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Linear IC Principles, experiments, and Projects was written to in-
troduce the principles of cperation of the integrated circuit. The
book 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 the basic external circuitry reeded to perfom a specific
electronic function. Considerab'e emphasis is placed on differen-
tial and operational araplifie’s, which are fundamental to IC
devices. Important muitipurpose ICs and special systems are dis-
cussed in detail. A coverage ot 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 I1Cs
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 enthusiasts 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, ana 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, ficld-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.

EpwarRD M. NoLL
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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 integroted 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 Narco Avionics.

Fig. 1-2. Integroted circuits are used in this compact
aviation communicator.



=
Fig. 1-3. Integrated circuit mounted in case.

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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Fig. 1-4. Multiphased integrated circuits.



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

(B) Multichip LC.
Fig. 1-5. Hybrid integrated circuits.
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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 clectrons in the first shell
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< {4 ELECTRONS)
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(A) Silicon atom showing energy bands.
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@ ELECTRONS
OUTER
M SHELL
(B, 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.



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
impuritics 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,
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(A) Donor atom. (B) Acceptor atom.

Fig. 1-7. Simplified drawings of impurity elements.



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 [N HOLE REPRESENTS
OUTER ORBIT OF ABSENCE OF ELECTRON
IMPURITY ATOM IN OUTER ORBIT OF

IMPURITY ATOM

/
IMPURITY IMPURITY
ATOM ATOM

(A) N-type. (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 reighboring 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
ot 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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Fig. 1-9. Charge flaw in a semicanductar.

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 NO CHARGES
JUNCTION AT .IU?\ICTI(N
W’_o.ﬁo\:'_‘-’__‘:l Fo . T --_1
|o.o’o|-_---l \o.o’ _---|
1+ , P, ¢~ _N_-— —+ . P, | N -
le T o ol—_-_-l |0"'o’|--_-|
s Pt -7 e "« | " -7
\ \
LOW-RESISTANCE HIGH-RES ISTANCE
CURRENT PATH NO CURRENT ~ PATH
R I
(A) Forward bias. (B) Reverse bias.

Fig. 1-10. The pn junction.

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-

16



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.
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cooa - - -| _l‘ooooieieg- - - -
OOOO---'I OOOOEOEOE----r
cooQ& - - - ‘ooooieiei----
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NEUTRALIZED
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(A) Majority carriers join together. (B) Electron-hole pairs cause a
balanced area.
— T .|
__4‘ P-TYPE ‘ N-TYPE
T
(C) Repelling force shown graphically. _:' - T
Lo
\
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.
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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
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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,
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CURRENT

Fig. 1-14. Yoltage/current choracteristics of o 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.
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(A) Block diagram. (B) Symbols.

Fig. 1-15. Simple diogram of o tronsistor.

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.

2.

20

In an operating circuit, the collector-base junction is reverse
biased. Thus, the collector-base junction has a high resistance.
When no voltage (zero bias) is applied to the emitter junction,
there is no current (charge motion) through either junction.

. If the emitter junction is reverse biased, it has a high resistance.

Again, there is no current through either junction.

. 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-



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

Fig. 1-16. Basic transistor operotion.
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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 hgy. 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.

AL
hl’e - XI:
where,

he. is the small-signal current gain,

AL is a small change in collector current,

Al is the corresponding small change in base current.

Output Voltage

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

Fig. 1-17. Basic transistor amplifier.
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was caused by the input voltage E;n. Hence, the actual voltage gain of
the transistor stage is the ratio of E¢/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-
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Fig. 1-18. Basic amplifier wavefarms.
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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:

I;=In+ Ic

The base current can be indicated as the difference between the emitter
current and the collector current. By rearranging the formula:

In=Ix—I¢
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Fig. 1-19. Transistor currents.

The collector current is:
Ie=1;— Iy

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 To (B) Time T, (C) Time T:
Fig. 1-20. Diffusion current.
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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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(C) Both majority and minority carriers.

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
cmitter 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 I,.. 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-typc 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, 1. 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:

Ie=Ug—1y) + Lo

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

METAL FILM SILICON
CONTACT DIOXIDE CONTACT DIFFUSED

METAL EMITTER

___ EPITAXIAL
_ BASE

DIFFUSED — UNDIFFUSED
BASE COLLECTOR
PACKAGE  \ GRS
SOLDER DIFFUSED HEAVILY SOLDER
EMITTER DOPPED COLLECTOR
(A) Diffusion process. (B) Epitaxial process,

Fig. 1-23. Methods of fabricating transistors.



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 bar. (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 Vs = 0 curve shown
in Fig. 1-27. Note how the drain current increases between a drain-

31



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 Ipgs.

DEPLETION DEPLETION
_.,  AREAS ..., AREAS
I AP
Vos Vos
(A) Low drain-source voltage. (B) Higher drain-source voltage.

Fig. 1-26. Influence of Vs on the depletion area.

Also, observe in Fig. 1-27, that the drain-source voltage Vpg cor-
responding to the saturation current Ipgg is +5 volts. The bias volt-
age Vg 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 Vgg.
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Fig. 1-28. Increasing negative bias on 5]
the gate.

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 Vs.

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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(A) Circuit diagram. (B) FET dynamic characteristics.

Fig. 1-29. Basic FET omplifier 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 V/Vix.

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,
g is @ 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:

Ay — g.Rp

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

S Gl D
S Gl D
. | ‘
[P N| P IN| P i ". '
| | B | ! | | 11|
| | CHANNEL 1 & U
L I ) L I
62 62
(A) Side view. (B) Top view.

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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(A) Construction diagram. (B) Symbol.
Fig. 1-31. Depletion-type MOSFET.

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
(Ves) 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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(A) Construction diagram. (B) Symbol.
Fig. 1-33. Enh t de MOSFET.
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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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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 conventicnal 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.

COLLECTOR
P N SUBSTRATE

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
COLLECTOR

/ \

\

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 clectrically 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

¢ ¢z
o
l: o al
' o Fig. 2-3. Electrically equivalent
circuit for the substrate and two
8 s J 8 transistors of on IC.
1 2

3] €2
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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
. S - GROWN
[ P SUBSTRATE
~— WAFER
THIN S0z LAYER -
ADDED ON TOP
(B) Silicon-dioxide layer is added.
N EPITAXIAL ~
il — GROWN
P SUBSTRATE ~
WAFER

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

P BASE

lLMr

Fig. 2-5. The parasitic pnp transistor
/ /N COLLECTOR | present in a basic monolithic structure.

’

_"' 3
#* 7 .p SUBSTRATE

P N P
PARASITIC

In certain designs, it is possible to incorporate both types in a
monolithic wafer if the clectrical 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.
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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 P-TYPE N-TYPE
EPITAXIAL LAYER ISOLATION DIFFUSION  Si0p EPITAXIAL LAYER

P-TYPE
SUBSTRATE

COLLECTOR COLLECTOR
Fig. 2-7. The starting process in constructing an 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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Fig. 2-8. Single isolated transistor of @ 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'® 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.

2!
10 . =3=7 BASEDIFFUSION
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10 3 EMITIER DIFFUSION
CONCENTRATION M~ 2.202/ ©) - PHOSPHORUS
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gy — — = 2 == —~SzT=-= Fig. 2-9. Impurity profile of an
== < = IC transistor.
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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.

COLLECTOR CONTACT
BASE CONTACT

P-TYPE
ISOLATION
DIFFUSION

EMITTER CONTACT

i N-EPITAXIAL COLLECTOR

‘P SUBSTRATE

(A) Single monolithic IC transistor.

BASE CONTACT
2 EMITTER CONTACT |

AN

pe

N-EPITAXIAL COLLECTOR

" N+ SUBSTRATE

COLLECTOR CONTACT —/
(B) Discrete bipolar transistor.

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

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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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
cither left free or connected to another element. Transistors must be
formed in the fabrication process, regardless of whether or not other
devices arc needed. This technique is inexpensive in comparison to
the cost of incorporating special diode arrangements. The arrange-
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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

o o -0 -0 =

+ e + O + . + +

—— EQUIVALENT CIRCUIT

n
I

A _ — - MONOL ITHIC STRUCTURE
Fig. 2-12. IC transistors connected to operate as 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

K A

EMITTER

\

i

BASE

COLLECTOR 7/

SUBSTRATE

Fig. 2-13. Monolithic structure of an 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

K /A

W\\\\\ﬂ\\ E  ODDNNNN
e
)

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 js 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-
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(A) Four-layer structural arrangement.
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(B) Diagram of a five-layer devices.

Fig. 2-15. Multiple layer devices.

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.
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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
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Fig. 2-16. An epitoxial-diffused junction FET.
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Fig. 2-17. Structural diogram of an IC IGFET.

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 1Cs.
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Fig. 2-18. Dual-gate MOSFET fabrication using Sprague Electric Company ion
implantation techniques.
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Fig. 2-19, Cross-sectionol view of a diffused IC resistor.

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
simultancously 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:

L
R=Rd(w)
where,

Rj 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 21—5 = 5000 ohms
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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.

P RESISTOR _

N SUBSTRATE

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 a 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.
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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
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Si0p

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

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 uF 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.

Al METALLIZATION

) R : SRR $i0p 3\\%

|
N TYPE OR P-TYPE SILICON (

Fig. 2-24. Capacitar farmed using thin-film pracess.

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-
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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-TERMMNAL 10-TERMINAL 12-TERMINAL

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

(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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(C) Package dimensions.

Fig. 2-27. Papular duol-in-line plostic packoges.

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

Fig. 2-28. Other I1C coses.
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Fig. 2-29. Arrangement of sockets on vector board used for experiments.

Table 2-1. Equipment for Experiments 1 Through 5

N RNN o et W oad oot ot N) ot oad ot = i s
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Volt-ohm-milliammeter

Audio sine/square wave oscillator
Oscilloscope

Voltmeter, dc

100-kHz crystal and socket
Vector board, 812" X 412

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, 1Y2-volt
Binding post

Vector micro-clip terminals (Vector Company)
7-35 pF trimmer capacitor

0.1-uF disc capacitor

2-uF 12-volt electrolytic capacitor
220-ohm Y2-watt resistor

1K, Va-watt resistor

1.8K, Va2-watt resistor

47K, Ya-watt resistor

10K, V2-watt resistor

15K, V2-watt resistor

27K, V2-watt resistor

100K, V2-watt resistor

1-megohm Y2-watt resistor
Insulated hookup wire




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-

8

|
£ 3.5K | éa.ox
—

1.5K 1.5K 1.5k 15K

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 l14-terminal dual-in-line socket. These can be seen in Fig. 2-29,
mounted across the center of the 4%2” by 8%4” 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 1¥2-volt battery directly between the parallel connection



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

? 49y
Rl
AAA ’ ~ OUTPUT
15€
AC 1
weur — ——4_2
0.14F 3
! o]
RZ 3 4.7

-

(A) HEP 580 and external circuit.

OuTPUT

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

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

1.

64

Substitute the SOK potentiometer for resistor R1. Connect the
voltmeter to the output and the current meter to the supply volt-
age line. Turn on the amplifier.

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.

. Apply a 1000-Hz sine wave to the input of the amplifier through

the 0.1 uF 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.

. 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.

1K
1 8 R6
l 2 7 1.8K
_L 3
€l 3Rl 5 6
47K =0
| 0.1 § /K 0.11F
A c4
R4 20
21K <:<—|‘—>
4 R7 outPuT
1] s
R3 c2
> R2 4.7 [0.1pF

220

Fig. 2-33. An IC tone oscillator.

. 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.
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.
Disassemble the circuit.



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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Basie 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 appcars 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 Q1 (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 Q2. Consequently,
a signal of opposite polarity appears at the collector of transistor Q2.
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

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

Rix = BRE

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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Fig. 3-3. Basic Dorlington
pair configuration.
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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 lincar
amplification.

Ditferential 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.

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

/
CONSTANT-
CURRENT
SOURCE

Zero voltage, or no voltage, base-to-common on each half-circuit
produces identical collector currents I, and I... When the amplifier
is balanced perfectly and the base voltages are 0, the differential out-
put voltage Vi, is also zero. It is zero for any value of equal voltage
present at the base of transistor Q1 and the base of transistor Q2.

The sum of the two emitter currents is equal to the source
current I,

Io =1Ig + Ig»

If current I, 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
I, 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 Q2 decreases; so does its emit-
ter current, restoring current I, to the previous value.

Differential Amplifier Voltage

Inasmuch as the collector current of transistor Q1 increases and
the collector current of transistor Q2 decreases, the collector voltage
of transistor Q2 becomes higher than the collector voltage of transistor
Q1. 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 Q2 and the collector of transistor Q1.

If the base voltage of transistor Q1 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 Q2 increases, the collector voltage of transistor QI in-
creases, the collector voltage of transistor Q2 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
Ql. 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 Q2 and common. The input
swings positive and so does the collector voltage of transistor Q2.
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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Fig. 3-6. Operating modes of a differentiol 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 basc-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 O 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:

. al,
B = ZKT/Q
where,
a is the current gain,
I, is the constant current,
K is Boltzman’s constant or 1.38 X 1023,
T is the temperature in degrees Kelvin,
Q is the electron charge or 1.6 X 10~-1!? coulomb.
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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:

[ Io
gm = m

Inasmuch as the constant-current (I,) 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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Fig. 3-8. Differential amplifier with
emitter degeneration.
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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 voliage 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 conunon-mode voltuge 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. Qutput offset voltage
(Voo) 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

*Vee
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Fig. 3-10. Using a high-value resistor
as a constant-current source. EIN al @
Rg
“Vee

effect on the operation of transistor Q2. The higher the effective emit-
ter resistance Rg, 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 (V). The larger the value
of Rg, the greater is the supply voltage that is needed to obtain the
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required value of constant current (Ip). This factor compromises the
value of Rg 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 (I1p)
can be caused in resistor Rg by proper biasing of the base. Resistor
Ry can be of low ohmic value and the voltage between the collector
of transistor Q3 and common can be correspondingly low. In fact, the
voltage drop at the common emitters need only be low enough to
cqual the sum of the necessary collector-emitter voltage (less than
1 volt) and the voltage drop (IgR,;) across the emitter resistor.

Some inherent temperature compensation exists when the negative-
temperature coefficient of the emitter junction (of the source transis-
tor Q3) 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 Q3 caused by temperature and producing a correct-
ing bias change that holds the current I, 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 R1/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.
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Fig. 3-11  Using a transistor os a
constant-current source.
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A single diode can be employed as in Fig. 3-13. In this case, the
diode and transistor Q3 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 R1. Inasmuch

I’Vcc

Fig. 3-13. Diode and emitter junction ¢ Q Q@
with identical monolithic
base-emitter characteristics.

ALIKE
JUNCTIONS
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as the emitter junction voltage V5 has the dominant influence on the
constant-source current I, this voltage can vary with temperature and
produce a substantial variation in current I,. Although a high-value
resistor Rg 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 Q1 is correcting the bias
of transistor Q2 correspondingly, and the current I, is held constant.
This results from the changing shunt influence of transistor Q1 across
the emitter junction of transistor Q2.

[PY lo

R1 R1

T G S

(A) Using a large-value resistor. (B) Using a transistor connected as a
compensating diode.

Fig. 3-14. Combating effect of temperature on constont-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 Q1 of the first dif-
ferential amplifier, while the output signal is removed at the collector
of transistor Q8 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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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-TO-EMITTER VOLTAGE - 3v r[‘
| AMBIENT TEMPERATURE - 256C 1
P

&2 Il
[ov) | ] |
g T
3 -+ <’>J1 | L'L |
>
[= 4 | L {1
E 0111111
= ! Fig. 3-16. |. versus V. curve for a
S AT 1T i 11 typical monolithic transistor.
i 0.6%’» t T+ttt
< 18
@® I»--L—,—u,l 4 lil.—L-TLu
I
0.5 — y |- 11 1 111
2 468 2 468 2 468
0.0t 0.1 1 10

COLLECTOR CURRENT - mA

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
QI, Q5, and Q8 in Fig. 3-15 is 2.1 volts. This bias is derived through
the emitter-follower transistor Q10 from the 2.8-volt tap of the diode
divider. Inasmuch as it encounters an emitter-junction drop of 0.7
volt in transistor Q10, the actual bias value is 2.1 volts (2.8 -0.7).

The bias at the base of transistor QI 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/500Q). Since the current divides equally between the two
transistors, the voltage drop across resistor R2 is 1.4 volts (10002 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 Q9).

The above 1.4 voltage drop supplies the necessary base bias for
emitter-follower Q3, 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-Shitting 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 Q3 and Q6 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 R, along with the differential constant-
current I, 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 (4Vyui — 1Vgg). 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 Q3 serves as the constant-current bias source for
transistor Q1. Transistor Q1 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 Q3. In turn,
the emitter of the output stage (Q2) has a dc feedback link to the
emitter of the control transistor Q3. This feedback path (bootstrap)

e
SIGNAL Ql
Rl
Q2 Fig. 3-18. Level shifting in the
ERROR output stage.
VOLTAGE Q3 +— OUTPUT
CONTROL
R3
R2
Vee
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determines the collector current present in resistor R1. The resting
dc voltage at the emitter of transistor Q2 can be made the same as the
dc voltage at the base of transistor Q1. If we assume that the resting
dc voltage at the base of transistor Q1, 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 Q3. 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
Q8, 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

*Vee
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(A) Single-ended arrangement.

Wee Wee

R
} }
i o
(B) Push-pull arrangement. (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 F ig. 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

\7

cC

INTERNAL
LOAD

2 RESISTORS
bS

Fig. 3-20. Output circuit using

t——t— 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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of Fig. 3-22 are driven from the same single-ended driver. Note that
the input signal to the driver (Q1) is also applied to the base of tran-
sistor Q3. After inversion by transistor Q1, the signal is applied to the
base of transistor Q2. 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, Q1 and Q3, increase. In this
situation, transistor Q2 is cut off by the drop in Q1 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 input voltage swings negatively, collector currents of tran-
sistor Q1 and transistor Q3 both decrease. The positive swing in the
collector voltage of transistor Q1 causes transistor Q2 to go into con-
duction and deliver the output for the negative alternation of the in-
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Fig. 3-22, Basic class-B output stage. ——ﬁ)l
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put wave. In this situation, transistor Q3 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,

—t—

1L

c
‘ SR2

=
T

(A) Dual-supply source. (B) Single-supply source.
Fig. 3-23. Differential amplifier voltage supplies.
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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
(Ryp) 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-

"I “ee

: .
R13 8K R2 3 8K
10 8 )
o C——e
ouTPUT oUTPUT k' .
l :
R4 RS
e 500 500 It
R334, 8K Rég 4.8K
R8Z2.8K \L
5
| RS IK
| 4
< 52 Yol
gl Xy
<
¥ RIOZ X
R
02 5 o3

Fig. 3-24. Schematic 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.
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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

-
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Fig. 3-25. Resistance-capacitance-coupled amplifier using two
integrated circuits.
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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. vour

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 . )

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

91



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
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Fig. 3-28. Norrow-bond tuned omplifier.
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good up into the vhf frequency range; the device can e¢ven 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 ,/03
RCA CA3028A integrated circuit. 2 '\7
< —
R232.8K L 4
1 R3S 5000
<
CASE AND
SUB STRATE

For high-gain applications, the cascode circuit of Fig. 3-30B is
preferred. Signal is applied to terminal 2 of transistor Q3 which acts
as the input transistor of the cascode pair. Note in Fig. 3-29 that the
collector of transistor Q3 is direct coupled to the emitter of transistor
Q2. Output is removed at terminal & which is the collector of tran-
sistor Q2. 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 R1.

Fig. 3-30C shows the amplifier operated as an oscillator. The feed-
back path, by way of capacitor Cy, 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 1n
Fig. 3-30D, it is only necessary to apply the rf signal to terminal 2
which is the base of the constant-current transistor Q3. In this cir-
cuit, the oscillator feedback path is to terminal 1 or the base of tran-
sistor Q1. 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 Q2).
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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 R1. 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

+Vee

(B) A cascode amplifier.
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(C) An oscillator.

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 L1 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-
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CHARACTERISTIC

POWER SUPPLY— V- ___________________
Vg
ZERO-SIGNAL IDLING CURRENT—lce)
lccz —--------
MAXIMUN.- SIGNAL CURRENT ~IcC) - -
MAXIMUM POWER OUTPUTAT 108 THD _________
SENSITIVATY ___
POWERGAIN _________________________
INPUTRESISTANCE _____________________
EFFICINEY _____
SIGNAL-TO-NOISERATIO _________________
% TOTAL HARMONIC DISTORTION AT 150mW _____
TESTSIGNAL _ . __oo___
EQUIVALENT COLLECTOR-TO-COLLECTOR LOAD ____ 130 _______________. wW____Q
IDLING- CURRENT ADJUST RESISTOR (RIL) ______ 1000 - o 100 ____ @

(B) Typical specifications.
Fig. 3-32. 1C 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 amplificr, this controlled
biasing also sets the idling current of the output stage and the entirc
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 phasc inversion for driving the push-pull driver stages Q4 and
Q5. A single-ended differential input signal applied to terminal 3 re-
sults in a balanced output signal. The positive swing at transistor Q2
causes its collector to swing negatively and applies a negative-going
signal to the base of the top driver (Q4). The same risc in current in
the emitter circuit is also present in the emitter junction of the second
transistor of the differential pair (transistor Q3). The current direc-
tion is such that the collector current of transistor Q3 drops. As a
result, its collector voltage swings positive, resulting in a positive rise
at the base of the lower driver, transistor Q5. 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 Q6 and Q7
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

HIGH-Z
INPUT

PUSH
PULL
ouTPUT
TOLOAD

3

BUFFER AMP

ALTERNATE
INPUT

Fig. 3-33. Functional block diagram of schematic shown in Fig. 3-32.
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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 tc 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 R1 to the supply voltage. Frequency response of the ampli-
fier is determined by the values of capacitors C1 through C5. Capaci-

]

1
—
>0 -

=

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

Fig. 3-34. Input connections.

tors Cl1, €2, 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 CS5
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 Y2-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
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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.

v
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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 Q1 and Q2
are cascaded emitter-followers while transistor Q3 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, Q7 and Q8. 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 Q15
and Q16. 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 Q16.

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 Q6 of the main amplifier input stage.

+9v

n 3 510k

i

LISTEN
51K ¢

oA
—V

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 Q9 and
Q10 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.

i
+U
c3 oL RV2 125 uF
By 100K 5 §——§— POSITIVE
a -~ _ H SUPPLY
RV1 i p Lo €7 5= 1000 oF
1 meg ‘ 6 7 8 9 10 e
0.01 yf { l 0.047
4 £l uF
R121meg c6 &k
b3 L 1000 (; SPEAKER
R2 uf e
AAA R} $
220K J_ €4 350.01 20
L c9
c22=0.1 uF
T# ® T
: s 4 © 0v

Fig. 3-38. High-gain voltage amplifier.

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.
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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.

1

f\_/ (A) One input grounded.

2

L
I

Y,
20 < 2
v
(B) Differential input, (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 1%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 1%2-volt battery.

—
INPUT 1 o
INPUT 2 o—

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.

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,

21K

i

1K
Fig. 3-42. Circuit for voltage divider

YW ° dc measurements.
] ‘L en

(s
|
— AA—¢

1K

27K

-

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.

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.
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-uF capacitor.
The high side of the audio generator output is applied to input 1.
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(B) Common-mode input.

AUDIO
GEN

i

Fig. 3-43. Circuits for ac measurements.

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

. 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.

. 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.

. 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.

. 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.

Insert a 1K emitter resistor in place of the 220-ohm resistor (Rg).
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.

Disconnect and store all parts used in this experiment.



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 Q2 along with the constant-current transistor Q6. There is also a
temperature-compensating diode X1. The second amplifier consists of
transistors Q3, Q4, Q7, and diode X2.

The feedback circuit of transistor Q5 reduces any common-mode
error signal. It does this by evaluating the signal at the emitters of
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transistors Q3 and Q4. 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 (Q5) also introduces an error bias
into the constant-current transistor circuit (Q7) to bring a further
reduction in common-mode signal.

© Ve
é R2 R9 S
4.1K 7.5k S
Rl SR 11 o—
10K f 10K
Tl?
(o
3 Q Q 2
NON- INVERTING
INVERTING INPUT o5
INPUT
7 Vour
06:,L $ 5.8
R} < R6 <
xS |Inx$
Y ey
SRS SR8
< 2K > 5.8K
€ VWA o5
l RIS
19 40 -V¢e LS
SUBSTRATE

Fig. 4-1. Typical operational amplifier.

The emitter circuit of this important stabilizing transistor (Q5) also
supplies a dc error voltage to the base of transistors Q7 and Q9. Com-
mon-mode dc stabilization results. For example, a decline in supply
voltage reduces the base biases at transistors Q7 and Q9. Since the
collector of Q9 is linked to the base of transistor Q10 and to the
emitter of transistor Q8, there is a similar change there as well as at
the bases of transistors Q3 and Q4. 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 Q5 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, Q8. In turn, transistor Q8
supplies a signal to the base of the single-ended emitter-follower out-
put transistor, Q10. 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 Q10 to
the emitter of transistor Q9. Therefore, transistor Q9 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

Q +24V
<
RIZ2.7K -
R2
15K
Fig. 4-2. Amplifier applicotion of on O"luF 14F
operotional amplifier. o—€](— CA3015 o
R3
22K 2 TRY
ﬁ R6
Ry

R4 {1,5;( WA 3000 Hs pF
56K |
1.5 pF ‘JC"

the first transistor of the first differential pair. However, dc bias is
applied to both bases by way of the four-resistor bias network—R]1,
R2, R3, and R4. Output is taken off at terminal 9, the emitter of out-
put transistor Q10. 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, R,C,.

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 Q6 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 Q3. Resistor R7 and its associated series capacitor performs
in a similar capacity for transistor Q4 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.

NONINVERTING INPUT ———

\

T\ SIGNAL —>—]+ 1
OP AMP OP AMP
— N N\Usiem— A
INVERTING INPUT
(A) Noninverting 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 Ao,
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
#+6 volt operation condition that the open loop gain is 60 dB. (60 dB
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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.
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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 Zy and Zg. Resistor Zg,
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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 R;; must be made equal to the ohmic resistance
Z,; and must consider the resistance of the signal source Vix.

The input impedance Z; and output impedance Z, are intrinsic to
the operational amplifier. The output generator has a value of A,V,y.
The term A, 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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The load resistance R,, 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 guin expression is very simple:

Vouvr _ Zy

Vis.  Zy
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 Z, must be
much greater than the value of Z; and the paralleling feedback com-
ponents. The intrinsic output impedance Z,, must be smaller than the
feedback value Z,.

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.

A, =

Ao __Ao
A Ze/Zg

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

Zix =1y

Loop gain =
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Fig. 4-7. Equivalent diagroms of op omp 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.

ey ZrtZp
Zoyr = ZOTOZR—

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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—_ VOUT = ZR + ZF

A, =——

VIN ZR

loop gain,
. Aoz
Loop gain = Zo+ Zs
the input impedance,
T o AoZiZy

N Ze+ Zp
the output impedance,

Ao(Zp + Z

Zoyr =7, 0_( ; r)
R

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 Z;y and Zqr will have dif-
ferent values for the inverting and the noninverting modes. The values
for Z,y and Zyyr take into consideration the values of the feedback
components. Even though the expression Zy 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.

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
A,Vin. This voltage divides between the output impedance and the
load. Hence, the output voltage itself becomes
Ry,

Vovr = A/Vix 5——n—
ouT IN RL + ZOUT

and stage gain becomes

VOUT = AvRL

Vix " Ry + Zour

Voltage gain =
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If the chmic value of the output impedance Zyyr 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

Zv

Voltage gain = A, =
ZR

and for the noninverting mode.

Ip +Zy

Zy

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 R, 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.

Voltage gain = A, =

Vee

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

BIAS &

Lo

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.

(A) Circuit diagram.

R2SIK

T T T

[ T TTT
1 o i |
h + gtu
T | k“ (B) Response curve.
B .-
10 100

!

VOLTAGE GAIN -d8

L
Il

a0

1
FREQUENCY -MHz

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 = wfV,,,
where,
Slew rate is in volts per microsecond,
ar is the constant 3.1416,
f is the frequency in MHz,
V,.p 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. (B) Response curve.

Fig. 4-11. Simple inverting amplifier.

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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taining 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 (C1) 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

35 T r T l
A/\%mnm {os
=)2.8 _
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(A) Cireuit diagram. (B) Response curve.

Fig. 4-12. Bandpass amplifier.
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(A) Cirevit diagram. (B) Response curve.

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:

R1 =2R2
Cl=%C2

_ 1
F.,—2 (R1) (C1)

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 Rl R2

AAA
VW

Vin
(A) Inverting. (B) Noninverting.
R2 lﬂl‘(
V) —n—-s Jox | 2
6l v ) s i
Lm107 our LM107
R3 1
v, . £} —vav—p—21+
R4
100K
’ E7 —AAA—
(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)/
R1.

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 R1 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
Vour = ﬁ(vz - Vi)

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
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(A) Circuit. (B) Waveforms.

Fig. 4-15. Using an op amp as aon integrator.
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done by the characteristics of the feedback network Z,(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.

39K z;
A% o

f=1kHz
_+_4

1]

maar

NPUT - 2mV/DIV
_T_“ -

| I})uwm-lv/mv
T TT 11

(A) Circuit. (B) Waveforms.

N
-
-

Fig. 4-16. Using on op amp os o 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.

330K c2 +15v

8
7 SQUARE
LM111 —
OUTPUT

~

15v

150 pF IN914 AN

oo MIN MAX |
. FREQ FREQ_qI

0.47 yF 18 Hz | 80Hz

0.1uF 80 Hz | 380 Hz

022 380 Hz 1.7 kHz
0047 uF 1.7 kHz 8 kHz )

002 “F_L 4.4 kHz 20 kHz
il J

Fig. 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
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Fig. 4-18. Sine-wave oscillator using h}N 3
an op amp.
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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 C1 and C2, the frequency of operation is:

1

g= 27TR1C1

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 Ry, 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 C;. 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-
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Fig. 4-19. Multivibrator using an 10—+
op amp. W
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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 RS, 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 LM 102 makes it attractive in a
variety of ac applications. A basic ac amplifier with high-impedance

R4

AAA,
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Fig. 4-22. Voltage-follower INPUT o.om,

ac amplifier. RIS 100K c2

) —
[ 21

<
R2 100K

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:

_ RI+R2
€l ~1.4140,R1R2
_ 1.414
2= w.(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

c2 OUTPUT
0.01
W uF
C2=4100F  * | UES ARE FOR R2SNOK  *yaLuEs ARE FOR
I 10 kHz CUTOFF 100Hz CUTOFF
(A) High-pass. (B) Low-pass.

Fig. 4-23. Active filters.
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Fig. 4-24. High-Q notch filter.

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
°~ 27RIC1
R1=R2=2R3
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:

£, = !

2m/R1R2C1C2

‘b
R231000

ouTPUT

(M2 S

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
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| - 1 _ 1 | 1 1 |
(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 R1. 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 R1. This can be
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verified from the chart by dividing the ohmic value of resistor R1 into

tha

t 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-

vol

t 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.

130

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.
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0.1 yF =6V d
s

Fig. 4-27. A noninverting amplifier.

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 conncctions will be
made to thesc pins.

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 114-volt battery betwecn
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.

. 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



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 dc volt-
age applied to the input.

. 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 0.1uF coupling capacitor.
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).

. 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.

. 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.

ACIN o {f—
0.1 it
DC IN R1IK

I R3SIK =
+

Fig. 4-28. An inverting amplifier.
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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.

Turn on the stage and note the dc output of near-zero volts. Con-
nect the 114-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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dc 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.

. 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.
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 10kHz
SQUARE WAVE - SQUARE WAVE
IN ] IN ) 1
] 1 1
1 ] 1
) ] 1
] 1 1
t 1 1
1 1 1
1 1 1
) ] 1
] ) 1
] ] 1
1 )
1 1
)
our ot N N N
(A) Differentiated output. (B) Integrated output.

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

Procedure 3: Differentiation and Integration

1.
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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.
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,




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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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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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
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l X2 X4
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- . h P Cpu—
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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 (f. + 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. = 5f,), 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 Q4. 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 Q2 and Q3. This is simi-
lar to the switching of the diode pairs in the ring modulator. The two
collector currents I, and I, are equal, as are the emitter currents. In
fact, the constant current I, 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 Q5 and Q6 is zero.

When a modulating wave is applied across the bases of transistors
Q5 and Q6, 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 I, 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
MC1596G. 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. Qutput 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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(A) Internal circuit of the MC1596G.
Fig. 5-3. Balonced-modulator
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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 R1 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 relatlvely
high impedance of 340 ohms and 8 plcofarads 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. 5-5. Another balanced-modulator circuit.
carrier and signal frequencies. The system common, terminal 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
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Fig. 5-6. Simple single-sideband generator.

|
|

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-
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-
crator 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.

SL-640

l 7

3
PHASE __F ssB
e oy | %
R DIVIDER 90°
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-—90°al

AUDIO
PHASOR

1
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Fig. 5-8. Phosing-type sideband generaotoar.

Fig. 5-9. An a-m modulotor.
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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-

I (6 ] 1 SSB
$SB ¢ 7 T {f OuTPUT
I-F I 5

Jj N KK
‘[ 0.01 pf

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

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 S 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
(f, + f.) and difference (f, —f.) components in the output (Fig.
5-11B).

| B ——
i
P | P - S sien P2
| fo fl L | fo= f] 12
= . | _

174 f2
(A) Single output signal. (8) 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 (f, + f,), or 2f,.

] *7—'
f | n
1 S OF S 0 — —
M 0 | 2
¢c | L L
(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:

f():fl—fo
2f0:f1
f
L

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 2f,. 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 f,. 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 + f] = 3fl

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 f,/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 2f;/3. When the output of the first
device is tuned to a difference frequency, one obtains:
N P Y
fo = 3 f, = 3
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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(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 SES501, 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 cmitter-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
impedancc is about 1000 ohms while output impedance is near 25
ohms using terminal 8, and 12 ohms using terminal 6.

*Vee
-©
5
8 7 I%
U € LIK
Ve ARA a—( | S
5.7 4
L —
s LIK S gm0
:; 105 Q )
1 b—j
= 3 2 L

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

Two coupling capacitors, a feedback resistor, and a supply-voltage
source complete a very practical vidco 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 ochms.

(A) Circuit configuration.

35.0 T T 32
3 -8 FREQUENCY
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(B) Characteristic curves.

Fig. 5-15. A practical video amplifier.

Fig. 5-16. Connecting an IC for
high gain.
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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:

f], = Xf
where,
f, = 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.

+6V
5 5
o—{ 10 8 10 8 (—-0
47 uF a7 uF a7 uf
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(A) Circuit diagram.
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(B) Characteristic curve.

Fig. 5-17. Two-stage amplifier.
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Fig. 5-18. Video amplifier using a Motorola MC1550 IC.
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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 Q1 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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Fig. 5-19. Two-stage video amplifier.

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 R, 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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Fig. 5-20. Respanse curves for Fig. 5-19.

A more elaborate gated video amplifier is the Motorola MC1545
shown in Fig. 5-21. Transistors Q1 and Q4 represent two differential
pairs with separate inputs but common outputs. Transistor Q7 is the
constant-current source, while transistors Q5 and Q6 split this current
between the two differential pairs. When the gate terminal 1 is open,
the base of switching transistor Q6 is at a lower potential than the
transistor Q5 base. As a result, transistor Q5 is on and Q6 off. Thus,
the constant-source current is applied to the Q1-Q2 differential pair.
Grounding of the gate terminal or operating at a low potential (less
than 0.4 volt) turns transistor Q6 on and Q5 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 Q5 and Q6.

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.

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. 5-23. An a-m modulator.
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(B) IC internal circuitry.
Fig. 5-24. A balanced modulator.

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.

tions 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 Q3 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 Q2 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 mA703, 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
climinated. The uA703 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 Q3 and Q4 operate as a differential pair with transistor
Q5 being the constant-current source. Transistors Q1 and Q2 are
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(A) Circuit configuration.
Fig. 5-26. A 60-MHz amplifier
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diode-connected and serve as bias source and temperature compen-
sator. Transistors Q4 and QS are biased directly by resistors R1 and
R2, along with the two diode-connected transistors. Bias for transistor
Q3 must be obtained through the external input circuit. (Note that
bias diode Q1 must have a dc path between terminals 5 and 3 to the
base of transistor Q3.)

Output is taken off between the collectors of the differential pair.
Again, the dc collector voltage for transistor Q4 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 Q3 and Q4. 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,
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using a Motorola MC1550 IC.
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Fig. 5-27. Rf modulator using a Motorola type MC1550 IC.
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Fig. 5-28. Fairchild Semiconductor type £A703 rf amplifier.
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The pA703 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.

5 n
s 0p
R~ 50 h -
i FII& 7
200 pF

L l ‘2 (LIMITER) WIRE SIZE
PRIMARY 101 121 121 ¢ 22
SECONDARY 107 I 3T 122

WOUND ON MICRO-METALS T44-10 TOROIDAL CORES

Fig. 5-29. A practical 30-MHz amplifier.

159



TUNED TO 1 FREQUENCY
A LT

TUNED TO ls.

m'2
3
o !
& TYPICAL CONVERSION GA IN
7 FOR SECOND HARMONIC
MIXING AT 20 MHz 42508

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 ©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 Q2). They
drive a pair of common-base differential amplifiers (transistors Q3
through Q6). Differential outputs are supplied to a four-transistor

1 . zvars

I-F QUTPUT 10.7 MHz
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—e—] I 7 Fi3
1000 pF &
[
L
_L '
:
I i
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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 Q7 through QI10).
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 Q2
provide a high-resistance input. Their emitters are direct-coupled to
the differential input transistors Q3 and Q4. These two transistors, in
turn, are cascoded with transistors Q5 and Q6 to form the two cas-
coded differential pairs. Their outputs drive a pair of emitter-follower
output stages. Transistor Q9 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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Fig. 5-32. Motorola type MC1590G
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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,
C;, 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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(B) Characteristic curves.

high-gain rf/i-t amplifier.
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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 frequencics. 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.
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(A) Circuit configuration.
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(B) Parameters per frequency.

Fig. 5-33. Proctical
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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 Q3 and Q4). 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.

10
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Two feedback loops provide the high dc stability. These paths
extend from the emitter of transistor Q3 back to the input, and from
the collector of transistor Q4 to the collector of input transistor QI.
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 Q1 is in a gain circuit and transistor Q3 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 Q4.
This connection is taken care of internally as shown in Fig. 5-42.
The output of transistor Q4 then drives the emitter-follower output
stage, transistor Q2. The output is at low impedance and minimizes
the loading influence of any succeeding stage.
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Fig. 5-35. Biasing modes.
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The low-frequency characteristics of the amplifiers are determined
mainly by capacitors C1, 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 tuncd rf amplifier is shown in Fig. 5-44. Transistor Q4
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 Q3 is a protective
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Fig. 5-36. Typical wideband amplifier.
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diode, shielding the common-emitter stage from overdrive in the pres-
ence of an adjacent transmitter. Transistor Q2 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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Fig. 5-37. Wideband amplifier with an input peaking coil.
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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 Q2 is the i-f amplifier, while the cascaded emitter-follower
combination of transistors Q3 and Q4 function as a detector. The
emitter-follower combination presents a high impedance to the col-
lector circuit of the i-f amplifier, transistor Q2. 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 Q4.

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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array configurations.
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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 Q2 and Q3 are the differential pair with a
single-ended output signal made available at the collector of transistor
Q2. Resistor R17 is the load. Output is direct-coupled to a pair of
emitter-followers (transistors Q9 and Q10), which place a light load
on the differential amplifier and ensure a high gain. The common-
emitter output stage is transistor Q7.
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