and R2 are of the same value and so are 
capacitors C 1 and C2, the frequency of operation is: 

1 
f — 

The bridge circuit is stabilized by the small bulb connected between 
terminal 2 of the differential amplifier input and common. Stabilizing 
feedback is by way of resistor R3, while regenerative feedback is ob-
tained by connecting the output back to the noninverting differential 
input ( terminal 3) by way of the frequency-control network. 
A similar feedback plan can be used for operating the amplifier 

as a multivibrator (Fig. 4-19). Frequency is determined by the feed-
back resistor combination and capacitor C1. Values given are for 
oscillation at 100 Hz. 
An operational amplifier responds very effectively to the light re-

action of a photocell (Fig. 4-20). In such a circuit, there is no need to 
bias the cell and, therefore, the problem that often arises with cell bias-
ing is avoided. Instead the operational amplifier acts as a very effici-

RI 

Fig. 4-19. Multivibrator using an ( 1 
op amp. 

OUT 
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RI 

V OUT 

Fig. 4-20. A photocell amplifier. 

ent current-to-voltage converter. The cell responds to light in the 
form of a charge motion (current), and since the operational amplifier 
is current biased, it responds efficiently and quickly, developing a 
significant output voltage that is a good copy of the light or light 
variations focused on the cell. 

Operational amplifiers are ideal for many types of instrumentation. 
The example shown in Fig. 4-21 is a three-stage affair that responds 
to the difference between two applied signals or voltages. The 
National Semiconductor Corporation's type LM102 operational am-
plifiers are low input-current devices and are ideal for this type of 
application. A differential output voltage is obtained and applied to 
the balanced differential input of the succeeding operational ampli-
fier. The output can then be metered or used in any way desired. With 
resistors R4 and R5, R2 and R3 of equal values, the voltage gain is 
equal to R4/R2. In the above example, this would amount to a dif-
ferential gain of 100. 

The high-input impedance of the LM102 makes it attractive in a 
variety of ac applications. A basic ac amplifier with high-impedance 

Fig. 4-21. Instrumentation amplifier. 
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Fig. 4-22. Voltage-follower 
cc amplifier. 

Cl 

INPUT 0.01 iF 

RI 

input is shown in Fig. 4-22. It is interesting that for the LM102 op 
amp, the feedback between the output and the inverting side of the 
differential input in taken care of internally. Hence, the external con-
nection shown between 6 and minus (—) has already been made. The 
input resistance for the amplifier is in excess of 10,000 megohms be-
cause of the bootstrap connection via capacitor C2. The two 100K 
resistors in series provided proper dc biasing for the amplifier. 

The device also performs equally well as either a low-pass or high-
pass active filter ( Fig. 4-23). These are simple forms of active filters 
and require little space and few external components. The basic 
equations are: 

ci— R1 + R2  
1.414co„R1R2 

1.414  
C2 — 

o)„(R1 + R2) 

These equations apply to both the low-pass and high-pass configura-
tions. In changing from one type to the other, it is necessary only to 
switch the relative positions of capacitors and resistors. In the case of 
the low-pass filter, the feedback path passes the highs more readily 

RI 
INPUT 

CI 

24K 24K 

C2 470 pF * VALUES ARE FOR 
10 kHz CUTOFF 

T  

(A High-pass. 

OUTPUT 

Fig. 4-23. Active filters. 
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C 3 540 
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CI C2 

270 pF 270 pF 

Fig. 4-24. High-Q notch filter. 

o 

than the lows. Consequently, the amplifier gain is down at high fre-
quencies. The high-pass filter has a converse relation, with the lows 
seeing the lowest impedance path through the feedback network. 
A combination of low- and high-frequency feedback with suitable 

near-spaced cutoff frequencies can result in a rejection or notch 
filter ( Fig. 4-24). The constants are chosen with the feedback greatest 
at the notch frequency. Therefore, the output will be very low in 
comparison to the output levels above and below the notch. The 
equations for the notch filter are: 

1  
f" = 2v-R1C1 

RI = R2 = 2 R3 

Cl = C2 = C3/2 

To emphasize a particular narrow band of frequencies, the two-
stage tuned-circuit amplifier of Fig. 4-25 is appropriate. In this ar-
rangement, feedback is the least over the desired frequency range. 
The tuned frequency equation is: 

fo — 
1 

271- \/R1 R2C1 C2 

R2 OUTPUT 

RI 100K 

Fig. 4-25. A tuned amplifier. 
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EXPERIMENT 3: OPERATIONAL AMPLIFIER 

General 

The operational amplifier is a dc and an ac amplifier of high stabil-
ity. It can operate with a low gain or a high gain, depending upon 
the value of three external resistors. In fact, the actual gain of the 
amplifier depends upon these resistance ratios. 

In this experiment you will use the 741 IC operational amplifier, 
which is available for less than $ 1.00. It will be connected in various 
operational modes and will be checked out both as a dc and an ac 
amplifier. 

The two common input arrangements are shown in Fig. 4-26. As 
a noninverting amplifier, Fig. 4-26A, an amplified output voltage of 

R2 

R2 

GAIN RI R2 BW 

10 IK 10K 100 kHz 

100 100 10K 10 kHz 

GAIN RI R2 BW 

10 IK 10K 100 kHz 

100 IK 100K 10 kHz 

(A; Noninverting mode. (B) Inverting mode. 

Fig. 4-26. Input configurations for an op amp. 

the same polarity is obtained. Recall in your study of operational 
amplifier operation that balanced operation is obtained when the 
effective resistances at each input are identical. In the calculation of 
the input resistance, it is always necessary to consider the influence of 
the feedback resistance. In the case of the noninverting amplifier, the 
input 1 resistance is equal to R 1. However, the signal input resistance 
(2) has an ohmic value which must match the parallel combination 
of resistors R1 and R2. Typical gain and resistance values are listed 
in the chart of Fig. 4-26A. 
To obtain an inverted output as in Fig. 4-26B, the signal is applied 

to the same input as the feedback component. Again, the resistance 
values determine the stage gain. Stage gain approximates the ratio of 
the feedback resistance R2 over the input resistance R 1. This can be 
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Fig. 4-27. A noninverting amplifier. 

verified from the chart by dividing the ohmic value of resistor R I into 
that of resistor R2. 
The operational amplifier can be built around either the second or 

third eight-pin socket on your vector board. The circuits require oper-
ation with a split-voltage supply. This can be obtained from two 6-
volt lantern batteries. The batteries can be used again for experiments 
four and five and in the projects included in the last four chapters of 
the book. 

Procedure 1: Noninverting Amplifier 

1. Connect the circuit of Fig. 4-27. Be certain to observe the polari-
ties of the 6-volt batteries connected to terminals 4 and 7 of the 741 
operational amplifier. In the initial procedure, connect a dc volt-
meter from output to common. Separate ac and dc inputs are re-
quired. 

R2 

VOM OR 
OSC ILLOSCOPE 

2. After construction, turn on the amplifier. Note that the dc voltage 
measured at the output is very low (usually considerably less than 
0.1 volt). In a critical application, it is possible to obtain a precise 
balance by using appropriate circuits connected to the offset-null 
pins 1 and 5 of the 741. In our experiment no connections will be 
made to these pins. 

3. The stage has been connected as a noninverting amplifier. There-
fore, a + battery voltage applied at terminal 3 will result in a 
positive voltage at terminal 6. Connect a 11/2-volt battery between 
input terminal 3 and common (positive side of battery attached to 
terminal 3. A positive dc potential of several volts should be read 
on the voltmeter connected to terminal 6. 

4. Disconnect the battery. Reverse the polarization of the voltmeter 
connected between terminal 6 and common. Now attach the neg-
ative side of the 1%-volt battery to terminal 2; the positive side, to 
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common. The dc output voltage is now negative by a like amount. 
The zero-output potential of the operational amplifier with no input 
signal has been displayed. Also, you have seen that an amplified dc 
voltage appears at the output with the same polarity as the de volt-
age applied to the input. 

5. Disconnect the input-bias battery and the dc voltmeter. Connect an 
oscilloscope across the output and an audio generator to the input. 
The audio signal is applied through the 0.1µF coupling capacitor. 

6. Set the audio oscillator to 1000 hertz. Adjust it slowly, increasing 
the output to a level that begins to distort the output waveform. 
Now, decrease the adjustment to the highest nondistorted level. 
Adjust the oscilloscope vertical-gain control until the pattern oc-
cupies approximately ten divisions on the oscilloscope screen. 
Transfer the oscilloscope to the input and observe how many divi-
sions are occupied by the input sine wave. Output divided by input 
equals the voltage gain of the operational amplifier. It should ap-
proximate ten ( 10 divisions divided by 1). 

7. Momentarily place a second 10K resistor in parallel across resistor 
R2. What happens to amplifier gain? The gain falls off because it is 
a function of the R2/R1 ratio. 

8. Substitute a 100K resistor in place of the 10K resistor, R2. There 
is a substantial increase in gain. However, gain and bandwidth are 
exchanged. The higher the stage gain, the lower becomes the high-
frequency limit of the amplifier. 

R2 

AC IN 0_1 

0.1e 

DC IN 

I 
Fig. 4-28. An inverting amplifier. 

--- 6V 

1 

VOM OR 
OSCILLOSCOPE 

Procedure 2: Inverting Amplifier 

1. Connect the circuit of Fig. 4-28. Now the input on the feedback 
side is active; the other input is not used but is balanced to common 
through resistor R3. Connect the voltmeter across the output. 

2. Turn on the stage and note the de output of near-zero volts. Con-
nect the 11A-volt battery to the input, attaching its negative side to 
terminal 2 and the positive side to common. Note that the output 
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de voltage is positive, indicating that the amplifier is operating in 
its inverting mode. 

Reverse the polarity of the input battery and the polarization of 
the dc output meter. The output shifts negative when input ter-
minal 2 is biased positive. 

3. Disconnect the battery and voltmeter. Connect an oscilloscope 
across the output and an audio generator to the ac input. Adjust 
the level of the audio signal to just below the point of distortion. 
Determine the amplifier gain. 

4. Shunt a second 10K resistor across the feedback resistor R2. Note 
the drop in the output and gain, showing again that gain is a 
function of the ratio of the two external resistors, R2/R1. 

Substitute a 100K feedback resistor for resistor R2 to demon-
strate the rise in gain with an increase in the ratio. 
stratethe rise in gain with an increase in the ratio. 

Restore the 10K feedback resistor. 

1 kHz 

SQUARE WAVE 

IN 

OUT 

IN 

OUÏ 

10 kHz 

SQUARE VvAVE 

(A) Differentiated output (B) Integrated output. 

Fig. 4-29. Waveforms of Experiment Procedure 3. 

Procedure 3: Differentiation and Integration 

1. With the proper choice of external components to match input fre-
quency, the operational amplifier functions well as either a differ-
entiator or integrator. The circuit of Fig. 4-28 will perform well as 
a differentiator with the application of a 1 kHz square wave. 

2. Apply a 1 kHz sine wave to the circuit of Fig. 4-28. Adjust the 
input level to just below the point of output distortion. Now de-
crease the level to exactly half. Change the generator from sine-
wave to square-wave operation and apply a square wave of the 
same peak amplitude to the circuit. Note the resulting output dif-
ferentiated spikes (Fig. 4-29A), indicating the emphasis on the 
high-frequency components in the pulse edges. Poor low-frequency 
performance results in the falling away of the flat regions of the 
square wave. 
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3. Integration can be demonstrated by applying a much higher-fre-
quency square wave. Apply a 10 kHz sine wave to the circuit of 
Fig. 4-28. Adjust the level to just below the distortion point. 
Change the generator to apply a square wave of the same peak 
amplitude. Note how the output has integrated; the edges rounding 
off with the loss of highs (Fig. 4-29B). Low-frequency com-
ponents of the original square wave are passed to the output. 
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5 

Multipurpose and Special ICs 

A host of integrated circuits have been developed for special ap-
plications. Others have been made available in various combinations 
of connected and unconnected diodes and transistors that with suit-
able external wiring can perform a variety of circuit functions. This 
chapter discusses a number of these devices; such as balanced modu-
lators and demodulators, video amplifiers, radio-frequency amplifiers, 
multipurpose amplifiers, special arrays, and power-circuit voltage 

regulators. 

DOUBLE BALANCED MODULATORS 

Monolithic balanced modulators are exceptionally well-balanced 
devices that take advantage of the uniformity of monolithic construc-
tion. They perform well in the generation of double-sideband and 
single-sideband signals. They are excellent balanced mixers and 
phase detectors and can be wired for the demodulation of sideband, 
double-sideband, fm, and a-m signals. 

Ring Modulator 

A simplified schematic of the most popular version of a monolithic 
balanced modulator is given in Fig. 5-1. Transistors are used instead 
of diodes because they can be produced with uniform characteristics 
using the monolithic technique. The sequence of operation, however, 
is similar to the usual diode-ring modulator (Fig. 5-2). In the diode 
circuit, the carrier strength is great enough to switch the diodes on and 
off. On the positive alternation of the carrier wave, diodes X1 and X2 
conduct. When properly balanced, however, the diode currents in the 
load cancel. The negative alternation of the carrier wave turns on 
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fc 

fm 

Fig. 5-1. Basic IC double-balanced modulator. 

diodes X3 and X4. Again, the balanced configuration results in a net 
current of zero in the load. There is no carrier output. 

The presence of the modulating wave across the opposite corners 
of the diode ring unbalances the diode currents. In fact, the absolute 
value of the current drawn by the pair of turned-on diodes depends on 
the magnitude and polarity of the modulating wave. The modulating 
wave is of lower magnitude than the carrier wave and does not switch 

Fig. 5-2. Simplified diode- ring modulator. 
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any pair of conducting diodes on and off, but only changes the current 
in accordance with the variations of the modulating wave. It does the 
same for the opposite pair of diodes during the opposite alternation 
of the carrier wave. The advantage of the diode-ring modulator, in 
comparison to the balanced-bridge arrangement, is that the circuit is 
active for both alternations of the carrier wave, delivering twice as 
much output. 

It is a fact that the modulating wave also sees a balanced circuit 
and does not appear in the output. Frequencies for which the ring is 
not balanced are the carrier plus the modulating wave (fe + f.) and 
the carrier minus the modulating wave (f, — f.). These are the de-
sired sum and difference frequencies that carry the modulating infor-
mation; a double-sideband output with suppressed carrier is produced. 
Such a circuit also produces a series of odd harmonics of the modu-
lating frequency, which are (f, ± 3f.), ( f, -±- M.), etc. When the 
feedback circuit is suitably arranged, such a balanced circuit is able 
to emphasize a preferred harmonic in the output. This will be dis-
cussed in more detail later. 

Balanced Transistors 

Balanced transistors provide an ideal double-balanced modulator 
circuit, Fig. 5-1. A pair of differential amplifiers are used with a pair 
of transistors that inject the modulating-wave component into the 
emitter circuits of the differential amplifiers. The carrier wave is ap-
plied between bases of the differential pairs as shown. The magni-
tude of the carrier wave is selected to switch the transistors on and 
off. 
A positive alternation of the carrier wave turns on transistors Q1 

and 04. Inasmuch as the differential transistors are balanced, the 
carrier currents cancel in the collector output. The negative alternation 
of the carrier wave switches on transistors 02 and 03. This is simi-
lar to the switching of the diode pairs in the ring modulator. The two 
collector currents ki and 1C2 are equal, as are the emitter currents. In 
fact, the constant current lo is the sum of the two currents. The two 
collector currents remain equal in value so long as the voltage between 
the bases of transistors 05 and 06 is zero. 
When a modulating wave is applied across the bases of transistors 

05 and 06, the collector currents vary relative to each other, and we 
have the same effect as the switching modulation of the diodes in the 
ring modulator. Although the sum of the two currents will always 
equal the constant current Io, the relative values will change with the 
modulation. Unbalancing the ring produces sum and difference modu-
lation components in the output. 
A popular integrated-circuit balanced modulator is the Motorola 

MC 15960. The internal circuit is shown in Fig. 5-3A. Note the two 
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differential amplifiers at the top with the modulating transistors di-
rectly below. A pair of transistors at the bottom serve as the con-
stant-current sources. This low-resistance source is essential for a 
balanced operation, for an ability to reject common-mode compo-
nents, and for maximum rejection of carrier and signal components in 
the output. A diode provides temperature compensation in the con-
stant-current circuit. 
A typical circuit is shown in Fig. 5-3B. Note that the carrier is 

felt between terminals 8 and 7, while the modulating wave is effective 
between terminals 1 and 4. A balancing carrier-null circuit is con-
nected between the same two terminals. Output is removed between 
terminals 6 and 9. A push-pull output can be obtained or, by using 
one of the output terminals relative to common (ground), an un-
balanced output can be obtained. 

Performance information is given in Figs. 5-3C and 5-3D. A good 
double-sideband wave with excellent carrier rejection is obtained at 
the output. Output amplitude as a function of carrier level and modu-
lating-signal input is shown in Fig. 5-3D. A single-supply voltage-
source version is given in Fig. 5-4. 
A popular double-balanced modulator is the SL-640 ( Plessy Semi-

conductors), which can be adapted to a variety of applications be-
cause its frequency range extends between 1 Hz and 70 MHz (Fig. 
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5-5). It operates at reduced performance up to as high as 150 MHz. 
The device has good carrier and signal rejection. Few external com-
ponents are needed when it is connected as a balanced modulator. 
The carrier and signal null potentiometers are not needed unless 

the ultimate in suppression is desired. The controls are adjusted 
alternately. First with the carrier but no signal, potentiometer RI is 
adjusted for minimum output. Conversely, with a modulating signal 
and no carrier, potentiometer R2 is set for minimal leakage to the 
output. The input impedance on the carrier side is 1000 ohms and 4 
picofarads; input impedance on the signal side, 500 ohms and 5 
picofarads. 

The SL-640 has two outputs. The terminal 5 output has a relatively 
high impedance of 340 ohms and 8 picofarads. Terminal 6 is an 
emitter-follower output. This latter output is low and, to avoid dis-
tortion, should not be used to drive a capacitive load. It should oper-
ate into a resistive load of not less than 560 ohms. In operation and 
especially at high frequencies, terminal 1, which is connected to the 
case, should be grounded directly. Terminal 2 should be decoupled to 
ground through a capacitor which has a very low reactance at the 
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Fig. 5-4. Balanced-modulator circuit using a single supply-voltage source. 
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+6 V 

Fig. 5-5. Another balanced-modulator circuit. 

carrier and signal frequencies. The system common, tei minal 8, is also 
grounded directly. 

Basic Circuits 

An advantage of the balanced modulator is that coils and tuned 
inputs and outputs are not a necessity as compared to the diode-ring 

SL -640 
AUDIO 7 5 

XTAL 

OSC 

SIDEBAND 

F ILTER 
— 11› 

SL -640 
7 5 

VFO 

LINEAR 

Fig. 5-6. Simple single-sideband generator. 

SSB 

OUT 

modulators. The functional block diagram of Fig. 5-6 shows how 
two of these balanced modulators can be used in a simple single-side-
band generator. The first SL-640 operates as a balanced modulator 
and is followed by the sideband filter. The output of the sideband filter 
goes directly to the second SL-640 which operates as a mixer, step-
ping the sideband signal up or down in frequency as the need may be. 
The associated oscillator can be a vfo. 
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Fig. 5-7. Typical double-
VFO 2 balanced mixer. 

A typical balance mixer is shown in Fig. 5-7. The circuit is almost 
identical to that of a balanced modulator except that no nulling con-
trols are included. 
Two SL-640 ICs can be used in a phasing-type of sideband gen-

erator as illustrated in Fig. 5-8. A pair of phasing networks form 
audio components related 90° and carrier components related 90°. 
Sidebands add or subtract, in the balanced-modulator common output 
circuit. 
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The balanced modulator can be used for other communications ap-
plications, including that of an amplitude modulator (Fig. 5-9). Note 
that the connection is the same as for a balanced modulator except for 
the nulling circuits. In fact, the only change is the addition of the 
15K resistor between terminal 2 and ground. This resistor allows car-

SSS 
I-F 

BE U 

Fig. 5-10. A single-sideband detector. 

SSS 
OUTPUT 

rier leakage to the output, producing the a-m signal. Multiple switch-
ing arrangement, as shown, can be used to switch the resistor in and 
out of the circuit, making an easy changeover between double-side-
band output and a-m output. 

It is expected that a double-balanced circuit of this type can also 
be used as a single-sideband detector (Fig. 5-10). In this arrange-
ment, the difference audio component is removed at terminal 6. Term-
inal 5 is decoupled to ground and assists in removing any sum fre-
quency component that develops in the demodulation process. 

Balanced modulators are also well adapted for use as multipliers or 
dividers. In these applications, an output resonant circuit must be em-
ployed, emphasizing the desired output frequency and attenuating 
fundamentals and other harmonic components. As shown in Fig. 5-
11A, for the usual application of the double-balanced modulator, 
there are signal and carrier inputs and a single output signal. The two 
input frequencies mix, cancel each other, and produce the sum 
(fi + 1.) and difference ( fi — f2) components in the output (Fig. 
5-11B ) . 

IS SL-e40 

3 

to fl 
SI-640 

fe ti ± 12 

fc 

(A) Single output signal. (B) Sum and difference signals. 

Fig. 5-11. A balanced mixer. 
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When the device is used as a multiplier or divider, only a single 
input signal is required, Figs. 5-12 and 5-13. Either the input signal 
is applied to both inputs or a second input is derived from the output. 
In the doubler circuit of Fig. 5-12A, the input signal is applied to 
both the signal and carrier inputs, terminals 7 and 3 of the device. 
The output is tuned to the sum frequency (f1 + f1), or 2fi. 

fi 

...  I  
II 

(A) As a doubler. (B) As a divider. 

Fig. 5-12. Diagrams of other uses. 

In Fig. 5-12B, the signal is applied to just the signal input of the 
device. However, the carrier and the output terminals are tied together. 
The output is tuned to the difference frequency, therefore: 

fo = fi -- fo 
2fo = fl 
fo = fl 

2 

In this manner, the output frequency is made to be one-half of the 
input frequency. 

Cascaded ICs 

Two doublers can be connected in cascade to obtain a multiplication 
of four as shown in Fig. 5-13A. In this case, the output frequency is 
four times the input frequency. 

Fig. 5-13B shows a tripler connection. In this case, the first device 
acts as a doubler to produce an output frequency of 2f1. This fre-
quency is, in turn, applied to the input of the second device. However, 
the carrier input of the second device is the original frequency fi. Now 
by tuning the output to the sum frequency, an output signal is de-
veloped which has a frequency of 3 times the input frequency: 

fo = 2f1 + f1 = 3f1 

The same technique can be used to obtain frequency divisions by 
4 or 3 as shown in Figs. 5-13C and 5-13D, respectively. In Fig. 5-
13C, the input device operates as a two-to-one divider followed by a 
second two-to-one divider, producing an output frequency of f1/4. 

In the three-to-one divider, the input device acts as a divider while 
the output device functions as a multiplier. The multiplier is needed 
to obtain the signal of appropriate frequency for the carrier input of 
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the first device. This frequency is 2f1/3. When the output of the first 
device is tuned to a difference frequency, one obtains: 

2f, fi 
fo = — fi = 

When multiplied by two by the second device, this component ends up 
as a frequency of 2f,/ 3 at the output of the second device. Additional 
balanced modulators can be added to obtain various integral and 
fractional multiplications and divisions. 

VIDEO AMPLIFIERS 

The application of video amplifiers is not confined to television. 
They are used extensively in other types of electronic systems that 
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(A) Multiplication of four. 
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(B) A tripler. 
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(C) Division by four. 
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(D) Division by three. 

Fig. 5-13. Multiplier and divider systems using two cascaded SL-640 ICs. 
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employ switching and other nonsinusoidal waveforms. Integrated-
circuit video amplifiers are found in low-pass, high-pass, and band-
pass amplifier chains as well. Frequency response can be extended up-
ward into the tens of megahertz (without using the old familiar peak-
ing coils seen so often in discrete-component type video amplifiers). 

Integrated-circuit video amplifiers have great versatility. Terminals 
are brought out that can be used to establish very special amplifier 
characteristics. An example is the Signetics Corporation SESO!, which 
has adjustable gain and impedance characteristics and great versatil-
ity ( Fig. 5-14). The input system consists of two cascaded common-
emitter amplifiers; the output system has two emitter-follower possi-
bilities, one with a lower impedance output than the other. The output 
can be removed at terminal 8, or terminal 8 can be joined with termi-
nal 7 and a lower impedance output derived at terminal 6. Input 
impedance is about 1000 ohms while output impedance is near 25 
ohms using terminal 8, and 12 ohms using terminal 6. 

Fig. 5-14. Schematic of a video amplifier IC. 

Two coupling capacitors, a feedback resistor, and a supply-voltage 
source complete a very practical video amplifier, Fig. 5-15A. Gain and 
bandwidth are controlled by regulating the ohmic value of the feed-
back resistor R, as shown in the curves of Fig. 5-15B. Note from Fig. 
5-14 that the feedback resistor connected between terminals 4 and 3, 
joins the emitter circuit of the first output transistor with the emitter 
of the input transistor. The lower the value of this resistor, the lower 
the gain and the higher in frequency is the 3-dB down point. For 
example, a 100-ohm resistor will set up a gain of something more 
than 21 dB and a 3-dB down frequency of about 27 MHz. If the 3-dB 
down frequency is to be 10 MHz, the size of the resistor should be 
about 2000 ohms. Under this condition, amplifier gain will be about 
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27 dB. The values of the indicated parts set up a low-frequency point 
of about 300 Hz. 

Gains in excess of 40 dB can be obtained by cutting back drastically 
on the negative feedback (Fig. 5-16). Note that terminals 1 and 2 are 
connected together and grounded. The 3-dB frequency of this con-
nection is only 2.5 MHz; input impedance is 80 ohms and the out-
put impedance is 60 ohms. 
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Fig. 5-15. A practical video amplifier. 
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Fig. 5-16. Connecting an IC for 
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Power gain or a high gain-bandwidth product can be obtained by 
using these devices in cascade as illustrated in Fig. 5-17A. Recall that 
when cascading amplifiers, the low-frequency gain is the sum of the 
individual-stage dB gains. The 3-dB down frequency of the combina-
tion has a value of: 

where, 

fh = 3-dB down frequency of the pair in combination, 
f = the lower 3-dB frequency point of the pair, 
X = the cut-off factor determined by the curve of Fig. 5-17B. 
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In the use of this video IC, proper input and output impedance 
matches can be obtained by selecting the most suitable emitter-fol-
lower output. Input impedance can be increased by making a boot-
strap capacitor connection between terminals 3 and 9 in the circuit of 
Fig. 5-14. This capacitor connects between the emitter of the input 
stage and the base circuit, taking advantage of the impedance-rising 
characteristic obtained by the signal variation across the emitter re-
sistor. 

The Motorola MC1550 video amplifier, Fig. 5-18A, consists of a 
differential pair and the associated current source. Video signal is ap-
plied to the base of transistor 01 and varies the current drawn by the 
differential pair. Output is removed from the collector of the second 
differential transistor. The agc voltage is applied to the base of the 
first differential transistor, regulating the gain of the video amplifier in 
accordance with an external application that responds to a dc control 
voltage. 
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C 1 oi 

Fig. 5-19. Two-stage video amplifier. 

vcc 

Gain and frequency response as a function of agc voltage is shown 
in Fig. 5-18B. The top curve would indicate performance with no 
connection made to the agc terminal 5. Curves assume an external load 
resistor of 750 ohms and a supply potential of 6 volts. 
A practical two-stage amplifier, Fig. 5-19, would have an overall 

gain of about 55 dB with no applied agc voltage. The 3-dB down 
frequency is 6.4 MHz as shown by the response curve in Fig. 5-20. In 
such an amplifier, the high-frequency response is very much influenced 
by any capacitance contributed by the external load. A capacitive 
loading of 5 pF starts the frequency rolloff at about 9 MHz. 
The first stage of Fig. 5-19 operates as per the external circuit ar-

rangement shown in Fig. 5-18. Load resistor RLI is 1700 ohms. To 
prevent the second stage from loading down the first stage with a low 
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resistance, the signal is applied to terminal 10. In so doing, the first 
differential transistor operates as an emitter-follower and has a high 
input resistance. The output is removed from the collector of the sec-
ond differential transistor; thus, the pair operates as an emitter-fol-
lower common-base amplifier. In this mode of operation, the base 
input of the source transistor is shorted by connecting a jumper be-
tween terminals 1 and 4 (Fig. 5-19). 
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A more elaborate gated video amplifier is the Motorola MC1545 
shown in Fig. 5-21. Transistors Q1 and 04 represent two differential 
pairs with separate inputs but common outputs. Transistor 07 is the 
constant-current source, while transistors 05 and 06 split this current 
between the two differential pairs. When the gate terminal 1 is open, 
the base of switching transistor 06 is at a lower potential than the 
transistor 05 base. As a result, transistor 05 is on and 06 off. Thus, 
the constant-source current is applied to the Ql-Q2 differential pair. 
Grounding of the gate terminal or operating at a low potential (less 
than 0.4 volt) turns transistor 06 on and 05 off, and transistor pair 
Q3-Q4 becomes the operating differential amplifier. In this manner 
of operation, the video amplifier can be operated as a video switch, 
making the changeover between two input signals by gating the base 
voltages of transistors 05 and 06. 
Any signal applied to the on differential pair is amplified and ap-

pears differentially at the output. Few external components are re-
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quired as shown by the simple video amplifier circuit of Fig. 5-22A. 
Only a single channel is being used in this circuit but it can be switched 
on and off using a gate pulse. Inputs to the second channel are 
grounded. 
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Fig. 5-21. Motorola type MC1545 gated video amplifier. 
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When switching between two video-signal sources, terminals 2 and 
3 would be connected in the same manner as 4 and 8. The frequency 
response curve is given in Fig. 5-22B. Curves show the excellent high-
frequency capability of integrated-circuit amplifiers. 

One application of the gated video amplifier is shown in Fig. 5-23. 
This is a simple amplitude modulator with the modulating wave being 
applied to the gate input. A potentiometer can control the degree of 
modulation. 
Go a step further and you have a balanced modulator, Fig. 5-24. 

This is an a-m modulator with carrier suppression. Again the modulat-
ing wave is applied to the gate input. Balanced carrier drive is obtained 
by paralleling the input terminals of each pair and then driving the 
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Fig. 5-24. A balanced modulator. 
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pairs with a balanced carrier wave. This sets up a circuit similar to 
the arrangement used in the balanced modulators described earlier in 
this chapter. 
The device also serves well as a pulse amplifier, Fig. 5-25, with 

minimum distortion of the pulse shape. Wide bandwidth preserves the 
high-frequency makeup while dc coupling prevents droop of flat sec-
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Fig. 5-25. Pulse amplifier. 

dons of the pulse. Its differential input and output keeps it free of 
variations by common-mode components. 

RADIO-FREQUENCY APPLICATIONS 

The Motorola MC1550 described previously under video amplifiers 
also performs well in radio-frequency circuits. The source-current tran-
sistor is used as the input port, Fig. 5-26A. It is coupled directly to 
transistor 03 which functions as a common-base amplifier. The gain 
of the amplifier can be controlled with a voltage applied to terminal 5. 
This can be a variable agc voltage, if desired. Split capacitors are 
used for impedance matching, 50-ohm in and 50-ohm out. Com-
ponent values for the input and output resonant circuits are shown. 
Gain figures as a function of agc voltage are given in Fig. 5-26B for 
60-MHz operation. 
The type MC1550 IC used as a radio-frequency modulator is shown 

in Fig. 5-27. Component values and rf modulation waveforms for 45-
MHz operation are shown. Radio-frequency impedance matching is 
handled by toroidal coils rather than the split capacitors shown in Fig. 
5-26. Otherwise, the radio-frequency sections are identical. 

Modulation is applied to the base circuit of transistor 02 and, as 
shown in Figs. 5-27B and 5-27C, an excellent modulation character-
istic results. Note, too, that the modulating frequency can extend up 
into the radio-frequency range as well. In fact, the modulating signal 
can be audio (voice and/or music), video, digital, and other forms 
of low- and high-frequency information. 

Most integrated circuits designed specifically for radio-frequency 
operation have few components in addition to their transistors, di-
odes, and perhaps one or two resistors. An example is the Fairchild 
Semiconductor type A703, Fig. 5-28. Tuned circuits cannot be 
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designed into ICs economically. In most radio-frequency applications, 
performance characteristics are determined by the tuned circuits. More 
versatility is possible if terminals are brought out and the user can 
plan the resonant circuits needed to best meet design needs. The IC 
internal components and circuit arrangement are planned for im-
proved performance and stability. Preferably, the circuit arrangement 
is such that the biasing resistors and the bypass and coupling capaci-
tors, which limit the performance of conventional amplifiers, can be 
eliminated. The 1.4./003 can be used as an rf amplifier, harmonic 
mixer, or fm limiter, providing good power gain and simplified tuning. 
Its frequency range extends above 200 MHz. 

Transistors 03 and 04 operate as a differential pair with transistor 
05 being the constant-current source. Transistors Q1 and 02 are 

vcc 
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(A) Circuit configuration. 

Fig. 5-26. A 60-MHz amplifier 



diode-connected and serve as bias source and temperature compen-
sator. Transistors 04 and (25 are biased directly by resistors RI and 
R2, along with the two diode-connected transistors. Bias for transistor 
03 must be obtained through the external input circuit. (Note that 
bias diode QI must have a dc path between terminals 5 and 3 to the 
base of transistor 03.) 

Output is taken off between the collectors of the differential pair. 
Again, the dc collector voltage for transistor 04 must be by way of 
the external load. 
A 30-MHz amplifier ( Fig. 5-29) has a gain of 35 dB and a band-

width of 1 MHz when using a 12-volt supply. There is transformer 
matching with toroidal cores at input and output. The input trans-
former is a one-to-one affair, while the output transformer uses a 
step-down winding ratio. 
The same amplifier can be used as a limiter. Only the turns ratio 

of the output transformer need be changed to obtain a symmetrical 
limiting characteristic. The change in reflected load prevents asym-
metrical switching of current between transistors 03 and 04. In so 
doing, a swing to saturation is avoided. The condition that must be 
met is: 

RL = 2R2 

Resistor R2 is an internal one and has a value of 2.5K (Fig. 5-28). 
Note that the turns ratio of the output transformer is less in order 

to reflect a lower-resistance load to the output ( Fig. 5-29). Amplifier 
gain is a bit less and bandwidth somewhat more than in the nonlimiting 
case. 

(B) Characterist c curves. 
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Fig. 5-28. Fairchild Semiconductor type uA703 rf amplifier. 

The 1.LA703 device can also be operated as a mixer and performs 
well as a harmonic mixer. Harmonic mixing is useful for high-fre-
quency mixing systems because of the lower local-oscillator frequency 
and ease of filtering. In the example of Fig. 5-30, it would be possible 
to use a 50-MHz local-oscillator source even though the actual mix-
ing frequency is 100 MHz. An incoming signal of 110 MHz could 
then be converted down to a 10-MHz output difference frequency. 

T2 1.2 (LIMITER) 1 WIRE SIZE 

PR IMARY 101 121 121 • 422 

SECONDARY 101 IT 31 #22 

WOUND ON MICRO-METALS 144-10 TOROIDAL CORES 

Fig. 5-29. A practical 30-MHz amplifier. 
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Fig. 5-30. An rf mixer. 

In the circuit, the signal is applied to the base of one of the differ-
ential amplifiers, the local oscillator component to the other. 
A practical circuit for using the Ii.A703 as a mixer for an fm re-

ceiver is shown in Fig. 5-31. The signal frequency from the rf am-
plifier is applied across the differential pair. Local-oscillator injection 
is made by way of a very small capacitor to the base of one of the dif-
ferential pairs. Local-oscillator frequency covers the range between 
49.35 and 59.35 MHz. The second harmonic component beats with 
the incoming signal to produce a 10.7-MHz i-f frequency in the output. 
A more elaborate integrated circuit, a radio-frequency amplifier, is 

the Motorola MC1590G, shown in Fig. 5-32A. The input is a com-
mon-emitter differential amplifier (transistors Q1 and 02). They 
drive a pair of common-base differential amplifiers (transistors 03 
through 06). Differential outputs are supplied to a four-transistor 
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Fig. 5-31. Harmonic mixer stage for an fm receiver. 
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output configuration, each side consisting of an emitter-follower and 
common-emitter output transistor (transistors 07 through 010). 
Diodes and unnumbered transistors provide the necessary current 
sources and stabilized bias system. The accompanying chart (Fig. 5-
32B) shows the power gain as a function of frequency, source, and 
load resistance. 

In high-gain amplifiers of this type, feedback between output and 
input can cause instability and a tendency to self-oscillation. Com-
ponents must be laid out carefully with short leads and maximum 
isolation between output and input. Toroidal cores are of particular 
advantage because of their reduced magnetic coupling. Mount a 
ground shield between terminals 4 and 8 to isolate the input and out-
put systems. 
A practical single-stage tuned amplifier with gains ( as a function of 

frequency) between 30 and 55 dB is shown in Fig. 5-33. The input 
differential amplifiers are fed with signal from a single-ended source. 
Capacitive impedance matching is used with data given for 30-, 60-, 
and 100-MHz operation. The output signal is derived in single-ended 
fashion also, using capacitors as an impedance-matching means. 

Gain, as a function of agc voltage, and the ohmic value of the agc 
bias resistor R are given in the chart of Fig. 5-33C. Note how the agc 
action can be controlled with the value of the agc bias and agc re-
sistor. A more gradual gain reduction is obtained with a high agc 
voltage and a high-value agc resistor. 
The RCA CA3040 integrated circuit in Fig. 5-34A has been de-

signed specifically for wideband video and radio-frequency operation 
up to 100 MHz. The basic configuration is two cascoded amplifier 
pairs connected in a differential amplifier. Transistors Q1 and 02 
provide a high-resistance input. Their emitters are direct-coupled to 
the differential input transistors 03 and 04. These two transistors, in 
turn, are cascoded with transistors 05 and 06 to form the two cas-
coded differential pairs. Their outputs drive a pair of emitter-follower 
output stages. Transistor 09 is the constant-current source. Assisting 
in the biasing are the two reference diodes, X1 and X2. The func-
tional block diagram of Fig. 5-34B shows the signal paths. 
The device permits biasing by constant-voltage or constant-gain 

means ( Fig. 5-35). In the constant-voltage plan, terminals 7 and 9 
are connected together, and the base receives its voltage from the bias 
network at the junction of resistors R7 and R8 (see Fig. 5-34). No 
connections are made at terminals 3 and 8. Dc voltage variation is 
less than 0.1 volt over the temperature range of the device. Possible 
gain variation is ±-2 dB. The constant-voltage characteristic is help-
ful when there is a dc coupling path to succeeding stages. For many 
applications, this is the most advantageous arrangement because of 
less distortion and the ability to handle large signals. 
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The constant-gain arrangement connects terminals 3 and 9, while 
terminal 8 is connected to common ( substrate). In this connection, 
there is some dc variation at the output (±0.8 volt), but the ac gain 
is the same over the entire temperature range. 
A typical wideband amplifier circuit is shown in Fig. 5-36. Note 

that the response is flat up to 20 MHz and the unity gain frequency 
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is in excess of 400 MHz. The circuit uses a single-ended input and a 
balanced output. No resonant circuits are included and the gain is 
in excess of 30 dB over the wide frequency range. A small capacitor, 
Cf, is an output balance control and is adjusted for equal output ( at 
terminals 10 and 11) at the 3-dB down frequency of the amplifier. 

Flat response can be extended up to more than 80 MHz by using 
the simple circuit of Fig. 5-37 which includes a peaking coil in the 
input circuit. 

SPECIAL ARRAYS 

Integrated circuits are available with a variety of unconnected 
diodes, transistors, and larger groupings. Terminals are brought out 
and can be interconnected according to the desires of the users. These 
components are fabricated simultaneously on the single silicon chip 
and have identical characteristics. They respond in the same manner 
to temperature change. 
One such diode array is the RCA CA3019, Fig. 5-38. There are 

four diodes connected in a bridge or quad, as well as two independent 
diodes. As covered previously, each diode is really a transistor with 
collector and base tied together and serving as the anode. The emitter 
functions as the diode cathode. This method of connection sets up a 
high-speed diode with the lowest storage time. Recall that this method 
of connection also avoids the parasitic pnp transistor action to the 
substrate. There is also a diode possibility between the collector and 
the supporting substrate. However, that is removed by reverse-biasing 
the junction by connecting terminal 7 to a dc voltage that is more 
negative than the diode anode. 

There are many applications for such a diode array. An example is 
the input and output limiter of Fig. 5-39A. By joining terminals 5 
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and 8 and connecting them to ground, the four quad diodes can be 
correctly connected as a limiter. 

Isolated diodes X5 and X6 can operate as a balanced mixer as 
shown in Fig. 5-39B. Good balance is obtained because the diode 
characteristics are identical. Conversion gain as a function of oscillator 
amplitude is shown in the accompanying graph (Fig. 5-39C). Note 
that good conversion can be attained at vhf frequencies. The same 
diodes can also be connected into a discriminator circuit. 
A balanced modulator is shown in Fig. 5-40. The symmetrical 

bridge network of identical diodes provides good carrier rejection. 
Diodes are cut on and off by the radio-frequency carrier. Each acts 
as a simple diode modulator contributing sideband currents only to 
the output. An example of the diode-ring modulator (Fig. 5-41) 
shows how a greater output can be acquired by taking better advantage 
of both alternations of the carrier. The ring modulator is set up by 
using all six of the diodes in the array. 

C3 

VAGC 

(A) Circuit configuration. 

PARAMETER 30 MHz 60 MHz 100 MHz 

POWER GAIN (dB) 50.8-54 44.2-46.1 31.6-35.7 
BW (MHz) 0.7-1.4 1.9-2.4 7.8-9.2 

Cl g 38 1-30 1-30 
C2 pf 1-30 1-30 1-10 
C3 oF 1-10 1-30 1-15 
C4 e 1-30 1-10 1-10 
C5 if 0.002 . 0.001 470 
C6 if 0.002 0.001 470 
Li pH 0.6 0.17 0.07 
12 µH 1.35 0.28 0.13 

+V cc VDC 12 12 I, 

(13) Parameters per frequency. 

Fig. 5-33. Practical 

164 



A popular device is the four-transistor array shown in Fig. 5-42. 
The RCA CA3018 consists of four transistors; two of them with 
independent terminals for each of their three elements. Another pair 
of transistors is a Darlington pair with the emitter of one connected 
directly to the base of the other (transistors 03 and 04). No diodes 
are included in the array. However, the dash line connections of Fig. 
5-42 show the collector-to-substrate diode junctions, indicating that 
the substrate should be connected to the most negative point in the 
supply-voltage line to make certain that these junctions are always 
back-biased. 

Such triode arrays are useful in the many applications where the 
user wishes to design his own external circuit arrangement to meet 
desired specifications. They can be used in i-f, rf, or video amplifiers. 
The transistors have unusual balance and, therefore, can be connected 
into differential amplifiers and other balanced configurations. 
An example of a video amplifier and its frequency response curve 

is given in Fig. 5-43. Basically, the amplifier consists of two pairs of 
common-emitter, emitter-follower combinations. Gain over the flat 
region of the response curve is near 50 dB. 
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Two feedback loops provide the high dc stability. These paths 
extend from the emitter of transistor 03 back to the input, and from 
the collector of transistor Q4 to the collector of input transistor Q 1 . 
The latter connection provides ac feedback over the entire operational 
range, while the former path provides the low-frequency feedback 
needed to counteract any low-frequency instability. 

Transistor QI is in a gain circuit and transistor 03 places a high 
load on its output. At the same time, it serves as a low-impedance 
source for driving the second common-emitter stage, transistor 04. 
This connection is taken care of internally as shown in Fig. 5-42. 
The output of transistor 04 then drives the emitter-follower output 
stage, transistor 02. The output is at low impedance and minimizes 
the loading influence of any succeeding stage. 
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The low-frequency characteristics of the amplifiers are determined 
mainly by capacitors Cl, C2, and C3. These can be adjusted for any 
desired low-frequency cutoff. The 3-dB low-frequency down point for 
the component values shown is 800 Hz. The upper 3-dB frequency is 
32 MHz. 
A practical tuned rf amplifier is shown in Fig. 5-44. Transistor 04 

serves as the gain stage. Note that the secondary of the input trans-
former is connected directly to its base. Transistor Q1 is connected 
as a temperature-compensating diode. Transistor 03 is a protective 
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diode, shielding the common-emitter stage from overdrive in the pres-
ence of an adjacent transmitter. Transistor 02 serves as the emitter 
resistor of the output stage. Agc voltage can be applied here to reg-
ulate stage gain. The transformers are wound on high-frequency 
toroids. 
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X4 

(B) Connected as a balanced mixer. 
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The circuit of Fig. 5-45 is an example of an untuned final i-f 
amplifier and second detector. The i-f amplifier gain is approximately 
30 dB; transistor Q1 stabilizes the gain with temperature change. 
Transistor 02 is the i-f amplifier, while the cascaded emitter-follower 
combination of transistors 03 and 04 function as a detector. The 
emitter-follower combination presents a high impedance to the col-
lector circuit of the i-f amplifier, transistor 02. Demodulated audio 
at low impedance is available at the emitter of transistor Q4. Proper 
demodulation is obtained because there is an approximate cutoff bias 
maintained across the emitter juncton of transistor 04. 

Even differential amplifiers are available in array form, Fig. 5-46. 
The RCA CA3049T is a pair of differential amplifiers, each including 
a constant-current source transistor as well. There is close electrical 
and thermal matching of the two amplifiers. With suitable external 
circuitry the device can be made to function up to as high as 500 MHz. 
Typical power gain at 200 MHz is 23 dB. 

The array can be used for a variety of functions including vhf 
amplifiers and mixers, mixer-oscillator combinations, i-f amplifiers, 
balanced modulators and demodulators, phase and synchronous de-
tectors, push-pull amplifiers, product detectors, and so forth. Arrays 
of this type will become more and more common, even in those de-
signs that mainly employ discrete components. 

Even more complicated arrays are available. The RCA CA3048 in-
corporates four elaborate differential amplifiers, two of which are 
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Fig. 5-40. A balanced modulator. 

shown in Fig. 5-47. The four amplifiers are identical and include in-
dependent inputs and outputs. 
A high-impedance input is ensured by the Darlington input tran-

sistor Q1 . Transistors 02 and 03 are the differential pair with a 
single-ended output signal made available at the collector of transistor 
02. Resistor R17 is the load. Output is direct-coupled to a pair of 
emitter-followers (transistors 09 and 010), which place a light load 
on the differential amplifier and ensure a high gain. The common-
emitter output stage is transistor 07. 
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A feedback network, consisting of resistors R9, R10, and R6 plus 
temperature-compensating diode Xl, connects the output back to the 
base of differential transistor 03. This network ensures stability and 
biases the output transistor for good dynamic range and freedom from 
output distortion. Diodes X3 and X4 also provide temperature com-
pensation for both the upper and the lower differential transistors. 
The bottom amplifier is identical to the top one. Furthermore, the 

device includes two more identical amplifiers. The amplifiers have a 
variety of purposes, related or unrelated. They can be used in various 
sine-wave and nonsinusoidal oscillators. The circuits can be simple, 
as shown in Fig. 5-48 for a Hartley sinewave oscillator and an astable 
multivibrator. Very few external components are needed. 

11 12 

Fig. 5-42. RCA type CA3018 
transistor array. 

S • SUBSTRATE 

A four-channel linear mixer permits the use of all four of the ampli-
fiers (Fig. 5-49). Individual channel gain is 20 dB, assuming a load 
resistance of 10K or higher. 

IC VOLTAGE REGULATION 

The integrated circuit provides a compact and exacting control ele-
ment for a voltage-regulated power supply. The general plan of such 
a supply, shown in Fig. 5-50, consists of a control circuit that re-
sponds to the difference between a component of the load voltage and 
a reference voltage. The control circuit is then able to regulate the 
opposition offered by a series resistance. In so doing, the load voltage 
is held at some desired value. 

In integrated-circuit vernacular, as shown in the block diagram in 
Fig. 5-50B, the functional sections of the regulated supply are referred 
to as the reference voltage generator, the error amplifier, and the 
pass device. In practically all integrated-circuit regulator systems, the 
error amplifier and the reference voltage generator are an inherent 
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part of the IC voltage regulator. According to the current level to be 
regulated and other factors, the pass device is or is not included in 
the integrated circuit. Often, it is in the form of one or more discrete 
power transistors. However, integrated circuits that include their own 
pass device are available for voltage levels from a fraction of a volt 
up to 1000 volts. Current capabilities extend upward to 1A ampere or 
more. External discrete series pass devices can extend current capabil-
ity to 50 amperes and more. 
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Customarily, load regulation in percentage is expressed by the 
simple equation: 

VR% = VN o Load — VFull Load X 100 

VNo Load 

In practical applications, the term VNo Load, instead of being the actual 
no-load voltage, is the output voltage under conditions of minimum 
load. Often this minimum load is simply the resistive bleeder network 
connected across the output of the power supply. 

The previous expression is accepted as a regulator figure of merit. 
However, it does not tell the complete story because it does not in-
dicate how well the power supply responds to the rapid changes in 
loading and load current. Thus, it has been common practice to also 
indicate how well a regulated supply is able to respond to a fast 
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Fig. 5-45. Untuned i-f amplifier and a-m detector. 
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change. This is evaluated by considering how well the output imped-
ance of the power supply is maintained over a specific frequency range. 
A typical IC regulator may have an output impedance of 0.02 ohms 
from dc to as high as 1 MHz. 

The transient quality of a regulated system is also indicated in terms 
of transient recovery time, indicating how quickly the system is able to 
respond to a rapid change. ( A particular unit may be rated as having a 
transient recovery time of 0.3 microsecond.) 
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Fig. 5-47. Two of the four as amplifiers present in the RCA CA3048 IC. 
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(A) Hartley oscillator. (B) Astable multivibrator. 

Fig. 5-48. Circuits using any amplifier of the RCA CA3048. 

Output impedance then is an important factor in load-current reg-
ulation. It is related to that regulation as follows: 

LR% = Aix Zo — 100 
Vo 

where, 

LR% is the load regulation in percentage, 
AI is the change in load current, 
Zo is the output impedance, 
vo is the nominal output voltage. 

From the equation, it is noted that a low output impedance is pre-
ferred in maintaining a constant load voltage. This method furnishes a 
more exacting figure of merit for a regulated power supply that must 
respond to high-frequency transients and rapid changes in loading. 

Temperature is another factor because heating does have an in-
fluence on the operating parameters of a monolithic regulator, partic-
ularly if the pass device is a part of the monolithic structure. An in-
crease in loading also increases the current in the pass device, in-
fluencing the heating effects in the high-density structure. Briefly, the 
power that must be dissipated in the regulator varies as the product 
of the difference between input and output voltage multiplied by load 
current. 
A simplified diagram showing the technique used in many inte-

grated-circuit voltage regulators is given in Fig. 5-51. The old standby 
differential amplifier is represented by transistors 03 and 04. In this 
stage, a fractional part of the output voltage is compared with the 
reference voltage. Transistors Q1 and 02 act as collector loads for the 
differential pair. Any difference between the two compared voltages 
results in a change in the collector voltage of transistor 02. This 
change is emphasized by two cascaded emitter-followers. This man-
ner of connection places a light load on the output of the differential 
amplifier. 
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Fig. 5-49. Four-channel linear mixer. 

Bias at the base of transistor 06 regulates the resistance of its col-
lector-emitter path which, in turn, is in series with the path between 
input and output. Transistor 06 must have sufficient power capability 
so that it is capable of handling the load current. Since its resistance 
changes with base bias, any shift in the output voltages away from the 
desired value produces a corresponding increase or decrease in the 
resistance of the path and a suppression of the attempted shift in out-
put voltage. The divider network of resistors RI and R2 determines 
the output voltage. Their ratio and ohmic values are selected to make 
their junction voltage a proper value for comparision with the refer-
ence voltage. 
A basic voltage regulator using an integrated circuit that requires 

few external components is shown in Fig. 5-52. There are unregulated 
input and regulated output terminals, a terminal for introducing the 
control voltage, plus one terminal for setting up a feedback circuit 
that influences the speed with which the integrated circuit responds 
to transients and abrupt voltage demands. Many IC voltage regulators 
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Fig. 5-50. Functional block diagram of a voltage regulation system. 
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are basically operational amplifiers in that they include feedback, thus 
improving the system stability. Some external feedback is also re-
quired to speed up the operation of the voltage regulator under con-
ditions of sudden change. 

Potentiometer R2 permits a fine adjustment of the output voltage 
to some specific value. The reference source is built into the regulator. 
Regulation occurs automatically when the voltage between the arm 
of the potentiometer and common matches the internal reference volt-
age. Thus, it is simple to adjust to some specified regulated-output 
voltage. 

The current capability of a regulated power supply can be increased 
with the use of an external pass transistor, Fig. 5-53. The use of such 
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Fig. 5-52. Basic electronic voltage regulator using an IC. 

an arrangement with the National Semiconductor LM105 voltage 
regulator increases its current-handling capability as much as 10 times. 
Capacitor Cl helps to stabilize the internal reference-voltage genera-
tor. Capacitor C3 is needed only when there is a considerable physical 
separation between the voltage regulator and the power-supply source. 
The output voltage is determined by resistors RI and R2, while resis-
tor R3 is used for current limiting, assuring a no-load to full-load reg-
ulation of better than 0.1%. 

A complete power supply adapted for integrated-circuit application 
is shown in Fig. 5-54. It employs two National Semiconductor LM100 
voltage regulators and supplies a split voltage output (+ 15 and — 15 
volts) and a grounded junction. This type of dual regulation is 
particularly useful in the many types of integrated circuits that pro-
vide best balance when operated with a dual power supply (both posi-
tive and negative supply voltages). The transformer has dual secon-
daries, each connected in a full-wave circuit. External pass transistors 
are used to increase the current capability. 
The functional plan of a high-powered voltage regulator shown in 

Fig. 5-55 is a three-section arrangement. The Motorola MC1560 and 
MC1561 regulators can provide a 1/2-ampere load current without the 
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Fig. 5-53. External transistor used as a pass device. 
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Fig. 5-54. Practical power supply for integrated-circuit application. 

addition of any external pass device. They are able to supply an ad-
justable voltage over a wide voltage range, as well as operate with a 
substantial range of input voltages. Regulator performance is shown 
in Table 5-1. 

Enclosed within the dashed block at the left ( Fig. 5-55) is the 
reference-voltage generator followed by a dc level-shifting series 
voltage regulator. The third section is a unity-gain series regulator 
with a current capability of 500 mA. 

The reference-voltage generator consists of a zener diode and an 
associated constant-current source. The regulated voltage of 3.5 volts 
is made available at the junction of resistors R. and Rh. The zener 
diode and the two diffused resistors have positive-temperature co-
efficients, while the diode-biased junctions have a like but negative-

Table 5-1. Regulator Performance 

MC1560 MC1561 

Output voltage range +2.5 V to + 17 V dc +2.5 V to 37.0 V dc 
Input voltage range +8.5 V to + 20 V dc +8.5 V to 40.0 V dc 
Required input-output 

voltage differential 

(VI. — V.«,) 

2.1 V dc (typ) 2.1 V dc (typ) 

Load current (without R: 500 mA dc 500 mA dc 
external transistor) (max) (max) 

G: 200 mA dc 200 mA dc 
(max) (max) 

Input Regulation 0.002%/V10 (typ) 0.003% /V I. (typ) 
Output impedance 

(dc to 100 kHz) 
0.025 11 (typ) 0.020 12 (typ) 
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temperature coefficient. These junctions consist of the two diodes X2 
and X3 and the emitter junction of the transistor. The two temperature 
coefficients are opposing and the reference voltage generator has a 
zero-temperature coefficient. This means that the voltage VR of 3.5 
volts remains constant over the operating temperature range of the 
regulator. 

A differential amplifier is used in the level-shifting section. It makes 
a comparison between the reference voltage and the dc sense voltage 
that is removed at the junction of resistors R1 and R2. These two 
resistors are mounted externally and their values determine the output 
voltage. If necessary, a potentiometer can be located between them, 
permitting output-voltage adjustment. The value of the voltage at the 
junction of resistors R1 and R2 is flV„ and it matches the reference 
voltage V. Any change in the output voltage is felt at the junction, 
causing a change in the differential currents. This change is direct-
coupled to the base of the transistor pass device. 

The emitter circuit of the pass device biases the first transistor of 
the differential pair located in the unity-gain output regulator. The 
output voltage of the regulated power supply (V.) is applied to the 
second differential transistor. Note that in this type of voltage regu-
lator the final section has unity gain because two output-voltage com-
ponents are being compared. In fact, the device is said to have a 
voltage regulator within a voltage regulator. This use of one voltage 
regulator to make a comparison with the voltage reference, and a 
second higher-powered regulator to make output-voltage compari-
sons, permits the output regulator to be designed with an extremely 
low output impedance ( 0.06 ohm at 1 MHz). Thus, the regulator is 
able to respond quickly to abrupt changes in loading and transient 
effects. 

The differential amplifier of the output section is direct coupled to 
two emitter-followers. These serve as an internal pass device to per-
mit the regulation of a high current. 
A complete circuit for a voltage regulator using the Motorola 

MC1560 is given in Fig. 5-56. Few external components are required. 
Resistors R1 and R2 represent the divider that sets the output voltage. 
The voltage at pin 8 must match the reference voltage, therefore: 

Vs 7--- IRR2 

If a value of 6.8K is selected for resistor R2, the series current IR is 
approximately 0.5 mA. The output voltage becomes: 

V. = IRR2 + IRR1 
V. = 3.5 + (0.0005 x R1) 

This equation indicates that the output voltage becomes a linear func-
tion of resistor R1 as shown by the curve in Fig. 5-57. The ohmic 
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Fig. 5-56. Typical applicatioun of the Motorola MC1560 voltage regulator. 

value of resistor RI for any given output voltage can be selected using 
this curve. Note that the maximum limit for the type MC1560 is 17 
volts, while the type MC1561 is 37 volts. The minimum unregulated 
input voltage must be greater than 8.5 volts and a minimum of 2.5 
volts higher than the desired output voltage vo. 

This voltage regulator is of necessity planned for high-frequency 
operation because it has been designed to respond well to transients. 
Any tendency to self-oscillation because of the type of load attached 
to the input or the output is damped by the series resistor-capacitor 
combinations found at the input and the output. Capacitor CN is a 
noise reduction component that reduces minute low-level high-fre-
quency variations (hash) from the output. Resistor Rae is a com-
ponent that limits the short-circuit current to a specific value as 
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Fig. 5-57. Influence of resistor RI on output voltage V. 
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shown in the graph of Fig. 5-58. This value is selected in accordance 

with the maximum current acceptable when a short-circuit is placed 
across the load. 

EXPERIMENT 4: IC CRYSTAL CALIBRATION 

General 

The integrated circuit has led to the development of compact, low-
cost, and easy-starting crystal oscillators and calibrations. Such signal 
sources can be used as clocks in digital systems, as a base-frequency 
generator in frequency synthesizer, and as reference oscillators in 
frequency meters and calibrators. 

Usually they are connected in a simple feedback arrangment with-
out any resonant circuit. The output waveform is squared and rich in 
harmonic content, which is advantageous in crystal-calibrator appli-
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Fig. 5-58. Influence of resistor R., on short-circuit current. 

cation. When desired, resonant circuits can be included externally to 
obtain a more sinusoidal output. 

The HEP 580 can be connected in the very simple two-stage feed-
back arrangement shown in Fig. 5-59. Only five external components 
are required—two resistors, two capacitors, and a crystal. In the cir-
cuit, the crystal is in the feedback path between the collector of the 
second transistor and the bases of the first. Capacitor Cl provides 
the feedback path between the collector of the first transistor and the 
bases of the second. 

186 



Fig. 5-59. An IC crystal oscillator. 

Procedure 1: Crystal Oscillator 

1. The oscillator can be constructed permanently around the second 
8-pin socket on your vector board. Only two output binding posts 
are required. Connect an oscilloscope across these terminals. 

2. Turn on the oscillator. Collector current should be about 3 milli-
amperes. Note the square-wave output and the steepness of the 
sides, suggesting a high harmonic content. The square-wave output 
is also convenient for making comparisons with other frequency 
components in phase detectors or as clock pulses for succeeding 
digital counters. 

Procedure 2: Receiving the Calibrator Signal 

1. Connect a short length of hookup wire to the output binding post. 
Wrap the other end of the insulated wire around the antenna staff 
of a small am/fm radio. Beginning at the 600-kHz low-frequency 
end of the broadcast band, a strong signal can be picked up every 
100 kHz over the a-m dial. The signal is noted by a substantial 
drop in the background noise level of the receiver at these points. 
If a local broadcast station operates on one of these frequencies, 
you will hear a beat-note whistle. 

2. Set the receiver on the fm band. The presence of the calibrate sig-
nal near the frequency of a local fm station will result in an audi-
ble beat note. If the receiver has shortwave bands, the calibrate 
signal can be heard at close-spaced intervals. The separation be-
tween signal components is only 100 kHz, a frequency change that 
occurs with only a slight movement of the shortwave tuning dial. 

3. The calibrate signal can be tuned in more conveniently and with 
greater accuracy if the receiver has a beat-frequency oscillator. 
Such oscillators are usually a part of SWL and ham radio receivers. 
If you have such a receiver, couple the output of the calibrator 
loosely to the antenna input. Turn on the receiver bfo. You will 
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7 -35 pf 
TRIMMER 

note that there is a distinct beat note every 100 kHz over the short-
wave and ham bands. This affords an accurate means of calibrat-
ing your receiver dial so you can tune it to some precise signal 
frequency. 

Procedure 3: WWV Calibration 

1. If you have a receiver that can pick up one of the transmitting fre-
quencies for the WWV signal, you can calibrate your crystal oscil-
lator very accurately. This involves the addition of a small trimmer 

Fig. 5-60. Location of trimmer 
capacitor used in Experiment 

Procedure 3. 

capacitor, connected between the crystal and collector terminal 6, 
as shown in Fig. 5-60. Make this change. 

2. Connect an appropriate antenna to your shortwave receiver and 
tune in the WWV signal. Couple the output of your crystal oscil-
lator to the antenna input. Usually you only need to wrap a few 
turns of wire around the input lead of your receiver. Adjust the 
frequency-calibrate capacitor until a zero beat is obtained between 
the crystal signal and the WWV signal. In so doing, you have set 
your crystal oscillator precisely on 100 kHz. As a result, every 
100-kHz calibrate point you receive over the low- and high-
frequency spectra will be a very accurate one. 

188 



6 

Special IC Systems 

The science of miniaturization has allowed elaborate electronic sys-
tems to be reduced to more efficient monolithic structures. Two ex-
amples of such structures are miniaturized receivers and transmitters 
which require a minimum of external discrete components. Another 
example is waveform generators capable of generating a variety of 
waveforms. Furthermore, information can be placed on these wave-
forms using a variety of modulation methods. Phase-locked-loop 
(PLL) systems are another case where one package includes the 
facility for setting up a variety of modulation, demodulation, and 
frequency-control systems. 

Digital integrated circuits are a special form of on/off devices used 
widely in computer systems, calibrators, test instruments, and 
counters. However, these digital devices do have applications in 
linear systems too, and a basic knowledge of their functions is 
important. 

TRANSMITTERS AND RECEIVERS 

The Lithic Systems LP2000 is an example of a microtransmitter 
requiring only a limited number of external components to complete 
a 50-mW output transmitter (Fig. 6-1). The radio-frequency sec-
tion consists of an oscillator, two buffer stages, and the modulated-
output amplifier. This section can be operated as a cw transmitter 
with a 100-mW power capability. Also included in the integrated 
circuit is a facility for power distribution and control, a modulation 
preamplifier and a modulator. Current demand from a 12-volt sup-
ply source is 50 mA for cw operation and 28 mA for a-m transmission. 
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Fig. 6-1. Microtronsmitter mode by Lithic Systems, Inc. 

External components required are microphone and resistor net-
works for controlling modulation level and idling current. Also needed 
are oscillator and output tuned circuits plus the antenna-matching 
facility. 

A complete transmitter diagram is shown in Fig .6-2. The crystal 
oscillator and its tuned circuit are connected to terminals 1, 2, and 
10. Turn-on bias is applied by way of terminal 10. This single-pole 
double-throw switch is used to turn the complete transmitter on and 
off. 

The output-tuning and -matching network is connected to terminal 
3, the collector circuit of the output transistor. A capacitive divider 
provides impedance matching to a low-impedance antenna system. 
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The microphone signal is applied to the base of the input transistor 
of the modulation preamplifier by way of terminal 9. A resistive 
divider network connected to terminals 7, 8, and 9 controls the 
modulation level and the no-modulation idling current. 
A schematic of the internal components is given in Fig. 6-3. Tran-

sistor 08 at the very center of the diagram is the oscillator. Fre-
quency-determining elements are connected externally between its 
terminals 1 and 2. The turn-on bias is applied to its base by way of 
terminal 10. An unusual aspect of the oscillator transistor is that it 
draws a fixed current determined by the temperature-compensated 
base-bias network and the constant-current source (transistor 07) 
connected to its emitter. As a result, parasitic capacitance, gain, and 
junction temperature are held constant. Oscillator stability is strictly 
a function of the external frequency-determining components. The 
oscillator operates on both fundamental and overtone crystals. 

+ VCC 
6 

5 

Fig. 6-3. internal schematic of the LP2000. 

The buffer stages consist of two emitter-followers, transistors 012 
and 013. The emitter load of transistor 012 is low-value resistor R1 
and diodes X4 and X5. The second buffer has a transistor for an 
emitter load. For cw, its base bias is held constant. However, with 
a-m modulation, it is made to vary, introducing a modulation com-
ponent into the emitter circuit. As is customary in transistor modula-
tion systems, it is usually advisable to modulate the driver (last 
buffer) and the output stage. 

The output stage, transistor 015, acts as a grounded-emitter circuit 
insofar as the radio-frequency signal is applied to its base. However, 
the modulating wave is applied to the base of its constant-current 
source, transistor 016. 
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The modulating wave is applied to the base of transistor 09 by 
way of terminal 9. The wave is then processed by the pair of feed-
back transistors, 010 and 011. From there it goes onto the bases of 
the modulator transistors 014 and 016. 

Modulation level and idling current adjustment are established 
when the resistive path is closed between terminals 7, 8, and 9. 
Transistor Q I serves as a regulated collector load for transistors 09 
and 010. The resistor connected between terminals 7 and 8 ( Fig. 
6-2) is able to control the biasing of transistors 014 and 016. Inas-
much as they are the bias sources for buffer and output transistors 
013 and 015, the idling current can be preset. The adjustable re-
sistance between terminals 8 and 9 determines the biasing of the input 
transistor 09 and, therefore, gain and modulating level can be 
adjusted. 
A most unusual integrated circuit is the simple three-terminal de-

vice by Ferranti Semiconductors, shown in Fig. 6-4. You apply a 
radio-frequency signal to the input ( frequency range between 200 
kHz and 1.5 MHz), and you obtain enough demodulated audio out-
put to drive a headset or a simple follow-up audio amplifier. Output 
is typically 30 mV. 

1001( 

(A) Circuit using a ZN414. 

INPUT ( PIN 21 

OUTPUT AND Vcc ( PIN 1) GROUND ( PIN 3) 

(B) ZN414 pin diagram—bottom view. 

Fig. 6-4. Ferranti Semiconductors IC a-m radio receiver. 

192 



Internally, the device consists of a 10-transistor tuned radio-
frequency circuit for a-m detection and demodulation. Current con-
sumption is 1 mA. The device operates with a supply voltage of 1.1 
to 1.8 volts. A simple resistive divider can be set up when the circuit 
is to be used with a 6- or 9-volt battery. Details are given in Chapter 7. 

External components required are the tuned resonant circuit, two 
fixed capacitors, two resistors and a headset or audio amplifier. The 
device includes a built-in agc system. Total harmonic distortion at 
the output does not exceed 2 percent. The circuit will demodulate 
a 100-µV signal across the input of the antenna coil. If the input reso-
nant circuit has a Q of 100 or more, the circuit will respond to a 
1O-µV input signal. 

30 

VCC • 1.6 V 
m - 30% 
00: 1 ATTENUATION 

ON INPUT 

20 

10 mV 

oo 100K 

6 11 
 3 mV 
,  1 mV 

1M 

FREQUENCY IN HERTZ 

10M 

Fig. 6-5. IN414 frequency-response curves. 

Bandwidth measurements of the device are shown in Fig. 6-5. Note 
that a 10-µV input signal in particular is able to produce a usable 
output as high as 5 MHz. The performance peaks over the a-m 
broadcast band spectrum. 

WAVEFORM GENERATORS 

Waveform generators of various types have now been included in 
integrated circuits. A unique one is the XR-205 made available by 
Exar Integrated Systems. It is a 16-pin device ( Fig. 6-6) that gen-
erates sinusoidal, triangular, square, sawtooth, ramp, and pulse wave-
forms. Furthermore, these various waveforms can be amplitude 
modulated, frequency modulated, or modulated with a combination 
of a-m and fm. Double sideband, as well as suppressed-carrier a-m, 
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Fig. 6-6. XR-205 waveform generator by Exar Integrated Systems. 

is possible. Straight cw on/off keying and FSK or PSK modes are 
possible. 

The device consists of three major sections: voltage-controlled 
oscillator (vco), modulator, and amplifier. The oscillator makes avail-
able sine- and square-wave outputs. Frequency range of its sine- and 
square-wave generation extends from a fraction of a hertz to 5 MHz. 
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Fig. 6-7. Connecting the XR-205 as a function generator. 



Triangle and ramp waveforms are feasible up to a maximum of about 
500 kHz. 
As shown in Fig. 6-7, the frequency of the oscillator is controlled 

by applying a suitable dc voltage to pin 13. This can be a modulating 
wave as well and will produce frequency modulation of the oscillator. 
The oscillator frequency is set by capacitor Cl, connected between 
terminals 14 and 15. Output is taken from between these two termi-
nals and is applied to the modulator input by way of terminals 5 and 6. 
Ramp and square waves can be removed at terminals 12 and 14. 

A -M 

INPUT 

Fig. 6-8. The XR 205 ted for high-frequency operation. 

The output of the modulator can be either sinusoidal or triangular 
as determined by the setting of the potentiometer connected between 
terminals 7 and 8. This adjustment does the wave shaping. An ampli-
tude-modulated output is obtained by applying the modulating wave 
to pin 3. The level of the output signal is controlled by setting the bias 
at terminal 4. 
To obtain isolation or a higher output, a buffer amplifier can be 

connected. This device is included internally. Connection can be made 
by joining terminals 1 and 2 to terminals 9 and 10. Output is then 
removed at terminal 11. The output voltage swing is several volts 
peak-to-peak. 
The circuit of Fig. 6-8 has been designed for higher frequency 

operation up to at least 10 MHz. Output at this frequency is ap-
proximately 700 mV. Note the small value capacitor between termi-
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nais 14 and 15. Single power-supply operation, up to a frequency 
limit of 3-4 MHz with an output voltage of 2-3 volts, can be obtained 
with the circuit of Fig. 6-9. 

Two such devices can be combined into a single generator, includ-
ing both radio-frequency and modulating-wave source in a single 
module (Fig. 6-10). The device at the left of the circuit provides the 
modulating signal ( sine, square, triangle, or ramp) as selected by 
switch SA. Capacitor Cl determines the operating frequency. A 
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Fig. 6-9. Device ted for single-supply operation. 

variable capacitor will permit a means of frequency adjustment. Switch 
SB sets the modulating-wave source for either a 20- or 50-percent duty 
cycle. Switch Sc determines whether the carrier generator will be un-
modulated, frequency modulated, or amplitude modulated. Poten-
tiometer P1 sets the level of the modulating wave; P2 is a zero-carrier 
adjustment for suppressed-carrier modulation, and potentiometer P3 
sets the shape of the modulating wave. 
The second device operates as a carrier generator. It also includes 

switch SD for setting the duty cycle. Switch SE selects the type of out-
put waveform, while capacitor C2 determines the carrier frequency. 
Potentiometer P5 is for wave shaping. 

This versatile waveform generator can be used as a signal source 
for a transmitter, or as a very effective piece of transmitter and trans-
ceiver test equipment. Such a device will be constructed as a project 
in Chapter 10. 
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Another versatile unit made available by Exar Integrated Systems 
is the XR-S200 (Fig. 6-11). This is also a three-section unit and in-
cludes an analog multiplier, a voltage-controlled oscillator, and an 
operational amplifier. The frequency range of this waveform generator 
extends up to 30-40 MHz. It can be used in a variety of applications 
such as phase-locked loop, fm demodulator, FSK and PSK demodu-
lation, signal conditioning, analog multiplication, plus the functions 
of the previously described XR-205. The diagram of Fig. 6-11 shows 
the input and output combinations. The analog multiplier is a versa-
tile device by itself because of its use as a balanced modulator or de-
modulator, a frequency multiplier, a phase comparator, and so on. 
A phase comparator using only the multiplier section is shown in 
Fig. 6-12. 
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ANALOG 
CONTROL 
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Fig. 6-11. Functional diagram of the XR-5200 IC. 
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The two circuits of Fig. 6-13 show how the multiplier section can 
be used as an a-m modulator or a frequency doubler. Fig. 6-13A is 
interesting because it can be used as either a standard double-sideband 
a-m modulator or a suppressed-carrier a-m modulator. For sup-
pressed-carrier modulation, the two 15K controls are adjusted for 
minimum carrier and modulation in the output. For standard a-m 
modulation, the amount of carrier can be adjusted by offsetting the 
carrier balancing potentiometer ( R2). 
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The source of carrier for these operations can be the voltage-
controlled oscillator. Inasmuch as the oscillator can be frequency 
modulated, it is no problem to generate an fm signal too. If desired, 
the vco can be crystal controlled. A complete a-m/fm signal source 
is shown in Fig. 6-14. (The output of the crystal-controlled oscillator 
can be either amplitude or frequency modulated.) 
One can expect a definite trend toward the use of waveform gen-

erators for many applications. When used as a waveform generator, 
the XR-S200 forms the same variety of signals as the XR-205. 

tvcc 

VR (t) 
REFERENCE INPUT 

Cc 

OUTPUT 

Vs It , 

SIGNAL INPUT c---1 
c, 

Fig. 6-12. A phase comparator using only the multiplier section of an 
XR-S200 IC. 

PHASE-LOCKED LOOP ( PLL) 

Many applications for phase-locked loops include frequency multi-
plication and division, demodulation without tuned circuits, signal 
conditioning and interference suppression, frequency synthesizers, data 
synchronizers, tracking filters, decoders, modulators and demodulators, 
and so forth. 
The basic phase-locked loop ( Fig. 6-15) has three main sections— 

phase comparator, low-pass filter, and voltage-controlled oscillator— 
all connected in a closed-feedback loop. Almost an entire PLL cir-
cuit can be included in an integrated circuit. Its major objective and 
big advantage in many applications is its ability to lock onto the fre-
quency of any applied signal. 
To understand the operation of the PLL, let us assume first that 

the device is not locked onto the incoming signal, even though the 
two frequencies are reasonably close in frequency. The incoming sig-
nal and the locally generated signal from the vco ( e, and eoge ) are 
compared in the phase detector. The output of the phase detector will 
be a difference or beat frequency (ex). Since it is low in frequency, 
output ex is able to pass through the filter and pass to the voltage-
controlled oscillator. The passband of the filter is such that the incom-
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ing and vco components do not pass. The feedback component et 
then shifts the frequency of the oscillator and locks it onto the in-
coming frequency. 

Actually, it is a dc voltage that holds the oscillator on frequency 
because at the moment lock-in occurs, both the input signal and the 
vco signal are on the same frequency; thus, the output of the phase 
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Fig. 6-13. Two additional uses for the XR-S200. 

• 
V, 

detector is zero. If either the incoming signal changes frequency or if 
the vco attempts to drift in frequency, there is an instantaneous shift 
in the phase between the two components in the phase detector. Im-
mediately, there will be a dc output from the phase detector which will 
be either positive or negative, depending on the direction of the fre-
quency separation. This dc output will cause a frequency-control volt-
age to be immediately applied to the voltage-controlled oscillator ( vco) 
that will again equalize the two frequencies. 

200 



CB -1- 

I 

CC 

0-1 
A -M 
MODULATION 
INPUT 

1, 

+10 V 

MODULATED 
OUTPUT 

Z CARRIER DK 20K 

SUPPRESSION 
ADJUSTMENT 

100 pF 

a 

FM MODULATION 
INPUT * 

DIGITAL CONTROLS 
(OPTIONAL) 

* NOT FOR CRYSTAL - CONTROLLED OPERATION 

-Vcc 

Fig. 6-14. An am/fm signal source. 

If it is the vco that attempts to drift in frequency, the dc voltage will 
prevent it from doing so. If it is the incoming signal that changed in 
frequency, the dc voltage will cause the vco to follow that change in 
frequency. From this it is apparent that the phase-locked loop can be 
made to hold its own frequency precisely or be made to follow the 
frequency of an applied signal. This action has many attractive attri-
butes in various types of electronic systems. A number of these will 
be described. 
The range of frequencies over which a PLL can hold a lock is 

known as the lock range or lock-in range of the system. The lock-in 
range is always greater than the range of frequencies over which the 
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lock can be acquired by the PLL. The range of frequencies over which 
a lock can be acquired is known as the capture range of the PLL sys-
tem. Stated another way, when a PLL is attempting to lock in on an 
incoming signal, it is able to do so if the incoming signal falls within 
its capture-frequency range. Once the lock is established, the PLL is 
able to hold a lock over a greater range of frequencies than it needs 
for capture. The lock range represents a greater bandwidth than the 
capture range of the PLL system. 

In practical operation, a lock will occur immediately when the in-
coming signal falls within the capture range of the PLL system. If the 
frequency of the incoming signal is near but not close enough, a beat 
note is generated. This note can be heard when the PLL is used in 
conjunction with a receiver. To establish a lock under this condition, it 
is only necessary to readjust the vco frequency slightly until its cap-
ture range includes the frequency of the incoming signal. 

The loop filter is very important to the operation of the PLL. It is 
true that the dc control voltage passes through the filter to the vco. 
However, the ac performance of the filter is also important. In fact, 
the bandwidth of the system performance is established by the loop 
filter. The bandwidth is selected in accordance with the desired lock-in 
or hold-in range and the time required to establish lock. Loop band-
width must be kept narrow to minimize jitter that can be caused by 
external noise or interference components. However, the loop band-
width must be adequate to pass desired components and establish an 
adequate capture range. In all circumstances, the loop bandwidth 
must be wide enough to accommodate the frequency components 
that make up the modulation. When used for the demodulation of 
an fm signal, one understands that the bandwidth should be greater 
than that required for the demodulation of a narrow-band a-m signal. 
A function block diagram of the Signetics Corporation NE561B 

PLL integrated circuit is shown in Fig. 6-16. This device is an am/fm 
demodulator system. The vco is an emitter-coupled multivibrator, the 
frequency of which can be controlled by an external capacitor Co. Its 
output is applied to the phase comparator along with the incoming fm 
radio-frequency signal. When the vco and the center frequency of 
the fm wave are matched, the dc component at the output of the 
phase comparator is a reference zero. If frequencies do not match, an 
error voltage results which is passed through the filter, a succeeding 
amplifier and limiter, and back to the vco. 
The demodulated fm signal also passes through the filter and am-

plifiers A1 and A2 to the fm output. A de-emphasis network can be 
attached to terminal 10 if required. 

In the demodulation of an a-m sgnal, the signal is applied to the 
multiplier input. The PLL system sets the vco on the exact carrier 
frequency. This vco component is also applied to the multiplier. 
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Fig. 6-16. Block diagram of the Signetics Corporation NE561B 
phase-locked loop. 

Therefore, the multiplier acts as a product detector, and its output 
frequency is the difference between the a-m input signal and the 
locally generated carrier from the vco. The demodulated a-m signal 
is increased in level by amplifier A3 and is recovered at terminal 1 of 
the device. 
A simplified schematic of the internal make-up of the NE561B PLL 

is given in Fig. 6-17. The phase comparator shown on the right side 
of the diagram is a doubly balanced modulator. The two upper pairs 
of transistors ( 017, 018 and 019, 020) function as a synchronous 
switch driven by a signal from the voltage-controlled oscillator. The 
fm signal is applied to the bottom pair of the transistors ( 021 and 
022). The fm signal varies the relative emitter currents of the bal-
anced modulator, producing a difference frequency at the output. The 
phase comparator circuit is stabilized by the constant-current tran-
sistor 023. 
The differential voltage variation at the output of the phase com-

parator is a copy of the frequency modulation on the incoming sig-
nal. The demodulated audio is removed from the phase comparator 
section by way of emitter-follower transistor 016. A common-emitter 
amplifier builds up the signal level and applies it to the emitter-
follower output stage, transistor 025. The de-emphasis network, if 
needed, can be connected between the two stages. The emitter-follower 
output stage provides a low-impedance output for driving any suc-
ceeding audio module. 

The multiplier section is shown at the top left of the diagram and 
is also a doubly balanced modulator with the a-m signal applied dif-
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ferentially to transistors 05 and 06. The local-oscillator signal from 
the voltage-controlled oscillator is applied differentially to the two 
differential pairs. Again the incoming audio signal varies the relative 
emitter currents, producing a differential output corresponding to the 
audio modulation on the incoming signal. It is to be noted that a dc 
control voltage is transferred to the phase comparator, keeping the 
frequency of the voltage-controlled oscillator identical to that of the 
incoming a-m carrier. 
A simplified schematic of the voltage-controlled oscillator ( Fig. 

6-18) shows its general arrangement and the influence of its timing 

*vcc 

Fig. 6-18. Internal circuit of the vco section of the NE561B. 

capacitor (Co) on operating frequency. It is an emitter-coupled multi-
vibrator with the output taken off differentially between terminals B 
and D. The frequency-controlling elements are in the emitter circuit 
and consist of the external timing capacitor and constant-current 
sources 12, 13, 15, and 16. The frequency of the multivibrator is also 
controlled by a voltage placed between terminals E and F. When 
there is no control voltage, the circuit is balanced with the frequency 
set by the previously mentioned frequency-determining capacitor and 
currents. The presence of voltage causes a differential current parti-
tioning between I2---I3 and I. 
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The limiting action of the PLL is a built-in feature of the vco and 
is set by the current divisions between the control currents 12, 13 and 
the bias sources 15, 16. The tracking range of control can be set ex-
ternally between terminals H and J, which influences the partitioning 
of the currents 12 and 15. 
A complete external circuit for using the device as an fm demodu-

lator is shown in Fig. 6-19A. The fm signal is applied between termi-

FM/RF 
INPUT 2 

VCO 
OUTPUT 

FM/RF 
INPUT 1 

CD IS GREATER THAN 200 pF 
DE-EMPHASIS 

FM 
OUTPUT 

(A) Device and the external circuitry. 

FREQUENCY Co R1 Cl 

10.7 MHz 30 pF lop 0 1000 riF 
4.5 MHz 54 pF 500 2003 pF 

455 kHz 650 oF 0 5003 pF 

67 kHz 4600 pF 0 0.01e 

(B) Component values for typical 

i-f frequencies. 

Fig. 6-19. An fm PLL demodulator. 

nais 12 and 13. Capacitor Co determines the vco frequency. An ap-
proximate equation for determining its value is: 

300 
Co — y 

where, 
Co is the capacitance, in microfarads, 
fo is the oscillator frequency, in hertz. 

Values for typical i-f frequencies are given in the chart of Fig. 6-19B. 
If the vco is to be used as a tunable local oscillator, this capacitor is 
made variable. 
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The values of the series resistor-capacitor combinations connected 
to terminals 14 and 15 determine the characteristics of the low-pass 
loop filter. The time constant of the filter is: 

tc = Cl (R1 + RI.) 
where, 
Rh, is the internal impedance and is approximately 6000 ohms. 

A practical version of the equation would be: 

1  
Cl = 274hR1 

where, 
fh is the desired bandwidth of the filter. 

For example, frequency fh would be 15 kHz for use in an fm receiver. 
A capacitor can be used to ground one side of the input to permit 

the fm signal to be applied single-ended and differential. 
Capacitor CD provides de-emphasis, and its value is based on the 

time constant: 

tc = RDCD 

Resistor RD = 8000 ohms, the output impedance at the de-emphasis 
terminal. The time constant used is either 75 microseconds for fm 
broadcasting, or whatever value is needed for a particular fm demodu-
lation service. 
The tracking range of the device, based on the internal adjustment, 

is approximately 35 percent of the vco frequency. The vco will fol-
low over this frequency range once a lock-in has been established. It 
can be changed upward or downward by controlling current at pin 7. 
The chart of Fig. 6-20A shows how the current at pin 7 influences 
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Fig. 6-20. Characteristic current curves. 
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the percentage change in the frequency. According to the chart, the 
required current is 0.15 mA. 

Fig. 6-20B shows the influence of the fine-tuning current at pin 6 
on the oscillator frequency. The specified current value changes the 
frequency of the vco according to the percentage figure given on the 
chart. An introduced current of 5 mA produces a 25-percent change 
in frequency. 
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Fig. 6-21. An a-m PLI demodulator. 

The phase-lock a-m demodulator, shown in Fig. 6-21, requires that 
the fm inputs be ac grounded by capacitors CR and Cy. In a-m de-
modulation, the high-pass filter must only pass dc. Capacitor C2 
across the filter terminals 14 and 15 need only have a low reactance 
at the operating frequency; a 0.01-1.LF will suffice. Capacitor Co again 
determines vco frequency. 

Demodulated output is removed at terminal 1; capacitor Cx serves 
as the output filter removing frequency components above the highest 
modulating frequency. 

Capacitors Cy and Ry operate as a 90° phase-shift network. Con-
stants must be chosen according to the carrier frequency. Usually the 
frequency selected is the geometric mean of the frequency limits to 
be tuned, or: 

= YUJI-
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In the case of the a-m broadcast band, this mean frequency would be 
approximately 0.94 MHz. Again the time constant would be: 

tc = Cy(RY Ro) 

Again, Ro is the output resistance and equals 8000 ohms. 
In a practical case, assuming an Ry value of 3000 ohms, the re-

quired value for the capacitor Cy becomes: 

1.3 x 10 -4  
Cy = 

f,. 
where, 
Cy is the capacitance in pF, 
fe is the carrier frequency in MHz. 

Some of the waveform-generator ICs can also be used as phase-
locked loops. An example is the XR-S200 of Fig. 6-22. Here, it is 
being used as a PLL fm detector. In this arrangement, the multiplier 
section is connected as a phase detector and its output is applied to 
the voltage-controlled oscillator by joining terminals 4 to 23 and 3 
to 24. The low-pass filter connects to the same outputs. Demodulated 
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Fig. 6-22. PLL fm detector using an XR-S200 integrated circuit. 
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audio signal from the same point is applied in differential to the opera-
tional amplifier gain block. Output is removed at terminal 14. 
The volume control is in the feedback link of the operational ampli-

fier and connects back to the inverting terminal of the operational 
amplifier. Capacitor C3 provides compensation for the operational 
amplifier, while the R8-C2 combination provides 75-microsecond de-
emphasis. The vco component for the phase detector is coupled from 
terminal 21 through a capacitor to terminal 5 of the phase detector. 
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Fig. 6-23. Using the PLL in frequency synthesizers. 

As a basic stage of a frequency synthesizer, this same device uses 
the phase detector and voltage-controlled oscillator as shown in Fig. 
6-23. The vco output at terminal 21 is coupled to the frequency 
divider, the output of which is applied to terminal 7 of the phase 
detector. The signal input to the phase detector and the output of the 
divider are on the same frequency. However, the output of the vco is 
the division ratio of the divider times the input frequency: 

f‹, = Nf„ 

If a decade divider is used, the output frequency is ten times the input 
frequency and the vco will be operating on and locked to a frequency 
that is ten times higher than the input frequency. 
A PLL designed by Exar Integrated Systems specifically for fre-

quency-shift keying (FSK) detection uses a vco, an operational ampli-
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Fig. 6-24. A PLI FSK modulator/demodulator. 

fier, plus a comparator and a phase detector ( Fig. 6-24). In an FSK 
demodulation system, there are two incoming frequencies, one repre-
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senting a mark and the other a space. The purpose of the PLL is to 
convert this two-frequency input signal to a demodulated amplitude 
signal of two specific voltage levels. 

Notice in Fig. 6-25 that the signal is applied to one input of the 
phase detector; the vco output is applied to terminal 6 input. When the 
input frequency is shifted, the polarity of the dc voltages at terminals 
2 and 3 of the phase detector shift, producing one polarity output for 
a space and the reverse for a mark. 
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Fig. 6-26. An FSK modulator. 
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The PLL maintains the vco frequency midway between the incom-
ing mark and space frequencies. In this manner, a conversion is made 
from frequency shift to two dc voltages of different polarity that cor-
respond to mark amplitude and space amplitude. The voltage com-
parator simply converts these dc voltage shifts to a binary pulse. 

In the FSK modulator ( Fig. 6-26), the operation is reversed. The 
space and mark pulse is applied to the vco, shifting its frequency 
correspondingly. The output of the vco is a two-frequency FSK sig-
nal which is further amplified by the operational amplifier. 
A final circuit uses a Signetics Corporation NE565 PLL as an SCA 

demodulator. In the transmission of uninterrupted commercial back-
ground music, fm broadcast stations transmit a 67-kHz subcarrier on 
their main carrier. This subcarrier is frequency modulated by the 
music signal. In a commercial establishment, it is removed by a de-
coder that extracts the 67-kHz component from the composite fm 
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broadcast signal. The PLL circuit of Fig. 6-27 requires no tuned cir-
cuit in this application. The vco is set to 67 kHz and is locked in by 
the incoming 67-kHz component. The fm sidebands, however, are de-
modulated and, through a suitable filter, applied to the audio input 
of a commercial sound system. The 5K potentiometer permits the 
vco to be locked exactly on frequency. The frequency response of the 
circuit shown extends up to 7000 hertz. 
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Fig. 6-27. An SCA demodulator using an NE565. 
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DIGITAL INTEGRATED CIRCUITS 

Digital ICs are found in many linear systems. They are often a part 
of the associated accessories and test equipment. Some of these appli-
cations are calibrators and counters, frequency synthesizers, indicat-
ing meters and instruments, multipliers and dividers, scanners, keyers, 
and remote control and switching systems. A first step in understand-
ing digital ICs is to learn just a bit about the binary numbering system. 

Binary Numbering 

In a binary system, you can count with only two numerals, zero and 
one. In both the binary and decimal languages, nothing is zero or 0. 
Likewise, the quantity one is the same for both languages and is writ-
ten as one or 1. From this point on, things differ. In decimal language, 
the quantity two is written as 2; in binary language, it is written as 10. 
Very often, the binary code used is in the form of a four-bit series, 
and the quantities zero, one, and two are set down as follows: 

zero = 0000 
one = 0001 
two = 0010 

The four-bit expression for zero is telling us that there is no eight, no 
four, no two and no one. For the quantity one, it is saying that there 
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is no eight, no four, no two and one one. Likewise, for the quantity 
two, the expression says that there is no eight, no four, one two and 
no one. 

Thus, in four-bit binary language, the quantity nine is written as 
1001, telling that there is one eight, no four, no two and one one. One 
8 plus one 1 equals the quantity 9. Table 6-1 makes a comparison 
between the decimal and binary presentations. It also shows the four-
bit presentation method along with the quantity or weight represented 
by each digit of the four-bit sequence. Higher-value decimal quantities 
can be represented in binary form by adding more bits. For example, 
the quantity 16 in binary form using a five-bit sequence would be 
expressed as 10000; decimal 17 would be 10001; and so on. 

Table 6-1. Decimal- Binary Equivalents 

Decimal Binary Four-bit Weight 2,4,2,1 

0 0 0000 (0) 8, (0) 4, (0) 2, (0) 1 

1 1 0001 (0) 8, (0) 4, (0) 2, (1) 1 

2 10 0010 (0) 8, (0) 4, (1) 2, (0) 1 

3 11 0011 (0) 8, (0) 4, (1) 2, (1) 1 

4 100 0100 (0) 8, (1) 4, (0) 2, (0) 1 

5 101 0101 (0) 8, (1) 4, (0) 2, (1) 1 

6 110 0110 (0) 8, (1) 4, (1) 2, (0) 1 

7 Ill 0111 (0) 8, (1) 4, (1) 2, (1) 1 

8 1000 1000 (1) 8, (0) 4, (0) 2, (0) 1 

9 1001 1001 (1) 8, (0) 4, (0) 2, (1) 1 

10 1010 1010 (1) 8, (0) 4, (1) 2, (0) 1 

11 1011 1011 (1) 8, (0) 4, (1) 2, (1) 1 

12 1100 1100 (1) 8, (1) 4, (0) 2, (0) 1 

13 1101 1101 (1) 8, (1) 4, (0) 2, (1) 1 

14 1110 1110 (1) 8, (1) 4, (1) 2, (0) 1 

15 1111 1111 (1) 8, (1) 4, (1) 2, (1) 1 

Various codes based on the binary 1 and 0 concept have evolved to 
meet the requirements of digital equipment operation and objectives. 
A simple code that has been used extensively is known as the binary-
coded-decimal (BCD) method. Four binary bits are employed. Each 
is said to have a weight of 8, 4, 2, 1 in the order of digits from left to 
right. Each digit position has a definite value ( weight). 

In the true binary case, it is simply 8, 4, 2, 1 as shown in Table 6-1. 
Conversion to decimal values involves the simple addition of the 
weights of the digits as shown previously. For special needs, there are 
various other types of codes, some involving more than four digits or 
characters. In the case of BCD, however, a simple four-bit number is 
used to express all decimal quantities zero through nine. Although a 
four-bit number can designate higher numbers ( up to 15 as shown in 
the chart), the BCD code restricts each four-bit character to decimal 
numbers from zero through nine. 
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When a higher number is to be indicated in binary form using the 
BCD code, additional four-bit characters are conveyed. For exam-
ple, the number 35 in the BCD code becomes 0011 0101. 

3 5 
0011 0101 

Note that the first four-bit character is the binary representation of 
three while the second is the representation of the decimal quantity 
five. Thus, the number 6751 would be written: 

0110 0111 0101 0001 

The intriguing part of the binary presentation is that numbers can 
be represented by combinations of binary 0 and binary 1. Further-
more, it is very easy to understand how to use a simple switch to see 
a binary 1 or a binary 0. For example, a closed switch could repre-
sent a binary 1; the same switch when open, a binary 0. A sequence 
of switches could then be used to establish a complete binary count-
ing system (Fig. 6-28). The closed position of the switch in the cir-

Fig. 6-28. Binary number representa-
tion using switches and lamps to show 

the decimal number 12. 

cuit is customarily called the on position; the open position is the off 
position. In computer vernacular, the closed position could desig-
nated true or binary logical 1, while the off position of the switch 
would be designated false or logical 0. In representing the decimal 
quantity twelve, switches 1 and 2 would be closed, while switches 3 
and 4 would be open, setting up the sequence of 1100. 

Logic Circuits 

In an actual computer, the switches would be electronic and not 
mechanical. They operate at very high speeds causing many operations 
to occur simultaneously and at a high repetition rate. 
Some considerable confusion exists because of the several ways of 

designating a logical 1 and a logical 0. In general, the terms yes and 
no, true and false, as well as 1 and 0, are identical. In actual circuits, 
logical l's and O's are represented by voltage levels. In a positive logic 
circuit, the most positive voltage level (high) is 0 and the most nega-
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tive level (low) is 1. Conversely, in a positive logic circuit, the most 
positive level ( high) is defined as a logical 1, while the most negative 
voltage level (low) is a logical O. 

It follows, then, that in a positive logic circuit, the following terms 
are one and the same: 

1 and 0 

yes and no 

true and false 

high and low 

Conversely, for negative logic circuits the identities are: 

1 and 0 

yes and no 

true and false 

low and high 

The most common method used is positive logic. 
A very basic computer functional diagram is given in Fig. 6-29. It 

begins with a source of information or data input that is to be calcu-
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READOUT 

Fig. 6-29. Block diagram of the functional operation of a computer. 

lated or measured. This could be the keyboard of one of the small 
handheld electronic calculators. Inside of the device is a converter that 
changes the decimal quantities that are tapped out on the keyboard to 
binary quantities. These are applied to a memory section which stores 
all the information being fed in. At an appropriate time, all of this 
stored information is applied to the calculating section of the com-
puter. Under control of a timing or clock signal, the actual calculation 
is performed; be it addition, subtraction, multiplication, division, etc. 
All of this is accomplished with on/off electronic switching and the 
complex juggling of binary 1 and binary 0 numbers. 

The binary answer is supplied to an output converter which changes 
the binary quantity back to a decimal quantity. Converter output is 
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supplied to a display readout device which furnishes the answer in the 
form of a decimal quantity. The display device is usually a segmented 
electronic glow device that lights up in group fashion in accordance 
with the voltage level presented to it by the converter. The voltage 
level is, in turn, a function of the particular decimal number the con-
verter is supplying at a particular instant. 

In a very abbreviated and simple explanation, a computer goes 
through the following operations—insertion of decimal information, 
conversion of decimal form to binary form, storage of information, 
calculation of binary answer, conversion of binary answer to decimal 
form, and display of decimal answer. The secret of a computer's abil-
ity to perform the high-speed and complex operations is the ability 
of the system to employ an elaborate system of exceedingly fast on/ 
off switching. The circuits that perform the above operations can be 
included in digital integrated circuits. This results in a great saving in 
space, and it permits speeds of operation that now have a switch-
ing rate capability of more than 100 million bits per second. Consider 
now some of the basic digital circuits. 

BASIC LOGIC BLOCKS 

Five of the basic logic functions are referred to as AND, OR, NOT 
(inverter), NOR, and NAND circuits. These logic functions are depicted 
in Figs. 6-30 through 6-34. Each illustration includes a simple "switch 
and lamp" schematic, the block representation of the logic func-
tion, and a truth table. Several actual digital integrated circuits are 
described later to show how these functions are accomplished elec-
tronically. 
An OR gate has one output but two or more inputs. When the bat-

tery voltage ( a logical 1 assuming a positive logic) is applied to either 
or both inputs of Fig. 6-30A by closing appropriate switches, the out-
put voltage is also at a logical 1 level. The lamp glows, indicating a 
true condition. If no voltage is applied to either input by keeping 
both switches open ( logical 0 voltage), the output is also a logical 0. 
The lamp does not light, indicating the false condition. 

The symbol for an OR gate circuit is shown in Fig. 6-30B. Two truth 
tables for an OR gate are given in Fig. 6-30C. The one on the left dis-
plays the circuit function in terms of true and false conditions. The 
second is the universal truth table for an OR gate circuit ( using Os and 
Is). Some truth tables will use yes and no or high and low. As men-
tioned previously, all have the same meaning. Note that for the true 
input condition with either or both switches closed, the lamp glows, 
producing the true output. Conversely, when both switches are held 
open, the condition is false and the output is also false; the lamp re-
mains off. 
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(C) Truth tables showing two methods of 

expressing the logic. 

Fig. 6-30. Basic OR gate. 

An AND-gate circuit also has two or more inputs and one output. 
Note that the switches are arranged in series in the circuit of Fig. 
6-31A. In an AND-gate circuit, a logical 1 output is obtained only when 
a logical 1 voltage is applied to both inputs (both switches are closed). 
Under this condition, the lamp lights. If either or both switches are in 
the logical 0 condition (open), the output voltage is also a logical O. 
As a consequence, the bulb does not light. 
The gate symbol is shown in Fig. 6-31B and the truth table for an 

AND gate is given in Fig. 6-31C. Compare the OR-gate and AND-gate 
truth tables; notice, in particular, the following conditions: 

1. For an AND-gate circuit, the output is in the logical 1 state when 
all inputs are a logical 1 level. The output is a logical 0 when 
any one or all of the inputs are a logical O. 

2. For an OR-gate circuit, the output is in the logical 1 state when 
any one or all of the inputs are in the logical 1 state. The output 
is a logical 0, when all inputs are a logical O. 

 o'eo—cee 
A B 

(A) Equivalent circuit 
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(A) Equ.yalent circuit. 

(A) Equi,alent circuit. 

A NOT circuit (Fig. 6-32) is usually called an inverter because the 
output is inverted relative to the input. The inverter has a single input 
and a single output. However, the output logic is the inversion of the 
input logic. If the input is true (a logical 1), the output is false ( a 
logical 0). This condition is met when the switch is closed, or in its 
logical 1 state. If the input is a logical 0 ( switch open), the output is a 
logical 1 and the lamp lights. Stated another way, if the input logic is 
true, the output is not true. If the input is false, the output is not false. 

OFF OR WI A 
ON OR (1) 

(B) Gate symbol 

Fig. 6-32. Basic inverter. 

A X 

O 
O 

(C) Truth table. 

The gate symbol and truth table for an inverter are shown in Figs. 
6-32B and 6-32C, respectively. Note that at the output of the inverter 
symbol there is a small circle. This is used to indicate a logic inversion 
by the NOT gate: 1 to 0 or 0 to 1. 
A NOR gate is a combination of an inverter and an OR gate, while a 

NAND gate is a combination of an inverter and an AND gate. In a NOR 
gate (Fig. 6-33), a logical 1 state at either or both inputs ( appropri-
ate switches closed) does not produce a logical 1 state at the output. 
Rather the output is a logical 0 as shown in the truth table. Only when 
both inputs are a logical 0 is the output a logical I. Note that the out-
puts shown in the truth table of a NOR gate are inverted with respect to 
the outputs shown in an OR-gate truth table. The NoR-gate symbol has 
a small circle at the output, indicating logic inversion. 
When all inputs to a NAND-gate circuit are in the logical 1 state 

(switches closed), the output is not a logic 1. Instead, the output is a 
logical O. In the circuit of Fig. 6-34A, the lamp does not light. When 
any one or all of the inputs are a logical 0, the output is in the logical 
1 state, and the lamp in the circuit of Fig. 6-34A lights. 
The gate symbol and truth table for a NAND gate are shown in Figs. 

6-34B and 6-34C, respectively. Note again that the logic states for the 

X 
OFF OR (0) A 
ON OR 11) g 

(B) Gate yrelpcil 

Fig. 6-33. Basic NOR gate. 

A 

o o 
o 
o 

o 

o O 

(C) Truth table. 
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(A) Equivalent circuit. 

OFF OR BP A 

ON OR I1) B 

(B) Gate symbol. 

Fig. 6-34. Basic NAND gate. 

outputs of a NAND gate are inverted relative to those for the outputs 
of an AND gate. 

In practice, a NOR gate can be formed by adding an inverter to the 
output of an OR gate as shown in Fig. 6-35. Likewise, a NAND gate is 
formed by adding an inverter to an AND-gate output. 

A 
o 

o 
o o 

o 

(C) T uth table. 

D >   > 
OR • INVERTER • NOR AND + INVERTER • NAND 

Fig. 6-35. Using on inverter to form NAND and NOR gates. 

TTL CIRCUITS 

A very popular form of digital integrated circuit is the 7400 series 
made by Texas Instruments Incorporated. An example of a NAND 
gate as used in this digital IC series is shown in Fig. 6-36. It has two 
inputs (A and B) to a multiemitter transistor ( Q1). The collector 
output is direct coupled to the base of transistor 02. In turn, transis-
tor 02 collector output is direct coupled to the base of transistor 04 
of the output drive system. 

Normal supply voltage is 5 volts. Logical 1 output voltage is 3 volts; 
logical 0 output is 0.2 volt. Typical input and output pulses are shown 
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Fig. 6-36. A TTL 2-input positive NAND gate. 



in Fig. 6-36. The input voltage logical 0 is slightly above the zero 
level results in a logical 1 output voltage of 3 volts. Conversely, a 
logical 1 input voltage results in a logical 0 output voltage of near 
0.2 volt. Note that the output voltage is inverted in compliance with 
the logic of a NAND-gate circuit. 
The multiemitter input transistor (01) is an npn type. A logical 0 

(low) voltage applied to either one or both emitters causes the cor-
responding emitter-base junction of transistor 01 to be forward 
biased. The collector current of 01 is not adequate to forward bias 
transistor 02. In fact, transistors 02 and 03 are held at cutoff. The 
collector voltage of transistor 02 is positive with a logic 1 value, and 
is applied to the base of the output transistor 04. Therefore, the out-
put voltage of the circuit is 3 volts or high ( a logical 1 state). 
When both emitters of transistor Q1 are at the logical 1 state, the 

emitter-base junctions of Q1 are forward biased and cause a collector 
current to flow at a high enough level to forward bias and turn on tran-
sistors 02 and 03. The collector voltage of transistor 02 drops as 

(A) Low-power TTL. 

(B) High-speed TTL. 

A 
B 
C 

A 
B 
C 

Fig. 6-37. Two 3-input positive NAND gates. 
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does the base voltage of transistor 04. The output voltage drops to its 
logical 0 state of approximately 0.2 volt. The output is at a low im-
pedance and can be fanned out to supply signals to a number of suc-
ceeding stages. 

Low-power and high-speed versions of the same basic circuit are 
given in Fig. 6-37. In the circuit of Fig. 6-37A, the resistors are of a 
higher ohmic value; power dissipation is reduced. Power requirements 
may be as little as one-tenth of that drawn by the standard 7400 series 
circuits. Fig. 6-37B shows a high-speed version of the same circuit. 
Resistor values are in general lower. In addition, clamping diodes at 
the input discourage transients. Furthermore, the output combina-
tion is a Darlington pair which places a lighter load on transistor 
02 and minimizes the capacitance effects that can impede high-speed 
performance. 

Fig. 6-38. A 2-input positive NOR gate. 

NOR-gate logic is accomplished by using input transistors that feed 
a pair of differential transistors ( Fig. 6-38). When a logical 1 voltage 
is applied to either or both input gates, either or both transistors 02 
and 03 conduct. This causes transistor (25 to cut off and transistor 
06 to turn on. The output voltage is now low ( a logical 0). 
When both gates are set to the logical 0 state, transistors 02 and 

03 cut off. Now, output transistor 05 conducts and the output volt-
age sets to the high ( logical 1) state. 

ECL Circuits 

Although the TTL form is very popular and is likely to remain so, 
higher-speed ECL and MOSFET digital ICs have become increasingly 
common. The basic ECL arrangement ( Fig. 6-39) has three input 
gates (transistors 01, 02, and 03). These are connected as emitter 
followers. Therefore, the input impedance is high, and the circuit re-
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sponds to fast input changes. Stability is enhanced by a constant-cur-
rent source in the form of a high-value resistor (RE ) along with the 
reference transistor 04. The emitter coupling also prevents the tran-
sistors from reaching saturation, making possible very high switching 
speeds. 

A 

B 

C 

Fig. 6-39. Schematic for a basic ECL circuit. 

When all the inputs operate in the logical 0 state ( near cutoff po-
tential), no current is present in resistor RI. The collector output 
potential is near the supply voltage, and transistor 05 conducts. The 
positive voltage across the emitter resistor of (25 rises to the high 
logic ( 1) state. 

If one of the input gates is biased to a positive logic ( 1) state, its 
associated transistor conducts. The collector resistor R1 then reduces 
the collector voltage, and output transistor 05 is biased off. There-
fore, the output voltage is at the low logic ( 0) level. The circuit op-
erates as a NOR gate. 

Adders 

In computers and other measuring instruments using digital ICs, 
various combinations of gates, inverters, and binary counters are used 
to perform the various mathematical operations. For example, it is 
possible to add digital numbers using just the logical states 1 and O. 
The answer you obtain from the logic addition can then be converted 
to the decimal answer. 

For example, decimal 4 can be added to decimal 3 in the following 
manner. Set down the four-bit binary values for 4 and 3. 

0011 ( 3) 
0100 (4) 
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Note that the addition of these two quantities is 0111. From Table 6-1, 
it is seen that this is the binary equivalent of decimal 7. 
Now, determine what happens when you try to add decimal 4 and 

decimal 5. 

0100 (4) 
0101 (5) 

The addition of two logical O's is always a logical 0, while the addition 
of a logical 0 and a logical 1 is always logical 1. However, in logic, 
the addition of two logical 1's is, of course, not 2 but 10. Hence, in 
the addition below, you will notice that a 10 has been placed under the 
one-plus-one addition column. As this column has a one-bit value, the 
1 must be carried over into the column to the left. Therefore, as 
shown below, the sum is 1001 which in Table 6-1 corresponds to 
decimal 9. 

O 1 0 0 (4) 
O 1 0 1 (5) 

O 10 0 1 

1 0 0 1 (9) 

The addition of decimal 6 and decimal 7 is interesting. 

0 1 1 0 (6) 
0 1 1 1 (7) 

01010 1 

1 1 0 1 ( 13) 

In this example there were two carry-overs, and the final addition sum-
mation is 1101, corresponding to decimal 13. 

Observe that everything is handled, including the shift from one 
column to the other, by the logic states of 0 and 1. Therefore, digital 
circuits suitably arranged can handle the complete process. Circuits 
that perform summations of this type are called adders. 

Flip-Flops and Counters 

Some popular digital IC circuits that are essential to computers 
are also widely used in test equipment associated with linear IC sys-
tems. These are the triggered and free-running types of multivibrators, 
plus frequency counters and dividers. The triggered type of multi-
vibrator is commonly referred to as a flip-flop or toggle. 
The basic flip-flop, shown as a discrete transistor circuit in Fig. 6-40, 

has two stable states. Basically, the circuit is a two-stage positive feed-

back arrangement with two outputs, Q and Q. The two steady states 
are transistor Q1 off and transistor 02 on, transistor Q1 on and 02 
off. A switch-over between states can be accomplished with the appli-
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cation of an appropriate voltage or pulse to the Set and Reset inputs 
of the flip-flop. 
When a positive voltage is applied to the base of transistor 01, the 

transistor is turned on. Its collector voltage drops and drives the base 
of transistor 02 negative and into cutoff. Therefore, the output volt-

age is positive at Q and less positive at Q. 

vcc 

15 OUTPUT 

Fig. 6-40. Basic transistor flip-flop circuit. 

Q OUTPUT 

A positive voltage applied to the base of transistor 02 flips the op-
eration back over. Transistor 02 now conducts, and the negative col-
lector voltage applied to the base of transistor Q 1 drives 01 to cutoff. 
Consequently, output Q is now low and output U is high. 

In computer vernacular, a logical 1 voltage at the Set input pro-
duces a logical 1 at output Q and a logical 0 at output Q. Conversely, 
a logical 1 voltage at the Reset input produces a logical 0 output at Q 
and a logical 1 output at Q. 

Flip-flops of this type can be set up by connecting digital NAND 
and NOR gates in feedback configurations (Figs. 6-41 and 6-42). In 
each example, the device really has four definite states. However, the 
two important ones that set up the steady state logic conditions occur 
for Reset 0, Set 1 and Reset 1, Set O. The outputs are as indicated by 
the truth tables. 
As shown in Fig. 6-41B, the application of logical 1 voltages to both 

Reset and Set simultaneously causes no change in the output. In prac-
tical application, the Q and Q outputs are related inversely. It is also 
shown that the condition in which the logic inputs, Set and Reset, are 
both 0 is not allowed. A similar relationship exists for the NOR-gate 
flip-flop of Fig. 6-42. 
The multivibrators shown are triggered types. However, with the 

proper selection of components and with the proper method of feed-
back, such a multivibrator can be made free-running or astable in its 
mode of operation. An example using two NOR gates is shown in Fig. 
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R S Q C) 

0 0 
NOT 

ALLOWED 

0 1 1 0 

1 0 0 1 

NO 
1 1 CHANGE 

(A) Functional block diagram 

Fig. 6-41. NAND gate flip-flop. 

6-43. The frequency of operation can be determined by a resonant 
circuit or by using a crystal as shown. Crystal-controlled operation to 
establish a reference control frequency or clock frequency is quite 
common in digital circuits. 

In many digital applications, the flip-flop is used as a memory. It 
sets up a specific logic level and holds it. It is necessary that this in-
formation be released at an appropriate time. In the arrangement of 
Fig. 6-44, which is known as a clocked S-R flip-flop, the desired data 

2 26 

(A) Functional block diagram 

Fig. 6-42. NOR gate flip-flop. 

1 

3 
5 

11( PIN 8 

 It  
6800 
5V 

I. 

(B) Tru h table. 

R S Q -e) 

0 0 
NO 

CHANGE 

0 1 1 0 

1 0 0 1 

1 1 
NOT 

ALLOWED 

(B) Tru h table. 

Im 100 kHz 

PIN 4 

OUT P UT 

Fig. 6-43. Free- running crystal-controlled multivibrator using NOR gates. 



is applied to the R and S inputs. However, the release of data to the 
output is under the control of the signal applied to the clock input. 

Note that the conditions for R and S ( 0 and 1, 1 and 0) are the 
same as for the NAND-gate flip-flop discussed previously but the con-
dition of R = 0, S = 0 differs. In this arrangement, output Q does not 
change but remains a logical 1 after the condition of R = 0, S -= O. 
Output is logical 0 after clocking by the R = 1, S = 0 condition. This 
indicates that the Q output is a logical 0 when the S data is a logical 0 
regardless of whether the R input is logical 0 or logical 1. This possi-
bility has advantages in counting and decoding circuits. 

CLOCK 

o o 0N 

o 
o o 

(A) Block diagram. (B) Truth table. 

Fig. 6-44. Clocked S-R flip-flop. 

Various types of flip-flop circuits can be employed as counters, 
singly or in combinations, to produce outputs that are some exact 
submultiple of the input clock frequency. They operate as frequency 
dividers by counting the input pulses and releasing a logic output 
after so many input pulses have arrived. 
The Texas Instrument 7473 ( Fig. 6-45) is an example of a TTL 

flip-flop that can be used as a counter. It is a dual device with two 
individual flip-flops that can be operated as a single two-to-one di-
vider ( Fig. 6-46), or by supplying the output of one to the input of 
the other as a four-to-one divider. 

Counters can be cascaded to increase the total count. For example, 
three 2-to- 1 dividers can be used to obtain a total count of 8-to- 1 as 

II 21 31 411-
CLOCK CLEAR K VCC CLOCK CLEAR 

Fig. 6-45. The Texas Instrument 7473 TTL flip-flop. 
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CLOCK 
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- 

CLOCK 

Q OUTPUTS - 

- 

Fig. 6-46. TTL flip-flop used as a divider-counter. 

shown in Fig. 6-47. The first waveform drawing shows the input clock 
pulses. These could come from a 100-kHz square-wave digital IC 
oscillator. The leading edge of the first clock pulse switches the state 
of the output. This state is held until the leading edge of the next 
clock pulse arrives and switches the state of the divider back to its 
initial logic. The leading edge of the third clock pulse again switches 
the state, and so on. Notice that the output of the first counter has a 
repetition rate that is one-half of the clock frequency, or 50 kHz. 
The output of the first divider serves as the clock pulse for the sec-

ond divider. Again the repetition rate is halved, and the output of the 
second divider would be 25 kHz. This division is repeated again by 
the last divider, producing a final output of 12.5 kHz. 

FROM C 100 kHz 
OSC 

INPUT 

A 
IR 

ct 

I + 5 V t , 

B 
 13  2 

7473 
Q 12-

4 13 
1 

Q 
112  

6 9 --a__,0 Q 
Q 11 8 

+ 5 V 
1 2 3 4 5 6 

I 

7 8 9 10 11 

A OUT 
- 

B OUT 
C 15 OUT 
C Q OUT 
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Fig. 6-47. An 8-to- 1 counter. 
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An odd number count can be obtained by using a feedback path 
among the counters as shown by the five-to-one divider of Fig. 6-48. 
A capacitor provides the feedback path for a reset pulse that is con-
nected from the Q output of the last counter to the Reset or Clear in-
puts of the first and second counters. This pulse is of a polarity that 
cancels out or inhibits the activities of the first two counters at the 
proper time to start a new five-pulse sequence. 

FROM 
100 kHz 0— 
OSC 

A C 2000 

INPUT 

A OUT 

8 OUT 

C -15 OUT 

C Q OUT 

O 
.5V 

1 

?Jr, 

7473 

2 12 — 

5 
4 13 11 

+5 V 
2 3 4 5 6 7 8 9 10 11 

L- , 

Fig. 6-48. A 5-to- 1 counter. 

 IF-

O 

O 

o 

1 

 o 

5-1 

In the waveforms of Fig. 6-47 it is to be noted that the edges of all 
five waveforms are coincident at the leading edge of each fifth clock 
pulse. Furthermore, the trailing edge of the Q output of the last 
counter is swinging from logical 1 to logical 0, a polarity that can be 
used to inhibit the first two counters. This activity coincides with the 
leading edge of the fifth clock pulse. The leading edge of the sixth 
clock pulse now switches all three counters as did the leading edge of 
the first clock pulse. The counters see everything as starting anew; 
they go off and try to count eight again, only to be met by another 
reset pulse coincident with the leading edge of the tenth clock pulse. 
A feedback plan permits a three-to-one count using two 2-to- 1 

dividers connected in cascade ( Fig. 6-49). Typical waveforms are 
shown, and the inhibit time is marked to show the point at which 
activities are reset. 
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CLOCK 
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2000 
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:--3 - TO -1 COUNT TIME—, 

Fig. 6-49. A 3-to- 1 divider using two binary flip-flops. 

EXPERIMENT 5: DIGITAL DIVIDERS 

K 

f7177 

General 

The frequency divider changes an incoming frequency to a sub-
multiple of that frequency. For example, when the input frequency is 
100 kHz, a two-to-one divider produces a 50-kHz output frequency. 
Similarly, a five-to-one divider would change the 100-kHz input fre-
quency to an output frequency of 20 kHz. In computer application, 
frequency dividers are referred to as counters because they produce 
one output pulse for every so many counted input pulses. 
As covered in this chapter, two-to-one dividers can be connected 

in cascade to produce a desired overall even count. Also, with the use 
of feedback, such a cascade group can be made to operate as an odd-
numbered counter. For example, two 2-to- 1 counters in cascade pro-
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duce an overall division of four. However, with the use of feedback 
the division can be three. Likewise, three 2-to- 1 counters in cascade 
produce an overall count of 8. However, with feedback such a trio 
can be made to divide by 5. 
A simple block with a clock input (feed) and one or two outputs ((;) 

and/or II) symbolizes a basic two-to-one counter. Sometimes a set or 
reset input is also indicated for establishing odd counts and other 
functions. 

Procedure 1: Two-to-One Dividers 

The HEP-583 integrated circuit operates as a very simple two-to-
one divider that can be supplied with signal from the output of the 
100-kHz oscillator, as shown in Fig. 6-50. Drive to this flip-flop divider 

+9 V 

NEP - 58Ct 
XTAL OSC 

(A) Wiring diagram. 

6 

(B) Block diagram. 

o 
C2 100 idiz 

CLOCK 

NC 

(-050 kHz 

0.1 

Fig. 6-50. Wiring hookup of a 2- to- 1 divider. 

is obtained directly by connecting terminal 7 of the oscillator directly 
to terminal 2 of the HEP-583. Output is taken off at terminal 7. As 
in the case of the HEP-580, the oscillator supply voltage is connected 
to terminal 8 while terminal 4 connects to common. Terminals 1, 3, 
and 6 also connect to common. The divider assembles very quickly. 
Hook up the 9-volt battery to the oscillator and divider. Check the 

waveform at the output of the oscillator. Adjust the oscilloscope to 
display four square waves. Now transfer the oscilloscope to the out-
put of the divider. You should observe two square waves instead of 
four, indicating a division by 2. Repeat the procedures of Experiment 
4. You will now hear a distinct calibrated point every 50 kHz over 
the radio dial instead of at the previous 100-kHz points. 
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Procedure 2: Decade Divider 

The 7490 IC is a decade divider in that it makes an overall division, 
or count, by a factor of 10. It includes four individual two-to-one 
counters mounted within a single dual in-line integrated-circuit pack-
age (Fig. 6-51). Counter A is an isolated two-to-one divider. Clock 
input is to terminal 14; the output is at terminal 12. Counters B, C, 
and D are connected in cascade with the necessary feedback to obtain 
a five-to-one division. The two-to-one and five-to-one dividers can be 
connected together externally to obtain an overall count of 10. The 
two sections may also be made to operate as separate two-to-one and 
five-to-one dividers. In our experiment, the two will be connected to-
gether externally to obtain an overall count of 10. 

This wiring arrangement is shown in Fig. 6-51B. Note that the in-
put is applied to terminal 1 which is the input of the five-to-one divider. 
Its output at terminal 8 is coupled back to terminal 14, the input of 
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A NC 
 J113 

OUTPUT 
A 
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CP 

D GND 
 11   1110 

OUTPUT 

B —to I 

—CP 

r' 

L _   
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2 

4W 51T 
NC Vcc 

(A) Internal wiring. 
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NC NC "P,,NC 

12 _ 11__ 10 

10-T0-1 
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the two-to-one divider. The divide-by-ten signal is then removed at 
terminal 12. The complete wiring diagram is shown in Fig. 6-52. 

Wire the circuit. Assuming that the oscillator frequency is 100 kHz, 
there are two outputs: one of 10 kHz and the other of 5 kHz. The 
output of the initial two-to-one divider is 50 kHz. After the five divi-
sion of the decade counter, the output is 10 kHz ( 50/5). The final 
output from the last two-to-one counter is 5 kHz ( 10/2). 

7490 
10 - to - 1 DIVIDER 

HEP - 583 
2- TO 1 DIVIDER 

OSC 

100 kHz 
T. 

50 kHz 10 kHz 

r 

r) 

L _ 

NC NC _L-1 NC 

1 _ 11_7110 

I+9 V  _ 

Fig. 6-52. Wiring hookup of the decade divider chain. 

8 
- 

5 kHz 

Apply power to the oscillator and the divider chain, and take a look 
at the square waves at the output of each terminal, observing the 100-
kHz, 50-kHz, 10-kHz and 5-kHz outputs. You now have a complete 
divider chain making available these four calibrate frequencies. If you 
have precisely set the 100-kHz oscillator on frequency using the WWV 
signal, you will have a very accurate output at each of the four speci-
fied frequencies. 

Turn on the a-m receiver, and couple the 10-kHz output to the an-
tenna input system by wrapping a few turns of insulated wire around 
the staff antenna. Tune over the a-m radio dial. Notice that you will 
hear quite a number of heterodyning zero-beats as you cross the fre-
quencies of the local broadcast stations. These channels are, of course, 
spaced exactly 10 kHz apart, and you will hear a zero-beat as your 
calibrated signal and incoming a-m signal beat together. 

Turn on your shortwave or ham receiver. Switch on the bfo and 
note the calibration points every 10 kHz over the high-frequency dial. 
Try the 5-kHz output and you will note strong calibration points each 
5 kHz. This is a help in locating and identifying the weak, long dis-
tance short-wave broadcast signals. 
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Audio and AM / FM Systems 

The home-entertainment electronics industry is the top user of spe-
cial linear ICs. Specific devices have been designed for stage and sys-
tem functions in audio amplifiers, radios, and television sets. Several 
typical and very specialized devices for application in audio systems 
and am/fm radio are detailed in this chapter. Internal and external 
circuits are discussed. At the end of the chapter a sequence of projects 
is started which culminates in the construction of complete fm stereo 
receivers and waveform generators. 

AUDIO AMPLIFIERS 

The Basic Audio Stage 

Complete audio power amplifiers can be included in a single de-
vice. The Sprague ULX-2280 IC is an example (Fig. 7-1). This de-
vice is available in two configurations- —the standard 14-lead dual in-
line, or a special 8-lead package that includes two heat sink tabs (GND 
connections of Fig. 7-1B). These tabs join to pins 3, 4, 5, 10, 11, and 
12. They permit an external heat sink to be attached to the tab in a 
convenient manner while the printed wiring board is flow soldered. 
A low-cost record player can be constructed with only a single 

device, and it will deliver a 3- to 5-watt output, using the heat-sink 
tab device (Fig. 7-2). Volume and tone controls are included. An 
optional series resistor and capacitor can be inserted if oscillation ex-
ists during certain load conditions. Overall amplifier gain is approxi-
mately 40 dB. 

For stereo application two audio amplifiers can be included in the 
same device. One such unit, the Sprague ULN-2277, is shown in Fig. 
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(B) Special 8- pin. 

Fig. 7-1. Pin-out diagram of Sprague ULX-2280 IC. 

7-3. This linear IC is designed for use in stereo phonographs, am/fm 
stereo receivers, auto radios, tape players and recorders, intercom sys-
tems, and motion picture projectors. Two such devices can be the 
basic amplifiers of a quadraphonic sound system. 

Using a supply source of 26 volts, the power output per channel is 
2 watts. The schematic diagram of Fig. 7-4 shows that the input stage 
is a Darlington-configuration differential amplifier using transistors 
Q1 through 04. Transistor 05 serves as the differential load and 
supplies signal to the common-emitter power amplifier, transistor 06. 
Level-setting is handled by transistor 07, while the diode and asso-
ciated circuits determine the idle current of the output transistors. A 
separate section contains a voltage regulator and ripple filter which 
supply the necessary voltages to the dual audio amplifiers. 

VCC 

Fig. 7-2. A simple record player amplifier. 
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It should be noted that each channel also includes a feedback pin 
(terminals 7 and 8). As in operational amplifier application, a re-
sistive voltage divider connected between the output, terminal 2, and 
the feedback input, terminal 7, can be used to control amplifier gain. 
This is shown in the schematic diagram of a low-cost stereo phono-
graph (Fig. 7-5). Note that feedback resistor Rf has a value of 100K 
and connects between terminals 2 and 7. Divider resistor R1 is selected 
so as to obtain the preferred gain. Typical values are given for gains 
between 28 and 46 dB. 
As indicated, the component values for the second channel are 

identical to those of the first. Balance, tone, and volume controls are 
included. 

Fig. 7-3. pin-out diagram of Sprague 

ULN-2277 IC. 

1: .14 
BIAS p vcc 
2' '13 

OUT OUT 2 

GND 

IN 1 

FEEDBACK 
1 

9 

.8 

GND 

IN 2 

FEEDBACK 
2 

A schematic for a complete two-channel 40-dB stereo power ampli-
fier is given in Fig. 7-6. This arrangement assumes that the input sig-
nal is derived from a previous dual preamplifier to obtain higher sensi-
tivity and a greater power output. A preamplifier that can be used in 
this application is the ULN-2126A integrated circuit ( Fig. 7-7). The 
combination of two linear ICs used as a preamplifier and power am-
plifier permits the design of a quality stereo amplifier with 2-watts 
output per channel. 

Schematic diagrams showing this application as a record player or 
stereo tape player are given in Fig. 7-8. The volume and tone controls 
as well as the balance adjustment are inserted in the coupling system 
between the two devices. Component values shown provide the proper 
equalization required in record and tape playback systems. 

Hybrid Power Amplifier 

The RCA HC1000 IC is capable of delivering 100 watts of audio 
into a 4-ohm load. Peak current demand is 7 amperes. Circuits for 
split-supply or positive-supply operation are even in Fig. 7-9. The 
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Fig. 7-6. Schematic diagram of a complete 2-watt stereo amplifier. 

size of the package is 3 inches by 31/2  inches and the weight is only 
100 grams. 
The hybrid IC consists of two separate sections mounted on a com-

mon base (Fig. 7-10). The preamplifier which serves as the driver in-
cludes 23 resistors, 7 capacitors, 6 diodes, and 9 transistors. An ele-
vated second section consists of the 2 power output transistors, 2 di-
odes, and the associated mechanical structure and circuit. 
The input stage ( Fig. 7-11) consists of differential amplifier tran-

sistors Q1 and 02, plus the constant-current source transistor 03 and 

f 

vCC 

240 

1 

Fig. 7-7. Pin-out diagram of Sprague 

ULN-2126 IC. 



associated diode. Output is derived across resistor R5 in the collector 
circuit of transistor Q1 and supplied to the base of the class-A ampli-
fier, transistor 05. Level setting is handled by the common-collector 
connection associated with transistors 04 and 05. The remaining 
stages are, of course, direct coupled, and a proper level set must be 
made to make certain that there is a low level dc output current. Proper 
idle current must also be established for correct minimum-distortion 
operation of the class-B output circuit. 
The protection circuit within the dashed block protects the hybrid 

module when an improper load is present across the output. The out-
put transistors consist of Darlington pairs 08 through 011. 
The hybrid amplifier is made stable under inductive and capacitive 

loading by proper setting of the gain-bandwidth product and the use 
of the 10-µH suppression inductors and the series C7-R23 combina-
tion between terminals 4 and 5 (Fig. 7-11). This means that an output 
transformer can be used to step up or step down the load impedance 
that can be driven by the hybrid IC when feeding other than a 4-to-8-
ohm load. 

Two-Stage Stereo Preamplifier 

The RCA CA3052 integrated circuit (Fig. 7-12) contains four 
identical and independent amplifiers. These can be connected into a 
dual-channel high-quality stereo preamplifier. The internal circuit is 
identical to that described in conjunction with Fig. 5-47; a complete 
schematic diagram of a single channel is given in Fig. 7-13. If external 
components are so selected that the amplifier gain is 46 dB ( 1000-
hertz reference frequency) with a cartridge-delivered input signal of 
5 millivolts, there will be a 1-volt output from the preamplifier. 
The input stage should operate with a gain in excess of 40 dB to 

maintain a high signal-to-noise ratio. Since each amplifier has an open-
loop gain of 58 dB, some stabilizing feedback can be incorporated. 
This feedback arrangement can also be used to establish the standard 
RIAA record equalization. Note in Fig. 7-13 that the output is trans-
ferred from pin 6 through a feedback and equalization network back 
to the inverting input of the amplifier at pin 7. The second amplifier 
operates with a flat response over the audio range and is rolled off at 
about 20 kHz by using capacitor C 1 in the feedback path between 
pin 1 and pin 3. 

Potentiometer R3 serves as a balance control between the two pre-
amplifiers, with the 15-ohm resistor R5 connecting to exactly the same 
feedback tie point in the second channel. Total harmonic distortion of 
the preamplifier at 1-volt output is less than 0.3 percent. 
The tone control is connected between stages and operates as a 

passive circuit. The values selected for this losser-type tone control 
produces a 20-dB loss at the reference frequency. An ultimate boost 
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12 V 

T 100 
50 

1. Vs 

470 Q 

(A) Single positive supply. 

8-10uH 

z000e 
50 V 

(B) Split supply. 

Fig. 7-9. Supply circuits for RCA HC1000 100-watt amplifier. 

of 20 dB is then feasible. Overall amplifier gain for the preamplifier 
at 1 kilohertz is 47 dB. Boost possibilities at 100 hertz and 10 kilo-
hertz are 11.5 dB. The possible cut at 100 hertz is 10 dB and at 10 
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Fig. 7-10. Structure of high-power hybrid IC. 
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Fig. 7-11. Internal schematic of RCA HC1000 IC. 

kilohertz is 9 dB. Volume level is adjusted at the input of the second 
stage. 

Quadraphonic IC 

Quadraphonic sound is a form of four-channel stereo. In this man-
ner of stereo reproduction, the listener is surrounded by sound with 
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Fig. 7-12. Pin-out diagram of the RCA CA3052 IC. 
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the use of four loudspeakers mounted in an approximate square and 
with the use of a matrix to intermix front and back sound data. A 
fundamental, but expensive and relatively impractical, quadraphonic 
system might consist of four separate channels, each independent of 
the others. A pickup microphone would be placed on each side of the 
sound source. Each signal would then be sent separately to the repro-
ducing loudspeakers which are placed correspondingly at each side of 
the listener. 

In practice, the four basic sound signals can be intermixed in a 
matrix and reduced to two intermixed signal components that can be 
applied to the transmission media. Such a matrix is called an en-
coder (Fig. 7-14). At the reproduction end, the information is re-
stored to its original form by another matrix, called a decoder. The 
four outputs of this matrix are applied to the four speakers. In a matrix 
system the multiplexed signals can be controlled in relative phase, 
magnitude, and cross-talk level to obtain a very realistic surrounded-
by-sound reproduction. Integrated circuits can serve well as matrixing 
devices, and a number of these special ICs are now on the market. 

Several systems have evolved in recent years because matrixing 
makes any number of intermixed parameters feasible. Recently the so-
called SQ system has become widely acceptable. In this manner of 
encoding, the left and right channel signals have the following magni-
tude and makeup: 
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MASTER TAPE 
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RECORD OR TAPE 

4 CHANNEL 

AMPLIFIER 

4 SPEAKERS 

Fig. 7-14. Simple block cl.agram of a practical quadraphonic sound system. 

L = Lf — 0.707jLb + 0.707Rb 

R = Rf 0.707Lb + 0.707jRb 

where, 
Lf is the left front magnitude, 
Rf is the right front magnitude, 
Rb is the right rear magnitude, 
Lb is the left rear magnitude, 
jis the phase difference of 90°. 

The decoder plan for the SQ system is shown in Fig. 7-15. Such a 
simple decoder can be incorporated conveniently in an integrated 
circuit. Decoding is such that the signals applied to the front speakers 
are identical to the left and right channel signals. The two rear signals 
are derived in accordance with the phasing combination set up in the 
straight SQ decoder. Modifications to the reproduction can be made 
with the use of external resistors. These permit you to control the lo-
calization of sound sources in the listening area. 
The circuit of the Motorola quadraphonic decoder MC1312 is 

shown in Fig. 7-16. The external resistor-capacitor network is in a 
Wien-bridge form. Values given provide a bandwidth between 100 
hertz and 10 kilohertz, with the appropriate 90° phase difference. 
Supply voltage is connected to pin 12; pin 7 provides the common 
return. The right and left channel inputs are connected to pins 8 and 
6, respectively. Front outputs appear at pins 2 and 11; rear outputs 
appear at pins 3 and 14. 

In the basic SQ decoder, any sound reproduction intended for cen-
ter front hearing results in equal outputs from all four speakers. This 
can interfere with center-front localization because the rear sounds are 
out of phase. This condition is avoided with some external blending 
of the two front and two rear outputs. An accepted blend combination 
is 10 percent between front speakers and 40 percent between rear 
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speakers. Such 10-40 blending or other blend combinations can be 
accomplished by connected appropriate external resistors between 
outputs, as shown in Fig. 7-17. In the example, a 10-percent front 
blend is obtained by using a resistor value of 47K for R 1 . A 7.5K 
value for resistor R2 provides the 40-percent blend between rear 
speakers. 

11 RF' 

Fig. 7-17. Blending method. 

A-M RADIO SUBSYSTEMS 

ICs have been designed specifically for a-m radio application. These 
applications include mixers, local oscillators, i-f amplifiers, a-m de-
tectors, and audio preamplifiers. A few include rf amplifiers as well. 
The RCA CA3088 (Figs. 7-18 and 7-19) is an example. In addi-

tion to a converter ( mixer-oscillator combination), a two-stage i-f 
amplifier, an a-m detector, and an audio preamplifier, it includes an 
output facility for a metering system, an i-f agc, and a delayed agc 
that can be applied to an external rf amplifier. The device operates 
from a 9-volt transistor radio battery. 

Transistor Q1 functions as the converter. An appropriate external 
resonant circuit permits this manner of operation (Fig. 7-20). The 
small winding attached directly to the collector, pin 3, feeds back some 
of the rf energy into the oscillator tuned circuit that connects to the 
converter input, pin 2. Rf signal is applied to the same input. 
The collector resonant circuit is in the form of a double-tuned trans-

former set to the i-f frequency. This transformer is located between 
pins 3 and 4; pin 4 is the input to the first i-f amplifier. The i-f stage 
is biased for 1 mA of current under zero-signal condition. Biasing is 
established by transistors 02, 03, 04, and the four-diode biasing net-
work (Fig. 7-19). Supply and biasing voltages are regulated by the 
internal zener diode Zl. 
The second i-f amplifier and detector combination comprise tran-

sistors 07, 09, 010, and 012. Note that 07 and 010 are emitter 
followers, isolating the input and the output of the high-gain stage, 
transistor 09. The operating point of the system is stabilized by the 
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external circuit that must provide a feedback path between the emitter 
of transistor 10 and the base of transistor Q7. This feedback path in 
the circuit of Fig. 7-20 is by way of the secondary winding of the 
double-tuned i-f transformer ( pins 7 and 8) that joins the output of 
the first i-f amplifier to the input of the second i-f amplifier. 

Transistor 012 is connected as an emitter follower that is biased 
to have a quiescent current of 100 microamperes. The demodulated 
output is the rectified emitter current of this transistor. Demodulation 
is completed by attaching an appropriate resistor-capacitor filter to the 
detector output. This external filter and volume control can be seen 
attached to pin 9 of Fig. 7-20. 

It is to be noted in Fig. 7-19 that a rectified component also de-
velops a voltage at the juncti9n of resistors R20 and R21. This dc 
component of voltage which is a function of the incoming signal car-
rier level is applied to the bases of the agc and metering amplifier, 
transistors 06, 08, and 011. The emitter of transistor 011 can be 
connected to an external tuning meter circuit. Agc voltage for an op-
tional rf stage is made available at pin 13. The collector of transistor 
06 is the source of the agc bias for the first i-f amplifier. 

Observe in Fig. 7-20 that the arm of the volume control applies 
signal to pin 14 which is the input of the audio preamplifier. Ampli-
fied audio for driving a succeeding audio power output stage or IC is 
removed at the emitter of the emitter-follower output stage, transistor 
014. Transistor 013 operates as an isolation gain stage. 

The Sprague ULX-2137 IC includes an rf amplifier stage in its sub-
system integrated circuit (Fig. 7-21). However, it does not incorporate 
a detector and audio preamplifier. This IC also has been designed 
mainly for a-m radio application, and especially for use in auto ra-
dios (Fig. 7-21B) . 

Note that very few external components are required except for a 
resonant tuning circuit and interstage i-f transformer. Subsystems of 
this type typify the design of modern a-m radios. They permit the con-
struction of compact and low-power units. 

FM RADIO ICs 

A combination of radio-frequency amplifier and i-f detector sub-
system permits the design of an fm receiver using four to six inte-
grated circuits. A popular rf amplifier is the RCA CA3005 (Fig. 
7-22). It consists of a differential amplifier, a constant-current tran-
sistor source, and a temperature compensating diode. These can be 
interconnected to operate either as a straight rf amplifier or as a fre-
quency converter. 
A practical fm tuner using two ICs employs one as an rf ampli-

fier and the second as a converter (Fig. 7-23). The incoming fm sig-
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nal is applied to pin 1 which connects to the base of the first transistor 
of the differential amplifier. Pin 7, which connects to the base of the 
second transistor, operates at common potential. Output is removed 
at pin 11 and is developed across the parallel-tuned LC circuit. 
The amplified fm signal is applied to the base of the constant-cur-

rent source of the converter IC. The converter oscillates because of 
the positive feedback path introduced by the 5-pF capacitor connected 
between collector pin 10 and base pin 1. The associated resonant 
circuit L3-C3 determines the oscillator frequency. Note that the tuner 
includes a three-gang variable capacitor. 
A 10.7-megahertz difference frequency is developed in the double-

tuned transformer connected to collector pin 11 of the converter. To 
prevent instability and possible oscillation at the i-f frequency, a 
series-tuned trap is connected between pin 1 and ground. 
The tuner output is fed to a similar IC used as an i-f amplifier, fol-

lowed by an IC subsystem consisting of additional i-f amplification, a 
discriminator, and an audio preamplifier (Fig. 7-24). The internal 
schematic diagram of the fm subsystem is given in Fig. 7-25. 
The sequence of three differential i-f amplifiers in series also func-

tions as an fm limiter; limiting begins with an applied i-f signal of 30 
microvolts. Total gain of the i-f subsystem is 70 dB as measured 
between terminals 1 and 5. 

The fm signal at terminal 5 is applied to the primary winding of the 
phase-shift discriminator transformer. The secondary winding de-
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velops a quadrature signal component at the 10.7-MHz center fre-
quency. As the fm signal deviates, the phase shift of the secondary 
voltage follows the modulation. Diodes X3 through X6 are the dis-
criminator diodes, developing the demodulated audio at the base of 
transistor 011. 

Transistor 011 is the isolation stage of the preamplifier. Low-
impedance audio output is developed across the emitter-follower out-
put stage and can be removed at pin 9. 

QUADRATURE DETECTOR 

The quadrature or gated-type of fm detector is practical and popu-
lar in fm subsystem integrated circuits. One example is the Sprague 
ULN-2111 IC shown in Fig. 7-26. This type of detector requires only 
a single adjustment in the form of a tunable untapped coil. This coil 
is connected externally and is a part of the quadrature resonant circuit 
that produces the desired 90° phase shift for this type of detector. 
The input circuit consists of three cascaded differential amplifiers 

operating as a high-gain ( 60-dB) symmetrical limiter. The collector 
output of the last differential amplifier is applied to the base of an 
emitter follower. Emitter signal is applied directly to the base of tran-
sistor 02 and serves as the input signal Vi. It is a symmetrical fm 
square wave. 

Output is also applied from terminal 9 to the external quadrature 
network which is connected to pins 2, 9, and 12 as shown in Fig. 
7-26. At center frequency this network produces a phase shift of ex-
actly 90°. Output of the network is applied to the base of transistor 
Q1 which serves as an emitter follower. Its output is applied as the 
quadrature signal V2 to the two differential amplifiers that serve as the 
top section of the gated detector. 
The phase relation between signal components V1 and V2 deter-

mines the duration of the pulse signal developed across output re-
sistor R 1 . As the incoming fm signal deviates, signal V2 varies in 
phase about the 90° reference point. As a result, the duration of the 
output pulse also changes with fm deviation. The average level of 
this output, therefore, changes with deviation and produces an ampli-
tude-varying resultant that is a replica of the original modulation. A 
capacitor connected across this output (terminal 14) to ground can 
be used to establish the proper de-emphasis. 
The demodulated audio is also applied to the base of the output 

emitter follower, transistor 08. The demodulated audio is removed 
at its emitter, terminal 1. Note that the only adjustment for the entire 
limiter-detector subsystem is the quadrature inductor L. 
A complete external circuit diagram including a component chart 

for the Sprague ULN-2111 is given in Fig. 7-27. This information can 
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Fig. 7-27. External circuit c
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be used to apply the subsystem in an fm receiver or as the sound 
system of a television receiver. In tuning the subsystem, one need only 
apply a 5-millivolt fm modulated signal to pin 4. The inductor is then 
adjusted for maximum recovered audio at pin 1, or maximum rf volt-
age at test pin 11. 
More elaborate fm subsystems are available for use in high-

performance and/or communication receivers. Such devices have great 
limiting sensitivity and interference rejection, and very low distortion. 
Their design provides for a maximum of interstation noise rejection, a 
minimum of response off on the sides, a facility for driving a signal-
strength indicator and tuning indicator, a stereo enabling voltage, a 
delayed agc, and a versatile afc capability. 
The system block of an RCA CA3089 IC shows the general plan 

of such an elaborate fm subsystem (Fig. 7-28). The basic stages con-
sist of the three symmetrical limiters and a quadrature detector. The 
detector makes available a push-pull output, and therefore separate 
components are available for audio and afc. 

There is a squelch detector that reacts to the signal-to-noise ratio 
in the limited signal. Output of the squelch detector is then used to 
obtain noise suppression when tuning between stations, as well as to 
reduce side tuning responses. The squelch threshold control is at-
tached externally between terminals 5 and 12. 

The integrated circuit includes an elaborate level-detecting circuit 
which sums the various levels in an adder. The combined level is ap-
plied to the tuning meter as well as to the stereo disable arrangement 
for the multiplex decoder. The level-detector circuit associated with 
the first limiter is also used to develop delayed agc for the tuner. 

STEREO DECODERS 

The spectrum distribution for the stereo multiplex broadcast signal 
is shown in Fig. 7-29. Left- and right-channel signals in proper pro-
portion must be transmitted and then demodulated and decoded so as 
to recover the original two-channel audio information. A sum signal 
(summation of left- and right-channel signals) is transmitted and occu-
pies a frequency spectrum up to 15 kHz. This portion of the complete 
signal can be demodulated by a monaural receiver in normal fashion. 
A difference signal (L — R) is also transmitted. When the (L + R) 
and (L — R) signals are recombined in the matrix of the decoding 
system, the original left (L) and right (R) audio signals are recov-
ered at the output. These are applied to a stereo audio amplifier and 
output. 

The (L — R) signal is transmitted on a 38-kHz subcarrier fre-
quency. A double-sideband method of transmission using carrier sup-
pression is used. Signal is known as the L — R (dsb) component. 
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The third signal conveyed is a 19-kHz pilot subcarrier. This very-
low-amplitude component is used in the decoder to regenerate the 
38-kHz subcarrier for proper demodulation of the (L — R) infor-
mation. 

In an fm stereo broadcast receiver the fm multiplex decoder is 
located after the fm detector. The complete decoding of the fm multi-
plex signal can be handled by a single integrated circuit. 

100% 

LLI 

L R 

15 

19-kHz PILOT 
SUBCARRIER 

in  
19 

SUPPRESSED 
STEREOPHONIC 
SUBCARR IER 

L - R L - R 

38 53 

FREQUENCY kHz I 

Fig. 7 - 29. Spectrum distribution for stereo multiplex broadcast signal. 

An example of such a circuit is the Sprague ULN-2122 IC ( Fig. 
7-30) which is driven by the composite signal derived at the output of 
the standard fm detector. In fact, this multiplex decoder can follow 
right after the output of the IC fm subsystem of Fig. 7-27. Its output 
will be the original left- and right-channel audio signals. 

The simplified diagram of its internal circuitry is given in Fig. 7-31. 
The composite input signal at transistor 04 follows two paths. One 
of these is through a chain of amplifiers that applies the signal in com-
posite form to the base of transistor 022, which is one of the lower 
differential pair of the matrixing decoder. To obtain ideal bias match-
ing, there is a similar dc path from the input through the bias matching 
transistors to the base of transistor 019. This connection ensures a 
properly matched decoder and clean left- and right-channel outputs. 
Good balance is obtained, and that balance becomes independent of 
common-mode supply-voltage changes and temperature variations. It 
also aids in attenuating noise under weak receiving conditions, par-
ticularly in the pilot chain. 
A low-level antiphase signal is also present, and its level is set by 

the ratio of resistor R24 to R40. This facility compensates for errors 
in the multiplex signal process. Control R40 is adjusted for the very 
best separation between the left and right output channels. 
The piiot signal is applied to a 10-kHz pilot frequency amplifier. 

The amplified 19-kHz component is then applied to a frequency 
doubler comprised of transistors 012, 014, and 016. In effect, the 
rectifier action of the Q12-Q14 combination produces a 19-kHz pulse 
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component (the amplitude of which is set by the series of four diodes) 
that pulses the 38-kHz tuned circuit in the collector of transistor 016. 
The resultant subcarrier 38-kHz sine wave serves as the demodulating 
electronic switch for the decoder. The decoder takes samples of the 
incoming composite fm signal and channels them to the appropriate 
left- and right-channel output. When ideally balanced, a multiplex 
decoder of this type is effective and trouble free. 

The circuit is very simple to align and test. Apply a composite fm 
signal modulated with a 1-kHz left-only signal. The three tuned cir-
cuits are then adjusted for maximum output, with a high impedance 
probe connected at pin 13. Now by observing the left- and right-
channel outputs at pins 11 and 12 with only left modulation applied, 
adjust the resonant circuit at pin 2 and the balance potentiometer R40 
for a maximum ratio of left-to-right channel output. 

The rectified voltage at the emitter of transistor 016, together with 
the incoming signal, can be used to turn on the stereo lamp through 
a suitable lamp driver. Also, two Schmitt trigger circuits are used to 
derive dc control voltages for mixing and mode selection. 

MATRIXING DECODER 

The RCA CA3090 stereo demodulator IC ( Fig. 7-32) uses pre-
cisely matched resistors in a matrix network to recover the left- and 
right-channel signals, and a phase-lock loop (PLL) for regenerating 
the 38-kHz subcarrier used in L — R demodulation. The composite 
fm signal is applied to terminal 1. The preamplifier output supplies 
four signals for distribution. The composite signal is transferred di-
rectly to the output matrix, providing the L + R component for two-
channel recovery activity. The composite signal must also be applied 
to the L — R detector. Here the regenerated 38-kHz carrier will de-
modulate the L — R dsb signal, applying an L — R signal to the 
matrix. Sum and difference activities in the matrix change over these 
two components to the original L and R data: 

(L + R) + (L — R) = 2L 

(L + R) — (L — R) = 2R 

The composite fm signal must also be applied to the phase-lock 
detector which responds to the 19-kHz pilot signal, and to the pilot-
present detector which operates the lamp driver through a Schmitt 
trigger. 

In the PLL system the voltage-controlled oscillator (vco) operates 
on 76 kHz which is twice the subcarrier frequency. A 38-kHz sub-
carrier is regenerated by applying its output to a two-to-one divider 
(top left of Fig. 7-32). Note that its output is applied directly to the 
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L — R detector. This detector is activated whenever a pilot tone is 
present and operates the Schmitt trigger. 

There is a further division by two to produce a 19-kHz component 
that is applied to the phase-lock detector. Here it is compared with 
the incoming 19-kHz pilot frequency. A phase lock-in results and the 
76-kHz vco is tied in frequency and phase to the incoming pilot 
component. 

There is a second two-to-one divider that drops the 38 kHz to 
19 kHz for application to the pilot-presence detector. 
The limiter detector and multiplex decoder are a popular pair in 

many am/fm stereo receivers. Such a combination ( Fig. 7-33) is 
used in a Sylvania model high-fidelity stereo console. The location of 
these two ICs is shown in Fig. 7-34. 
The i-f signal is applied to the input of the IC by way of ceramic 

filter FL4. The fm limiter and detector IC has but one tuning adjust-
ment, the quadrature coil. This coil can be seen just below the IC2 
socket in Fig. 7-34. 

I-1/FM 
DETECTOR IC 

Marl PtD( 
DECODER IC 

Fig. 7-34. Sylvania am/fm radio chassis. 
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The composite fm signal is applied to the multiplex decoder at 
pin 3. The decoder has two adjustments, 19 kHz and 38 kHz, 
mounted above and beneath IC4 (Fig. 7-34). Left- and right-channel 
outputs are supplied to a succeeding stereo audio amplifier. 

PROJECT 1: AUDIO POWER AMPLIFIER IC 

General 

The Sinclair IC- 12 audio IC is an excellent device for demonstrat-
ing the capability of integrated circuits in audio. An integral part of 
this 5-watt audio output device is its permanently attached heat fins 
(Fig. 7-35). A prepared printed-circuit board can be purchased with 
the IC, permitting the construction of a basic audio power amplifier. 
A current parts list is supplied with the kit by the manufacturer. Opti-
mum supply voltage falls between 18-28 volts, although the unit func-
tions with as little as 8 volts. 

Fig. 7-35. Sinclair IC- 12 audio IC. 

Using a supply of 28 volts, the power output into 8 ohms is 6 watts 
rms. The unit will supply an output to load impedance values of be-
tween 3 and 15 ohms. This level of power output can be obtained with 
an input of only 30 millivolts. Other characteristics are a voltage gain 
of 250, input impedance of 250K, and a zero-signal current demand 
of only 10 mA. The power output stages operate class B, and the sup-
ply current demand increases with the level of the audio input signal. 
The total harmonic distortion is typically 0.1 percent, the signal-noise 
ratio is approximately 70 dB, and the frequency response extends be-
tween 15 Hz and 500 kHz. 
The schematic diagram of the project is given in Fig. 7-36. The cir-

cuit is constructed on the supplied printed-circuit board (Fig. 7-37). 
A gain control potentiometer can be connected across the input ( be-
tween terminals B and C) to permit control of the volume level. The 
functions of the various components are as follow: 

Cl —The value of input coupling capacitor Cl is not critical, 
although a low value can be used to control the base rolloff 
response. 
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Fig. 7-36. Schematic diagram and pin read of IC-12 circuit. 

Fig. 7-37. Audio module with IC- 12 and other components mounted on 
circuit board. 
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R1 —Resistor R1 can be used to control the input impedance. 
For a very high value of input impedance, the ohmic 
value of resistor R1 can be made 1 megohm. In con-
junction with capacitor C 1 it can be used to set the base 
rolloff. 

R2 —Resistor R2 helps to hold up the input impedance and 
operates in conjunction with capacitor C3. 

C2 —Capacitor C2 is a stabilizing capacitor that reduces any 
tendency to instability or self-oscillation. It is necessary 
when source of signal is a high-impedance one. 

C3 — Capacitor C3 improves amplifier stability and aids in 
reducing supply ripple. 

C4 — Along with resistor R4, this capacitor has a significant in-
fluence on the overall low-frequency response. Values 
recommended in the parts list cause the rolloff to occur 
at 18 hertz. 

R4-R5—These are the two feedback resistors which connect from 
the output back to the inverting input of the device in 
operational-amplifier fashion. Actually the output voltage 
approximates the ratio of (R4 + RS) /R4. The influence 
of internal components is such that an effective voltage 
gain of 250 is obtained. 

C5 —This is a power-supply filter. 
C6 —Capacitor C6 maintains high-frequency stability, but at 

the same time it is selected to minimize distortion at the 
highest frequency to be conveyed. 

Cl —This is a high-frequency stability capacitor, usually for 
fast negative-going sweeps of the input signal. 

Fig. 7-38. Audio module attached to vector board. 

272 



C8-R3—These compensate for reactive components in the load 
(loudspeaker inductance). 

C9 —Capacitor C9 influences the bass-frequency response of 
the amplifier. 

Construction 

Assemble the amplifier on its supplied printed-circuit board. By 
using suitable spacers, the audio module can then be fastened to a 
larger vector board ( Fig. 7-38). A volume control and a phono-input 
receptacle can be attached to it. In Project 2 a small IC receiver will 
be attached to the same vector board and will be used to supply signal 
to the audio module. 

Operation 

Connect a 3- to 16-ohm speaker across the output. The ideal match 
is obtained with an 8-ohm speaker. Use an 18- to 24-volt supply 
capable of delivering a peak current of at least 300 mA. Audio signal 
is supplied through isolating capacitor C10 and a 100K volume con-
trol ( Fig. 7-36). 

The audio source can be a record player or a tape player. Connect 
its output across the audio input jack. Turn on the player and audio 
module and listen to the output. The music quality is good. 

Insert a 0- to 500-mA dc meter in the (+) supply line ( Fig. 7-36). 
Note that with no audio input the meter reading is very low. It rises 
to a peak value on a strong audio passage. 

Connect a high-output, high-impedance microphone to the input. 
Position the microphone or speaker in an adjacent room to prevent 
feedback howl. Note the strong audio output that permits the inte-
grated-circuit audio module to operate as a paging or public-address 
audio amplifier. 

Attach an oscilloscope across the speaker. Connect an audio gen-
erator to the input. Set the volume control to the midposition. Adjust 
the oscilloscope for proper operation. Turn on the audio generator 
and set its frequency to 1000 hertz. Adjust the audio output level of 
the generator and the volume control until maximum undistorted out-
put is obtained. Under this condition the dc current drawn by the 
audio module should be in the 200- to 300-mA range. 

Check the output level at 100 hertz and 10,000 hertz. Vary the 
audio oscillator frequency above 10,000 hertz and note that above 
25,000 hertz the response begins to roll off. Likewise there will be a 
gradual decline in output as the audio frequency is decreased below 
100 hertz and down past 40 hertz. The good high-level output and 
low distortion of the amplifier are worthy of note. In the next project 
the amplifier will be used in conjunction with a simple integrated cir-
cuit radio broadcast receiver. 
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PROJECT 2: A-M RADIO 

General 

A single-chip integrated-circuit a-m radio is investigated in this 
project. Initial information about the Ferranti ZN414 IC was given 
in Chapter 6. It consists of a ten-transistor tuned radio-frequency 
amplifier including a transistor detector (Fig. 7-39). There are three 
radio-frequency stages and a high-impedance input stage. Agc action 
permits the device to operate with a wide range of input signal levels. 

RI 

VERY HIGH INPUT 
IMPEDANCE STAGE 

OUTPUT 
TO AUDIO 
AMPLIFIER 

Fig. 7-39. The ZN414 IC circuit plan. 

Externally a high-Q resonant circuit is needed and must be tunable 
over the desired input frequency range. The device itself performs 
well between 150 kHz and 3 MHz. Agc action and the feedback path 
is set by resistors R1 and Rage . Supply voltage to the device must be 
1.2 to 1.6 volts. If the device is to operate from a 9-volt battery, you 
can use the resistive divider shown in Fig. 7-40. 

9V 

Fig. 7-40. Circuit for 9-volt operation. 



Construction 
The ZN414 can be used with the audio module of Project 1 to ob-

tain a high-level audio drive for a speaker. The circuit arrangement 
(Fig. 7-41) includes two supply sources—a small battery for the radio 
and the previous source for the audio module. The receiver can be 
mounted on the same vector board ( Fig. 7-42). 

RI 

ANT. (OPT IONALI 

Fig. 7-41. Radio circuit. 

AUDIO 

MODULE 

Fig. 7-42. IC detector mounted with audio amplifier. 

e 
• ' 
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Inductor LI is a Miller ferrite loop mounted on a flat strip ( Fig. 
7-42). The Q of this coil at 790 kHz approaches 500. The high Q 
provides good selectivity for the tuned rf receiver. The output level is 
high enough to be applied directly to the input of the audio module 
through capacitor CIO of Fig. 7-36. 

Operation 

The sensitivity of the trf radio IC is extraordinary. It is not neces-
sary to connect an antenna, although in an isolated region such an 
antenna would help to bring in the long distance stations. However, 
very strong signals spread across the dial as the result of overload. 
Some of this condition exists even when you are not using an antenna 
if you live near one or more high-powered broadcast transmitters. 
You may wish to experiment with receiver sensitivity and feedback 

level by changing the values of resistors RI and R2. Also, a resistor 
shunted across coil L I can be used to lower its Q. You will also note 
that the selectivity is reduced. The resonant circuit does have a high Q 

Table 7-1. Parts List for Projects 1 and 2 

2 

5 

2 

3 

Sinclair IC- 12 audio module 

(Audionics, 8600 NE Sandy Blvd., Portland, Oregon 97220) 
Ferranti, a-m radio module ZN414 

(Ferranti Electric, East Bethpage Rd., Plainview, N.Y. 11803) 
J. W. Miller 2004 ferrite loop coil 

365-pF broadcast variable capacitor 

Transistor socket 

Vector board (84P44-062) 41/2" by 81/2 " 

Phono sockets 

8-ohm speaker 

24-volt 300-mA power source 
11/2-volt D battery 

Binding posts 

100K potentiometer 

18-ohm, 1/2 -W resistor 

100-ohm, 1/2-W resistor 

1000-ohm, 1/2-W resistor 

27K, 1/2-W resistor 

100K, 1/2-W resistor 

150K, 1/2 -W resistor 

270K, 1/2-W resistor 

100-pF disc capacitor 

500-pF disc capacitor 

0.001-µF capacitor 

0.01-µF capacitor 

0.1-µF capacitor 

10-µF, 15-volt electrolytic 

100-µF, 15-volt electrolytic 

500-µF, 15-volt electrolytic 

1000-µF, 25-volt electrolytic 
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and there is some tendency to self-oscillation. If so, it can be reduced 
by shunting a 100K resistor across the coil. 

This little receiver is capable of driving quite a large speaker. More 
than enough volume level is present even for the weaker incoming 
signals. 
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8 

ICs in Television Receivers 

Most of the functional sections of black and white and color tele-
vision receivers are adapted to integrated circuit use. The application 
of ICs in all sections is a possibility within the next several years. 

FUNCTIONAL SECTIONS OF A TELEVISION RECEIVER 

Although an integrated circuit tuner is feasible, it is not common in 
today's models. Usually a discrete bipolar FET or, more often, a hy-
brid FET-bipolar combination is used. Video i-f integrated circuit 
modules are popular. These include the appropriate number of i-f 
stages, intercarrier sound takeoff, and video detector. Video amplifier 
ICs are also available. Sometimes the video section of a television re-
ceiver is a combination of integrated circuit and one or more discrete 
video stages. 

At some point in the video amplifier (Fig. 8-1), composite signal 
is removed and applied to the sync and intersync separator. This can 
be an integrated circuit and is often referred to as a jungle IC. 

First, the composite sync signal is removed from the combined sync-
video signal that comes from the video amplifier. Then, the composite 
sync signal is divided into separate horizontal- and vertical-sync sig-
nals for application to the separate horizontal- and vertical-sweep 
generators. In present-day models, integrated horizontal- and vertical-
sweep systems, although feasible, are not yet common. Integrated 
circuits are more common in vertical-sweep systems than in horizontal-
sweep systems. Automatic gain control and automatic frequency-
control systems are well adapted to integrated-circuit applications. 

Although the integrated circuits used in television receivers are 
mostly special application devices, many of them are unusually ver-
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Fig. 8-1. Functional plan of a black and white television receiver. 

satile. For example, video amplifier and i-f ICs can be used in other 
types of receiving systems, and various phase detection and compari-
son ICs can perform assignments in other electronic systems. 

The function diagram of a color receiver (Fig. 8-2) depicts a simi-
lar system, plus the addition of two or three activities that are required 
for color demodulation and processing. Again, integrated-circuit tuners 
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are not common, although the associated automatic gain-control cir-
cuits and the automatic fine-tuning function are handled by integrated 
circuits. The former usually becomes a part of the integrated-circuit 
video i-f system. 

In numerous color receivers, an integrated circuit is used for part 
of the i-f system, while the detector and the latter stages of video am-
plification are discrete-component circuits. The integrated circuit 
sound i-f amplifier and i-f detector is popular. It can be followed by 
a completely integrated audio amplifier or by a combination of inte-
grated-circuit preamplifier followed by a discrete component audio-
output stage, which drives the speaker. 
From the video detector or a succeeding video stage, information 

must be channeled in several directions. The luminance video ampli-
fier, which can be an integrated circuit or a hybrid combination, builds 
up the level of the video picture that determines the brightness varia-
tion and the detail in the reproduced color signal. 

Both a component of composite television signal and the 3.58-MHz 
color-sync component required by the chrominance demodulation sys-
tem must be applied to the usual integrated-circuit jungle system, 
which forms the composite sync and intersync component. There 
must also be a path for the chrominance signal itself, which must be 
segregated into demodulated components. These components even-
tually combine with the luminance signal to form the tristimulus red, 
green, and blue primary color signals that are applied to the separate 
guns of the color picture tube. Integrated circuits are used widely in 
the chrominance demodulation and color-processing circuits. 
An integrated circuit is often used in the horizontal automatic-

frequency-control system of the receiver. However, for the most part, 
the vertical-deflection, horizontal-deflection, and convergence circuits 
of present-day color receivers use discrete-component stages. How-
ever, complete integrated-circuit deflection systems are certain to be-
come increasingly popular. IC regulators can also be found in the 
power systems of television receivers. 

In the material that follows, individual specialized television ICs 
are discussed. Considerable details are also given about how they are 
used and fitted into the complete television receiver package. 

ICs IN TELEVISION I- F SYSTEMS 

Integrated circuits are common in both the video and sound i-f 
systems of television receivers, because they greatly simplify and 
stabilize these circuits. Only a minimum number of discrete external 
components are needed, mainly bandpass transformers and tuned cir-
cuits. An example of a 20-pin integrated circuit that includes both the 
video and audio i-f circuitry is the RCA CA3068 IC (Fig. 8-3). 
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The gain of the picture i-f amplifier is 75 dB, and the video ampli-
fier that follows the video detector has a gain of 12 dB. An external 
resonant transformer is needed at the input of the device, and another 
bandpass system is needed between the first and second picture i-f 
amplifiers. Supply voltage to the IC is regulated by the external VR 
circuit, using a 2N5813 bipolar transistor. 
The input circuit consists of a bandpass double-tuned transformer, 

TI, as well as a bridged-T adjacent-channel sound trap resonated to 
47.25 MHz by coil Ll. An agc delay circuit for obtaining tuner bias 
may operate from a signal removed at the output of the first picture 
i-f amplifier. This is a delayed agc component. The extent of the agc 
delay can be controlled with the 25K potentiometer connected to 
pin 8 of the IC. 

Extensive bandpass shaping is handled by the interstage transformer, 
a double-tuned transformer arrangement consisting of the resonant 
circuit associated with inductor L2 and transformer T2. The 1.2-pF 
capacitor provides a bandwidth adjustment. The 41.25-MHz trap 
helps channel the sound and video i-f frequencies into the appropriate 
i-f systems. Note that the input to the sound i-f is by way of pin 12; 
the input to the picture by way of pin 13. 

In the video channel there are two additional stages of amplifica-
tion, followed by the video detector and an output video amplifier. 
The sound channel includes an additional amplifier, as well as a mix-
ing detector that emphasizes the 4.5-MHz intercarrier sound compo-
nent. The mixing detector is followed by an amplifier whose output 
connects to pin 2. 

The picture i-f segment also includes an agc system that is keyed by 
a pulse from the horizontal-sweep system of the television receiver. 
This agc system has a high noise immunity. Its voltage is applied to 
the input stage of the i-f amplifier by way of an external path con-
nected between pins 4 and 6. 

Fig. 8-4 shows the internal circuitry in simplified form. The first 
picture i-f amplifier is a cascode circuit whose operation differs accord-
ing to the low or high level of the input signal. Transistors 019 and 
020 are buffer stages, while the cascode i-f amplifier comprises the 
circuit associated with transistors 02 and 03. Agc voltage is applied 
externally to buffer transistor 019 by way of terminal 6, as shown in 
Fig. 8-4. 

If a strong input signal provides as much as 40 dB of gain reduc-
tion, transistor 03 is cut off, and the cascode function is assumed by 
transistor 04. Note that transistor 04 includes an unbypassed emitter 
resistor, R6. This permits the amplifier to handle high levels of input 
signal without overload and instability. The level at which transistor 
04 takes over is sensed by transistor Q1 in the agc portion of the chip. 
At this time, transistor 021 is also activated, shutting off 05 and 
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thus producing a negative-going age voltage for the tuner rf stage at 
pin 7. 
The input to the wideband i-f amplifier is by way of buffer transistor 

06. Amplification is handled by the two cascaded common-emitter 
amplifiers, transistors 07 and 08. Transistor 022 is a video detector. 
Feedback through resistor R13 lowers the output impedance of the 
i-f amplifier and, therefore, the detector sees a low driving resistance; 
consequently, there is no significant phase shift to deteriorate color 
fidelity. The resistor-capacitor network of C2-R19 is a time constant 
that permits the stage to operate as a peak detector, prevents deteriora-
tion of the chroma subcarrier, and allows a minimum of amplitude 
distortion. 
The video amplifier path is by way of transistors Q24 and 012, with 

transistor 025 serving as the low-impedance emitter-follower output 
that transfers video signal to pin 19. Transistors 010 and 011 pro-
vide white-level setting at the output. 
The composite video at the emitter of transistor 025 is also sup-

plied to the agc circuit consisting of transistors 013 and 014. A peak 
component is rectified and filtered, developing a dc voltage at pin 4 
that corresponds to the strength of the incoming signal. Noise immu-
nity is handled by transistors 015 and 026, with the strong input 
noises being channeled through capacitor C3 and resistor R7 to the 
base of 026. When there are strong impulse noises, these stages in-
hibit the keying activity in the agc system, preventing strong noise 
impulses from causing picture washout. 
The sound channel is shown at the lower right of Fig. 8-4. Tran-

sistor 016 is the input buffer, while 017 functions as the common-
emitter amplifier. The 4.5-MHz difference frequency between the 
picture ( 45.75 MHz) and the sound ( 41.25 MHz) carriers is de-
tected by the peak detector composed of transistor 027 and capacitor 
C5. The time constant of the detector is such that the carriers are re-
jected, while the 4.5-MHz difference component at the emitter is 
transferred to a differential amplifier composed of transistors 018 and 
028. Transistor 029 serves as the emitter-follower output stage. It 
also includes a resistor-capacitor feedback network (capacitor C6 and 
resistors R35 through R37) that shapes the bandpass in the 4.5-MHz 
intercarrier-sound region. 

TV I NTERCARRIER-SOUN D SYSTEM 

In the mid-sixties the sound section of a television receiver was de-
signed to accommodate integrated circuits. Basic blocks are the 4.5-
MHz i-f amplifier, fm detector, and a follow-up audio amplifier. Such 
integrated circuits differ mainly in the type of fm detector used. Typi-
cal systems, including discriminator and quadrature types, were de-
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scribed in Chapter 7. Chapter 6 contained a discussion of a phase-
locked-loop fm demodulator. 

The Sprague ULN-2165 IC (Fig. 8-5) uses a peak-type fm de-
tector following the 4.5-MHz sound i-f amplifier. This type of detector 
uses a single resonant circuit followed by a peak rectifier and differen-
tial amplifier (Fig. 8-6). Thus, only a single external tunable reso-
nant circuit is needed. The peak detector evaluates the difference in 
voltage across this resonant circuit as the incoming signal deviates on 
each side of center frequency. Since it responds to the peaks of the 
excursions, a conversion is made from a frequency-modulated i-f sig-
nal to the original amplitude variations of the audio signal. 

4.5-MHz 
INPUT 

SINGLE 
ADZ 

te 

>I  

PEAK AUDIO 
DETECTOR OUTPUT 

Fig. 8-6. Simplified plan of an fm peak detector. 

The detector is followed by an electronic attenuator. The gain of 
this stage is controlled by a biasing volume control that does not in-
fluence the frequency response or introduce any distortion component 
that may shift with the setting of the volume level. A buffer stage iso-
lates the attenuator from the audio driver output stage (Fig. 8-5). 
A single discrete bipolar transistor builds up the output level for 
proper drive of a speaker. A tone control can be associated with the 
audio driver. 
A simplified schematic of the complete chip is given in Fig. 8-7. 

Both i-f amplification and limiting are handled by a cascaded pair of 
differential amplifiers with their associated input and output buffers 
and matching circuits. The resonant circuit of the differential detector 
is connected between pins 9 and 10. Each side of the differential con-
figuration consists of an appropriate Darlington connection with level 
setting. The stage responds to peak deviation and is not responsive to 
any common-mode amplitude changes that may accompany the 
signal. 
Fm detector output is applied to the constant-current emitter cir-

cuit of the attenuator. The volume control is connected between pin 6 
and common and regulates the biasing of the differential amplifier. 
Output is applied to the base of the buffer amplifier, while a de-
emphasis capacitor can be attached at pin 7. The audio driver receives 
its excitation when a capacitive coupling is established between pins 8 
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and 14. Amplified audio is removed at pin 12, which connects to the 
emitter. 

AUTOMATIC FINE TUNING 

In an automatic fine-tuning system ( aft), the intermediate-fre-
quency picture carrier is automatically held precisely on frequency. 
The local oscillator of the tuner is held exactly at the frequency that 
will produce an exact picture i-f frequency (45.75 MHz) when it is 
beat with the incoming television signal. 
As shown in the function plan of Fig. 8-8, the signal for driving the 

aft integrated circuit is taken from the picture i-f amplifier. An adja-

FROM PICTURE 
I-F AMPLIFIER 

47.25-MHz 
SOUND TRAP 

CORR CT ION-CONTROL 
VOLTAGES TO TUNER 

Fig. 8-8. Functional plan of aft system. 

cent-channel sound trap is positioned at the input. Included in the IC 
is a balanced phase detector with its phase-sensitive resonant circuit 
tuned to the picture carrier frequency of 45.75 MHz. The primary 
side is tuned to the approximate center (46.1 MHz) of the i-f band-
pass. Dc correction-control voltages are developed at the output and 
are supplied back to the frequency-controlling elements of the local 
oscillator in the vhf-uhf tuner. These are usually voltage-variable 
capacitor diodes. 

Because the output of the aft IC is a dc voltage that is sensitive to 
any attempted shift in the picture carrier frequency, this shifting dc 
voltage, as it passes through the variable-capacitance diode, produces 
a correcting change in the local-oscillator frequency. 

The input stage is a 45-MHz limiter amplifier connected in a dif-
ferential-amplifier configuration (Fig. 8-9). The primary of the phase-
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Fig. 8-9. An RCA CA3044 aft IC. 

detector transformer connects in the collector circuit of transistor 02 
at pin 2 ( Fig. 8-8). The ends of the balanced 45.75-MHz secondary 
connect across pins 1 and 3 of the diode balanced detector consisting 
of diodes D1 through D4. D5 and D6 are balanced diodes compen-
sating for the parasitic diode capacitances that are present between 
the cathodes of diodes D2 and D3 and the substrate. 

Diodes D7 and D8 function as capacitors that filter the output of 
the detector in conjunction with resistors R9 through R12. Thus, a dc 
component is made available as a function of the relationship between 
the carrier component and the resonant frequency of the transformer 
secondary. This dc component is applied to the bases of the constant 
current dc amplifier, which is composed of transistors 03 and 04, 
plus constant-current-source transistor 05, and its temperature-com-
pensating diode D9. The dc correction voltages for the local oscillator 
can be removed at pins 4 and 5. A built-in voltage regulator uses 
zener diodes D10 and D11. 

CHROMA PROCESSING AND DEMODULATION 

Two or three integrated circuits can handle the operations that must 
occur between the chrominance takeoff position in the luminance video 
amplifier and the three separate red, green, and blue inputs to the 
preamphfier, which is ahead of the gun of the color picture tube. In a 
two-step process ( Fig. 8-10), chroma processing and chroma color 
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Fig. 8-10. Functional plan of chroma sections of a color receiver. 
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demodulator ICs are used. Examples are the RCA CA3066 and 
CA3067. 
The chrominance signal to be applied to pin 1 is derived from an 

appropriate point in the luminance video amplifier of the color re-
ceiver. The luminance signal information has already been de-
emphasized. The frequency-response range of the chroma amplifier 
and the bandpass amplifier is approximately 3.08 to 4.08 MHz. This 
is accomplished by connecting stagger-tuned coils to pins 13 and 
16 (Fig. 8-11). Note the chroma input signal is capacitively coupled 
to pin 1. 

Automatic chroma control ( acc) is used to regulate the gain of 
the chroma amplifier in accordance with the strength of the incoming 
color-burst signal. As previously noted, the color synchronization in-
formation is transmitted as a brief 3.58-MHz burst, positioned at an 
appropriate point on the back porch of the horizontal-blanking pulse. 
The burst synchronizes the 3.58-MHz oscillator (Fig. 8-11). In Fig. 
8-10 note that a line extends from the 3.58-MHz oscillator, which is 
under control of the incoming 3.58-MHz color-burst signal, to the 
acc detector and amplifier. A manual chroma-gain control is connected 
to pin 15 of the IC (Fig. 8-11). 

The color-killer amplifier also responds to the presence of the 
color-burst signal. If the color-burst signal is not present, the killer 
circuit shuts off the bandpass amplifier and prevents stray signal from 
passing through the chrominance channel when the receiver is oper-
ated in its black and white mode. 
An output from the chroma amplifier passes through the bandpass 

amplifier and through the output amplifier to the chroma input of the 
color demodulator ( pin 14 of Figs. 8-10 and 8-11). The output of the 
chroma amplifier is also applied to the burst amplifier, which is ad-
justed to emphasize the 3.58-MHz frequency range. In so doing, the 
burst-frequency signal is amplified and can be used to control the 
3.58-MHz oscillator of the signal processor. In fact, this oscillator now 
generates a continuous color-carrier component that needs to be re-
inserted in the demodulation of the chrominance signal. 
A horizontal-keying pulse is applied to the burst amplifier by way 

of pin 10. Its function is to make the burst amplifier operative only 
during that short interval of time corresponding to the time interval 
of the burst frequency as it arrives on the back porch of the horizontal-
blanking pulse. 

In the color demodulation process, the hue of the reproduced color 
on the color picture-tube screen is the function of the angular relation-
ship between the two chrominance signals, I and Q, which make up 
the incoming chroma signal. Color saturation is a function of their 
relative magnitudes. It is important, then, that the angle of the re-
generated 3.58-MHz subcarrier, conveyed between pins 8 and 3, be 
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properly set to obtain a true representation of color hue and saturation. 
Adjustment is aided with the tint amplifier and associated tint control 
that is attached to pin 2 ( Figs. 8-10 and 8-11). 
The chroma signal is applied directly to the twin demodulators 

(doubly balanced demodulator) through pin 14. The regenerated sub-
carrier is applied at pins 6 and 12, which obtain their signal from pin 1 
of the tint amplifier ( Fig. 8-11). The outputs of the demodulator are 
the original R — Y and B — Y chrominance signals. The G — Y com-
ponent is formed by matrixing R — Y and B — Y. 
The three chrominance outputs at pins 8, 9, and 10 are now com-

bined with the luminous (Y) signal. In the combining process, the 
original red, green, and blue (RGB) tristimulus color signals are 
formed and applied to the separate color guns of the color picture 
tube (Fig. 8-12). 

y HIGH V cc 

COLOR - 
DIFFERENCE 
OUTPUTS 

/8 -Y 

RCA 

CA 3067 

8 

R - Y 

10 
03 

LUMINANCE 

DR 1VER 

PICTURE 

TUBE 

Fig. 8-12. Combining color difference and luminance signals to form red, 
green, and blue signals for the picture tube. 

The internal circuitry of the RCA CA3067 is shown in Fig. 8-13. 
Three operational functions are performed: amplification, balanced 
chroma demodulation, and tint ( phase) control. The reference sub-
carrier is applied to pin 3; the chroma signal to pin 14. The three 
color-difference signals are removed at pins 8, 9, and 10. 

The color subcarrier is differentially amplified by transistors 02 
and 03. Resistor-capacitor combination Ri-Cl and stray capacitances 
produce a phase delay of approximately 45° in the collector of tran-
sistor 02. Thus, two reference subcarrier phases are available, the 
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TINT 
PHASE SHIFT 

B.4/ 
PHASE REF. OF 
TERMINAL No. 3 SIGNAL 

Fig. 8-14. Phase setting of the color demodulator reinserted carrier. 

burst phase at 03 and delayed phase at 02. Eventually the two sig-
nals are recombined in the collector of transistor 04. However, rela-
tive amplitude and phase determine the eventual phase of the color 
subcarrier that is applied to the base of transistor 038, lower left. This 
angle is set at approximately 105° ( Fig. 8-14). The actual angle can 
be set with the tint control, which adjusts the applied current by way of 
pin 2 ( Figs. 8-11 and 8-13). Based on transmission standards and 
improved color phosphors, this is now a preferred reference for de-
modulation parameters. 

Transistors Q37 through 039 function as a limiter-amplifier, re-
moving any amplitude modulation from the reference subcarrier sig-
nal. Output is removed at terminal 1 and, through an external coupling 
circuit, is applied to the demodulator by way of pins 6 and 12 ( Fig. 
8-11). The associated RLC circuit between terminals 6 and 12 pro-
vides a phase separation of 76°. As a result, there are two demodu-
lation angles of 0° and 104° ( 180° — 76°) for the B — Y and R — Y 
demodulators. 

The chroma signal is applied to a pair of chroma amplifiers and 
switchers; the input transistors to these two channels are Q13 and 
020. Transistors Q22 through 025 serve as the R — Y demodulator; 
transistors 015 through 018 serve as the G — Y demodulator. Each 
channel provides both negative and positive output color-difference 
signals. The matrixing circuit combines the negative outputs of the 
R — Y and B — Y demodulators to develop the G — Y color-differ-
ence signals in accordance with transmission standards. 
The three color-difference signals are applied to individual output 

amplifiers, which employ feedback to hold the output impedance low 
during both the positive and negative peak-signal swings. Drive cap-
ability is sufficient for exciting the high-voltage output transistors of 
present-day color receivers. 

Sprague makes available a set of three integrated circuits— chroma 
amplifier, subcarrier regenerator, and chroma demodulator. Function 
diagrams for each are given in Fig. 8-15; a completely wired color 
segment is shown in Fig. 8-16. The chroma amplifier is a two-stage 
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affair and includes a killer circuit and a chroma-gain control system. 
The chroma signal available at pin 9 is transformer coupled to pins 3 
and 4 of the chroma demodulator ( Fig. 8-16). 
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Fig. 8-15. Block plan of Sprague chrominance ICs. 
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Fig. 8-16. Interconnection diagram of Sprague ICs. 

The chroma regeneration system uses a phase-locked oscillator. It is 
controlled by the keyed automatic phase-control detector, which re-
sponds to the incoming color-burst signal when activated by the hori-
zontal keying pulse during the appropriate horizontal back-porch inter-
val. The oscillator output circuit and an associated hue-control facility 
set the angle of the regenerated subcarrier prior to its application to 
the color demodulator. An acc detector is also included in the sub-
carrier regeneration IC. The color demodulator includes the R — Y 
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and B — Y detectors, along with the resistive matrixing network that 
develops the G — Y output. 

SYNC AND DEFLECTION SYSTEMS 

The sync-intersync and vertical-deflection systems and part of the 
horizontal-deflection system are adapted to integrated use. An exam-
ple of sync and intersync separator application, plus other television 
receiver applications, is the RCA CA3120 signal processor (jungle 
circuit) seen in Fig. 8-17. 

Video signal from the video amplifier is applied to pin 8 at the 
input of an emitter follower. A low-impedance video output signal is 
made available from this stage for other applications in tv receivers 
or other types of television gear. 
An elaborate noise-reduction system is included to remove noise 

components from the composite-sync (horizontal and vertical) signal. 
This noise reduction is important in maintaining tight horizontal and 
vertical synchronization of the television sweep system and in maintain-
ing a rigid interlace. Both a pulse stretcher and a noise-pulse threshold 
that set the level of noise clipping are needed to maintain a well-
shaped synchronizing pulse. 

The composite-sync signal is also applied through a time-delay cir-
cuit to a noise inverter. In this process, a cancellation technique is 
used to remove noise from the composite-sync signal. A well-shaped 
synchronizing pulse with the noise reduced or removed is available at 
the output of the noise inverter. This is sent to an emitter follower, 
output of which can be removed at pin 5. The synchronizing informa-
tion is appropriately shaped through a suitable time constant and ap-
plied to a sync separator. 

Positive and negative composite-sync signals are made available at 
pins 2 and 3. These signals are used to synchronize the vertical- and 
horizontal-deflection systems of the receiver. Sync is also reapplied 
through pin 1 to a strobe circuit, which is gated by a keying pulse de-
rived from the horizontal-deflection system. This circuit prevents very 
strong noise impulses from affecting the agc system. At the same time, 
it does permit the amplitude changes in the horizontal-sync informa-
tion to determine the level of the agc bias. Agc bias, of course, sets the 
gain of the i-f and rf systems of the receiver, in accordance with the 
strength of an incoming television signal. Positive or negative agc bias 
is made available in accordance with the type of tuner used by the 
receiver, bipolar transistor, or MOSFET. 

Motorola makes available integrated circuits designed specifically 
for the vertical- and horizontal-deflection systems of a television re-
ceiver (Fig. 8-18). The vertical-deflection system is virtually com-
plete and provides direct drive for the vertical-deflection ( scan) coils. 
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The vertical-sync signal is applied directly to the vertical-deflection 
oscillator, which includes an external hold control. The sawtooth out-
put of the oscillator is applied to the output stage through a height 
control. The output stage develops the necessary high voltage across 
the scanning coil to produce a linear rise in the scanning-coil current. 
A flyback control pulse aids in boosting the output-circuit voltage to 
obtain a fast retrace activity in the vertical-deflection coil. 

MC1390P 
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GENERATOR 
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HLOW-PASS H 
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PHASE 

DETECTOR 
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OSCILLATOR 
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PRE DR IV ER 

SCAN 

COILS 

DRIVER 

FLYBACK 

OUTPUT 

Fig. 8-18. Motorola IC deflection circuits. 

The vertical oscillator ( Fig. 8-19) uses complementary npn-pnp 
differential amplifiers. When the npn pair is conducting, current II 
charges the sawtooth-forming output capacitor Co. On discharge, the 
conduction of the pnp pair discharges the capacitor (current I2)• 
During the discharge interval, the capacitor discharges until the pnp 
pair switch off. Now II current charges to form the trace portion or 
positive ramp of the output waveform. This continues until the voltage 
level is such that 12 is again turned on, repeating the cycle. In synchro-
nized operation, it is the incoming negative vertical-sync pulse that 
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Fig. 8-19. IC vertical oscillator. 

triggers the oscillator into operation at repeated intervals, thus estab-
lishing the necessary synchronized frequency of operation. 

The horizontal-sync system is an automatic frequency-control ar-
rangement using a phase detector to compare the incoming horizontal-
sync pulse with a flyback component derived in the output stage. This 
phase detector develops a dc voltage component that is transferred 
through a low-pass filter to the control oscillator. Any change in the 
relative phase between the two components results in a dc voltage 
that makes the appropriate correction in the horizontal-oscillator 
frequency. 
A predriver stage builds up the level of the signal from the horizon-

tal oscillator. The driver and sweep power-output stages are external 
to the integrated circuit. 

The previous discussions show the wide applications of integrated 
circuits to television receivers and other television gear. It is anticipated 
that 80 to 90 percent of the functional circuits in a television receiver 
will soon be in the form of integrated circuits. 

PROJECT 3: PLL BROADCAST DETECTOR 

General 

A variety of electronic operations can be performed by a phase-
locked loop. The PLL can be used to demodulate a-m, fm, and various 
other forms of modulated signals. In this project, the PLL is used as 
an a-m demodulator for the standard broadcast band. In fact, the cir-
cuit demonstrates how a phase-locked loop can be used to sort incom-
ing signals without the need for any type of resonant input circuit. 
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Chapter 6 discussed a particular PLL, the Signetics NE561B (Fig. 
6-16). The demodulation of an a-m signal is effective because the 
control oscillator of the PLL is locked to the frequency of the incom-
ing carrier. As you have learned, a direct conversion is then made 
between a modulated radio-frequency signal and the demodulated 
audio signal. It is possible to tune over the broadcast band simply by 
changing the frequency of the vco with an external variable capacitor. 
As the capacitor is varied, the frequency of the internal oscillator is 
made to match the frequencies of the various broadcast carriers re-
ceivable in the area. By proper selection of variable capacitance and 
appropriate minimum and maximum limits, the device can be made 
to tune over the entire broadcast band or a segment of it, as well as 
long-wave and short-wave spectra. 

Construction 

The PLL a-m broadcast detector can be mounted on the same vector 
board as the audio power amplifier constructed in Project 1 ( Fig. 
8-20). Actually, very few components are needed and the results are 
exceptionally good (Fig. 8-21). Both a large and a small variable 
capacitor are recommended, with the small one being used for band-
spread tuning. No tuning coil is required. Construct the circuit. 

Fig. 8-20. Adding a PLL detector ahead of the audio amplifier. 

Operation 

The vco oscillator frequency is controlled by the capacitors con-
nected between pins 2 and 3. The fixed 220-pF capacitor (C6) sets 
the highest frequency that can be received. This frequency is reached 
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when the two variable capacitors are set to minimum (plates fully 
open). If the small variable is now increased in capacitance, the first 
signal to be received would be a station at the very-high-frequency 
end of the broadcast band. If this high-frequency station is missed in 
your area, it may be necessary to decrease the capacitance of the fixed 
capacitor (C6) to 180 or 200 pF. The lowest frequency signal is re-
ceived when both variables are set to maximum capacitance ( plates 
fully meshed). Decreasing the capacitance of the small variable will 
permit you to receive the lowest frequency broadcast station receivable 
in your area. The capacitor values indicated permit you to tune over 
the entire radio broadcast band. 

In the reception of local signals, you will notice that a very-high-level 
signal is delivered to the input of the audio amplifier. Usually the 
volume control must be set at a low setting so that the amplifier and 
the speaker are not overloaded. This means that weaker signals can 
be picked up and a good sound level can be obtained from the speaker. 

It is more difficult to tune in a weak signal, and you will usually hear 
a swishing sound on each side of the proper capacitor setting. This 
noise component is a beat between the carrier and the PLL vco, occur-
ring when the vco does not exactly match the incoming carrier fre-
quency. The bandspread capacitor will help tune in weaker signals. 
Some hand capacitance effect may be apparent but can be overcome 
by attaching an insulated extension to the shaft of the bandspread 
variable capacitor. 

The PLL detector can be made to operate at even lower and higher 
frequencies by selecting a proper value of fixed capacitance. If you 
wish to use the unit for long-wave reception, a fixed capacitor that is 
two or more times higher than the broadcast 220-pF value can be 
used. Conversely, for short-wave reception, a lower-value fixed capaci-
tor is needed. A value of 100 pF, 50 pF, and lower can be employed, 
depending upon how high in frequency you wish to receive. 

PROJECT 4: STEREO AUDIO AMPLIFIER 

Because integrated circuits are common in fm broadcast receivers, 
construction of a stereo audio amplifier is included in the series of 
projects. Refer to Chapter 7 for details of fm ICs and circuit ar-
rangements. 

Construction 

In the audio amplifier construction, 14-pin IC sockets are used, 
although the audio amplifier ICs are supplied with an 8-pin case. A 
pair of phono-plug sockets are mounted at an input and output. Indi-
vidual volume controls are positioned between each input socket and 
its associated IC socket. 
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Few external components are needed ( Fig. 8-22) to construct this 
complete audio amplifier, which delivers a half-watt of audio power 
output with an input signal of only 3 millivolts ( rms). 

CHANNEL - 1 
9 V 

VOLUME 
CONTROL 

5K 

15 pF 

$ 1.0 
e Meg 

ohms 
5 

1K 

MC13061, 
3 

100 pf 

300 

• 

8.00 

200pF 

T  0.03 pF 

CHANNEL - 2 

SAME AS 
CHANNEL - 1 

Fig. 8-22. Schematic of stereo audio amplifier. 

Table 8-1. Parts List for Projects 3 and 4 
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1 

2 

3 
1 

1 
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2 
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2 

2 

2 
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2 

2 

1 

1 

3 

6 
1 

2 

IC- 12 (from Project 1) 

Signetics NE561B IC 

Motorola MC1306P IC 
14-pin in-line IC sockets 

365-pF variable capacitor 

100-pF variable capacitor 

rfc (Miller 4626) 

41/2" X 131/2" vector board 

Phono sockets 

5K potentiometers 

8-ohm speakers 

9-volt batteries 

Binding posts 

1K, 1/2 -watt resistors 

22K, 1/2-watt resistors 

10K, 1/2-watt resistors 

1-meg, 1/2 -watt resistors 

15-pF disc capacitors 

100-pF disc capacitors 

220-pF disc capacitor 

0.005-µF disc capacitor 

0.01-12F disc capacitors 

0.1-µF disc capacitors 

100-SF 25-volt electrolytic capacitor 

200-µF 25-volt electrolytic capacitors 
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Construct the circuit, keeping the two channels isolated from each 
other and suitably separating the input and output of each channel. 

Operation 

This particular integrated circuit has been designed for use with 
portable a-m and fm radios, tape recorders, phonographs, and inter-
coms. Therefore, it is possible to use either a phono player or a tape 
player to check out the performance of the two-channel amplifier. 
Use a monaural record first, if one is available. Check out one chan-
nel at a time. Note that the output sound level is quite good, and more 
than enough signal is provided by the usual phono or tape player. 
The performance of the two channels should be identical. 
Now connect the stereo audio amplifier for stereo reproduction. Set 

the two volume controls to midposition. Play the monaural record 
and adjust one of the volume controls up or down until the source of 
sound seems to come from the center position between the two 
speakers. Now play a stereo record and note that the stereo separation 
is quite good. Sound quality is also reasonable, provided the ICs are 
not overloaded with too much signal. 
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9 

Industrial and Instrumentation 

Systems 

The integrated circuit is a compact, stable and versatile device. 
These qualities are particularly valuable in the operational amplifier, 
which often provides the critical control circuitry of industrial elec-
tronic systems and instrumentation. 

Modern electrical instruments employ a variety of linear and digi-
tal ICs. The latter devices are particularly helpful in the counting and 
display systems of various electronic meters and generators. 

GENERAL 

There are three basic blocks associated with industrial electronic-
control systems (Fig. 9-1A). The first one is a sensor that responds 
to a particular parameter, which can be temperature, humidity, light, 
flow, pressure, vibration, velocity, etc. Sensors can be discrete devices 
or perhaps integrated-discrete hybrid combinations. Increasingly, the 
control and/or programmed sections have become integrated circuits. 
The second basic block is the control section, for which both gen-

eralized and specialized IC devices have been developed. The main 
function of the control section is to respond to a sensor signal in a 
programmed manner and then activate appropriate power circuitry. 

Power devices comprise the third basic block associated with indus-
trial electronic-control systems. They also come in a variety of forms, 
from a simple switch to complex feedback power systems. Typical 
power devices are relays and solenoids, indicators, motors and gen-
erators, heating elements, cooling elements, valves, flow regulators, 
fans, blowers, level setters, etc. Under the control of a very weak sig-
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(A) Three basic blocks. (B) Instrumentation package. 

Fig. 9-1. Basic control and instrumentation functions. 

nal from a sensor, a low-powered integrated-circuit control system 
can be made to switch modest levels of power. 
An instrumentation package is a similar three-block affair ( Fig. 

9-1B). Many modern electronic measuring instruments and gen-
erators are built almost completely around integrated circuits. Some 
sort of probe is used to take a sampling of whatever electrical/elec-
tronic parameter is to be measured. The control section evaluates and 
compares this sample and displays an electrical signal on a calibrated 
indicator, or provides a digital readout. 

PROGRAMMABLE POWER SWITCH/AMPLIFIER 

The RCA CA3094 IC ( Fig. 9-2) is a combination power switch 
and amplifier that can deliver an average output of 3 watts and a 
peak output of 10 watts. This amount of power can be obtained with 

2 
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Fig. 9-2. RCA CA3094 programmable power switch/amplifier. 



Fig. 9-3. The CA3094 IC used in a basic sensor-bridge circuit. 

input signals measured in microamperes and millivolts. When qui-
escent, this monolithic IC dissipates only a few microwatts. 

The IC consists of an output amplifier—transistors 012 and Q13— 
and is preceded by an operational transconductance amplifier (OTA). 
It is so called because the output signal is in the form of a current that 
is proportional to the voltage difference at its input or: 

gn. = àeir, 
Aiont 

The device has the usual differential input but, in addition, it has 
an amplifier bias input, pin 5, which can be used for either linear 
gain control or a position to which a gate pulse or voltage can be 
applied. Pin 2 is the inverted input; pin 3, the noninverting input. The 
output of the OTA section can be observed at pin 1. 

The bias current applied at pin 5 sets the emitter current of dif-
ferential transistors Q1 and 02. This bias determines the differential 
transconductance of the amplifier. The transistor pairs, 08-09 and 
010-Q11, develop a current-controlled output and are designed in 
such manner that they have little voltage sensitivity. Transistors 012 
and 013 serve as the Darlington-connected output and provide access 
to either the collector (sink) or emitter (source) terminals, depend-
ing upon the output characteristics desired. 

THE CA3094 AT WORK 

A basic industrial and instrumentation IC circuit is given in Fig. 
9-3. Output voltage is a function of the degree of imbalance present 
in the input bridge. The transducer bridge can be any one of a num-
ber of sensor types; the sensor element is often just one leg of a re-
sistive bridge network. A centering or reference control is associated 
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with one leg of the bridge, while a second control, used for calibration, 
is associated with the output circuit, pin 6. 
A practical temperature controller, using a resistive bridge net-

work and including a "temperature-set" rheostat, is given in Fig. 9-4. 
The bridge has 75K resistive legs, one of which is a sensor resistor 
with a positive temperature coefficient. 
The unit is operated directly from the ac line and incorporates a 

step-down transformer and single-wave rectifier. When the tempera-
ture drops, so does the resistance of the sensor resistor, making ter-
minal 3 more positive than terminal 2. Under this condition, the out-
put at pin 6 causes the triac to conduct. This, in turn, applies power 
to the heater. When the temperature of the device is brought up, the 
ohmic value of the sensor resistor increases and the temperature con-
troller is shut down. 

HIGH 

120 VAC 
LINE 

Fig. 9-5. A line-operated firing circuit. 

If need be, a negative-temperature-coefficient sensor can be used 
simply by reversing the position of the sensor resistor and resistor R. 
In most of the control circuits, two diode rectifiers are placed across 
the input to prevent damage to the CA3094 in case of an excessive 
differential-input voltage. 
The example of Fig. 9-5 shows a practical circuit that can be used 

when an ac sensor must be employed. Note that there is no step-down 
transformer or rectifier. Typical of many industrial-control circuits, the 
device is largely inoperative on one alternation of the ac line voltage. 
In this case, a negative ac line voltage shuts down the CA3094 be-
cause there would be no forward-bias current supplied to pin 5. 
When the bridge is unbalanced in such a direction that terminal 2 

is made more positive than terminal 3, the CA3094 is off when the ac 
line voltage swings positive. This causes the level at terminal 8 to go 
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Fig. 9-6. Thermocouple response circuit. 

high. As a result, there is current through diode 1N3193 and the 1-µF 
capacitor is charged, driving the triac into conduction. When the 
negative swing of the ac line occurs, there is enough stored electrical 
energy to maintain triac conductance. 
A bridge imbalance in the opposite direction causes CA3094 opera-

tion, and the current through the 1N3193 diode is conducted through 
the IC. The triac gate is not triggered. 
A basic thermocouple-control circuit using a differential thermo-

couple is shown in Fig. 9-6. In this arrangement, the amount of heat 
sensed by the thermocouple develops a differential voltage between 
pins 3 and 2. In this manner, a conversion is made between a differen-
tial-input signal to a single-ended output signal. In fact, a differential-
input voltage swing of -±-26 millivolts results in an output current 
range of ±-8.35 milliamperes. 

'ABC 

1 26011A 

1101( 

This operation demonstrates the operational transconductance (out-
put current change as a result of input voltage change) performance 
of the CA3094. The actual transconductance is controlled with the 
'ABC dc current applied to pin 1 by way of the arm of the 2K poten-
tiometer. In fact, a gri, value of 5000 micromhos results when this 
current has a value of 260 microamperes. 

MULTIVIBRATOR AND VCO 

In Fig. 9-7 the CA3094 is connected in an astable multivibrator 
circuit employed as a light flasher. For 25 percent of the time, the bulb 
is turned on with current drawn through terminal 8 (low state). A 
feedback path exists between terminal 8 and input terminals 2 and 3. 
The important frequency-determining time constant is set by resistor R 
and capacitor C. This time constant establishes the length of the high 
output at terminal 8 when no current passes through the flasher bulb. 
It is said that there is a 75 percent off time during which interval the 
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Fig. 9-7. The CA3094 IC used as o light flasher. 

+ V 

power drawn is of microwatt level. The current during the shorter 
25 percent on period is in excess of 100 mA. 
An advantage of the control influence of the bias current 'ABC is 

that it is able to control the frequency of operation of a multivibrator-
type circuit by setting the transconductance of the IC ( Fig. 9-8). 
Frequency of operation can be changed by varying the level of the 
current at terminal 5. 

Current can also be changed by applying an input voltage through 
a suitable series resistor R. Now by changing the voltage, one changes 
the current and then the frequency of the relaxation oscillator, setting 
up a voltage-control oscillator circuit. Such an arrangement, of course, 

47K 

47K 

CURRENT 
INPUT 

OR 

VOLTAGE 
INPUT 

+ 15 V 

OUT PUT 

Fig. 9-8. Voltage- and current-controlled oscillator. 
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Fig. 9-9. Alarm circuit. 

+12 V 

OUTPUT FOR 
TRIGGERING 
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can be used in phase-detector and PLL applications. The resistive-
feedback values and capacitor C determine the basic frequency of 
operation, which can then be varied with the changing current or 
voltage at terminal 5. 

ALARM AND TIMER CIRCUITS 

The alarm circuit of Fig. 9-9 operates with a high output at pin 6 
in the no-alarm condition. The terminal-2 voltage is lower than the 
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potential at terminal 3, and the 'ABC current is sufficient to keep the 
output voltage high. When any one sensor line is open, is shorted to 
ground, or is shorted between lines, the output switches to low, and 
output current activates an alarm system. Any one of the three alarm 
conditions lowers the difference of potential between terminals 3 
and 2. 

The timing circuit of Fig. 9-10 is interesting because of its ability to 
set up very long timing intervals of as much as 4 hours. This is ac-

-15V 

INPUT 

1.5K 

} DEAD 
ZONE 

HIGH 

LOT 

R2 
5K 

CA3080 

Ye*  

10K 

2 

3 

Fig. 9-11. Dual-limit detector. 

complished by discharging input capacitor Cl through the IC by way 
of terminal 3. The level of the discharge current can be precisely 
controlled by the 'ABC current into terminal 5. Note that the time-
range selector switch is connected to pin 5. 

In placing the circuit in operation, the START switch is depressed, 
charging capacitor Cl. When it is released, the capacitor begins its 
long discharge interval. The discharge continues until voltage E1 be-
comes less than voltage E2. Terminal 2 now draws current, reversing 
the polarity of the output voltage at terminal 6. In so doing, the out-
put thyristor is activated. The 1N914 diode limits the maximum 
differential-input voltage. 

The circuit of Fig. 9-11 is unusual in that it provides a 12-volt out-
put whenever an applied input signal exceeds either a reference high 
limit or a reference low limit, as established by potentiometer R1 
(high-level) and potentiometer R2 (low-level). Whenever the high 
limit is exceeded, the potential at terminal 3 of CA3094 increases rela-
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tive to that at pin 2. The terminal-6 voltage then becomes a high 12 
volts. A similar operation occurs when the input drops below the low 
limit, with the exception that the activity occurs through the CA3080 
low-limit detector, which, in turn, changes over the CA3094 to the 
high-output condition. 

MOTOR CONTROL WITH ICs 

There are two popular methods of motor control: phase and zero-
crossing (Fig. 9-12). In the phase method ( Fig. 9-12A), the changes 

LINE 

LOW 

MED 

HIGH 

LINE 

LOW 

"›.1ED 

(A) Phase (B) Zero crossing. 

Fig. 9-12. Two basic motor-control methods. 

in average power applied to the system load ( motor or other device) 
are determined by the point at which the power switch is turned on, 
relative to the phase of the load waveform. If power is turned on near 
the end of each alternation of the load waveform, only a very small 
power is delivered into the load. Maximum power is delivered when 
power is switched on for almost the duration of each alternation. 
Two disadvantages of the phase-control method are its tendency 

to generate radio-frequency interference and the elaborate and costly 
filter system needed to take out such interference. In the phase method, 
there is an abrupt change in power that occurs instantaneously when 
the load current very quickly rises from zero to a particular operating 
level. This abrupt rise in the waveform between points A and B gen-
erates high-frequency harmonics and other spurious signal compo-
nents. 
The zero-crossing method (Fig. 9-12B), which is popular in inte-

grated circuits, reduces the radio-frequency interference because the 
application of the power is made to be coincident with the passing of 
the load waveform through its zero axis. In this method, as shown in 
the waveforms, power is switched on for complete cycles of the load 
waveform. Little power is delivered to the load by switching on power 
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for only one cycle of a sequence of load waveforms. Maximum power 
results when power is continuously held on, as in the last waveform. 
An integrated circuit that can be used in such a zero-crossing con-

trol system is Fairchild's Trigac (Fig. 9-13). The functional sections 
are the sensor, the Trigac, and the thyristor power switch. The func-
tional block diagram of the Trigac is also given. 
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Fig. 9-13 Functional plan of Fairchild Trigac system. 
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The Trigac operates with a 10-mW sensor. It is able to switch load 
circuits up to a power of 5 kW. Power range can be extended up to 
200 amperes with the addition of an appropriate external pulse 
transformer (Fig. 9-14). 

The input circuit is planned for operation with a 10K sensor with 
supply voltage set to limit power to 10 mW. The amplifier is the 
standard IC differential amplifier, using a common-emitter current 
source to obtain excellent common-mode signal rejection and high 
operating stability under temperature change. Amplifier output is sup-
plied to the comparator switch, the function of which is to set the time 
intervals for the application of power to the load. The switch output 
applies power to a pulse generator. 
Two adjustments are included to set the power-on voltage level and 

the width of the hysteresis loop. 
The purpose of the pulse generator is to form a pulse of short 

duration that coincides in time with the passing of the load waveform 
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through its zero axis. The precise timing is accomplished by a syn-
chronizing component that is fed back from the load to the pulse gen-
erator. Feedback pulse is feasible because at the very moment the load 
waveform is passing through its zero axis, as applied to the Trigac 
switch, there is a momentary loss of holding current and the resultant 
high resistance generates a synchronizing pulse. 

LI   

110 VAC 

L2   

(B) Heater control 

Fig. 9-14. Basic Trigac motor- and temperature-control circuits. 
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This component activates the pulse generator, which, in turn, sup-
plies the necessary turn-on pulse to the gate of the thyristor. The thy-
ristor, in turn, resets to the on position for the next half-cycle of the 
load waveform. 

The use of this synchronizing pulse permits the circuit activities to 
follow any drift in phase of the load waveform and permits operation 
with the usual inductive type of load. Note the simple circuitry re-
quired for motor-control and heater-control applications of the Trigac 
(Fig. 9-14). 

CA3094 MOTOR-SPEED CONTROLLER 

The three functional blocks of a motor-speed controller ( Fig. 9-15) 
consist of the controller and motor circuit, the error detector, and 

Fig. 9-15. Motor-control elements. 
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the ramp generator. The ramp generator provides a reference compo-
nent in synchronism with the same power source that operates the 
motor. The error detector derives an error signal from the tachometer 
that is driven by the motor under control. The complete circuit is 
shown in Fig. 9-16. 

The tachometer component, rectified and filtered, is applied to the 
input of a CA3080A IC, which is employed as a voltage comparator. 
The reference voltage at pin 3 is set by potentiometer R. 
When the motor speed becomes high or low, there is an error volt-

age, El. If the motor speed is too low, the voltage at terminal 2 is less 
positive than at terminal 3, causing the terminal-6 voltage to go high. 
Conversely, a high motor speed results in a low voltage at terminal 6. 
This output voltage is applied to the phase comparator. 
The ramp generator supplies a reference voltage to the comparator. 

It employs the CA3094A connected in a circuit that changes the 
pulsating dc voltage applied to its input to a sawtooth ramp voltage. 
This is accomplished by the rapid charging of capacitor Cl and the 
controlled slower discharge of the same capacitor. 
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The ramp voltage applied to terminal 2 of the comparator controls 
the motor current. The actual amount of motor current is set by the 
time duration of the positive signal applied to the semiconductor con-
trolled rectifier (SCR) by way of pin 6. This actual conduction time 
is set by the dc voltage applied to pin 3 from the error detector. In 
fact, during an attempted change in motor speed, the error voltage 
changes accordingly and either steps up or steps down the level of the 
positive voltage at pin 6 in such manner that the motor current is 
made to maintain a constant motor speed. 

Note from the waveforms that there is motor-speed current for 
whatever period of time the ramp voltage swings below average dc 
voltage level at terminal 3. If the dc voltage at terminal 3 rise in a 
positive direction toward the voltage at terminal 2, there will be a 
corresponding increase in the duration of the positive voltage at pin 6 
and an increase in the duration of the motor current. 

TEMPERATURE SWITCH 

A simple electric/gas oven temperature control using an RCA 
CA3059 zero-crossing IC voltage switch is shown in Fig. 9-17. The 
sensor resistor has a negative temperature coefficient and, in conjunc-
tion with preset temperature-control resistor R,„ regulates the on and 
off intervals of a low-current SCR. This device controls a solenoid in 
an appropriate electric or gas oven. Any defect in the IC or SCR im-
mediately removes power from the control. 

OPTICAL ICs 

In industrial systems, optical devices are used extensively for switch-
ing, limiting control, and evaluation. Such control devices and the op-
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Fig. 9-17. An electric/gas oven-temperature controller. 
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tical detectors can be included in integrated circuits. The RCA 
CA3062 (Fig. 9-18) consists of a photosensitive detector, switching 
amplifier, and high-current output transistors. The power amplifier and 
its differential connection provide complementing outputs, which are a 
measure of the light that impinges on the integrated circuit through a 
glass port that opens on top of a conventional TO-5 IC case. The 
circuit arrangement is given in Fig. 9-19. In typcal application, a load 
for the photodetector is connected between pin 11 and common. An 
external connection is then made to connect the output of the detector 
to the input of the amplifier section at pin 1. Conventional differential 
amplifier and output circuitry follow. 

Since the advent of integrated circuit PLLs, the phase-locked loop 
has become a practical means for motor-speed control (Fig. 9-20). 
In such an arrangement, the motor becomes the voltage-controlled 
oscillator (vco) of the loop. Attached to the motor shaft is an optical 
encoder which, in a typical case, provides an output of 36 pulses per 
revolution. This light-interruption technique provides a pulse train. 
These pulses are in turn applied to a divider and a phase comparator. 
A reference clock signal is applied to the same comparator, resulting 
in an error-voltage output. High frequencies are removed by an ap-
propriate loop filter, and the control voltage is then applied to a 
motor-drive circuit, which sets the motor speed. Any attempted drift 
in motor speed results in an error voltage fed through the motor con-
trol circuit to hold the motor on proper frequency. 
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Fig. 9-18. Functional plan of RCA optoelectronic IC. 
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Fig. 9-19. Internal schematic of CA 3062 IC. 

A light- operated servosystem using two optoelectronic ICs is given 
in Fig. 9-21. The servomotor rotates in either direction depending 
upon which optical detector is illuminated. Equal light level at both 
devices stops the motor. Note the external connection between pins 1 
and 11. Manual override switches are also included. 
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Fig. 9-20. PLL motor-control method. 
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Linear and digital ICs are used extensively in modern test instru-
ments. Their versatility, high stability, and small size are favorable 
attributes of test-equipment application. A high-gain transistor array 
and an operational amplifier are an ideal combination for such a meter. 

The RCA CA3095 is a super-beta transistor array, including a dif-
ferential cascode amplifier along with three independent transistors 

325 



R5 

94 

R6 

9 

El; 

11 

22K 

f8 2K 

4 
o 

CA3062 

RI 
(:(5 *VCC 

2 N4036 

160 pF 

ON 

R2 

I(a) Im •! 150 mA 

\î,
MANUAL OVERRIDE 

1 OFF 94 

6 

R3 

Rvo,rAL 

OVERR IDE 

Fig. 9-21. Light-activated servomotor. 

2N4036 

(Fig. 9-22). Transistors Q1 and 02 are known as super-beta types and 
have an hrE greater than 1000. This characteristic permits them to 
handle a wide current range extending from 1 microampere to 2 milli-
amperes. Their collectors are cascaded to a pair of npn transistors, 03 
and 04. These two transistors have a large signal-voltage capability. 
The net result is that the special differential cascode amplifier has a 
broad-range and low-distortion signal capability. Thus, it is excellent 
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for metering and also can be recommended for long interval timers, 
oscillators, and other sinusoidal and nonsinusoidal applications. A 
voltage-limiting network is connected between the bases of the output 
transistors and the input emitters. 
A voltmeter circuit with an input resistance of 40 megohms is 

shown in Fig. 9-23. The array is connected in a bridge fashion with 
the voltage to be measured applied to base 9. Circuit balance and 
calibration are handled by the de voltage applied to base 7. Two of 
the independent transistors of the array (07 and 08) function as a 
constant-current source for the cascode differential amplifier. 

The differential output of the amplifier is applied to the differential 
input of the CA3748 operational amplifier. Its output is connected to 
the 200-microampere indicating meter. 
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DIGITAL DISPLAY INSTRUMENTS 

The digital readout display has become commonplace in electronic 
test instruments. The digital display package consists of the readout 
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light and decoder, the storage, and the counter chain (Fig. 9-24). 
Such a counter and display package can have a 3, 4, etc., readout 
capability, depending upon the range and accuracy desired. 
A storage or memory segment is not an absolute necessity. How-

ever, such a unit does prevent the indicator lights from blinking as they 
roll from one reading to another. 

Two types of information must be supplied to the digital display 
section. Under control of the clock, the data to be measured must be 
supplied to the input of the counter, signal A. After a sequence has 
been given to the counter, a transfer signal, B, instructs the counter 
to store and then display the status of the count. Finally, a reset sig-
nal, C, throws back the counting activity to zero, and a new cycle of 
operation is initiated. This activity repeats and repeats, maintaining 
a continuous display that lasts until there is some change in the mag-
nitude of the incoming data. 

NUMERICAL DISPLAY 

DECODER 

Ai 

MEMORY 

COUNTER 

B i 

Fig. 9-24. Counter/display block. 

GATED TRANSFER RESET 
DATA 

By proper processing of the input data and the use of the proper 
clock frequency and pulse-forming activities, many types of data can 
be evaluated. Several such basic arrangements are described next. 

First, mention must be made of the other major functional blocks 
that comprise the usual digital measuring system ( Fig. 9-25). The 
counter/display block has already been covered. An input system is 
needed to prepare the input signal for application to the logic circuits. 
Some data require wave shaping and, for other types of measurements, 
a voltage-to-time conversion. A master clock is needed, usually crystal 
controlled, which, along with a frequency-divider chain, provides the 
proper timing for the various measurements to be made. Finally, a 
control logic and a pulse generator are needed. Here, the proper gat-
ing pulses are formed and the necessary pulses are passed to the 
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counter. Other logic functions must also occur, depending upon the 
measurements to be made. 

Frequency- Period Measurements 

A method of frequency measurement is shown in Fig. 9-26. The 
input sine-wave frequency is first converted to a corresponding squared 

SIGNAL 
DATA 

INPUT 

PROCESSING 
GATE 

CLOCK 

GENERATOR 

COUNTER 

DISPLAY 

CONTROL 

LOGIC 

PULSE 

GENERATOR 

Fig. 9-25. Functional plan of a digital measuring instrument. 

wave with the same repetition rate. It is supplied to a gate that, in 
turn, feeds signal to the counter/display block (Fig. 9-26A). How-
ever, this information is gated on and off by a precise gating pulse 
from the clock generator. This pulse of precise duration turns on the 
count gate for a specific time interval. It might be 10 milliseconds or 
100 milliseconds, depending upon the frequency range to be measured 
and the design particulars of the counter. The same signal is applied 
to the pulse generator of the control logic block. 

In operation the counter will now count the number of cycles that 
occur during the clock period. At the end of the period, the edge of 
the clock signal causes the pulse generator to initiate two successive 
pulses. The first one is the transfer pulse, which causes the counter 
unit to store and then display the state of the individual count in each 
channel. A second, or reset, pulse then leaves the pulse generator, 
resetting the count section to zero prior to the start of the next cycle of 
operation. These cycles repeat and maintain a steady reading. Read-
ings change whenever the frequency of the input signal varies. 
A similar arrangement is used to measure the period of an applied 

input wave (Fig. 9-26B). As shown in the accompanying waveforms, 
the clock frequency is now made higher than the frequency of the input 
wave. The waveshaping circuit and a binary counter produce a pulse 
output with a duration corresponding to one period of the input wave 
to be measured. During this interval of time, the clock pulses are ap-
plied to the counter. Since they are of a known frequency, they can 
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be used to take a time measurement ( period) of the input wave. This 
information is displayed as a frequency. However, it can be converted 
to a period using the simple equation: 

1  
Period = Frequency 

Voltage-Resistance Measurements 

A popular method of voltage measurement using a digital display is 
referred to as the dual-ramp system ( Fig. 9-27). In this method, a 
capacitor is charged during a specific time interval with the input sig-
nal. It is then discharged toward a reference voltage. Since the two 
time intervals of charge and discharge, as well as the reference voltage, 
are known quantities, a simple proportion can be used to determine 
the unknown voltage: 

VinT1 = V„.fT2 
, T2 , 

' V in = — X V af 

T1 ' 
where, 
Vh, is the unknown voltage, 
V„f is a known reference voltage, 
T 1 is charge time, 
T2 is discharge time. 
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Inasmuch as the digital display can be used to display time interval, 
a suitable calibration can permit the direct readout in voltage. 
At the beginning of the measurement, the capacitor charges for an 

interval of time set precisely by a timing pulse applied to the control 
logic circuit. This pulse is derived from the clock generator by passing 
the clock signal through the counter. 

After the calibrated interval, a reference voltage is applied to the 
input of the integrator. The capacitor now discharges. However, its 
rate of discharge is greater than its rate of charge because the reference 
voltage is made higher than the input voltage to be measured. There-
fore, in the time, T2, the capacitor has discharged to O. This is verified 
by a comparator, which then generates a pulse leading edge that is 
applied to the control logic circuit, and the transfer pulse initiates the 
store and display reading. The actual reading displayed depends upon 
the time intervals during which pulses were being applied to the 
counter. Thus, the T2/T1 ratio is recorded. This display gives a di-
rect measure of the input voltage in terms of reference voltage. When 
all activities return to 0, the cycle repeats, providing a continuous 
display. 

Although measuring instruments use more digital ICs than linear 
types, there are a variety of operational amplifiers and waveform 
generators, as well as shaping circuits, to be found. 
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HEATH FREQUENCY COUNTER 

The Heath IB-1102 frequency counter permits accurate frequency 
measurements between 1 hertz and 120 megahertz. To cover this fre-
quency range, there are gate times of 1 millisecond and 1 second. 
There is an eight-place display (Fig. 9-28). At the upper right is the 
counter/display block. Directly beneath is the clock and time-base 
generator, which also includes the control logic. Note that the pulses 
supplied by this block are the gate pulse, transfer pulse, and reset 
pulse. The input system includes a high-impedance input stage fol-
lowed by a Schmitt trigger that changes over the input sine wave to a 
square wave. The gate circuit follows and permits a specified number 
of input pulses to be supplied to the counter in accordance with the 
duration of the gate pulse from the clock generator. After the gate 
interval, the transfer pulse allows the information to be transferred to 
the memory and the tube drivers of the display section. A reset pulse 
follows and permits the initiation of a new count cycle. 
The Heath Company uses a variety of integrated circuits in its de-

sign of an accurate and compact frequency meter. The ICs, which are 
part of the counter circuit board, can be seen at the top of Fig. 9-29. 

PROJECT 5: FM I-M SYSTEM AND DETECTOR 
General 

In Projects 5 and 6, a complete fm receiver using three integrated 
circuits is constructed. The first project involves the 10.7-MHz i-f 
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amplifier and quadrature detector. Its output can be applied directly 
to the input of the audio amplifier constructed in Project 1. ( Any other 
audio module will suffice if it has an input sensitivity of at least 30 
mV.) In Project 6, an fm mixer-oscillator combination will be added 
to the input of the i-f amplifier. 

Courtesy Heath Co. 

Fig. 9-29. Internal view of Heath 18.1102 frequency counter. 

The i-f system uses a Motorola MC1357 IC, which is almost identi-
cal to the Sprague ULN2111A IC described in Chapter 7. The circuit 
is given in Fig. 9-30. Output is applied directly to the input of the 
IC-21 audio module. On the input side, there is a double-tuned 10.7-
MHz mixer transformer. There are only three adjustments associated 
with the i-f system, the two resonant circuits of the mixer transformer 
and the quadrature coil, L2. 
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Construction 

The fm i-f integrated-circuit socket is mounted on the right side of 
the vector board (Fig. 9-31). A short length of line can then connect 
the output binding posts to the audio input terminal of the IC-21 
audio module. The small quadrature coil can be seen to the rear, while 
the i-f input transformer is located at the left center. The fm tuner of 
Project 6 will occupy the space to the left of the i-f transformer. 

Construct the amplifier, keeping the output and input circuits iso-
lated as much as possible. Try to position capacitors C2 and C5 very 
near to the coil ends. 

Operation 

The 10.7-MHz signal source should be used to check out the per-
formance of the i-f integrated circuit. Apply a low-level signal to the 
input terminals indicated in Fig. 9-30. In this initial check-out, the 
10.7-MHz signal can be amplitude modulated if a frequency-modu-
lated source is not available. Audio tone can then be heard in the 
loudspeaker connected to the output of the audio module. Adjust the 
primary and secondary slugs of the i-f transformer for maximum out-
put. Reduce the level of the 10.7-MHz signal source and retune the 
slugs for maximum output. 

The quadrature coil can be adjusted only if a frequency-modulated 
source is available. Do so by adjusting it for minimum noise output 
and maximum demodulated audio output. If no frequency-modulated 
source is available, do not change the setting of the coil. It can be 
adjusted later when an actual frequency-modulated broadcast signal 
is being received. 

PROJECT 6: THREE- IC FM RECEIVER 

General 

A complete and reasonably sensitive fm receiver can be constructed 
by adding just one more integrated circuit to the i-f system and audio 
module of Project 5. An RCA CA3005 IC can be made to perform 
as a capable fm tuner consisting of input amplifier, mixer, and local 
oscillator. This is a 12-pin device mounted in a TO-5 case. The device 
was described in Chapter 7 ( refer to Fig. 7-22 and associated text). 

If greater sensitivity and selectivity are desired, a two-stage fm 
tuner can be built ( Fig. 7-23). However, the single-stage device pro-
vides adequate performance although it has some image response. 
Separate mixer and local-oscillator tuning capacitors are incorporated 
(Fig. 9-32), instead of using a gang tuning capacitor. This permits one 
to tune the input more precisely and aids in tuning out any annoying 
image response that may be encountered in the reception of a par-
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Fig. 9-32. Mixer-oscillator of the fm tuner. 

ticular fm station. If a 455-kHz i-f is preferred, data can be found in 
Fig. 7-27. 

Construction 

Construct the fm tuner on the left side of the vector board. Keep 
the mixer and local-oscillator circuits as isolated as possible and use 
short-lead connections. Also, keep the 10.7-MHz trap away from the 
other two coils. In the test construction, the actual integrated circuit 
was wired permanently into the circuit, making use of vector terminal 
connectors. Of course, when permanent wiring is done, a small heat 
sink is used when soldering directly to IC leads. 

MIXER 
TRANSFORMER 
MILLER 
1601- PC 

IF IG 9-301 
10.7-MHz 
I -F 

The rf tuned coil consists of three turns of No. 22 enameled wire 
(center-tapped) mounted on a 1/4 -inch diameter vhf coil form ( Mil-
ler 4500-4). Spacing the turns can be used to set the frequency range 
over which the 20-pF variable capacitor will tune. The slug in the 
coil is also an aid in tuning. Using a dip meter, it was no problem to 
obtain a tuning range between 75 MHz and 115 MHz. 
The local-oscillator tuning is accomplished with two 15-pF vari-

able capacitors, one of which can be taken in or out of the circuit by 
using a jumper. These variable capacitors are mounted on a single 
insulated shaft, finalizing in a vernier tuning knob. When only one 
capacitor is in the circuit, the high-frequency end of the fm broadcast 
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band can be fine-tuned. The two capacitors in parallel are used to tune 
the low end of the fm broadcast band. 

Coil L2 itself consists of 21/2  turns of No. 22 enameled wire wound 
on a vhf toroid form ( black T-50-10). Note that the bottom end of 
the coil is connected to +9 volts. Be certain that the 0.05-µF capacitor 
is connected directly between the bottom of the coil and the nearest 
ground point (preferably the rotor side of the tuning capacitor). 
The oscillator frequency can be checked out with a dip meter. How-

ever, the oscillator must be placed in operation to obtain an accept-
able indication on most types of dip meters when using a toroid coil. 
The mixer transformer is the same one mounted on the pegboard 

for the fm i-f system of Project 5. However, the ground is removed 
from the bottom of the primary and connected to the +9-volt supply 
line to provide supply voltage for terminal 11 of the integrated circuit. 

In using the fm receiver, an fm antenna is preferred. A television 
antenna is a poor second choice because it introduces strong tele-
vision broadcast images into the input circuit. An fm antenna with 
gain and directivity is an ideal choice. Good performance can be ob-
tained within 50 miles, or farther, of an fm broadcast station. 

Operation 

In placing the tuner in operation, first check out the adjustment of 
the mixer transformer by connecting a 10.7-MHz signal to terminal 1 
or the top of coil L3 through a 10-pF series isolating capacitor. Adjust 
the primary and secondary of transformer Ti for maximum output. 
Remove the signal source and turn off the tuner. Use a dip meter and 
adjust the 8-to-60-pF trimmer capacitor to exactly 10.7 MHz. 

Use the dip meter to set the rf resonant circuit (capacitor Cl) to 
the frequency of a strong fm signal in your area, preferably some sta-
tion around 100 MHz (99 MHz to 102 MHz). Use the dip meter to 
set the oscillator frequency to a frequency 10.7 MHz lower in fre-
quency. If a frequency is chosen in the suggested range, only one of 
the oscillator capacitors need be connected in the circuit. 
Now connect the fm antenna to the tuner. Turn on the receiver. 

The station, or at least background noise, should be heard in the 
output. Adjust the oscillator variable until the signal is tuned in. Tune 
in the signal very carefully. You can now adjust the quadrature coil 
of the fm i-f system for minimum background noise and maximum 
audio output. 
Tune for other stations at the high end of the fm broadcast band. 

Incoming signals can be peaked by adjusting rf tuning capacitor CI. 
Next, connect the two oscillator capacitors in parallel and set capaci-
tor CI for tuning at the low-frequency end of the fm broadcast band. 
Now you can tune over the low end of the band, using the oscillator 
variable and adjusting the final peaking with capacitor Cl. 
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Table 9-1. Parts List for Projects 5 and 6 

IC-21 audio module 
IC socket, 14-pin in- line 

MC1357 Motorola integrated circuit 

CA3005 RCA integrated circuit 

Vector board, 41/2 " X 81/2" 

20-pF variable capacitor 

15-pF variable capacitors (ganged) 

Vernier tuning dial 

3- to 12-pF trimmer capacitor 

8- to 60-pF trimmer capacitor 

10-µH rf coil (Miller 4622) 

3-foot length No. 22 enameled copper wire 

Toroid coil form T50-10 

Ceramic coil form, 1/.t in diameter (Miller 4500-4) 

10.7-MHz mixer i-f transformer (Miller 1601 -PC) 

1.5 to 3-itH quadrature coil (Miller 9050) 

2-I.LH RFC (Miller 4606) 

Binding posts 

1000-µF 16-volt electrolytic capacitor 

2-ILF nonpolarized capacitor 

0.1-µF disc capacitors 

0.05-pe disc capacitors 

0.01-µF disc capacitor 

68-pF disc capacitor 

10-pF disc capacitors 

5-pF disc capacitor 

1K, 1/2 -watt resistor 

2K, 1/2-watt resistor 

3.9K, 1/2 -watt resistor 
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10 

Two-Way Radio 

Except for the high-powered stages of the transmitter, integrated 
circuits are feasible in all sections of modern radio transmitters, re-
ceivers, and transceivers in the marine, aviation, land-mobile and 
amateur radio services. Presently, the discrete field-effect and bipolar 
transistors outnumber the integrated circuits in modern gear. How-
ever, ratios will favor the IC in the not-too-distant future. Even in 
the realm of radio-frequency power amplification, a limited number 
of IC devices have already been developed and marketed. Two-way 
radio with its emphasis on compactness and lightweight is a natural 
for the integrated circuit. 

HYBRID RF POWER AMPLIFIER 

Motorola has developed two hybrid IC power amplifiers for the 
land-mobile radio service. These operate in the uhf spectrum between 
400 and 470 MHz, with a dc supply voltage of 12.5 volts. Output 
power is a minimum of 13 watts, with an input driving power of only 
150 milliwatts (Fig. 10-1). A second device delivers an output of 
7.5 watts, with a driving power of only 100 mW. 
The input impedance is 50 ohms for both devices, and they are 

capable of operating with as high as a 20-to- 1 load mismatch with-
out damage. 

There are 7 pins, 3 of them grounds. Two pins are provided for the 
rf input and output. There is a terminal for application of the +dc 
voltage and a terminal that can be used to regulate power gain using 
an external network. 
The device is less than 3 inches long and less than 1 inch wide. 

These dimensions, along with the capability of the device, emphasize 
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Courtesy Motorola Semiconductor Products 

Fig. 10-1. Hybrid IC if power amplifier. 

the inevitable widespread application of integrated circuits in two-way 
radio gear. 

SYSTEMS AND SUBSYSTEMS 

It is not unreasonable to expect that complete low-power trans-
mitters, receivers, and even transceivers will eventually be packaged 
in a single hybrid and/or monolithic enclosure. The Lithic complete 
a-m transmitter ( Fig. 10-2) was described previously in Chapter 6. 
Component values are shown for a complete 27-MHz a-m transmitter. 
This unit provides a 100-milliwatt output, and the values shown will 
operate on the Citizens band and the nearby 10-meter amateur band. 
Lithic now makes available a 250-milliwatt output version of this 
integrated circuit. 

The Lithic LS371 IC (Fig. 10-3) is a differential/cascode ampli-
fier for high-frequency application. It also includes the necessary bias-
ing and compensating diodes. 

For a Citizens band or 10-meter ham application, the LS371 can 
be used as the front end of a well-performing receiver ( Fig. 10-4). In 
the cascade connection, the input signal is applied to the base of the 
constant-current transistor. One side of the differential pair operates as 
a crystal-controlled oscillator. Oscillations mix with the incoming signal 
to produce a difference frequency in the collector circuit of the second 
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transistor of the differential pair. Output is removed by way of the 455-
kHz i-f tranformer. 

The same transistor can be used as a stable high-gain emitter-
coupled vhf amplifier ( Fig. 10-5). By proper selection of coil dimen-
sions for L 1 and L2, this amplifier can be made to operate in the fm 
broadcast band, as well as in the 2- and 6-meter amateur bands. Input 
and output matching are handled by the split-capacitor arrangements. 

Fig. 10-3. Lithic LS371 
differential/cascode uf amplifier. 
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2.5 K 

10 

343 



Fig. 10-4. Front end of a crystal-controlled 27-MHz receiver. 
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Lithic also sells an integrated circuit that is designed specifically 
for agc/squelch/vox application in communications transmitters and 
receivers. A typical vox circuit and a speech-compression amplifier 
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are shown in Fig. 10-6. The purpose of a vox circuit is to automatically 
turn on the transmitter when the operator speaks into the microphone. 
As soon as he stops talking, the transmitter-receiver switches back to 
receive automatically. 

10 id 

DYNAMIC 
MICROPHONE 

1 5m Vow 

4.7K 

lar 

0.01 µF 

T . 0.1 if 

M PS 3702 

6.8K 

10K 

1K 

COIL 
1600 ET 

22K 

22K 

+12 V 

SIGMA 
65FIA - 12 DC 

RELAY 
OUTPUT 

200µF 

0.1 pF 

LS370  1.__0 AUDIO 
OUTPUT 

0.1 pF 

e C 
2 pF 

1001( 
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Fig. 10-6. Simultaneous voice-operated switch (vox) and 
speech-compression preamplifier. 

Internal circuitry ( Fig. 10-7) shows the differential-amplifier input 
applied between pins 1 and 10 at top left. Output from one pair of 
collectors is applied to the separate bases of the dual-differential pair 
shown at the top center. Note that their common bases connect back 
to the control circuitry at the bottom center. 

Control-current components applied at positions A, B, or C are 
able to change the gain of the dual-differential pairs and thus control 
the level of the signal, which is emitter-coupled to the output tran-
sistors. 
A second pair of collector outputs from the input differential ampli-

fier is applied to the dc amplifier system at the lower left in Fig. 10-7. 
Output at pin 6 is a dc component that can be used for a receiver 
squelch circuit or a transmitter vox circuit. 

Refer now to the vox circuit of Fig. 10-6. Note that the microphone 
is connected between pins 1 and 10. Observe that a dc current com-
ponent at pin 6 passes through a relay coil. When the relay is ener-
gized, the associated power switch turns on the transmitter. Thus, by 
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speaking into the microphone, a dc component at pin 6 turns on the 
transmitter. When the operator stops speaking, there is a momentary 
delay and then the unit switches back automatically to the receive 
position. 
The audio output is derived at pin 8. A component of the audio is 

coupled back to pin 4 of the integrated circuit by way of the 0.1-µF 
capacitor and a discrete bipolar transistor. Note that this is one of the 
control inputs of the integrated circuit ( Fig. 10-7). This component 
is rectified and develops a dc voltage that is used to regulate the gain 
of the audio amplifier. Therefore, if the audio output is of a level too 
high for proper operation of the transmitter, the gain of the integrated 
circuit is reduced automatically to maintain a reasonably constant 
audio output at pin 8. This manner of operation is referred to as speech 
compression. It compensates for different voice levels and maintains 
the proper modulation level for the transmitter without the use of a 
speech-gain-control adjustment. 

Complete FM I- F Subsystem for Communications 

The RCA CA3089E IC ( Fig. 10-8) can serve as a complete re-
ceiver subsystem for a communications package. It includes a three-
stage fm i-f amplifier/limiter channel, plus individual signal-level 
detectors for each stage. There is a doubly balanced quadrature fm 
detector that can be used with either a single-tuned or double-tuned 
detector coil. The quadrature detector is followed by an audio ampli-
fier with a typical 400-mV output level. The quadrature detector also 
supplies drive to an automatic frequency-control amplifier, whose out-
put can be used to hold the local oscillator on correct frequency. 

The level-detector stages supply signal for a tuning-meter circuit 
and a delay agc component for the rf amplifier of the tuner. A level 
detector is also associated with the quadrature detector. It supplies a 
drive component to the squelch system. The squelch output, in turn, 
is supplied to the muting stages of the audio amplifier. Such a squelch 
circuit silences the output of the receiver when there is no incoming 
signal above a level set by the muting sensitivity control. A typical 
single-tuned detector circuit is shown in Fig. 10-9. Practical values are 
given for operation in the 10.7-MHz spectrum. 

The LM373 is a communications IC made available by National 
Semiconductor (Fig. 10-10). This device includes an i-f amplifier/ 
limiter and the necessary internal circuitry to provide various de-
modulation modes. Suitable external switching permits the device to 
operate as an a-m, fm, or ssb/cw demodulator. Bandpass shaping is 
accomplished with suitable external discrete LC or network compo-
nents. The bandwidth extends up to 30 MHz. 
The row of stages at the top of the block diagram includes an 

amplifier/limiter, agc, gain-control input and a second gain circuit. 
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The signal to be demonstrated is applied to pin 2, with the output 
removed at pin 9. Agc control is obtained by proper sampling of the 
audio-output level. 
The pin 9 output is reintroduced at pin 4, passing through an ex-

ternal filter circuit on the way. Additional gain stages follow, with the 
signal then being applied to a following balance mixer and/or peak 
detector. 

Typical circuits for a-m, fm and sideband demodulation for the 
LM373 in a TO-5 case are given in Fig. 10-11. In the a-m detector 
circuit, the peak detector does the demodulation, with the output be-
ing removed at pin 8. A portion of this output is fed back through a 
3.9K resistor and the agc threshold control to the agc input of the 
amplifier chain, pin 1. Typically, when using a 455-kHz i-f frequency, 
the sensitivity is 10 microvolts. 

The fm detector employs a quadrature demodulator, with the fm 
i-f signal being applied to pin 2, being picked up again at pin 9, and 
then transformer-coupled through transformer Ti to the second i-f 
amplifier system by way of pin 4. The quadrature coil associated with 
the balanced-mixer demodulation system is connected to pin 6. The 
peak detector is inoperative in this method of demodulation for wide-
band fm. The output signal is removed at pin 7. The peak-detector 
circuit can be used to limit bandwidth in narrowband fm reception. 
Good output is obtained with only a -±-5-kHz deviation at either 455 
kHz or 10.7 MHz. 

Suitable interstage and output LC and RC components permit the 
device to be operated either as a wideband or narrowband fm i-f/ 
detector system. 

In the ssb/cw demodulator, the signal path is approximately the 
same as that used for a-m demodulation, with the exception that the 
balanced mixer is now used as a product detector. The reinserted 
carrier is reapplied by way of pin 6. The cw or single-sideband output 
is removed at pin 7. 
As shown, external controls may be inserted, if desired, to minimize 

the level of the signal and reinserted carrier level in the output. Also, a 
convenient rf-gain control can be inserted in the agc feedback path. 

COS/MOS ARRAY 

Increasingly, a variety of field-effect transistors, especially insulated-
gate types, have been finding their way into integrated circuits. A 
popular series is the RCA COSIMOS digital device. However, many 
of these can be biased for linear, as well as digital, operation; others 
can be used in a variety of amplifier, oscillator, and mixer combina-
tions. One such unit is the RCA CA3600E IC (Fig. 10-12). The 
practical device with pin-out connections for applying external corn-
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Fig. 10-12. RCA COS/MOS CA3600E integrated circuit. 

ponents is shown in Fig. 10-12A; Fig. 10-12B shows the built-in pro-
tection circuit that protects the insulated gates from damage by high 
static voltages and other improper external signal and voltage levels. 
This protective circuit is present at the gate inputs of all three tran-
sistors mounted in the device. The device operates at a supply voltage 
of between 3 and 15 volts, and useful operation can be obtained up to 
a frequency of 5 MHz in untuned circuits. 
As an oscillator, the circuit can be made to operate at considerably 

higher frequencies ( Fig. 10-13). The device can be operated in 

352 



crystal-controlled or in vio fashion, with the insertion of an appro-
priate LC tunable resonant circuit. In the circuit a sine-wave output 
can be obtained. Note that only one of the three FET pairs in the 
array is used in the circuit. 

Each FET pair ( Fig. 10-14) includes two complementary linear 
amplifier circuits. Linear biasing of the complementary pair is han-
dled by resistor Rb connected between pins 10 and 12, giving due con-
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Fig. 10-13. A COS/MOS crystal-oscillator circuit. 

25 pf 

sideration to the value of the source resistance, Rs. Typical voltage 
gain and bandwidth as a function of supply voltage are given in Fig. 
10-14B. The curve assumes a value of 22 megohms for Rb and a 50-
ohm signal source. 

SIDEBAND MODULATORS 

A popular type of integrated circuit is the doubly balanced differen-
tial-amplifier combination. This is used extensively in modulator and 
demodulator circuits, especially in double-sideband and single-side-
band generators. 
The Motorola MC1596G IC previously described is one such type 

(Fig. 10-15). This complete generator can be used for forming a 
double-sideband signal ( both sidebands present with the carrier sup-
pressed) over a wide frequency range, depending upon crystal fre-
quency or vfo input frequency. The same arrangement with the use of 
a 9-MHz crystal and a 9-MHz sideband filter can be used to generate 
either an upper or lower 9-MHz single-sideband signal. 
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The carrier generator is shown at the top left (Fig. 10-15) and 
uses an FET crystal oscillator followed by an isolation buffer stage. 
If desired, a vfo signal can be applied to the input gate. For this man-
ner of operation, one need only remove the crystal from its socket. 
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Fig. 10-14. A COS/MOS linear amplifier. 

The modulating wave is applied to the lower left integrated circuit 
using the HEP 580 as a two-stage audio amplifier. Its output is trans-
former-coupled to the input of the double balanced modulator. The 
carrier component is applied to pin 8. 
A double-sideband signal is removed at pin 6 and applied to the 

two-stage bipolar transistor amplifier. These two stages are used as a 
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straight-through amplifier when generating a double-sideband signal. 
For 9-MHz single-sideband operation, the appropriate sideband filter 
is inserted between the two HEP 50 transistors. 
A dual-output system is included. Output can be taken directly 

from the emitter circuit of the HEP 50 emitter follower. Output can 
also be switched to the gate of an FET output stage using a HEP 802. 
An untuned output can be derived, or a tuned output circuit for addi-
tional gain can be arranged by connecting an appropriate resonant 
circuit between output B and C. In this plan, a low-impedance sec-
ondary can be used to supply drive to a succeeding linear-amplifier 
system. 
The circuit of Fig. 10-15 uses the filter method of generating a 

single-sideband signal. The circuit of Fig. 10-16 provides a means of 
generating a single-sideband signal using the phasing method. In this 
plan, the modulating wave is first applied to an input audio-phase 
shifter. This phase shifter generates two audio components that are of 
equal magnitude but are 90° related. These components are applied 
to a CA3018 array consisting of a pair of transistors connected in a 
Darlington pair and a second duo that can be connected externally as 
a Darlington pair (Fig. 10-17). This latter external connection can 
be made simply by connecting the emitter ( pin 4) to the base of the 
second transistor ( pin 6). 

The complete audio circuit is shown at the top left of Fig. 10-16. 
It provides 90°-related audio components derived at pins 1 and 7. 
These are applied to the doubly-balanced modulator CA3050. The 
manner of supplying one component determines which sideband will 
appear in the output. Therefore, a single-pole and double-throw 
switch is used in the conjunction line between pin 7 and pin 5 or 8 
of the doubly balanced modulator. Appropriate potentiometers are 
included for balancing the circuit and for applying the appropriate 
relative levels of audio signal to the modulator. 

The carrier is generated by an PET crystal oscillator. The stage 
can also serve as the input amplifier when a vfo is to be used. When 
used as an input amplifier the crystal must again be removed from its 
socket. 

The secondary of the tuned output transformer of the carrier 
oscillator/amplifier is first applied to a radio-frequency phase-shift 
network. Its purpose is to generate two equal-amplitude but 90°-
related carrier components for application to pins 1 and 13 of the 
doubly balanced modulator. 

Both carrier and modulating frequency are suppressed in the bal-
anced-output circuit of the modulator. Only the appropriate sideband 
component is emphasized. It develops across the resonant output trans-
former. A low-impedance secondary provides either balanced or un-
balanced feed to a succeeding linear amplifier. 
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Fig. 10-17. RCA CA3018 
transistor array. 

COMMERCIAL APPLICATIONS 

The use of integrated circuits in communication equipment has gone 
beyond the experimental stage. Although the all-IC transmitter or 
transceiver is not a reality, increasing numbers of modern units do 
employ more and more ICs. 
An example of the use of ICs in a transmitter audio section is the 

General Electric MASTR II 25-to 50-MHz transmitter ( Fig. 10-18). 
Audio signal from the microphone is applied to pin 12. Capacitor Cl, 
along with the input resistance of transistor Ql, provides pre-emphasis. 
As you know, the pre-emphasis of highs is used widely in fm systems 
to improve the signal-to-noise ratio. If the microphone includes a 
built-in transistor amplifier, supply voltage can be supplied to pin 11. 
The three transistors 01, 02, and 03 serve as an operational ampli-

fier and limiter, with 03 doing the limiting. The gain of the operational 
amplifier is set by the negative feedback network composed of resistors 
R19, R20, and the input resistance of transistor Q 1 . 
A de-emphasis network, resistor R10 and capacitor C3, follows 

the output of transistor Q3. Now the various audio frequencies are 
restored to the same relative magnitude that was present at the out-
put of the microphone. The de-emphasis network is followed by an-
other resistor-capacitor network that sets the proper relative level of 
audio components as needed for the phase-modulation method of 
generating an fm signal. Transistor 04 serves as a class-A amplifier, 
followed by the output transistor 05. The potentiometer in the col-
lector circuit of 05 can be used to set the level of the audio signal 
applied to the phase modulator. 

In the rf section of the same transmitter, two binary counters are 
used as a frequency divider ( Fig. 10-19). In this application, the 
output of the crystal-controlled oscillator that determines the eventual 
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frequency of the operation of the transmitter is applied to the base of 
the bipolar transistor at the input of the divider. This input transistor 
and associated diode assist in shaping the oscillator wave for appli-
cation to the 4-to- 1 divider. In fact, the input transistor is cut on and 
off by the carrier component. 
As it is turned off on each cycle, its drop in collector voltage changes 

the state of the first digital flip-flop. Two oscillator cycles cause the 
flip-flop to switch one complete cycle from state 0 to state 1 and 
back to state 0. Therefore, there is one cycle of output for each two 
cycles of input. The signal is then applied to a second flip-flop binary 
counter, producing a total division of 4 (2 x 2). 

The square-wave output of the divider is converted to a sine wave 
by the input resonant circuit of the voltage-variable capacitor diode, 
CV101. Note that the audio-modulating wave is applied to the same 
input circuit. As a result, a frequency-modulated wave appears at the 
output being generated by the indirect phase-modulation process. Re-
sistors R108 and R109 provide the dc biasing for the CV101 varactor. 

This manner of generating an fm signal is attractive in that the 
crystal-controlled carrier frequency is first reduced in frequency by a 
factor of 4. The modulation occurs at this frequency. However, the 
transmit frequency is much higher and a succession of multiplier ac-
tivities must follow. For any multiplication of the fm wave, there is 
also a multiplication of the frequency deviation. Thus, it is possible 
to obtain a substantial linear-frequency deviation if the modulation 
occurs at a relatively low carrier frequency. 

AERONAUTICAL RADIOCOMMUNICATION 

Four important electronic aids to aircraft travel are radiocommuni-
cation, navigation, traffic control, and landing. Most modern-day 
aeronautical radio activity occurs in the frequency spectrum between 
108 and 136 MHz. Radio navigation uses the spectrum between 108 
and 118 MHz; air-traffic control and communication, 118 to 136 
MHz. Scattered throughout this spectrum are frequencies assigned to 
both aircraft and aeronautical ground stations. For example, in flying 
a private aircraft, you will find the frequencies of the various ground 
stations given on navigation maps and/or charts. These aeronautical 
ground stations monitor certain aircraft frequencies, and you can 
quickly establish contact en route by setting your aviation radio to 
an appropriate frequency. 
Many aviation radio units have dual-reception facilities. Thus, it is 

possible to receive a continuous radio navigation signal at the same 
time that a two-way radio contact is being made with an aeronautical 
ground station. Such a unit is often referred to as a one and one-half 
communicator because it has a single transmitter and two receivers. 
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Most modem flying is done via the vhf omnidirectional range sta-
tions. These are called VOR or OMNI stations. In the vhf frequency 
spectrum, there is largely static-free reception, and the bending and 
false beams of the older low-frequency range stations are not present. 
A reliable directional pattern can be produced at these frequencies. A 
complex revolving antenna pattern that uses electronic switching gen-
erates a rotating beam that has a directional accuracy of 1° through-
out the entire 360° of rotation. The aircraft need use only a simple 
nondirectional antenna. 
More and more aviation radio gear employ an increasing number 

of integrated circuits. Reliability, compactness, and lightweight are 
the attractions. 

The functional plan of a NARCO radiocommunication and navi-
gation unit is shown in Fig. 10-20. Two antennas are connected to 
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Fig. 10-20. Functional plan of aviation communications transceiver and 
omni receiver. 

the receiver so it can be used for receiving communications signals, 
as well as the signals from the omnirange stations. When used for 
navigation, the output of the receiver is supplied to the omnisection 
on the left. Appropriate display meters are included, depending upon 
whether the signal is to be used for omnipositioning or for aircraft 
localization. It includes a channel selector which, through the main 
unit, sets up the proper oscillator frequency for the receiver. 
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In radiocommunication application, the receive signal is passed 
through an appropriate filter, i-f amplifier and detector, and audio 
amplifier prior to its application to the speaker. On the transmit posi-
tion, a microphone input is activated. Voice signal is increased in 
level and then applied to the transmitter section of the unit. 
A most important operation in the unit is the proper setting of re-

ceive and transmit frequencies. There are 360 individual channels 
involved, spaced 50 kHz apart. For ease of operation, this is done 
automatically by setting a digital readout dial that is calibrated in 
frequency. If the communication section is set to 119.5 MHz by the 
pilot, the unit must automatically set itself to this frequency, one out 
of a total of 360 possible frequencies. This work is handled by what 
is known as a frequency synthesizer. 

The synthesizer responds to the NAV/COM mode selector, the 
NAV digital channel selector, and the COM channel selector. This 
logic information sets the transmitter on the desired frequency and 
the receiver for either omni or communications reception on the de-
sired aeronautical radio channel. 

In modern aviation radio equipment, it is the synthesizer that is 
designed around digital integrated circuits. Some ICs of various types 
are also found in other segments of modern aviation radio units. The 
array of digital ICs of the synthesizer can be seen in the photograph 
of Fig. 10-21. 

Synthesizer Operation 

It is to be anticipated that the frequency of 50 kHz is important in 
the operation of a synthesizer, because this is the channel spacing 
across the aviation radio spectrum. It is the reference frequency of 

Fig. 10-21. Internal view of NARCO aviation radio showing array of ICs used 
in the synthesizer. 
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the phase-locked loop that is a part of the synthesizer, and it is at 
this frequency that a comparison is made in the phase detector ( Fig. 
10-22). The overall plan of the synthesizer is to generate output fre-
quencies that are exact multiples of 50 kHz. However, these fre-
quencies must be spaced in the high end of the vhf spectra. Hence, 
the indirect means of using a mixer and a vco must be employed in 
the generation of the spot frequencies that determine the transmitter 
output frequency and the receiver local-oscillator frequency. 
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Fig. 10-22. Functional diagram of the frequency synthesizer. 

In the NARCO radio, a reference oscillator operates on 3.2 MHz. 
It is divided by a factor of 64 to obtain the 50-kHz reference input 
for the phase detector. In the phase detector, the output of the pro-
grammable divider is compared with the reference voltage. The out-
put of the phase detector is fed through a ramp-generator shaping cir-
cuit and the detector filter to provide a dc control voltage, which is 
applied to the voltage-controlled oscillator (vco). It is this oscillator 
that generates the output frequency that is passed to the transmitter/ 
receiver isolation amplifier. 

In transmit position, the output frequency selector sets the transmit-
ter on the desired frequency. When the radio is switched to receive, 
there is a corresponding change in the vco output frequency. This new 
output frequency for local oscillator use is separated from the incoming 
receive frequency by an amount corresponding to the i-f frequency 
of the receiver. Thus, in switching between transmit and receive, the 
output frequency change corresponds to the i-f frequency. 
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The actual selection of frequencies by the aviation radio operator is 
handled by the programmable divider when he sets his digital dial to a 
desired frequency. Note that the phase-locked loop is completed from 
the vco to the mixer through an isolation amplifier. In the mixer, this 
component is compared with a crystal oscillator component known 
as the offset frequency. 

The mixer function is to reduce the input frequency to the divider 
to an appropriate spot in the radio-frequency spectrum between 10 
and 30 MHz. This frequency is now applied to the programmable 
divider. The programmable divider, in turn, divides this frequency by 
an amount determined by the setting of the selector switch, which 
controls the count of the programmable divider. In fact, this variable 
divider divides the input frequency by an amount that falls some-
where between 232 and 601, depending upon the selector setting. 
The selected divide ratio breaks down the input frequency to 50 kHz. 
It is this component that is applied to the phase detector for compari-
son with the reference frequency. If this frequency is more or less 
than 50 kHz, the vco frequency will shift correspondingly to make 
certain that the vco frequency is such that the division produces a 
50-kHz output. Here we have the completed PLL loop. 
The required division at the low-frequency end of the band would 

have to be higher than at the high-frequency end of the band. Let us 
use the count of 601. On the lowest channel, the desired vco fre-
quency would be 118.00 MHz. The crystal offset frequency in the 
NARCO unit is 148.05. Therefore, the output of the mixer is 30.05 
(148.05 — 118.00) MHz. The division by 601 produces a 50-kHz 
output only when the vco is guided precisely to 118.00 MHz by the 
phase-locked loop. This required count of 601 was established when 
the aircraft radio operator set his digital selector dial to 118.00 MHz. 
The IC circuits of the NARCO synthesizer are shown in Fig. 10-23. 

At the bottom right, using discrete bipolar transistors, is the 3.2-MHz 
crystal-controlled reference oscillator that supplies signal to the 64-
to- 1 divider chain composed of U101, U102, and U103. From pin 6 
of output gate G7, the 50-kHz reference pulse is supplied to the pulse 
phase detector, U104. The 50-kHz comparison output of the program-
mable divider is supplied to pin 13 of the same detector. Output is 
supplied to the succeeding ramp generator, which converts any phase 
difference to a corresponding dc voltage for controlling the voltage-
controlled oscillator of the frequency synthesizer. 
When changing channels and during intervals when the vco is not 

locked-in, an inhibitor component is supplied to the output system of 
the vco to prevent any vco component from being applied to the trans-
mitter or receiver. 

The difference frequency at the output of the mixer that hetero-
dynes vco output and offset-oscillator output is applied to a driver. 
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The driver output is applied to the programmable divider, with IC 
U111 serving as a 2-to- 1 divider and U112 as a control flip-flop. 
Output is then applied to U106, a 10-to- 1 divider. However, through 
registry control it selects one appropriate pulse out of ten pulses 
applied to U112. This programming sets the 0.1- to 0.9-MHz chan-
nel. The total division is now 20. 

Digital ICs U107 and U108, as a function of a selector, are required 
to divide by an appropriate integral between 12 and 29. This sets up 
the whole-number megahertz channels. 
The 50-kHz separation is handled by the counting of the input 

control flip-flop, U112. Thus, the programming permits changing of 
the vco output in 50-kHz steps between 118 and 135.95 MHz as the 
selector dial is rotated. 

PROJECT 7: WAVEFORM GENERATORS 

General 

In Project 7 you can construct a pair of waveform generators, check-
ing out the capabilities of each. In Project 8 one generator is modu-
lated by the other, forming either an amplitude-modulated or fre-
quency-modulated output. The waveform generators use the Exar 
XR-205 IC (discussed in detail in Chapter 6) in conjunction with 
Figs. 6-6 through 6-10. Exar makes available in kit form two of these 
integrated circuits and a printed-circuit board for the generator. The 
complete schematic diagram is given in Fig. 10-24. 

The generator is a source for the gamut of waveforms discussed in 
Chapter 6. These include sine, triangle, square, ramp, sawtooth, and 
pulse. The voltage-controlled oscillator can be either amplitude- or 
frequency-modulated. The waveform generator at the left of Fig. 
10-24 can be used to modulate the generator at the right. 
The one on the left has a fixed frequency, while that on the right 

has an adjustable output frequency by using range selector switch Si 
and fine-frequency control potentiometer R31, center right. Beneath 
it is the output-amplitude control, R33. Potentiometer R22 at the 
lower left of IC2 is a waveform control. The two-section waveform 
selector switch ( S2) is shown at the bottom right. 

Potentiometer R10 is a wave-shape control for the fixed-frequency 
waveform generator IC!. Potentiometer R1 at the left center regu-
lates the amplitude of the fixed generator output and is used as a 
modulation-level control. Potentiometer R6 at the top center also 
sets IC2 output level, but acts mainly as a balance control for proper 
adjustment of carrier level for conventional amplitude and suppressed-
carrier modulations. 

Waveform selector switch S3 is located at the bottom left. To its 
right is the modulation selector switch. Its center position is for off. 
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Position 1 uses the fixed-frequency generator on the left to frequency-
modulate the variable-frequency generator on the right. Position 3 
is used in the same manner for amplitude modulation. In Project 7 
switch S4 should be set to its off position. 

Construction 

The two waveform-generating integrated circuits and the printed-
circuit board can be purchased from Exar Integrated Systems, 733 
North Pastoria Avenue, Sunnyvale, California 94086. Instructions and 
a parts list are included. After the circuit-board wiring was completed, 
it was mounted in a 5" x 7" x 3" case (Fig. 10-25). 
An oscilloscope is needed to check out the performance of the 

waveform generator. Additional components such as audio generator, 
phono player, microphone, frequency crystals, and a few capacitors 
are helpful, depending upon your specific needs for the waveform 
generator. 

Construct the waveform generator. In this project you will check 
out the performance of each generator individually. 

Operation 

The schematic diagram (Fig. 10-24) shows the various switches, 
as well as the function of each switch position. Since the two gen-
erators are to be checked out separately, the modulation selector 
switch, S4, should be set to position 2 throughout Project 7. 

The fixed-frequency generator on the left operates at approximately 
1 kHz. Set the modulator waveform selector switch, S3, to its No. 1 
(sine) position. Connect an oscilloscope across the modulation-output 
terminals (across resistor R36). 

Turn on the waveform generator. Adjust and observe the output. 
The modulation-level control, potentiometer R1, is used to adjust the 
output amplitude. Observe the quality of the output waveform. It 
should be a good sine wave. The sine-wave-shaping potentiometer is 
R10. Adjust it for best quality output. 

If you have an accurate audio oscillator, check out the frequency of 
the waveform generator, using a Lissajous pattern on your oscillo-
scope. This particular unit checked out at 1200 hertz instead of 1000. 
If you desire operation nearer to 1000 hertz, experiment with various 
other capacitors in the C2 position. 

Set the waveform selector switch, S3, to the No. 2 (triangle) posi-
tion. It may be necessary to make a slight readjustment of poten-
tiometer RIO to obtain the very best triangular wave. Set switch S3 
to the No. 3 position to observe a good quality square-wave output. 
Set switch S3 to the No. 4 (off) position. 

Check out the variable-frequency generator, keeping switches S3 
and S4 on their off positions. Transfer the oscilloscope to the signal-
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Fig. 10-24. Schematic diagram 
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Fig. 10-25. Printed circuit board wired and mounted in case. 

output terminals ( across potentiometer R33). Set frequency-selector 
switch Si to its No. 3 position and waveform-selector switch S2 to its 
No. 1 ( sine) position. Set potentiometer R6 to either end. 

Turn on the waveform generator and observe the output waveform. 
Output amplitude is regulated with potentiometer R33. Use a Lissa-
jous pattern to set the variable-frequency oscillator on 1000 hertz by 
using frequency-control potentiometer R31. Observe the quality of the 
output waveform and adjust potentiometer R22 for the best sine wave. 

Vary potentiometer R6 through its range. Notice that near mid-
position the output waveform is reduced to zero. Hence at this posi-
tion, the output waveform generator can be made to operate as a 
balance mixer or modulator with carrier suppression. Note the phase 
change in comparing outputs on each side of the zero-output position 
of potentiometer R6. 

Check out the other waveform possibilities, using the waveform 
selector switch, S2. Observe the triangle and square waves on posi-
tions 2 and 3. Observe the ramp waveform of position 4. Note how 
the zero of the linearly rising voltage coincides with the zero ramp 
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level. Move potentiometer R6 through its range, and notice how the 
direction of the linear voltage rise can be changed from one polarity 
to the other. 

Observe the sawtooth waveform of position 5 of switch S2. Either 
a positive or negative sawtooth can be made available, depending 
upon the setting of potentiometer R6. Do the same for the pulse wave-
form at switch position 6. Negative or positive pulses can be made 
available, depending upon the setting of potentiometer R6. Reset 
switch S2 to No. 1 (sine) position. 

Use an external audio generator to check out the frequency range 
of each position of switch Si. Approximate ranges for each position 
are given in Fig. 10-24. The actual range, of course, depends upon 
the absolute values of capacitors C12 through C17. These values can 
be adjusted to establish any desired frequency range. For example, a 
capacitor value of 2000 pF permits operation between 100 and 
500 kHz. A capacitor value of 680 pF in any one of the switch posi-
tions would permit operation between 300 and 1500 kHz. The author 
inserted a 300-pF capacitor in one position to obtain operation over 
the entire broadcast band, providing a signal source for this entire 
spectra. 
An advantage of this generator is its adaptability to meet a spe-

cific need. For example, a crystal socket was substituted for one of 
the S1 switch positions. Because crystals inserted into this socket pro-
duce a useful output above 10 MHz, you can set up spot frequencies 
to correspond to WWV signals. A small trimmer capacitor connected 
across the crystal socket will permit a precise WWV calibration. You 
may need a 1-MHz or 5-MHz crystal-controlled signal source. Per-
haps your interest is spot frequencies on the 40-, 80- and 160-meter 
amateur bands. Remember that these frequencies can be either ampli-
tude- or frequency-modulated. 
Two changes can be made to provide added versatility. A crystal 

socket can be mounted externally and connected to one of the switch 
positions; thus, by plugging in an appropriate crystal, you can obtain 
any desired spot frequency. A small trimmer across the socket per-
mits a fine adjustment of crystal frequency. Also, a pair of binding 
posts can be mounted externally and connected to one of the switch 
positions. An external fixed or variable capacitor can be inserted to 
establish preferred frequency ranges whenever they are needed. Ca-
pacitors of appropriate value can be connected across the binding 
posts to provide an output range of frequencies from very low to the 
upper high-frequency limit of the waveform generator. 
The waveform generator also operates in the 9000-MHz range, the 

frequency used for generating sideband signals. Operation is also 
possible in the 8-MHz range, customarily used for generating fre-
quency-modulated signals. 
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PROJECT 8: MODULATED WAVEFORM GENERATOR 

General 

In this project a modulating link is established between the wave-
form generators. The fixed-frequency oscillator is used to amplitude-
modulate or frequency-modulate the variable-frequency oscillator. 
Position 1 of switch S4 provides frequency modulation; position 3 
provides amplitude modulation. The actual modulation level is con-
trolled with potentiometer R1, which sets output amplitude of the 
fixed-frequency generator. Potentiometer R6, of course, is used as a 
balance control, providing carrier cancellation for DSB and carrier 
level control for conventional a-m. 
A high-impedance, high-output microphone or a phonoplayer can 

be used as an external source of modulating signal. The oscilloscope 
is again used to display the waveform. A broadcast receiver can be of 
help in listening to the modulated output of the waveform generator. 
In fact, the combination can serve as a wireless record player. 
A microphone and waveform generator can be used as a versatile 

amateur test signal or as a source of signal for a transmitted signal, 
provided amplification is included. Linear amplification is needed to 
build up the weak double-sideband or conventional a-m modulated 
output of the generator. However, conventional class-C frequency 
multipliers and amplifiers can be used to build up any frequency-
modulated signal made available by the waveform generator. 

Operation 

Leave selector switches S3 and S4 on their off positions. Set fre-
quency switch S1 to the No. 6 position. Set the waveform selector 
switch to position 1 ( sine). 

Turn on the waveform generator and adjust the frequency-control 
potentiometer R31 to generate a 100-kHz output. Use a Lissajous pat-
tern on your oscilloscope. Adjust for a good quality sine wave, using 
potentiometer R22. Adjust potentiometer R6 for complete carrier 
suppression. 

Turn on the fixed-frequency oscillator by setting switch S3 to its 
sine position. Apply a-m modulation to the output waveform gener-
ator by setting selector S4 to position 3. 

Position a broadcast receiver near to the waveform generator. Note 
that the signal can be heard every 100 kHz over the broadcast band. If 
your radio has a short-wave band, notice that it can also be heard at 
closely spaced intervals over the short-wave spectrum. 

Momentarily turn off the modulation by setting switch S4 to posi-
tion 2. Use potentiometer R6 to generate some carrier in the output. 
Now set switch S4 to the a-m position again. Adjust potentiometer R6 
and modulation-level control R1 to obtain a good quality 100 percent 
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amplitude-modulated waveform at the output. Note that a very ex-
cellent a-m modulation pattern can be obtained. Notice that this too 
can be heard over the broadcast and short-wave bands. 

Set switch S4 to the off position. On the oscilloscope screen, display 
four cycles of the 100-kHz wave. Now set the modulation selector 
switch to position 1 (fm). Note there is a slight fuzziness at the peak 
of each waveform when the modulation-level control is set to maxi-
mum. Display only one cycle of this wave, and vary the modulation-
level control between minimum and maximum. Now it is possible to 
see the displacement of the waveform with 1000-Hz fm modulation. 

This signal, too, can be heard on the broadcast band, along with 
additional ringing, which indicates beats between the various sidebands 
of the generated fm signal. A communications receiver with very nar-
row band-reception capability, such as used for receiving cw signals 
only, will be able to distinguish between the carrier and the multiple 
sidebands generated by an fm signal. 

If you have included the 300-pF broadcast-band capacitor, set your 
frequency-selector switch to this position. Locate an empty spot on 
the a-m broadcast band. Adjust the frequency-control potentiometer, 
R31, until you tune in the signal. Adjust modulation-level control R1 
and carrier control R6 to obtain an ideal 100 percent modulated a-m 
signal. At these higher frequencies, use switch S2 on position 3 to ob-
tain the best modulation pattern. 

Turn off the internal modulation by setting switch S3 to off posi-
tion. Connect a microphone to the a-m input of the waveform gener-
ator. Speak into the microphone, and listen to the quality of the signal 
picked up by the broadcast receiver. It may be necessary to set po-
tentiometer R6 to a lower carrier level to obtain a high level of 
modulation. If one is available, substitute a phonoplayer and listen to 
the music quality as reproduced by the broadcast receiver. 

If you have inserted a crystal position, check out the performance 
on the various crystal frequencies by using the internal modulation. If 
you are a licensed radio amateur, you may wish to use a 160-meter 
crystal to generate an a-m signal or a double-sideband and suppressed 
carrier on 160 meters. Also, it would be possible to frequency-modu-
late a somewhat higher-frequency crystal and obtain an output on 
the 2-, 6-, or 10-meter fm bands by using a chain of frequency 
multipliers. 
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Index 

A 

Acceptor materials, 13 
Active 
components of integrated circuit, 

46-51 
filters, 127 

Adders, 223-224 
Adding impurities, 12-14 
Aeronautical radiocommunication, 

361-366 
Alarm and timer circuits, 316-318 
A-m 

modulator, 142, 153, 200 
PLL demodulator, 208 
radio subsystems, 249-253 

A-m/fm 
generator, 197 
signal source, 201 

Amplifier(s) 
audio, 235-249 

bandpass, 120 
difference, 121 
FET, 33-34 
high-frequency, 120 
high-gain rf/i-f, 163 
instrumentation, 126 
inverting, 121 

Amplifier(s)—cont 
noninverting, 121 
photocell, 126 

pulse, 155 
rf, 91-92 

60-MHz, 156-157 
summing, 121 

30-MHz, 159 
tuned, 128 
video, 145-155 

voltage-follower, 127 
wideband, 166 

AND gate, 218 
Applications 

IC, 91-95 
of ICs, commercial, 358-361 
radio-frequency, 155-163 

Area, depletion, 30 
Atom(s) 

donor, 13 
silicon, 11-12 

Atomic structure of silicon, 11 
Audio 

amplifiers, 235-249 
power amplifiers, 95-103 

for use in radio, 100 
Automatic fine tuning, 290-291 
Avalanche current, 19 

377 



B 

Balanced 
mixer, 143 
modulator, 154, 172 
transistors, 137 

Bandpass amplifier, 120 
Barrier potential, 16-17 
Base 

current, 25 
junction, 20 

Basic 
audio stage, 235-237 
class-B output stage, 87 
differential amplifier, 67-69 
fabrication methods, 41-42 
IC electronic voltage regulator, 181 
IC structures, 7-10 
logic blocks, 217-220 
monolithic IC, 40 
motor-control methods, 318 
operation of op amp, 109-112 
operational amplifier applications, 

121 
transistor flip-flop circuit, 225 

Bias 
constant-gain, 167 
constant voltage, 167 

Biasing, 21-22 
modes, 167 

Binary 
-coded-decimal ( BCD), 214 
numbering, 213-215 

Bipolar transistor, 19-25 
Block diagram of voltage-regulation 

system, 180 
Broadband video amplifier, 174 

C 

Calculating section, 216 
Capacitor, monolithic, 54 
Capture range of PLL, 202 
Carrier motion, 14 
Carriers, majority and minority, 25-28 
Cascaded ICs, 144-145 
Charge motion, 15-16 
Chroma processing and demodulation, 

291-299 

378 

Circuit(s) 
COS/MOS-oscillator, 353 
demodulator, 351 
ECL, 222-223 
level-shifting, 83-85 
logic, 215-217 
nulling, 117 
output, 85-88 
thermocouple response, 314 
TTL, 220-229 
vox, 344-345 

Clocked S-R flip-flop, 227 
Collector cutoff current, 27 
Commercial applications of ICs, 

358-361 
Common-mode 

input voltage, 76 
rejection ratio, 76 
voltage gain, 76 

Comparison of discrete and IC 
transistor, 45 

Components, passive, 51-56 
Connecting an IC for high gain, 147 
Constant 

-current sources, 77-80 
-gain bias, 167 
-voltage bias, 167 

Control system, motor-speed, 322 
Controller 

motor-speed, 321-323 
temperature, 312 

COS/MOS 
array, 350-353 
crystal-oscillator circuit, 353 
linear amplifier, 354 

Counter, frequency, 332 
Current 

avalanche, 19 
differential amplifier, 72-73 
diffusion, 24 
in a semiconductor, 14 
transistor, 23-25 

Curves, FET characteristic, 31-33 

D 

Darlington configuration, 70-71 
Data input, 216 
Dc voltmeter, high-impedance, 

325-327 



Decoder 

matrixing, 266-270 
stereo, 261-266 

Demodulator 

FSK, 211 
SCA, 213 

Depletion area, 30 
Detector 

quadrature, 258-261 
single-sideband, 143 

Difference amplifier, 121 

Differential amplifier, 67-69 
in ICs, 71-77 
current, 72-73 
operational modes, 73-74 
transconductance, 74-77 

voltage, 73 

with emitter degeneration, 76 
Differential/cascode rf amplifier, 343 
Diffusion current, 24 
Digital 

integrated circuits, 213-217 

display instruments, 327-331 
Diodes, 46-48 

monolithic structure, 47 
Donor atoms, 13 
Doping, 12 
Double-balanced 

mixer, 142 
modulators, 135-145 

Double-diffused planar transistor, 29 
Drain, 30 

Dual-limit detector, 317 

E 

ECL circuits, 222-223 

Effect of temperature on pn junction, 
18-19 

8-to-1 counter, 228 
Electrons, valence, 11 

Emitter-follower output stage, 87 
Emitter junction, 20 

Experiment 1: four-transistor IC, 
61-65 

ac operation, 64 
basic common-emitter stage, 62-63 
tone oscillator, 65 

vector-board construction, 62 

Experiment 2: differential amplifier, 
103-108 

ac operation, 106-108 
construction and dc checks, 104-106 

Experiment 3: operational amplifier, 
129-133 

differentiation and integration, 
132-133 

inverting amplifier, 131-132 

noninverting amplifier, 130-132 
Experiment 4: IC crystal calibration, 

186-188 
crystal oscillator, 187 
receiving the calibrator signal, 

187-188 
WWV calibration, 188 

Experiment 5: digital dividers. 
230-233 

decade divider, 232-233 
two-to-one dividers, 231 

External transistor used as pass 
device, 181 

Fabrication 
methods, basic, 41-42 

transistor, 28-29 
FET (see field-effect transistor) 

amplifiers, 33-34 
characteristic curves, 31-33 
fabrication, 34-35 
junction, 30-31 

Field-effect transistor, 30-37 

15-MHz rf amplifier, 175 
Filter 

high-pass, 127 
high-Q notch, 128 
low-pass, 127 

Fine tuning, automatic, 290-291 
5-to-1 counter, 229 
Flip-flops and counters, 224-229 
Fm 
i-f subsystem, 347-350 

PLL demodulator, 206 
radio ICs, 253-258 

Four-bit expression, 213 

Four-channel linear mixer, 179 
Forward-biased junction, 16 
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Frequency 
counter, 332 
doubler, 200 
-period measurements, 329-330 
synthesizer, 363 

FSK demodulator, 211 
FSK modulator, 212 
Functional sections of a television 

receiver, 279-281 
Fundamentals, semiconductor, 10-14 

G 

Gain, transistor, 22 
Gate, 30 
Gated video amplifier, 152 
Generator(s) 

a-m/fm, 187 
sine/square wave, 124 
single-sideband, 141 
waveform, 193-199 

H 

High 
-frequency amplifier, 120 
-gain 

rf/i-f amplifier, 163 
voltage amplifier, 103 

-impedance dc voltmeter, 325-327 
-pass filter, 127 
-Q notch filter, 128 

Hybrid 
IC structures, 8 
power amplifier, 237-241 
rf power amplifier, 341-342 

I 

IC(s) 
a-m radio receiver, 192 

frequency-response curves, 193 
applications, 91-95 
cascaded, 144-145 
device, typical, 89-91 
dsb/ssb generator, 355 
fm radio, 253-258 
in television i-f systems, 281-286 
optical, 323-325 
packages and sockets, 57-59 

380 

IC(s)—cont 
quadraphonic, 245-249 
resistor, 52-53 
structures 

basic, 7-10 
hybrid, 8 
monolithic, 8 

transistors, connected as diodes, 47 
used as a light flasher, 315 
voltage regulation, 173-186 

I-f amplifier, untuned, 176 
IGFET, 30 
Impurities, adding to silicon, 12-14 
Input(s) 

bias offset current, 77 
offset voltage, 77 
operational amplifier, 112 
voltage, common-mode, 76 

Instrumentation amplifier, 126 
Instruments, digital display, 327-331 
Integrated circuit(s) 

digital, 213-217 
FETs, 50-51 
voltages, 88-89 

Intrinsic silicon, 12 
Inverter, 219 
Inverting amplifier, 121 
Inverting mode, op amp, 115 

1 

WET, 30 
Junction 

base, 20 
capacitive effect, 17-18 

emitter, 20 
FET, 30-31 
forward-biased, 16 
pn, 14-19 
reverse-biased, 16 

L 

Light-activated servomotor, 326 
Linear 

amplifier, COSIMOS, 354 
mixer, four-channel, 179 

Line-operated firing circuit, 313 
Lock-in range of PLL, 201 



Low-pass filter, 127 
Logic circuits, 215-217 

Majority and minority carriers, 25-28 
Matrixing decoder, 266-270 
Measurements 

frequency-period, 329-330 
voltage-resistance, 330-331 

Memory section, 216 

Microtransmitter, 190 
Milliwatt a-m transmitter, 343 
Mixer 

double-ba anced, 142 
rf, 160 

Modulator(s) 
a-m, 142, 152, 200 
balanced, 154, 172 
double-balanced, 135-145 
FSK, 212 
rf, 158 
ring, 135-137, 172 
sideband, 353-357 

Molecules, 12 
Monolithic 

capacitor, 54 
IC structures, 8 
process, typical, 43-46 
structure, 39-41 

MOSFET, 35-37 
depletion-type, 35 
enhancement type, 35 

Motion, charge, 15-16 
Motor control with ICs, 318-321 
Motor-speed controller, 321-323 
Multistage amplifiers and biasing, 

80-88 
bias, 82-83 
level-shifting circuits, 83-85 

output circuits, 85-88 
Multiphasing, 8 
Multiplier and divider systems, 145 
Multivibrator and vco, 314-316 

Multivibrator using an op amp, 125 

N 

NAND gate, 219 

flip-flop, 226 

Noninverting 

amplifier, 121 
mode, op amp, 115 
video amplifier, 118 

NOR gate, 219 
flip-flop, 226 
multivibrator, 226 

NOT circuit, 219 

Nulling circuit, 117 
Numbering, binary, 213-215 

o 

Offset voltage 
input, 77 
output, 77 

Op amp 
as a differentiator, 123 
as an integrator, 122 
basic operation of, 109-112 
common-mode rejection-ratio 

curves, 113 
inverting mode, 115 
noninverting mode, 115 
open-loop voltage-gain curves, 113 

operational principles of, 112-121 
phase-compensation curves, 114 
used in multivibrator circuit, 125 

Operational 
amplifiers 

at work, 121-129 
inputs, 112 

modes of differential amplifier, 
73-74 

principles of an op amp, 112-121 
Optical ICs, 323-325 
OR gate, 217 
Output 

impedance and load-current 
regulation, 178 

offset voltage, 77 

stage, class-B, 87 
stage using an emitter-follower, 87 

Passive components, 51-56 
Phase-locked loop, 199-213 
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Phasing-type sideband generator, 142 
160-meter, 357 

Photocell amplifier, 126 
Pinch-off region, 32 
PLL (see phase-locked loop) 

demodulator, 206 
demodulator 

a-m, 208 
fm detector, 209 
FS modulator/demodulator, 211 
motor-controlled method, 325 

Pn junction, 14-19 
effect of temperature on, 18-19 

Potential, barrier, 16-17 
Power amplifier, hybrid, 237-241 
Practical 

demodulator circuits, 351 
high-gain rf amplifier, 164-165 
power supply for integrated 

circuits, 182 
video amplifier, 147 

Programmable power switch/ 
amplifier, 305, 310-311 

Project 1: audio power amplifier IC, 
270-273 

construction, 273 
operation, 273 

Project 2: a-m radio, 274-277 
construction, 275 
operation, 276-277 

Project 3: PLL detector, 303-306 
construction, 304 
operation, 304-306 

Project 4: stereo audio amplifier, 
306-308 

construction, 306-307 
operation, 308 

Project 5: fm i-f system and detector, 
332-336 

construction, 336 
operation, 336 

Project 6: three-IC fm receiver, 
336-339 

construction, 337 
operation, 338 

Project 7: waveform generators, 
366-375 

construction, 371 
operation, 372-375 

Pulse amplifier, 155 
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4 
Quadraphonic IC, 245-249 
Quadrature detector, 258-261 

R 

Radiocommunication, aeronautical, 
361-366 

Radio-frequency applications, 155-163 
Radio receiver, IC a-m, 192 

frequency-response curves, 193 
Rate, slewing, 118-119 
Rejection ratio, common-mode, 76 
Resistor, IC, 52-53 
Reverse-biased junction, 16 
Rf 

amplifier, 91-92 
15-MHz, 175 

modulator, 158 
mixer, 160 
power amplifier, hybrid, 341-342 

Ring modulator, 135-137, 172 
Runaway, thermal, 27 

S 

Saturation current, 32 
SCA demodulator, 213 
Schematic of video amplifier IC, 146 
Semiconductor fundamentals, 10-14 
Sideband 

generator, phasing type, 142 
modulators, 353-357 

Signal source, a-m/fm, 201 
Silicon 

atom, 11-12 
intrinsic, 12 

Simple IC voltage regulator, 180 
Simple plan of fm peak detector, 288 
Sine/square wave generator, 124 
Single-IC intercom system, 101 
Single-sideband 

detector, 143 
generator, 141 

60-MHz amplifier, 156-157 
Slewing rate, 118-119 
Sources, constant-current, 77-80 

using transistor as, 78 
Speech amplifier and processor, 359 



SQ system, 246-247 
Stability factors of differential 

amplifier, 69-70 
Stereo 

decoders, 261-266 
preamplifier, two-stage, 241-246 

Substrate, 29 
Subsystems, a-m radio, 249-253 
Summing amplifier, 121 
Switch, temperature, 323 
Switches and rectifiers, 49 
Sync and deflection systems, 300-303 
Synthesizer operation, 363-366 
Systems and subsystems, 342-350 

Television 
i-f systems, ICs in, 281-286 
receiver, functional sections of, 

279-281 
Temperature 

controller, 312 
switch, 323 

The CA3094 at work, 311-314 
Thermal runaway, 27 
Thermocouple response circuit, 314 
30-MHz amplifier, 159 
Timing circuit, 316 
Transconductance of differential 

amplifier, 74-77 
Transistor(s) 

balanced, 137 
bipolar, 19-25 
currents, 23-25 
double-diffused planar, 29 
fabrication, 28-29 
field-effect, 30-37 
flip-flop circuit, basic, 225 
gain, 22 

Transmitters and receivers, 189-193 
Trigac, 319-321 
TFL 

circuits, 220-229 
flip-flop, 227 

as a divider-counter, 228 
2-input positive NAND gate, 220 

Tuned amplifier, 128 
TV intercarrier-sound system, 286-290 
Two-input positive NOR gate, 222 

Two-stage 
amplifier, 148 
stereo preamplifier, 241-246 
video amplifier, 150 

Two 3-input positive NAND gates, 221 
Typical 

circuits using RCA 3028A IC, 94-95 
IC device, 89-91 
monolithic process, 43-46 
wideband amplifier, 168 

U 

Untuned i-f amplifier, 176 
Using transistor as constant-current 

source, 78 

V 

Valence electrons, 11 
Varactor diode, 48 
Vhf rf amplifier, 344 
Video amplifier 

broadband, 174 
gated, 152 
noninverting, 118 
practical, 147 
two-stage, 150 

Voltage 
amplifier, high-gain, 103 
-and current-controlled oscillator, 

315 
differential amplifier, 73 
-follower ac amplifier, 127 
gain, common-mode, 76 
gradient, 31 
integrated-circuit, 88-89 
output, 22-23 
regulation, IC, 173-186 
regulation system, block diagram 

of, 180 
-resistance measurements, 330-331 

Vox circuit, 344-345 

Waveform generators, 193-199 
Wideband amplifier, 166 

typical, 168 
Working with integrated circuits. 88-95 
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