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This parts list contains all of the parts used in experiments
which you will perform with this course. The key number in the
parts list corresponds to the numbers in the parts pictorial.
Some parts are packaged in envelopes. Except for this initial
parts check, keep these parts in their envelopes until they are
called for in the experiment. A container is provided so that you
can keep the small parts together in one place.

KEY PART QTY. DESCRIPTION
No. No.

RESISTORS (5%)

A1 6-102 1000 0 1/2 watt (brown-black-red)
XAl 6-472 4700 0 1/2 watt (yellow-violet-red)

X A1 6-473 47 k) 1/2 watt (yellow-violet-orange)

“ A1 6-224 220 k) 1/2 watt (red-red-yellow)
X A1 6-151 150 £ 1/2 watt (brown-green-brown)

2

4

7 A1 6-103 2 10 k2 1/2 watt (brown-black-orange)
2

1

1

x A1 6-561 1 560 N 1/2 watt (green-blue-brown)

CAPACITORS

Disc

X A2 21-47 2 01 uF
¥ A2 21-140 2 001 pF

Electrolytic O) ) } =

X A3 25-111 2 1000 uF



DIODES-TRANSISTORS-LIGHT EMITTING DIODE DISPLAY

A A4 56-56 4 1N4149 silicon diode
)- AS 411-819 1 7 segment LED display
> AB 417-801 2 MPSA20 transistor

IMPORTANT: THE BANDED END OF DIODES CAN

BE MARKED IN A NUMBER OF WAYS.

OR

BANDED END

INTEGRATED CIRCUITS

NOTE: Transistors and integrated circuits are marked for iden-
tification in one of the following ways:

1. Part number.

2; Type number.

3.  Part number and type number.

4,  Part number with a type number other than the one

listed.

¥ A7 4431 2 SN7400N

A7 4432 1 SN420N (7420
* A7 443-629 1 SN7490AN
*AT 443-13 1 SN7475N
¥AT 443-16 2 SN7476N
AT 443-18 1 SN7404N
YAT7 443-25 1 SN74151N
» A7 443-46 1 SN7402N
AT 443-53 1 SN7442N
A7 443-54 1 SN7403N
x A7 443-90 1 SN74123N
¥ A7 443-612 1 SN74193N
* AT 443-680 1 SN7495AN
AT 443-694 1 UAS368
* AT 443-695 1 CD4001
.4 443-698 1 SN7486N

MISCELLANEOUS

266-962 1 Small parts container
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COURSE OBJECTIVES

When you complete this program, you will have the following skills and
knowledge. You will be able to:

1. Discuss the advantages and benefits of using digital techniques in
electronic equipment.

2. Name the major applications of digital techniques in electronics.

3. Convert between the binary and decimal number systems and recog-
nize the most commonly used binary codes.

4. Name the major components used in implementing digital circuits
and explain how they operate.

5. Explain the operation of digital logic gates.

6. Identify the more commonly used integrated circuit families used in
digital equipment and discuss their operation, characteristics, and
features.

7. Use Boolean Algebra to express logic operations and minimize logic
circuits in design.

8. Explain the operation of flip-flops.

9. Discuss the operation and application of binary and BCD counters,
shift registers and other sequential logic circuits.

10. Name the most frequently used combinational logic circuits and
explain their operation.

11. Design both combinational and sequential logic circuits for a given
application from definition and concept to the selection of the integ-
rated circuits.

12. Discuss the operation and application of digital counters in time and
frequency measurements.

13. Explain how a digital computer is organized and how it operates.



14. Discuss microprocessors, explain their operation and give examples
of their applications.

COURSE OUTLINE
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INTRODUCTION TO
DIGITAL TECHNIQUES

INTRODUCTION

The purpose of this first unit on digital techniques is to give you an
overview of the subject and to introduce you to the basic concepts. You
will learn what digital techniques are, how they are used and why they
are used. You will learn about binary numbers and codes which are the
basic language of all digital systems. And finally, you will see how digital
techniques are implemented with hardware.

This unit provides you with the background and base upon which you
will build your knowledge of digital techniques. This foundation will put
the concept of digital techniques into perspective so that you can fully
relate them to the field of electronics. With the information presented
here you will clearly understand the need for and uses of digital
techniques.

Digital techniques are so widely used today that it is almost impossible to
think of electronic equipment without them. Digital techniques are used
in virtually every area of electronics. They have greatly improved elec-
tronic methods and have given us practical electronic equipment with
amazing capability. And, there is potential for further improvements and
advances. As an electronic engineer, technician, or hobbyist you can
benefit by knowing digital techniques. This program will provide you
with a solid understanding of digital methods and a guide to their
application.

Examine the Unit Objectives listed in the next section to see what you
will learn in this unit. Then follow the instruction in the Unit Activity
Guide to be sure you perform all of the steps necessary to complete this
lesson successfully. Check off each step as you complete it, and in the
spaces provided, keep track of the time you spend on each activity.
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UNIT OBJECTIVES

When you complete this Unit you will have the following knowledge and
capabilities:

i B

10.

14

Given a list of physical variables, components, devices, and other
items, you will be able to classify them as being either analog or
digital in nature.

. You will be able to list at least five advantages of digital techniques

over analog methods.

. You will be able to list at least five examples of electronic equipment

using digital techniques.

You will be able to state the factors that have most influenced the
growth of digital techniques.

. Given any decimal number, you will be able to convert it into its

binary equivalent.
Given any binary number, you will be able to convert it into its
decimal equivalent.

Given any decimal number, you will be able to convert it into its
binary coded decimal (BCD) equivalent.

Given a BCD number you will be able to convert it into its decimal
equivalent.

Given a list of popular digital codes, you will be able to read and
identify them including pure binary, BCD, Gray, excess 3, and ASCII.
You will be able to list the two key ways binary data is represented
with digital hardware.

You will be able to list the advantages and disadvantages of both
serial and parallel methods of binary data transmission.
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UNIT ACTIVITY GUIDE

Completion
Time

Play audio record: Side 1, Introduction to
Digital Techniques, Unit 1.

Read section Digital Techniques:
Pages 1-6 to 1-16.

Answer Self Test Review Questions 1-8.

Read section The Binary Number System:
Pages 1-19 to 1-26.

Answer Self Test Review Questions 7-13.
Read section Binary Codes: Pages 1-29 to 1-35.
Answer Self Test Review Questions 14-21.

Read section Data Representation:
Pages 1-38 to 1-43.

Answer Self Test Review Questions 22-27.
Complete the Unit Summary.
Complete the Unit Examination.

Construct Heathkit ET-3200 Digital
Design Experimenter.

OO0 agaoog OO O O
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DIGITAL TECHNIQUES

There are two basic types of electronic signals and techniques, analog
and digital. Analog signals are the most familiar type. An analog signal is
an ac or dc voltage or current that varies smoothly or continuously. It is
one that does not change abruptly or in steps. An analog signal can exist
in a wide variety of forms. Several types of analog signals are shown in
Figure 1-1.

SINE WAVE

POSITIVE DC VOLTAGE

+
B O

+ VARYING NEGATIVE DC VOLTAGE
c o

RANDOM AC VOLTAGE

Do/\ /*‘/?/\Au/] /\V/\A'\ /
NERVEVASAVEEVE

Figure 1-1
Types of Analog signals
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Figure 1-1A shows the most common type of analog signal, a sine wave. A
significant number of electronic signals are sinusoidal. Radio signals and
audio tones are examples. A fixed dc voltage is also an analog signal.
Figure 1-1B shows a constant positive dc voltage. Another type of analog
signal is varying dc voltage or current. A changing negative dc voltage is
illustrated in Figure 1-1C. Any random but continuously varying voltage
waveform is considered to be analog. The signal shown in Figure 1-1D is
only one of an-infinite variety of such signals. Electronic circuits that
process these analog signals are called linear circuits.

Digital signals are essentially a series of pulses or rapidly changing
voltage levels that vary in discrete steps or increments. Digital signals are
pulses of voltage that usually switch between two fixed levels. Figure 1-2
shows several types of digital signals. Notice how these signals switch
between two distinct voltage levels. In Figure 1-2A, the two levels are 0
(ground) and +5 volts. In Figure 1-2B, the levels are 0 (ground) and —6
volts. In Figure 1-2C the signal alternates between the +3 and —3 volt
levels. This two-level, off-on or up-down fast switching characteristic is
fundamental of all digital signals. Electronic circuits that process these
digital signals are called digital, logic, or pulse circuits.

S

MINRINE
ST

Figure 1-2
Types of Digital signals
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Contrasting Analog and Digital Devices and Techniques

Now let’s further define analog and digital methods in terms of devices
and ideas that are already quite familiar to you. For example, a light bulb
can be either an analog or digital device depending upon how it is used.
The amount of current through a light bulb can be set to any level less
than its maximum rated value. We can vary the current through it con-
tinuously and its brightness will vary. Used in this way the light bulb is
an analog device. The brilliance of the lamp is proportional to the current
through it. There are virtually an infinite number of brightness levels.

The lamp can also be used as a digital device where the current through it
and its brightness varies in discrete steps. The most common way of
using the light bulb as a digital device is to give it two brilliance levels,
usually off and on. The important point is that the lamp has two states.
Because of this off-on characteristic, we say that the lamp is binary in
nature. The term binary designates any two-state device or signal.

Let’s take some other examples to illustrate the concept of analog and
digital techniques. The VHF channel selector switch on your television
set is digital in nature because it can assume only discrete positions. It
can be set to any one of thirteen unique states, channels 2 through 13 and
UHF. Any type of switch is a digital device because it has two or more
discrete positions.

The volume control on your television set is an analog device. You can
vary the volume of the sound continuously over a wide range from
completely off to extremely loud.

The speedometer on your car is an analog device. It tells you the speed of
your car in miles per hour on a smooth and continuously varying basis.
You read the speed from a dial that is usually calibrated in no smaller
increments than 5 miles per hour. To determine the speeds between the
markings you must interpolate, or guess at, the exact speed.

The odometer portion of your speedometer, the part that indicates the
number of miles traveled, is a digital device. Since the odometer records
mileage in increments of one mile (or in some cases one-tenth mile), it is
digital in nature.
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Another example of an analog device is a typical clock or watch. It
indicates the time continuously by the positions of the hands on a cali-
brated dial. The second hand sweeps smoothly and continuously around
in an analog fashion as do both hour and minute hands. To determine the
exact time, you must estimate the positions of the hands. Your ability to
read the time accurately is limited by the precision of the dial calibration
increments. Digital clocks overcome this problem. On a digital clock, you
read the time directly from decimal number display readouts in discrete
increments of hours, minutes and seconds. The accuracy is greatly im-
proved and you gain the added convenience of a direct number display.

A standard voltmeter is also an analog device. It reads or measures
voltage and indicates its value by the position of a pointer on a meter
scale. The pointer moves smoothly or continuously as the amplitude of
the analog voltage being measured varies. Of course, digital voltmeters
are also available. These instruments measure the voltage and display it
as discrete digits on a decimal readout.

An analog multimeter for measuring
voltage, current and resistance

A typical digital multimeter

1-9
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Here are a few other analog quantities and devices.
temperature — thermometer
direction — compass
light intensity — light meter

Keep in mind that all of these variables could be monitored and displayed
as a digital readout.

Further examples of digital variables are:
money
heart pulse rate

Where Are Digital Techniques Used?

Perhaps the greatest use of digital techniques today is in computers.
Digital computers are used in virtually all areas of business and industry.
They are extremely useful machines that can save man a tremendous
amount of effort and greatly extend his capabilities.

Over the years digital computers have grown in capability, but have
become smaller, cheaper and easier to use. As a result, their use has
increased tremendously. The small, low-cost but very powerful
minicomputer has put digital and computer techniques within the reach

A typical minicomputer. (Photo cour-
tesy Hewlett-Packard)
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of nearly everyone. A minicomputer can be quickly and easily designed
into a system to replace more conventional equipment and circuitry for
control, computation and automation.

Advanced semiconductor technology has recently given us a computer
that is really a component. Known as microprocessors, these devices are
complete digital computers in a single miniature integrated circuit pack-
age. Microprocessors can replace minicomputers in many applications
and can often be used to replace conventional digital circuits. Like all
digital computers, the microprocessor must be programmed to carry out
its specified function.

But computers aren't the only application for digital techniques. Digital
methods are being employed in almost every imaginable area of elec-
tronics. Here are just a few examples.

Communications. Instead of transmitting information over wire lines or
by radio by analog methods, much data is now being transmitted in
digital form. It has been found that pulse type signals are easier to work
with and are less susceptible to noise and other problems common in
communications systems. Digital computers can readily communicate
with one another by transmitting information over the telephone lines by
using digital techniques.

Telemetry systems. Those systems used for transmitting measurement
data from a remote location, use digital techniques extensively. In an
unmanned satellite, for example, sensors are used to monitor various
environmental conditions such as temperature, light, and radiation.The
analog voltages produced by these sensors, in response to the quantity
being measured, can be transmitted back to the earth via radio by
modulating a carrier using conventional analog methods. However, it has
been found that by converting the analog variables into digital signals, an
improvement in transmission reliability and accuracy can be achieved.
Today, telemetry systems in satellites and missiles make extensive use of
digital techniques.

Test Instruments. The trend in test and measurement equipment is
clearly toward the use of digital techniques. Besides the convenience of a
direct decimal display and the increased precision of measurement
brought about by the use of digital techniques, it is possible to interface
many digital instruments with a computer. This permits automatic
monitoring, controlling, measuring and recording of data.

1=11
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The most common electronic test instrument, the analog voltmeter, is
gradually being replaced by the more sophisticated digital voltmeter
(DVM). The DVM does the same job as its analog counterpart. The DVM
measures voltage but instead of presenting the reading to the observer in
the form of a pointer on a meter face, the voltage is a direct readout
display of decimal numbers. Such an instrument, while generally higher
in cost than an analog voltmeter, is extremely convenient to use and read.
More important, it gives more accurate measurements of voltages. The
digital multimeter (DMM), a DVM with refinements, is capable of
measuring voltages as well as resistance and current like an analog VOM.

Another widely used digital test instrument is the electronic counter.
This unit is widely used for measuring frequency and time intervals.
Again the digital techniques provide a convenient decimal read-out of
the exact quantity being measured, thereby eliminating man's need to
interpolate continuous or analog meter scales to provide a reading. This
result is greater accuracy and less error in measurement.

A digital counter used for measuring
frequency. (Heath Co.)

Industrial Controls. Digital techniques are becoming more widely used
in manufacturing plants and refineries where complex operations must
be accurately controlled. These systems use sensors to monitor various
phases of the operation, and the outputs of these sensors are then used to
produce signals that will control the various operations that affect the
process. -
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Industrial feedback control systems have traditionally used analog
techniques. Today, many of these control systems are digital in nature.
Most involve both analog and digital methods. Analog quantities like
temperature, pressure, liquid level and flow rate are monitored by sen-
sors to produce an analog signal. These are converted into digital values
by analog-to-digital converters. Other system inputs are already digital in
nature such as limit switches or sensors of an off-on or go no-go nature.

All of this digital information is fed into a digital computer which
monitors the input variables and according to a predetermined program
generates output signals to control the process.

Another popular industrial application for digital techniques is machine
tool control. Here a digital computer controls the drilling, cutting,
punching and stamping of materials to produce specific metal parts
accurately and automatically.

Consumer Electronic Equipment. Perhaps the biggest holdout against
the use of digital techniques has been common consumer items such as
radio, TV, hi-fidelity and other products. The higher cost of some digital
methods has been the major reason for the delay in adopting these
techniques. However, as prices of digital circuits have dropped, even
these products have given way to the use of digital techniques. An
example is the circuitry for digital channel selection used in some of the
newer color television sets. Some hi-fi receivers use digital frequency
synthesizers for tuning.

An FM tuner using digital techniques
for frequency selection and display
(Heath Co.)
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Other popular consumer devices using digital methods are the popular
digital clocks and electronic calculators. Even a home digital thermome-
ter is available.

Handheld elegfronic calculator using
digital circuits (Heath Co.)

Digital clock and thermometer. (Heath
Co.)
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While consumer electronic devices will continue to use analog
techniques, more digital controls and circuits will gradually be added to
increase versatility and improve performance.

Where are digital techniques used? The answer is almost everywhere in
electronics. And their use will increase. Why are digital techniques used?
Digital methods are used basically to obtain greater resolution of mea-
surement, control or calculation, and for convenience.

Why Use Digital Techniques?

The primary impetus for the widespread use of digital techniques has
been the availability of low cost,digital integrated circuits (ICs). Ad-
vances in integrated circuit technology have produced many excellent
low cost digital circuits. Such circuits are small, inexpensive and very
reliable. The more recent medium scale and large scale (MSI and LSI)
integrated devices can replace entire circuits and instruments. Electronic
equipment designers recognize the availability of such devices and have
begun to take advantage of them. While digital techniques have been
known for years, it took integrated circuits to make them practical.

rh.

S g el
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A large scale integrated circuit. (Photo
courtesy MOSTEK).
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By using digital IC’'s many equipment improvements have been made.
Reductions in size, weight, cost and power consumption usually result
when analog techniques are replaced by digital methods, thanks to digi-
tal IC's. Here are a few more reasons why digital techniques have become
so popular.

Greater accuracy. Digital techniques permit greater precision and resol-
ution in representing quantities or in making measurements than with
analog methods.

Greater Dynamic Range. Dynamic range is the difference between the
upper and lower data values that a system or instrument can handle.
Analog systems are limited because of component capabilities and noise
to a range of something less than 100,000 to 1. With digital techniques
practically any desired dynamic range can be obtained.

Greater Stability. Analog or linear circuits are subject to the effects of
drift and component tolerance problems. Temperature and other en-
vironmental factors affect resistor, capacitor and inductance values.
Transistor biases vary causing non-linear operation and distortion to
occur. Component imperfections and ageing cause drift and resultant
problems. Digital methods greatly minimize or completely eliminate
such problems.

Convenience. Digital techniques make instruments and equipment more
convenient to use. The direct decimal display of data is not only more
convenient, but the error of reading or interpolating analog meters or in
setting analog dials is eliminated.

Automation. Many electronic processes can be fully automated if digital
techniques are used. Special control circuits or a digital computer which
are programmed can automatically, set up, control and monitor many
operations. Data is readily recorded, stored and displayed.

Design Simplicity. Digital equipment is relatively easy to design. The
available digital ICs make digital design a pleasure. Little or no bread-
boarding is required. In analog or linear circuits breadboarding is man-
datory to ensure a workable circuit. Digital equipment can go from paper
design to finished product in a very short time.

New Approaches. Digital methods permit new approaches to the solu-
tion of electronic equipment design. In addition, design solutions impos-
sible with analog techniques are readily implemented with digital cir-
cuits. Digital circuits make it possible to do some things that have no
analog equivalent.
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Self Test Review

1. Analog Signals vary while digital signals vary

2. Identify the following items as being either analog or digital in
nature.

height of a human

dice

pages of a book

typewriter

barometric pressure

o 0O OR

slide rule
3. How many discrete voltage levels do most digital signals have?

4. Themost widespread use of digital techniques isin
5. List 3 advantages of digital methods over analog techniques.

a.
b.

C.

6. The single factor most influential in the increased use of digital
techniques was the

a. recognition of the deficiencies in analog methods.
b. development of integrated circuits.

c. discovery of digital methods.

d. developments resulting from the space program.
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Answers

1. continuously (or smoothly), in steps (in discrete incre-
ments, etc.)
analog

a
b. digital
c. digital
d. digital
e. analog
f. analog
3. Two (2)

4. computers
5. greater accuracy

greater dynamic range
convenience of direct decimal display

and many others.
6. (b) development of integrated circuits
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THE BINARY NUMBER SYSTEM

All digital circuits, instruments and systems work with numbers that
represent specific quantities. For example, the analog voltage measured
by a digital voltmeter is converted into digital form and displayed as a
specific decimal number. The number that you enter into an electronic
calculator is stored and used in the calculation you specify. The digital
computer that prints your payroll check works with numbers, specifi-
cally your salary, the number of hours you work and the various deduc-
tions. As you can see, numbers or quantities are the basic source for an
end product of most digital equipment. Figure 1-3 shows how most
digital equipment accepts input numbers, processes them and generates
number outputs. The actual form of the input and output numbers de-
pends on the application. They may be in binary or decimal form. In some
applications the input and/or output may be in analog form despite the
digital processing.

INPUT BIGITAL OUTPUT
( NUMBERS ) CIRCUIT, ( NUMBERS )
INSTRUMENT

OR SYSTEM

/
PROCESSING

Figure 1-3 A general
block diagram of any digital system

The type of numbers we are most familiar with are decimal numbers. In
the decimal number system we combine the ten digits 0 through 9 in a
certain way so that they indicate a specific quantity. In the binary number
system, we use only two digits, 0 and 1. These binary digits, or bits, when
appropriately arranged can also represent any decimal number. For
example, the binary number 110101 represents the decimal quantity 53.
All modern digital techniques are based on the binary number system.

The basic distinguishing feature of a number system is its base or radix.
The base indicates the number of characters or digits used to represent
quantities in that number system. The decimal number system has a base
or radix of 10 because we use the ten digits 0 through 9 to represent
quantities. The binary number system has a base of 2 since only the digits
or bits 0 and 1 are used in forming numbers.

1-19
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The decimal number system came about basically as a result of man
having ten fingers. Man’s earliest attempts to represent numbers, count
and keep track of quantities involved the use of his fingers. Of course, the
decimal number system is universally used and understood because it is
our way of communicating information about quantities.

The binary number system, while simple, is inconvenient to use because
we are not familiar with it. But once you learn it, you will find it easy to
work with. It has special benefits when it comes to constructing the
hardware used in digital equipment.

Digital systems can be implemented with either the decimal or binary
number systems. However, the advantages of the binary number systems
over the decimal number system in terms of hardware implementation
are many. If we use the decimal number system, our hardware must have
ten discrete steps or states each representing one of the digits 0 through 9.
Various types of electrical, electromechanical, or electronic components
and circuits are available to do this. A ten position rotary switch or a
stepping relay are examples. However, when the binary number system is
used, we only need to represent two states. An electronic component or
circuit that has only two states is significantly simpler, less expensive,
faster and more reliable than one with ten. Each bit can be implemented
with components of a simple off/on nature such as switch or relay con-
tacts or a transistor that conducts or does not conduct.

Positional Number Systems

The decimal and binary number systems are positional or weighted
number systems. This means that each digit or bit position in a number
carries a particular weight in determining the magnitude of that number.
For example, you know that a decimal number has positional weights of
units, tens, hundreds, thousands, etc. Each position has a weight that is
some power of the number system base, in this case ten. The positional
weights are 10° = 1 (units)*, 10" (tens), 10? (hundreds), etc. We evaluate
the total quantity represented by considering the specific digits and the
weights of their positions. Consider the decimal number 7438 in which
there are 8 ones, 3 tens, 4 hundreds, and 7 thousands. The number can be
written as indicated below.

(7 X 10%) + (4 X 102) + (3 X 10') + (8 X 10°) =
7000 + 400 + 30 + 8 = 7438

To determine the value of the number, you multiply each digit by the
weight of its position and add your results.
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Binary numbers work the same way. Each bit position carries a specific
weight. As in the decimal number system, the position weights are some
power of the base of the number system. These weights from right to left
are20= 1* 21= 2,22 = 4, 23 = 8, etc. The weight of each position is twice
that of the weight of the number to the right. Consider the binary number
110101. This can be written as indicated below.

(1X294+ (1X294 (0x 23+ (1x%22)+ (0% 21+ (1x29=
324+ 16+0+4+0+1=53

The quantity represented by the number is determined by multiplying
each bit by its position weight and obtaining the sum.

Fractional Numbers

So far we have only discussed whole numbers or integer quantities. But
as you know it is often necessary to express quantities in terms of frac-
tional parts of a whole.

Decimal fractions are numbers whose positions have weights that are
negative powers of ten suchas 107' = 1/10=.1,10"%*= 1/100 = .01,10% =
1/1000 = .001, etc. A decimal point separates the whole and fractional
parts of a number. The integer or whole number portion is to the left of the
decimal point and has weights of units, tens, hundreds, etc. The frac-
tional part of the number is to the right of the decimal point and the
positions have weights of tenths, hundredths, thousandths, etc. To illus-
trate this, the number 278.94 can be written as shown below.

(2 x 10%) + (7 X 10Y) + (8 X 10° + (9 x 10 ~') + (4 x 10 %) =
200+ 70+ 8 + .9 + .04 = 278.94

In a fractional binary number, the weights of the fractional positions are
negative powersof2or2™'=12= 5,272 = 1/4 = ,25,27% = 13 = ,125,2™
= 1/16 = .0625, etc. The position weight is one half of the weight of the
position directly to the left. A binary point separates the whole and
fractional parts of the number.

The binary number 1101.101 is evaluated as shown below.

(1x23)4+(1X2)+(0x2)+(1%x29+(1%X27)+(0X 27+ (1x279)=
§+44+0+ 1+ .54+ 0+ .125 = 13.625

*Any number with an exponent of zero is equal to one.
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Converting Between The Binary and Decimal Number
Systems

In working with digital equipment, you will often need to determine the
decimal value of binary numbers. In addition, you will also find it
necessary to convert a specific decimal number into its binary equivalent,
Let’s see how such conversions are accomplished.

Binary to Decimal. To convert a binary number into its decimal equiva-
lent you simply add together the weights of the positions in the number
where binary 1’s occur. The weights of the integer and fractional posi-
tions are indicated below.

INTEGER FRACTIONAL
g |27 2s] 252+ ]23]22] 2] 20 2-1| 23] 22| }
3 |128|64[32|16 |8 |4 ] 2] 1 .5 ].25].125] §

Binary Point

As an example, let's convert the binary number 1010 into its decimal
equivalent. Since no binary point is shown, the number is assumed to be a
whole number where the binary point is to the right of the number. The
right-most bit, called the least significant bit or LSB, has the lowest
integer weight of 20 = 1. The left-most bit is the most significant bit (MSB)
because it carries the greatest weight in determining the value of the
number. In this example, it has a weight of 23 = 8. To evaluate the number
we add together the weights of the positions where binary 1's appear. In
this example, 1’s occur in the 2% and 2! positions. The decimal equivalent
is ten.

Binary Number 1 0 1 0
Position Weights (8) (4) (2) (1)
Decimal Equivalent 8+ 04+ 2+ 0 =10

As a further illustration of this process, let’s convert the binary number
101101.11 into its decimal equivalent.

1 0 1 1 0 1 A 1
(32) (16) (8) (4) (2) (1 (8 (25
32+ o+ 8+ 4+ 0+ 1+ 5+ .26 = 4575

Note that you can disregard the position weights where binary Os occur since they add nothing to the number value,
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After you solve a few practice problems, you will quickly catch on to this
procedure.

Decimal to Binary. Converting a known decimal number into its binary
equivalent can be accomplished by a simple trial and error method once
you are familiar with the weighting sequence of binary numbers. Sup-
pose that you wish to convert the decimal number 175 into its binary
equivalent. To do this you first determine the highest positional weight
that is equal to or less than the number being converted. This is 128.
Subtract 128 from 175 and note the remainder.

175
- 128
47

Again determine the highest positional weight that does not exceed the
remainder, This is 32. Next determine their difference and continue to
repeat the process until no further subtractions are possible.

47
- 82
15

The highest positional weight less than 15 is 8.

I
[ -
N[ O

The highest positional weight less than 7 is 4.

|
wlph-q

The highest positional weight less than 3 is 2.
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And finally, the highest positional weight less than or equal to 1 of course
is 1.

Now using this information you construct the equivalent binary number.
You write a binary 1 for the weight positions you subtracted from the
original number and the remainders. In this exmple, these were 128, 32,
8, 4, 2 and 1. Note that you did not use the 64 and 16 weights, so these
positions will be binary 0. The number then is 10101111 = 175. You can
check it by converting the binary version back into decimal form using
the procedure discussed earlier.

Another method for converting decimal numbers into binary is to re-
peatedly divide the number by 2 and note the remainder. When dividing
by 2, the remainder will always be either 1 or 0. The remainder forms the
equivalent binary number.

As an example, convert the number 175 into its binary equivalent.

REMAINDER
175 + 2 = 87 1180
87 + 2 =43 1
43 + 2 = 21 1
21 +2=10 1
10+2=25 0
5+2=2 1
2+2=1 0
1+2=0 1 <—MSB

Binary Number Sizes

Binary numbers are also referred to as binary words. An 8 bit binary
number is also an 8 bit word. You will also see the term byte used to refer
to binary words. Most digital circuits and equipment use a fixed word
size. The size of this word determines the maximum magnitude and
resolution with which numbers can be represented. The number of bits in
a word determine the number of discrete states that can exist and the
maximum decimal number value that can be represented.

The formula below indicates the number of states that can be represented
with a given number of bits.

N= 2" N = total number of states.
n = number of bits in the word.
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For example, with a 4-bit word, we can represent a maximum of

N==D=20=2%X2X2X2=18

This means that by using 4-bit positions, we can create a total of 16
different binary bit patterns or number combinations. These are shown in
Table I along with their decimal equivalents.

TABLE I
DECIMAL BINARY
0 0000
1 0001
2 0010
3 0011
4 0100
5 0101
6 0110
7 0111
8 1000
9 1001
10 1010
11 1011
12 1100
13 1101
14 1110
15 1111

Binary and decimal number equivalents for a 4-bit word.

As Table I indicates we represent the numbers 0 through 15 using the
binary number weighting system. The maximum decimal number that
can be represented is one less than the total number of states. The largest
decimal number value (N) that can be represented for a given number of
bits (n) is expressed with the formula below.

N

=27 -1

For example, with a 6-bit number we can represent a maximum value of

N=20-1=64-1=63

1-25
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If you know the maximum decimal quantity (N) that you wish to repre-
sent with a binary number, you can determine the required number of bits
(B) with the expression given below.

B = 3.32log xw N

The common logarithm can be obtained from a set of tables, a slide rule or
an electronic calculator with log capability. For example, if the maximum
decimal number that you need to represent is 500, the number of bits
required is:

B = 3.32 log, 500
B = 3.32 (2.69897)
B = 8.96

Of course you cannot implement fractional bits so the total number of bits
required is the next highest whole number. Therefore, to represent the
number 500, you would need a total of nine bits. Using the previously
given expression, you can determine that, with a total of nine bits, the
maximum number you can represent is

N=2"-1=2-1=512 — 1 = 511

The Appendix at the end of this unit contains a table of numbers that are
powers of 2. It will help you to quickly determine the relationship
between decimal number size and binary word bit length.

Number Identification

When working with both binary and decimal numbers, it is often neces-
sary to have some way of identifying whether a number is a decimal or a
binary number. This is particularly true of numbers involving only ones
and zeros. For example, the number 101 could represent a quantity of one
hundred and one if it is a decimal number. However, if this number is in
binary form it would represent a quantity of five.

To distinguish binary from decimal numbers a small subscript number is
generally written after the number. The identifying subscript number is
the base or radix of the number system being used. Several examples of
this notation are indicated below.

1012 - 5")
10110 =11001012
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Self Test Review

10.

11.

12,
13.

. The radix of the binary number system is

Binary hardware is preferred over decimal hardware in digital
equipment because binary components are

a.
b.

c.
Convert the following binary numbers to decimal.

a. 100101101
b. 11100.1001
c. 111111

d. 100000.0111
Convert the following decimal numbers to binary.

a. 127

b. 38

c. 22.5

d. 764.375

What is the largest decimal number that can be represented with 8
bits?

How many discrete states can be represented with 6 bits?

How many bits does it take to represent the number 3875 in binary?

1-27
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7.
8.

10.

13
12.
13.

pO TRPAD TR TN

Answers

faster

simpler

more reliable
100101101, = 3014,
11100.1001, = 28.5625,,
111111, = 63y,

100000.0111; = 32.4375y,
1274 = 1111111,

38, = 100110,
22.5,, = 10110.1
764.375, = 1011111100.011

M=2%-1=256- 1= 255
N = 2% = 64

B = 3.32 log,, 3875 = 3.32 (3.58827) = 11.91 12 bits
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BINARY CODES

The general term given to the process of converting a decimal number
into its binary equivalent is coding. We express a decimal number as a
binary code or binary number. The binary number system, as discussed,
is known as the pure binary code. We give it this name to distinguish it
from other types of binary codes. In this section you will see some of the
other types of binary codes used in digital systems.

Binary Coded Decimal

Because the decimal number system is so familiar, it is easy to use. The
binary number system is less convenient to use because we are not as
intimately familiar with it. It is difficult to quickly glance at a binary
number and recognize its decimal equivalent. For example, the binary
number 1010011 represents the decimal number 83. You certainly cannot
tell immediately by looking at the number what its decimal value is.
However, you know that within a few minutes, using the procedures
described earlier, that you could readily calculate its decimal value. The
amount of time that it takes you to convert or recognize a binary number
guantity is a distinct disadvantage in working with this code despite the
numerous hardware advantages. Digital engineers recognized this prob-
lem early and developed a special form of binary code that was more
compatable with the decimal system. Because so many digital devices,
instruments and equipment use decimal input and output, this special
code has become very widely used and accepted. This special com-
promise code is known as binary coded decimal (BCD). The BCD code
combines some of the characteristics of both the binary and decimal
number systems.

The BCD code is a system that represents the decimal digits 0 through 9
with a four-bit binary code. This BCD code uses the standard 8421
position weighting system of the pure binary code. The standard 8421
BCD code and the decimal equivalents are shown in Table II. As with the
pure binary code, you can convert the BCD numbers into their decimal
equivalents by simply adding together the weights of the bit positions
whereby the binary 1's occur. Note, however, that there are only ten
possible valid four bit code arrangements. The 4-bit binary numbers
representing the decimal numbers 10 through 15 are invalid in the BCD
system.
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TABLE Il
8421 BCD CODE
DECIMAL BCD
0 0000
1 0001
2 0010
3 0011
4 0100
5 0101
6 0110
7 0111
8 1000
9 1001

To represent a decimal number in BCD notation you simply substitute the
appropriate four bit code for each decimal digit. For example, the number
834 in BCD would be 1000 0011 0100. Each decimal digit is represented
by its equivalent 8421 four bit code. A space is left between each four bit

group in order to avoid confusing the BCD format with the pure binary
code

The beauty of the BCD code is that the ten BCD code combinations are
very easily remembered. Once you begin to work with binary numbers on
a regular basis you will find that the BCD numbers will come to you as
quickly and automatically as decimal numbers. For that reason by simply
glancing at the BCD representation of a decimal number you can make the
conversion almost as quickly as if it were already in decimal form.
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While the BCD code does help to simplify the man-machine interface it is
less efficient than the pure binary code. It takes more bits to represent a
given decimal number in BCD than it does with pure binary notation. For
example, the decimal number 83 in pure binary form is 1010011. In BCD
code the decimal number 83 is written as 1000 0011. In the pure binary
code it takes only a 7 bit word to represent the number 83. In BCD form it
takes 8 bits. The inefficiency arises out of the fact that for each bit in a data
word there is usually a certain amount of digital circuitry associated with
it. The extra circuitry associated with the BCD code costs more, increases
equipment complexity, and consumes more power. Arithmetic opera-
tions with BCD numbers are also more time consuming and complex than
those with pure binary numbers. As you recall, with four bits of binary
information we can represent a total of 2* = 16 different states or the
decimal number equivalents 0 through 15. In the BCD system we waste
six of these states (10-15), thus the inefficiency. When we use the BCD
number system we trade off some efficiency for the improved communi-
cations between the digital equipment and the human operator.

Special Binary Codes

Besides the standard pure binary coded form, the BCD numbering system
is by far the most widely used digital code. You will find one or the other
in most of the applications that you encounter. However, there are several
other codes that are used for special applications. Let's consider some of
these.

- Excess 3 Code. The excess 3 code (sometimes abbreviated XS3) is not a

weighted code. Here each four bit number is three greater than the
standard 8421 code number. To obtain the excess 3 code of a specific
decimal number, you simply add 3 to it then use the corresponding 8421
binary code (Table I). For example, the excess 3 code for the number 7 is
the binary equivalent of 7 + 3 = 10. The four bit excess 3 code for the
number 7 then is 1010. To convert from XS3 to decimal, you simply write
the decimal equivalent of each four bit group then subtract three from
each digit. The excess 3 code was developed primarily because of its
ability to greatly simplify the arithmetic computations with BCD num-
bers.
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N ~—Gray Code: The Gray Code is a widely used non-weighted code system.
Also known as the cyclic, unit distance or reflective code, the Gray code
can exist in either the pure binary or BCD formats. The Gray code is
shown in Table III. As with the pure binary code, the first ten codes are
used in BCD operations. Notice that there is a change in only one bit from
one code number to the next in sequence. You can get a better idea about
the Gray code sequence by comparing it to the standard four bit 8421 pure
binary code also shown in Table III. For example, consider the change
from 7 (0111) to 8 (1000) in the pure binary code. When this change takes
place all bits change. Bits that were 1's are changed to 0's and 0’s are
changed to 1's. Now, notice the code change from 7 to 8 in the Gray code.
Here 7 (0100) changes to 8 (1100). Only the first bit changes.

TABLE III
THE GRAY CODE
DECIMAL GRAY PURE BINARY
0 0000 0000
1 0001 0001
2 0011 0010
3 0010 0011
4 0110 0100
5 0111 0101
6 0101 0110
7 0100 0111
8 1100 1000
9 1101 1001
10 1111 1010
11 1110 1011
12 1010 1100
13 1011 1101
14 1001 1110
15 1000 1111
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The Gray code is generally known as an error-minimizing code because it
greatly reduces the possibility of ambiguity in the electronic circuitry
when changing from one state to the next. When binary codes are im-
plemented with electronic circuitry, it takes a finite period of time for bits
to change from 0 to 1 or 1 to 0. These state changes can create timing and
speed problems. This is particularly true in the standard 8421 codes
where many bits change from one combination to the next. When the
Gray code is used, however, the timing and speed errors are greatly
minimized because only one bit changes at a time. This permits code
circuitry to operate at higher speeds with fewer errors.

The biggest disadvantage of the Gray code is that it is difficult to use in
arithmetic computations. Where numbers must be added, subtracted or
used in other computations, the Gray code is not applicable. In order to
perform arithmetic operations the Gray code number must generally be
converted into pure binary form.

ASCII Code. The ASCII code is a special form of BCD code that is widely
used in digital computers and data communications equipment. This
code is known as the American Standard Code for Information Inter-
change (ASCII). It is a 7 bit binary code that is used in transferring data
between computers and their external peripheral devices and in com-
municating data by radio and telephone lines. With 7 bits we can repre-
sent a total of 27 = 128 different states or characters. The ASCII code is
used to represent the decimal numbers 0 through 9, the letters of the
alphabet (both upper and lower case) plus other special characters used
for controlling various computer peripheral devices and communica-
tions circuits. The standard ASCII code is shown in Table IV.
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TABLE IV
AMERICAN STANDARD CODE FOR INFORMATION INTERCHANGE

COLUMN 0 1 2 3 4 5 6 7
ROW _25_? _7_@[:} 000 | oot | o0 | or1 | 100 | 101 | 110 | 111
| [ oo NUL | DLE | SP | 0 @ P \ P
1 0001 SOH | DC1 | ! I A Q | a q
& 2 0010 STX | DC2 | 2 B R b :
1 /Q ‘\\ T 3 0011 ETX | DC3 | # 3 c | s | ¢ s
4 0100 EOT | DC4 | § 4 D P d l
5 0101 ENQ | NAK | % 5 E U it u
6 0110 ACK | SYN | & 6 ¥ v f v
1 0111 BEL | ETB } 7 G W g w
8 1000 BS CAN | ( 8 H X h X
9 1001 HT | EM | ) 9 1 Y i y
10 1010 LF | SUB | = : ] z j z
n 1011 VT | ESC | + ; K | k {
12 1100 FF | FS , < L \ ! !
13 1101 CR | GS = = 191 | m }
1 1110 SO | RS . > N |~ | n ~
15 110 st | us / ? 0 | — | o | DEL

Explanation of special control functions in columns 0, 1, 2 and 7.

NUL Null DLE  Data Link Escape

SOH Start of Heading DCI  Device Control 1

STX  Start of Text DC2  Device Control 2

ETX End of Text DC3  Device Control 3

EOT  End of Transmission DC4  Device Control 4

ENQ Enquiry NAK Negative Acknowledge

ACK Acknowledge SYN  Synchronous Idle

BEL  Bell (audible signal) ETB End of
Transmission Block

BS Backspace GAN Cancel

HT  Horizontal Tabulation (punched card skip) EM  End of Medium

LF Line Feed SUB  Substitute

VT  Vertical Tabulation ESC  Escape

FF Form Feed FS File Separator

CR Carriage Heturn GS Group Separator

SO Shift Out RS Record Separator

SI Shift In US  Unit Separator

Sp Space (blank) DEL  Delete
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The 7-bit ASCII code for each number, letter or control function is made
up of a 4 bit group and a 3 bit group. Figure 1-7 shows the arrangement of
these two groups and the numbering sequence. The 4-bit group is on the
right and bit 1 is the LSB. Note how these groups are arranged inrows and
columns in Table IV.

To determine the ASCII code for a given number letter or control opera-
tion, you locate that item in the table. Then you use the three and four bit
codes associated with the row and column in which the item is located.
For example, the ASCII code for the letter L is 1001100. It is located in
column 4, row 12. The most significant 3 bit group is 100 while the least
significant four bit group is 1100.

There are both 6 and 8 bit special versions of the ASCII code. In addition,
the International Business Machines Corporation (IBM) uses another 8 bit
coding system called Extended Binary Coded Decimal Interchange Code
(EBCDIC) instead of ASCII, for its peripheral and data communications
operations.

4 BIT GROUP
r i b ]
7165 |4]3]e2 1
<
e
3 BIT GROUP

Figure 1-7
ASCIl Code Word Format
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14, The BCD code is better than the binary code because
a. it uses less bits.
b. it is more compatible with the decimal number system.
c. it is more adaptable to arithmetic computations.
d. there are more different coding schemes available.
15. Convert the following decimal numbers to 8421 BCD code.
a. 1049
b. 267
c. 835
16. Convert the following 8421 BCD code number to decimal.
a, 1001 0110 0010
b. 0111 0001 0100 0011
c. 1010 1001 1000

d. 1000 0000 0101
17. Which code is best for minimum hardware errors?

a. Excess 3
b. 8421 BCD
¢. pure binary
d. Gray
18. Which BCD code is best for arithmetic operations?
a. Gray
b. 8421
c. Excess 3
d. ASCII

19. Convert the following Excess 3 BCD code to decimal.
1100 0111 0100 0110

20. The ASCI code is used primarily in and

21. What is the ASCII code for the letter “f”’?
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14,
15.

16.

17.
18,
19.
20.
21.

Answers

b. more compatible with the decimal system.
a. 0001 0000 0100 1001

b. 0010 0110 0111
1000 0011 0101
962

7143

invalid (1010)
805

Gray

. Excess 3

9413,

computers, data communications.
1100110

p o oo

0o QA
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DATA REPRESENTATION

Now that you understand the reason for using the binary number system
and are familiar with some of the binary coding schemes used in digital
equipment, you are ready to consider the actual hardware means of
implementing these binary numbers. By hardware we mean the elec-
tronic components and circuits that are used to represent and manipulate
the binary numbers used in the digital system, It is relatively easy to
represent a binary number with electronic components. The component
to represent a specific bit in a binary word must be capable of assuming
two distinct states. One of the states will represent a binary 0 and the
other a binary 1.

Electromechanical Devices

Switches and relays are ideal for representing binary data. A closed
switch or relay contact can represent a binary 1 while the open switch or
contact can represent a binary 0. Of course these logic representations can
also be reversed. Switches and relays are still widely used to implement:
digital systems or parts of digital equipment. They are used in places
where static binary conditions are required or very low speed operation
can be tolerated.

Early digital equipment such as computers and test instruments used
relays to represent binary numbers. But the relays were soon replaced by
vacuum tubes in many applications. Each bit was represented by a vac-
uum tube that was either conducting or cut-off. When the tube was
conducting it represented one binary state and when it was cut-off it
represented the other binary state. Vacuum tubes worked well in digital
applications. They achieved operating speeds significantly higher than
that of relays. However, because of their large size, high power consump-
tion and speed limitations they have been replaced by solid state devices.

Transistors

Today the most common way of representing binary data in digital
equipment is with a transistor. A transistor can readily assume two
distinct states, conducting and cut-off. When a transistor is cut-off it is
essentially an open circuit. When a transistor is conducting heavily, it
acts as a very low resistance and accurately simulates a closed switch.
Most digital circuitry in use today uses saturated bipolar switching
transistors for data representation. Non-saturated bipolar transistor
switches are also used in many applications where high speed operation
is desirable. Keep in mind that both discrete component and integrated
circuit transistors are used in digital applications.
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The enhancement mode MOS field effect transistor (MOS FET) is also
widely used as a two state switch to represent binary data. This type of
transistor is the key element in MOS and CMOS integrated circuits.

Magnetic Cores

Another common means of representing binary data is by the use of a
magnetic core. This is a small donut shaped piece of magnetic material
approximately one tenth inch in diameter or smaller. A wire passing
through the center of the core carries a current that magnetizes the core in
either of two directions depending upon the direction of current flow in
the wire. One direction of magnetization represents a binary 0 and the
other a binary 1. The permeability of the magnetic material is such that
the core retains the magnetization once the current through the wire is
removed. This means that the core can store one bit of binary data. It
remembers in which direction it was magnetized so that the state of the
core can be determined later. Such cores are the primary data storage
medium for many digital computers.

Logic Levels

The basic element for representing a single bit of data is a switch:
mechanical, electromechanical, electronic or magnetic. The on-off na-
ture of a switch makes it perfect for binary data representation. The exact
relationship between the state of the switch and the bit represented by
this switch is arbitrary. In actual digital hardware we are not so much
concerned with whether the transistor is off or on. Instead the bit assign-
ments are generally represented by voltage levels. The switching element
controls these voltage levels. For example, a binary 0 may be represented
by 0 volts or ground. A binary 1 may be represented by + 5 volts. Depend-
ing upon the equipment power supplies available, the exact circuitry
used, and the application; almost any voltage level assignments can be
used.

Figure 1-4 shows two ways in which a bipolar transistor can be used to
produce two distinct voltage levels. In figure 1-4A, the transistor is
connected as a shunt switch. This means that the transistor is in parallel
with the output. When the transistor is not conducting, the output vol-
tage is +5 volts as seen through collector resistor Rc. When the transistor
is conducting it acts as a very low resistance or near short circuit. At this
time the output is some low positive voltage level near ground or zero
volts. The switching of the transistor of course is controlled by the
application of the appropriate base signal. Switching times in the
nanosecond (107 seconds) region are possible with modern transistors.

:

M v

- -/.l'l

1-39



1-40

UNIT ONE

HEATHKIT
CONTINUING
L

————

—r

ouTt

our

[
A B
Figure 1-4

Bipolar transistor logic switches, (A)
shunt switch (B) series switch.

In Figure 1-4B the transistor is connected as a series switch. When the
transistor is cut off the output is zero volts or ground as seen through
resistor R ;. When the transistor conducts, it acts as a very low impe-
dance and connects the +5 volts supply line to the output. Again the
operation of the transistor is controlled by applying the appropriate
signal to the base. You will find both series and shunt transistor switches
used in digital circuits.

Positive and Negative Logic

There are two basic types of logic level representation, positive logic and
negative logic. When the most positive of two voltage levels is assigned
the binary 1 state, we say that positive logic is being used. When the
negative or least positive of two voltage levels is assigned to the binary 1
state, we say that negative logic is being used. Indicated below are several
examples of both positive and negative logic level assignments. Keep in
mind that the assignments are strictly arbitrary and are selected by the
designer when the circuit or equipment is designed.

Positive Logic Negative Logic
binary 0 = +.2V, binary 0 = +3.4V,
binary 1 = +3.4V, binary 1 = +.2V.
binary 0 = —6V. binary 0 = 0 V.
binary 1 = 0V. binary 1 = —6V.
binary 0 = +1V, binary 0 = +15V,
binary 1 = +15V. binary 1 = +1V.
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Parallel vs. Serial Data Representation

There are two basic ways in which digital numbers are transmitted,
processed or otherwise manipulated. These methods are designated as
serial and parallel. In the serial methods of data handling, each bit of
binary word or number is processed serially one at a time. In a parallel
system all bits of a word or a number are processed simultaneously.

Serial Data. Figure 1-5 shows a binary number represented in a serial
data format. The binary number exists as a series of voltage levels repre-
senting the binary 1s and 0s. These voltage level changes occur at asingle
point in a circuit or on a single line. Each bit of the word exists for a
specific interval of time. The time interval allotted to each bit is in this
example, one millisecond. The most significant bit (MSB) is the one at the
far left. It occurs first since time is considered to be increasing from left to
right. Because this is an 8 bit binary word, it takes 8 milliseconds for the
entire word to occur or be transmitted. Positive logic level assignments
are used. By observing the voltage levels at the specific point or on the
transmission line, the number can be determined. The number is
10110010. This is the binary equivalent of the decimal number 178.

MSB LS8

+5V
| 1 0 1 1 0 0 1 0
0 - - - -
"_| Ims "‘

TIME ————— -

Figure 1-5
The serial binary word 10110010

The primary advantage of the serial binary data representation is that it
requires only a single line or channel for transmitting it from one place to
another. In addition, since each bit on the single line occurs separately
from the others then only one set of digital circuitry is generally needed to
process this data. For these reasons, serial data representation is the
simplest and most economical of the two types. Its primary disadvantage
is that the transmission and processing time required for a serial word is
significant since the bits occur one after the other. Despite this time
penalty, serial data representation is widely used because of its economy
and simplicity.

1-41
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MSB
+5Y
1
0V
> 0
= 5V
w
= +5V
o |
= —X o
© 0v
a p—
+5Y
B
oV
0
LS8
Figure 1-6

The parallel binary
word 10110010

Parallel Data. The other method of representing, transmitting and pro-
cessing binary data is designated as parallel. The reason for this is that all
bits of a binary word or number are transmitted or processed simultane-
ously. For this reason a separate line or channel is required for each bit of
the word in transmitting that word from one point to another. Refer to
Figure 1-6. Here the 8-bit digital word 10110010 is available as voltage
levels on eight separate output lines. Since all of the bits of the word are
available at the same time, digital circuitry must be provided to process or
otherwise manipulate each of the bits in the word simultaneously. The
transmission and processing of parallel data, therefore, is more complex
and expensive than that required for serial data. However, the clear
advantage of parallel data transmission is its speed. All bits are processed
at the same time and, therefore, the time required for handling of the data
is very short. For high speed applications requiring rapid processing,
parallel digital techniques are preferred.

Logic Circuits

The transistor is by far the most common way of representing binary data
in modern digital equipment. These transistors are combined with other
electronic components to form digital circuits. Digital, or logic, circuits
are used to process or manipulate the binary information in some way.
The primary emphasis in this program is on digital logic circuits and how
they are designed and used.

There are two basic types of logic circuits, decision-making and memory.
Our ability to think logically requires both a capability for making deci-
sions based on given information and the ability to remember facts. This
holds true for digital circuits and equipment as well. Logic circuits accept
input binary data and based upon that information generate output bi-
nary signals that represent the results of a built in decision making
capability or they store the input data for later use.

Decision making logic circuits are called gates. Such circuits have two or
more inputs and a single output. Both the inputs and outputs are binary
signals. These gates are combined in a variety of ways to form combina-
tional logic circuits that can perform a wide range of sophisticated deci-
sion making functions.

The memory circuits store binary data. Commonly called flip flops, these
circuits remember a single bit of data. Flip flops are combined to form a
class of logic circuits called sequential circuits. Such circuits store,
count, and shift binary data and otherwise manipulate it.
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All digital equipment is made up of both gates and flip flops that form
functional combinational and sequential circuits. Such functional cir-
cuits perform the specific operations called for by the application. The
remaining lessonsin this program are concerned with the detailed design
and application of such circuits.

The key components used in digital circuits are semiconductors such as
diodes and transistors. These are combined with resistors, capacitors and
other electronic components to form the circuits that produce the various
logic functions. Early digital circuits were made up of discrete compo-
nents, individual components interconnected to form the circuit. Today,
most digital logic is in integrated circuit form. These are microminiature
semiconductor devices that are complete logic circuits constructed in a
single package.

Since semiconductors are the basis for all modern digital circuits, you
will find a knowledge of their operation helpful in designing, using or
troubleshooting digital equipment. The next Unit in this program covers
this important subject.

Self Test Review

22, The basic component used to represent a binary digit is a

23. The two types of transistors used to implement digital circuits are
and _
24. Designate the following logic level assignments as being either posi-
tive or negative.

a. binary 0 = +3

binary 1 = -3
b. binary 0 = +0.8
binary 1 = +1.8
25. Serial data transmission is faster than parallel data transfers.
a. True
b. False

26. The following voltage levels appear on six parallel data lines desig-
nated A through F.
A=+5V,B=+5V,C=0V,D=+5V,E=0V,F=+5V
Using positive logic and assuming bit A is the LSB, what is the
decimal number equivalent?

27. Gates and flip-flops are combined to form and
logic circuits.
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22.
23.
24,

25.
26.

27.

switch (mechanical, electro-mechanical or electronic)
bipolar, MOS FET

a. negative

b. positive

b. False

A=+5V=1(LSB),B=+5V=1,C=0V=0,D=+5V=
,E=0V=0F=_5V=1(MSB)

Number = FEDCBA = 101011,

Decimal equivalent = 43,,
combinational,- sequential
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12.

The two basic types of electronic circuits and signals are analog
and digital.

Analog signals are either ac or dc and vary smoothly or continu-
ously.

Analog signals are processed by analog or linear circuits.

Digital signals are voltages or currents that vary in discrete steps
or increments.

Most digital signals are binary in nature, that is having two states,
steps or levels.

Digital signals are processed by digital logic circuits.

Digital techniques are used in virtually all areas of electronics.

The impetus for the increased use of digital circuits has been the
recognition of their advantages and the development and availa-
bility of low cost digital integrated circuits.

Digital techniques were perfected by the computer industry.

Digital techniques offer several advantages over analog methods
including greater accuracy, greater dynamic range, greater stabil-
ity, convenience, automation and for many applications lower
cost and less power consumption.

The decimal number system has a base or radix of ten because it
uses the ten digits 0 through 9 to represent quantities.

The binary number system has a base of 2 since it uses only two
bits, 0 and 1, to represent quantities.

1-45
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13. The decimal and binary number systems are weighted positional
systems in that the position of a digit in a number indicates the
weight it has in determining the value of that number.

14. Binary numbers havea1, 2,4, 8, 16, 32, 64, etc. weighting system.

15. To determine the decimal value of a binary number you add
together the weights of the positions containing a binary 1.

16. The number of bits (n) in a binary number or word determines the
maximum quantity (N) that can be represented. N = 2" —1

17. The number of bits (B) needed to represent a quantity (N) is
determined with the expression B = 3.32 logN.

18. The binary number system is a system for coding quantities or
other information.

19. The binary coded decimal (BCD) system of quantity representa-
tion is a compromise system that enhances the flexibility of
communication between man and machine. It is based on both the
binary and decimal systems.

20. with BCD coding each decimal digit is represented by a four bit
binary code.

21: & variety of BCD codes are used, each having a specific advantage
or function. These included the weighted 8421 code and the
unweighted excess 3 code.

22. The Gray code is used where minimum error is required. Only one
bit changes from one code group to the next in sequence.

23. TheASCllcodeisa special 7-bit BCD code used in data communi-
cations and computer peripherals. It is used to represent quan-
tities as well as letters and special functions.
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24 . The transistor is the most common way of representing binary

25.

26.

27.

28.

29.

30.

data. Both bipolar and MOS FET types are used.

Any switch, electronic, electromechanical or mechanical can be
used to represent binary numbers,

Binary numbers appear as voltage levels in digital equipment.
One voltage level is assigned to represent a binary 1 and another
level is assigned to represent a binary 0.

Positive logic level assignment is where the binary 1 is the most
positive of the two levels. Negative logic is where the most nega-
tive of the two levels is designated as a binary 1.

Serial data transmission requires only a single line and circuitry
to handle one bit of data at a time. Each bit in a word is transmitted
sequentially. Serial processing is the simplest, least expensive,
and least complex of methods but is slow because of its sequential
nature.

In parallel transmission or processing all bits of a word are hand-
led at once. This makes for very high speed operation, but cir-
cuitry is required for each bit. This increases cost and complexity.

The two basic types of logic circuits are gates and flip flops which
are used for decision making and memory functions respectively.
These basic elements are combined to form combinational and
sequential circuits that are the functional parts of any digital
equipment. -
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This exam will test your knowledge of the important facts in this unit. It
will tell you what you have learned and what you need to review. Answer
all questions first then check your work against the correct answers given
later.

1. A constant dc voltage is

A. an analog signal

B. a digital signal

C. either a. or b. depending upon how it is defined.
2. The waveform in Figure 1-8 is

A. analog

B. digital

Figure 1-8
Waveform for Exam Question 2

3. For each item below designate whether it is analog or digital.
A. auto headlights
B. bathroom scale
C. weather vane
D. gasoline gauge
E. camera shutter

4. What factor has influenced the growth and increased use of digital
techniques more than any other?
A. The need for greater accuracy.
B. Computers
C. Recognition of the benefits of digital methods.

—D. Availability and perfection of integrated circuits.
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5. Which of the following is not an advantage of digital over analog
techniques?
A. greater accuracy
~B. simplicity
C. greater dynamic range
D. better stability
6. Convert the following binary numbers to decimal.
A. 1001011
B. 1110110010 . 0101
. Convert the following decimal numbers to binary.
A. 1000
B. 95
. Convert the following 8421 BCD numbers into their decimal equiva-
lents.
A. 1000 0110 0010 0101
B. 0001 1001 0111 0100
9. Convert the following decimal numbers to 8421 BCD.
A. 3097
B. 2486
10. A. The highest number you can represent with ten bits is

~

=]

B. It takes bits to represent the number 121.
11. Select the unweighted codes.

A. Gray

B. 8421

C. ASCII

D. Excess 3

12. The ASCII code is used primarily in
A. digital test instruments
B. computer arithmetic
C. data communications
D. electronic calculators

13. Digital signal levels of binary 0 = —.7 and binary 1 = —1.7 represent
which type of logic?
A. positive
B. negative

14. Five wires A through E carry the voltage levels representing a binary
number. These levelsare A =0V,B=0V,C=+5V,D=0V,E = +5V.
Assuming E is the MSB and the use of positive logic, what decimal
number is represented?
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15. The primary advantage of serial data transmission is
A. highest speed method for digital processing
B. minimum hardware and complexity
C. convenience
D. ease of code recognition

16. Name six electronic devices that use digital techniques.

=P B B e

17. The most common way of electronically representing binary data is
with a
A. transformer
B. magnetic core
_.C. transistor
D. toggle switch

18. The two basic types of logic circuits are and

19. Using only your knowledge of binary codes, identify the Gray code
and the excess 3 code.

Decimal a b C d
0 0000 0000 0000 0011
1 0001 0001 0001 0100
2 0011 0010 0010 0101
3 0010 0011 0011 0110
4 0110 0100 0100 0111
5 0111 0101 1011 1000
6 0101 0110 1100 1001
Z 0100 0111 1101 1010
8 1100 1000 1110 1011
9 1101 1001 1111 1100

20. Sketch the binary waveform of a serial data word for the number 18
where the LSB is transmitted first. Assume negative logic assign-
ments of the binary levels 0V and +10V.
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UNIT 1 EXAMINATION

INTRODUCTION TO
DIGITAL TECHNIQUES

1.

10.

11.
12.

13.

C — A constant dc voltage could be an analog signal or one of two
levels in a binary digital system depending upon the circuits
and techniques used or the definitions given.

B — Since the waveform varies in discrete steps it is considered to
be digital. However, since most digital signals are binary in
nature the waveform in Figure 1-8 is not typical. We could call
this signal a digital approximation to a varying analog signal.

A — auto headlights — digital

B — bathroom scale — analog

C — weather vane — analog

D — gasoline gauge — analog

E — camera shutter — digital

D — The availability of versatile, low cost integrated circuits has
been the most significant factor in the increased use of digital
techniques.

B — Simplicity. Digital techniques have many advantages (i.e.
greater accuracy, etc.) but simplicity is not necessarily one of
them. In fact, it is often necessary to increase the complexity
of a device in order to gain the advantage of digital methods.

A — 1001011, = 75y,

B — 1110110010.0101, = 946.3125,,

A— 1000,, = 1111101000,

B — 95, = 1011111,

A — 8625

B — 1974

A — 0011 0000 . 1001 0111

B — 0010 0100 1000 0110

A—M=2"-1=2"~1= 1024 —1 = 1023

B — B = 3.32 log,, 121 = 3.32 (2.08279) = 6.915 7 bits.

A,C,D— The Gray,ASCII and excess 3 codes are unweighted.

C — Data Communications and computer peripherals are the
primary applications of the ASCII code.

B — Negative logic is where the most negative (least positive) of
two levels is designated a binary 1.
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14.
15.

16.

17.

18.
19.
20.

The binary word is EDCBA = 10100, or 20,,.

B — The primary advantage of serial data transmission is
minimum hardware and complexity, hence lowest cost. The
sacrifice is lower data transmission rates. However, parallel
transmission is faster at the expense of more hardware and
complexity.

A — electronic calculators

B — computers

C— TV sets

D — hi fi stereo receivers

E — industrial controls

F — data communication equipment

C — A transistor switch, bipolar or MOS FET, is the most common
means of implementing binary data.

Gates and flip flops or decision-making and memory.
(a) Gray code, (d) excess 3.
See Figure 1-9.

+10V
1 0 0 1
oVl |

Figure 1-9
Solution to Exam Question 20.
Serial representation of
the number 18 using negative logic.
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APPENDIX

TABLE OF POWERS OF 2

2!’!

Db N

64
128
256
512

1024
2 048
4 096
8 192
16 384
32 768
65 536

COENO U S WN SO

1.0

0.5

0.25

0.125

0.062 5

0.031 25

0.015 625

0.007 812 5

0.003 906 25

0.001 953 125

0.000 976 562 5
0.000 488 281 25
0.000 244 140 625
0.000 122 070 312 5
0.000 061 035 156 25
0.000 030 517578 125
0.000 015 258 789 062 5

n = number of bits

Introduction to Digital Techniques 1 - 53






S

Thne Information contained In this document i8 proprictary to [ara Ceneral Corporation and Is to be limited in distributlon solely
to Data General employeey for the limited purpos:s of training and malntenance, Neither the document nor Informaclon contained
herein Is to be reproduced |n whole or In part without the express prior written approval by an authorlzed officlal of 1XCC,

2.9 - HEXADECIMAL NUMBER SYSTEM

The hexadecimal number system has a base of 16, Sixteen different symbols are
used to represent numbers which are 0,1,2,5,4,5,6,7,8,9, A,B,C,D,E, and F,
Table 2-4 shows thz first few hexadecimal numbers and their decimal equivalents,

Table 2-4, Hexadecimal Counting

Hexadecimal Decimal Hexadecimal Decimal
0 0 A 10
1§ 1 B 13
2 2 C 12
3 3 D _ 13
4 4 E 14
5 5 F 15
6 6 10 ° 16
7 7 11 17
8 8 12 18
9 9 13 ' 19

" The use of the hexadecimal number system as another binary shorthand, became

of use as digital computers began to use 8 binary bits to represent units of
information. :

2941 wHexadecimal to Decimal Conversion

From Table 2-4 we see that hexadecimal 11 equals a decimal 17. The numbering
system formula proves this is true:

N = azr1 e alr0

1x16' + 13169

=16 +1
= 17

The powers of sixteen are shown in the following table,

L 2 '
etc 16 163 16 161 160 Powers of sixteen

ete 65536 4096 256 16 1 Decimal value
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L]

(252 | . .Decimal to Hexadecimal Conversion

The conversion from decimal to hexadecimal follcws the same procedure as decimal
to binary and decimal to octal except the base is now 16 instead of 2 or 8,

k) . Example
| 2739010'- N16 DR mh_:;_________
Quotient | Remainder Hexadecimal Remainder
‘& - 6 = 6  MSD
16/108 12 = C
16/1743" 15 = F
16,/27890 2 = 2 LSD

FreN . e i . = hing
B . 1%
- -

Therefore; 2789010 = 6CF216 ST T R £ SELal

253 Binary to Hexadecimal Conversion

The simplest way to convert a binary number to a hexadecimal number is to group
the binary digits in groups of fours beginning at the radix point and read each set
of four bmary digits according to Table 2-5, - Ll

Table 2-5. Binary to Hexadecimal Equivalent

Four Binary Digits | Hexadecimal Digit || Four Binary Digits | Hexadecimal Digit
0000 0 1000 8
0001 1 1001 9
0010 2 1010 A
0011 3 1011 B
0100 4 1100 C
0101 5 1101 2
0110 6 - 1110 E
0111 /PPN | (NP 1 i 1 (. SRS ;

- . ——— e
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Example:

1101011111011015 = Nyg
0110 1011 1110 1101
6 B E D
Therefore:. 110101111101101, = 6BED;

2,5.4 wHexadecimal to Binary Conversion

Hexadecimal numbers are couverted to binary merely by taking the hexadecimal
digit and representing it by its four binary equivalent digits shown in Table 2-5.

Example:
6BED;¢ =
6 . B E D
0110 1011 1110 1101

Therefore; 6BED16 = 1101011].1.1011012

2.5.0 ‘10ctal to Hexadecimal and Hesadecimal to Ocral Conversion

Although it is possible to convert octal to hexadecimal and vice-versa by dividing
one by the base of the other, as explained in the preceding number system con-
versions, it is much easier to convert the number to bmary, then regroup the
hmary digits and convert to the system desired.

"].-Zj‘.‘,x_amples:
: L 7258 = N6
Converted to binary A 111 010 101 = Njyq
Regrouped »0001 1101 0101 = Njygq
Converted to hexadecimal 1 D S5 =

N16
Therefore; 725g = 1D5y |
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T o

L " 3DBjg = Ng

. 1, &3
Converted to binary : 0011 1101 1011
Regrouped t= 001 111 Ol1 011 =
Converted to nctal 1 7 3 3

o on
Z 27
0 0 o

Therefore; 3DB16 E 17338
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2.4 OCTAL NUMBER SYSTEM

The octal number system has a base of 8. Eight different symbols are used to
represent numbers. These are0,1,2,3,4,5,6 and 7. Table 2-2, using positional
rotation, shown the first few octal numbers and their decimal equivalents,

Table 2-2, Octal Counting

Octal Decimal Octal Decimal
0 0 11 9
1 1 12 * 5 10
2 2 13 11
3 3 14 ‘ 12
4 4 15 13
5 5 16 14
6 6 17 15
7 ¥ 20 16
10 8 21 y 5 17

:) .2.4.1  ¥Octal'to Decimal Conversion-

From Table 2-2 we see that octal 21 equals a decimal 17. The numbering system
formula proves this is true:

N= azr1 T alro

2}{87i + 1:~c80

2x8 + 1x1
=16 +1

Z Z 2 Z
I

17
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: ]

(v *Phe following power table lists the powers of eight.

etc | 8 g 83 g2 | 8l | g0 Power of eight

etc | 32768 | 4096 | s12 | 64 | 8 | 1 Decimal Value

Example:

(2x512) + (1x64) + (7x8) + (4x1)
1024 + 64 + 56 + 4
114810

. 2174g

To convert an octal fraction to a decimal fraction we once again set up a negative
power table for the octal system by dividing 1 by the base 8§ some number of times,

Power of eight 2-1 272 2-3 etc
Decimal value .125 015625 | .001953125 etc
~ Example:
0.63g = (6x.125) + (3x.015625)
=",750 + 04687510
= .79637510 '
2.4.2 iDecimal to Cctal Conversion

The conversion from decimal to octal follows the same prodedure used in decimal
to binary, except the base is now 8 instead of 2, The integer portion and the
fractional portion are considered separately.

'Examples;:
Quotient Remainder
0 2 MSD

8/ 7 6 T .
& | 8/ 22 . 0. LSD C
Therefore, 17610 = 2608
| 2-14
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253.15)5 = Ny

A5 x8=1.2 1 MSD .

0 3 .2x8=1,6 1 .6

16 x8=4.8 4 -8

8/ 3 7 .8 x 8=6,4 6 4
4 x8=3,2 3 Vi

8/ 31 ) 2x8=106 1 LSD .6

8 2253

Therefore; 253.151g = 375.1146318

2.4.3 Binary to Octal Conversion

The primary use of the octal number system is in conveniently recording the
cumbersome numbers of ONEs and ZEROs in the binary system,

The most simple trick for converting a binary number to an octal number is to
" . simply group the binary digits into*greups.of threes beginning at the octal point,
'} and read each set of three binary digits according to Table 2-3,

Table 2-3. Binary to Octal Equivalent

Three Binary Digits Octal Digits

000 0
001
010
011
100
101
110
111

N O U WO RO

- Examples:
1011110101, = .Ng
001 011 110 101

R

k3 3 6 S5g
Therefore; 1011110101, = 1305¢4

2-15
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© 101110100.11101, = Ng

101 110 100 , 111 010
R 6 4 . 7 2g
Therefore; 101110100.111015 = 564,72

2.4.4 Octal to Binary Conversion

As you have seen, binary numbers are directly convertible to octal, Octal
numbers are also directly convertible to binary. Merely take each octal digit
and represent it by its three binary equivalent digits shown in Table 2-3,
Example:
1 7 3 . 4 0. 6
001 111 0i1 ., 100 000 110

- Therefore; 173.4068 =1111011. 100000112

2-16
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UNIT 2

SEMICONDUCTOR DEVICES
AND CIRCUITS FOR
DIGITAL TECHNIQUES

INTRODUCTION

At the heart of all modern digital circuits are semiconductor devices like
diodes and transistors. Your ability to understand digital circuits and
apply them to practical situations depends directly on a knowledge of
semiconductors. The purpose of this Unit is to provide you with a solid
background in semiconductor fundamentals as they apply to digital
circuits, both discrete components as well as integrated circuits. For
many of you, this Unit will be primarily a review. It will help you to
remember the key points about semiconductor devices. For some of you
the information may be mostly new. We have developed it to give you
exactly what you need to understand digital circuits.

Since most engineers, technicians, and experimenters are users of
semiconductor devices rather than designers, our discussion here will
focus on practical operation and application rather than detailed cover-
age of internal device physics.

The Unit Objectives below will tell you exactly what you will learn in this
Unit. Follow the Unit Activity Guide checking off each learning activity
as you complete it. Keep track of your time and progress in the spaces
provided.

UNIT OBJECTIVES

When you complete Unit 2 on semiconductor devices you will have the
knowledge and skills indicated below. You will be able to:

1. Name the two types of semiconductor elements used in digital circuits
and list two advantages and disadvantages of each.

2. Identify from a list of symbols used to represent PNP and NPN bipolar
transistors and P- and N-channel enhancement mode MOSFETs.

3. Explain the operation of both bipolar transistors and MOSFETs.
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. Draw a diagram indicating the proper bias on a bipolar transistor for
linear and saturated operations.

. Name and explain the three operating modes of a bipolar transistor.
. Explain the operation of a logic inverter circuit.
Design a saturated bipolar transistor switching circuit.

UNIT ACTIVITY GUIDE

Oo0o0O0 OooOoO0o oo oo 0O 0

Completion
Time

Play Audio Record 3, Side 2 “Semiconductor
Devices for Digital Circuits.”

Read Section Programmed Review of
Transistor Operation Pages 2-5 to 2-17.

Answer Self Test Review Questions 1-10.

Read section “The Bipolar Transistor
Switch:” Pages 2-20 to 2-28.

Answer Self Test Review Questions 11-20.

Read Section “Designing a Saturated
Switch Logic Inverter.” Pages 2-29 to 2-35.

Work Self Test Review problem 21.
Perform Experiment 1.

Read Section “MOS Field Effect
Transistors:” Pages 2-41 to 2-44.

Answer Self Test Review Questions 22-26.
Read the Unit Summary.
Complete the Unit Examination.

Review Examination Answers.
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A PROGRAMMED REVIEW
OF TRANSISTOR OPERATION

Your understanding of logic circuits is dependent upon a knowledge of
bipolar transistor operation. A knowledge of transistor action is a pre-
requisite to this program, but the following review is included to refresh
your understanding of this important subject.

To use this program simply read the information in each numbered frame
and answer the accompanying question by filling in the blank(s) or
choosing the correct answer. Cover the frames below the one you are
reading with a piece of paper so that you will not be tempted to look at the
answers. As you complete each frame, slide the paper down to reveal the
next frame in sequence. The correct answer to the question in the previ-
ous frame appears in parenthesis at the beginning. The lesson material
then continues. For best results complete this entire section at one time
rather than breaking it into several study periods.

1. A transistor is a three element semiconductor device used in
electronic equipment for controlling a large current with a smaller
current, Transistors are used primarily as amplifiers with gain but
are also used as switches in digital logic circuits.

Transistors are made of semiconductor materials such as silicon
and germanium. These are materials whose resistance is some-
where between that of conductors and insulators.

The resistance of silicon is
a. greater than

b. less than
c. the same as

the resistance of a good conductor such as copper.
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2. (a. greater than) Since the conductivity is between that of good
conductors and insulators, the resistance of a semiconductor like
silicon is greater than that of copper but considerably less than the
resistance of an insulator such as glass or ceramic.

There are two types of semiconductor material, P-type and
N-type. A semiconductor such as silicon is combined with other
materials to form these two different types. For example, certain
impurities are added to pure silicon to form P-type and other
impurities are added to form the N-type. The resulting N-type
material is one which has an excess of free electrons. In other
words, the majority current carriers are electrons. In P-type mate-
rial, the majority current carriers are holes. A hole is the absence of
an electron in the atomic structure of P-type silicon material, and
it acts like a positive charge. P-type semiconductor material has
an excess of holes to support current flow.

Current flow is by —________ in N-type material and by
in P-type material.

ARSI 3. (electrons, holes) Transistors and other semiconductor devices
Awo{i yODE such as diodes and integrated circuits are made by combining
— p () - P-type and N-type materials. For example, a diode is formed by
w; joining P-type and N-type sections as shown in Figure 2-1A. The
P-type section is designated as the anode, and the N-type section

A is designated as the cathode.

The PN junction thus formed has unilaterial characteristics. That
is, current will flow through it in only one direction. It blocks
current (electron) flow in the opposite direction. Figure 2-1B
shows the symbol used to represent a PN junction diode in
B schematic diagrams.

ANODE (P} ’I CATHODE (N)

-~
DIRECTION OF CURRENT FLOW

A junction diode is sensitivetothe ____________ of current flow.

Figure 2-1
A PN junction diode
(A) and its schematic symbol (B)
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4, (direction) If we apply a dc voltage to the junction diode, current
may or may not flow through it depending upon the polarity of the PV /ﬁ/
voltage. This applied voltage is called bias. Figure 2-2 illustrates
one way in which a junction diode can be biased. The series
resistor R limits the current to a safe level. R | I
In Figure 2-2, electrons flow out of the negative terminal of the : -

battery into the N-type material. If the battery voltage is high
enough to overcome an inherent potential barrier associated with
the junction, the electrons will cross the junction and fill the
holes. As the holes in the P-type material are filled, new holes are
formed as electrons are pulled from the P-type material by the
positive terminal of the battery. The result is a continuous current
flow through the device. This arrangement is known as forward
bias.

To bias a junction diode into conduction, the P-type element is
connected to the terminal of the battery and the
N-type element is connected to the terminal of the
battery.

(positive, negative) To forward bias a PN junction diode, the

positive (P) battery terminal is connected to the P-type element

and the negative (N) terminal of the battery is attached to the
N-type element. The result is a continuous flow of current through
the device that is effectively limited by the external circuit resis-
tance. A voltage drop of approximately .7 volts occurs across a
silicon diode. This drop is essentially constant regardless of the
current value. The drop across a conducting germanium diode is
about .3 volt.

How much current flows in the circuit of Figure 2-37

I=____ _ma

B

LD

1|1

-

Figure 2-2
Forward biasing a PN junction
diode so that it conducts

R=4.3K SILICON DIODE

w—>p

G

L

[
+
E=5 VOLTS

Figure 2-3
A forward biased diode.
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6.

(1 milliampere) In this circuit the diode is forward biased because
the polarity of the applied voltage is correct. Therefore, current
does flow. This current is limited by the resistance, but of course,
is also a function of the battery voltage and the diode voltage drop.
In this circuit, the diode drop is about .7 volts because the device is
silicon. This means that the voltage drop across the resistoris (5 —
.7) = 4.3 volts. The current (I) is then found by Ohm’s law.

E 4.3 4.3
= .001 amp = 1 ma

R 4.3K 4300

Current flows in a PN junction diode when it is

oy

Figure 2-4 A reversed
biased PN junction diode

7.

(forward biased) A forward biased diode conducts and acts as a
very low resistance, permitting current to flow through it freely. If
the polarity of the applied voltage is reversed as shown in Figure
2-4, the diode is said to be reverse biased.

With this arrangement, the electrons from the negative terminal of
the battery fill the holes in the P-type material. The excess elec-
trons in the N-type material are drawn away by the positive termi-
nal of the battery. The effect is to draw the current carriers away
from the junction so that no current flows. The diode acts as an
effective open circuit. In a practical diode some leakage current
does flow across the junction. But in a good silicon device this
current is very low, in the microampere or nanoampere range, and
for most applications can be considered to be negligible or zero.

To reverse bias a diode so that no current flows through it, the
cathode (N) must be with respect to the anode (P).

(positive) If the cathode is positive with respect to the anode, the
diode is reverse biased and no current flows. To achieve this, the
positive terminal of the battery is connected to the N-type cathode,
and the negative terminal is connected to the P-type anode.

If the anode is made positive with respect to the cathode then
current will flow. True or False?
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9. (True) With the anode (P) positive with respect to the cathode (N},

the diode is forward biased so current does flow. As you can see,
the diode is polarity sensitive and that current does indeed flow
through the device in only one direction, from cathode to anode.

Transistors are simply an extension of the junction diode concept.
Transistors are formed by combining the P- and N-type material to
form two junctions. This is done with three semiconductor ele-
ments. Figure 2-5 shows the two types of transistors.

The device in Figure 2-5A is an NPN transistor and the device in
Figure 2-5B is a PNP transistor. Note the two arrangements of
alternate P and N type materials.

The symbols used to represent these two types of transistors are
shown in Figure 2-6 below.

NPN PNP

Figure 2-6
Transistor Symbols

The direction of the arrow is the distinguishing feature.

A transistor has (how many?) PN junctions.

JUNCTIONS JUNCTIONS

| 2-9

7 o

N EnE

N )

A NPN B PNP
Figure 2-5

Types of junction transistors
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10. (two) Both types of transistors have two PN junctions. Each junc-
tion behaves exactly like the PN junction diode discussed earlier.

The three elements of each transistor are given specific names as
indicated in Figure 2-7.

EMITTER (E}
BASE (B) BASE (B}

70 R % -
P/y/ P,/P

R (E}  COLLECTOR (C) COLLECTOR (C)

Q€

Figure 2-7
Identifying the
three elements of a transistor

|
N

EMITT

m

f\‘!Jl_" In a transistor, current flows through the device from the emitter
= ‘ through the base to the collector (holes in a PNP transistor and
| y. electrons in an NPN transistor). The presence or magnitude of this
A §/ emitter-collector current is dependent upon the existence or mag-

_L‘ j nitude of the base current.
A

T The control element in a transistor is the

~

E-B JUNCTLON B-C JUNCTION
11. (base) Yes, the base is the control element. It effectively deter-

N
/6%% mines the magnitude (or presence) of any emitter-collector cur-
A Y rent.

B

m
]

g § In order for a transistor to function properly, the emitter-base (E-B)
and base-collector (B-C) junctions must be properly biased.
s Proper bias to cause a transistor to conduct occurs when the E-B
' junction is forward biased and the B-C junction is reverse biased.

El E2
- +
fe i

Figure 2-8 Is the PNP transistor shown in Figure 2-8 properly biased for
conduction? Yes or No? ____
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12. (No)TheB-Cjunction is OK since it is reverse biased (+ toNand - EIN f NF

to P), but the E-B junction is reverse, not forward, biased. The /a
polarity of battery E, must be reversed. § g
Using the circuit configuration shown in the previous frame, draw
the proper biasing for an NPN transistor. = :‘ |I % = :M hn

10, (Refer to Figure 2-9). The E-B junction is forward biased (+ to P _ Figure 2-9 ,
and — toN) and the B-C junction is reverse biased (+ toN and — to | * propelyy bngnl SRR DRl tor

P).

In a practical transistor circuit you can measure the voltages at
each transistor element and noting the magnitudes and polarities, +3.5V
you can determine if the transistor is conducting or cut off.

Using the knowledge you've obtained to this point, determine the 42V
condition of the transistor in Figure. 2-10.

This a. PNP transistor c. is conducting.
b. NPN d. is not conducting. +1.3V

Figure 2-10

14. (b. NPN, c. is) The transistor is conducting. The base is more
positive than the emitter so the E-B junction is forward biased.
Note the difference of potential across the conducting E-B junc-
tion is .7 volts, the forward voltage drop of a silicon diode. Most -4V
modern transistors (diodes and integrated circuits) are silicon
devices.

The base is less positive or more negative than the collector by (3.5
—2) = 1.5 volts so this junction is reverse biased. Therefore the
transistor is conducting. -3y

Is the PNP transistor in Figure 2-11 conducting or non-

Figure 2-11
conducting?
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Ré I Ic

A==k

Figure 2-12 Current flow in
a properly biased NPN transistor
\.J- -

15.

(non-conducting) Both the E-B and B-C junctions are reverse
biased so current does not flow from emitter to collector.

The actual path for current (electron) flow in a properly biased
NPN transistor is shown in Figure 2-12.

A large current (Iz) flows into and through the emitter, through the
base to the collector. Note that a small amount of emitter current
divides off and flows out of the base. This is the E-B junction
forward bias current or the base current I,. Its magnitude is usu-
ally considerably less than that of the emitter current. The remain-
ing current (I) flows out of the collector.

Considering the current relationship in Figure 2-12, how do you
think the current flowing out of the collector compares to the
current entering the emitter? The collector current is

a. equal to
b. less than

c. greater than

the emitter current.

16.

(b. less than) The collector current (I¢) in reality is very nearly
equal to the emitter current (Iz) but is less than the emitter current
by an amount equal to the base current (I5). The exact relationship
is as expressed below.

IC=IE—13

You would expect current to flow in the E-B circuit because this
junction is forward biased. But you would not normally expect
current to flow in the collector because the B-C junction is reverse
biased. The electrons flowing in the emitter enter the base. Here
some of the electrons combine with holes in the P-type base and
create the current flow out of the base. However, most of the
electrons pass on through the base and into the collector. The
reason for this is that the base is extremely thin and has only a
minimum of available carriers to support current flow. The elec-
trons passing through the base are then attracted by the positive
charge on the collector. The collector current is

a. much higher than

b. much lower than

c. about the same as
the emitter current.




HEATHKIT

tbll(:‘l‘tl'g'ﬂc Semiconductor Devices for Digital Circuits
17. (c. about the same as) Most of the electrons in the emitter pass

through the thin base into the collector and become collector
current. A few electrons do combine with holes to produce a small
base current.

The current flow in a properly biased PNP transistor is as shown in
Figure 2-13. It is similar but not exactly like that in an NPN
transistor.

C HOLES
P / ELECTRONS

E B
PN
— T

§j'£ ? Ic!§

IB]
|

S =

Figure 2-13
Electron and hole flow in
a properly biased PNP transistor

The current carriers in a PNP transistor are holes rather than
electrons. Internally the holes flow from positive to negative.
External to the transistor the current is electron flow as indicated
by the dashed lines. The internal hole currents have the same
relationship as electron flow in the NPN device.

IC——'IE—‘IB

The electron flow external to the transistor is perhaps more clearly
expressed as

IE=Ic+IB

Of course these two expressions are mathematically identical
since one can be derived from the other by simple algebraic
manipulation.

If the emitter current is 4 ma and the collector current is 3.85 ma,
what is the base current? Iy =

2-13
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18. (15maor 1501A) The base current is the difference between the
emitter and collector currents or

IB=IE—IC
Iy =4 — 3.85 = .15 ma

The collector current is less than the emitter current by the
amount of the base current.

The ratio of the collector to emitter current is approximately one
because in most cases the collector current is very nearly equal to
the emitter current. This ratio is called the forward current gain («
or alpha).

e

Iy

a = = 1 since I, = I

(*=means approximately equal to)

Practical values of alpha run in the .95 to .99 range. The higher the
gain the better the transistor.

Using the values in the previous example (I = 4 ma, [ = 3.85 ma)
what is the current gain alpha?

: I 3.85
19 (a = g = = .9625)
I 4

While alpha is always less than one, we still refer to this current
ratio as a gain.

Figure 2-14 below shows another way of connecting the bias to a

transistor.
C
190 g
2 |
.,._L—Mi P “\4\‘ i Figure 2-14
/ 7 _— £ Biasing an NPN transistor
&l — K/P‘ ~— _"? with a common emitter connection

E

Note here that the emitter is the common element for the supply
voltages rather than the base in the previous examples.

Will this transistor conduct?
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20.

(Yes) The transistor will conduct. Figure 2-15 shows the current
paths.

The transistor conducts because the E-B junction is forward
biased and the B-C junction is reverse biased. This reverse bias
condition can be more readily seen if you consider the voltage on
the base. With the E-B junction forward biased the base is .7 volts
more positive than the emitter. The collector is more positive than
the base with respect to the emitter because E, is usually much
greater than .7 volts. For this reason the base is less positive or
more negative than the collector, thus the reverse bias.

In Figure 2-15 what is the relationship between the various cur-
rents flowing?

a. Ip= Ic + IB

b. Ic L IE + IB

c. Ie=lg+1g

21

(a. Iz = I¢ + Iz) The base and collector currents combine at the
emitter to form the emitter current. The relationship expressed
below

IE =IC + IB

holds true for any transistor in any bias circuit configuration.

Since both bias voltages E, and E, are positive with respect to the
emitter as shown in Figure 2-15 then they can be replaced by a
single supply battery as shown in Figure 2-16. The result is proper
bias for conduction at a considerable savings in the power supply.

The values of Ry and R are adjusted to provide the desired current
levels. The bias voltage is labeled V. and is called the collector

supply.
In Figure 2-16

a. Iz> IC
b. 13 - Ic
c. Ig< IC

Note: > means greater than
< means less than

Figure 2-15
Current flow in
a common emitter biasing circuit

Re
C
N
P
777777
b
£

+

Vee

Figure 2-16 Simple voltage
biasing of an NPN transistor
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22.

(c. Iz < I) The base current is always less than the collector
current, But they are related as you learned earlier.

IE=IB+IC

The ratio of the collector current to base current is another way of
defining the gain of a transistor.

This is known as the dc forward current gain designated as 8 (beta)
or hp*g.

hF‘E =B =1/l

The higher this ratio, the higher the gain.

If I = 3.85 ma and Iz = .15 ma the gain is

23.

Ic 3.85

hpp= —— = ———— = 25.67
(hee L eT )

This current gain figure actually tells us how much control the
base current has over the collector current. Remember that if no
base current flows due to a lack of forward bias on the E-B junc-
tion, then no collector or emitter current flows. It is also true that
the amount of collector current flowing depends upon the amount
of base current. The collector current is directly proportional to
the base current. The I/, ratio is essentially constant for a given
transistor so increasing I increases I by a factor equal to hyg.

If I¢ is 4 ma, hp‘g = 20 Ig = ____ ___ _ Ima.

24.

(.2maor200 nA) Since hpp = Io/Igthenl = Io/hppsoly = 4/20= .2

If we decrease Iz by .05 ma the new I, will be ma.
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(3 ma) Ic = Iy hpp = (.2 — .05) 20 = 3 ma.

Note that we decreased I by .05 ma while I, decreased by 1.0 ma, a
20 to 1 ratio (hpg). Therefore you can see that the smaller base
current can control the larger collector current.

As you change the base current to control the collector current the
transistor acts essentially as a variable resistor. A high collector

current means a low emitter to collector resistance and a low
collector current represents a high emitter to collector resistance.

An increase in base current causes the emitter-collector resistance

to (increase/decrease)

26.

(decrease) Increasing I increases I so that the transistor conducts
more and appears as a lower resistance.

In amplifier applications a small signal such as a sine wave varies
the base current to produce a larger collector current variation of
the same shape.

The transistor can also be used as an on-off switch. If no base
current is applied, no collector current flows so the transistor is
cut off. It acts as an open switch. If a high base current is applied,
the transistor conducts and acts like a very low resistance. The
transistor appears as a closed switch. In this program on digital
techniques, the transistor will be considered a switch.

2-17
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Self Test Review

1. Current flow in N-type semiconductor material is by
a. holes
b. electrons
c. positive ions
d. negative ions

2. Current (electron) flow in a PN junction diode is from
a. PtoN
b. NtoP
c. either a. or b.

3. To cause a current to flow in a PN junction it must be
a. forward biased

b. reverse biased

c. connected to a source of ac

d. subjected to an electric field

4, Current will flow in a PN junction diode if
a. Pis—,Nis+
b. the cathode is positive with respect to the anode.
c. the cathode is negative with respect to the anode.
d. Pis+,Nis -

5. Majority carrier flow through a transistor is from
through the to the

6. A conducting NPN transistor has which of the following bias condi-
tions?

a. base positive with respect to emitter and collector negative with

respect to base.
b. base negative with respect to emitter and collector negative with

respect to collector.

c. base negative with respect to emitter and collector positive with
respect to collector.

d. base positive with respect to emitter and collector positive with
respect to base.
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7. The gain of the common emitter transistor circuit is
a. I.t;/IB

b. I¢/lg
C. ICfIB
d. Ig/le

8. Which expression below accurately describes the relationship be-

tween the various transistor currents?
a. Ie=I+ 1,
b. Ie=Iz;- Iz
c. Ip=Ic-1;
d L=+
9. The collector current is controlled by varying the

current.
10. The emitter-collector resistance

a. increases

b. decreases
when the collector current decreases.

Answers

(b) electrons
(b) N to P or cathode to anode
(a) forward biased

R -

+ and N is —
5. emitter, base, collector

tive with respect to base
7. (c) Ie/lg = hpg
8. b)Ioc=1z- 1
9. base
10. (a) increases

(c) cathode is negative with respect to the anode and (d) P is

6. [d]' base positive with respect to emitter and collector posi-
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UNIT TWO

THE BIPOLAR TRANSISTOR SWITCH

The basic component used in implementing any digital logic circuit is a
switch. Modern digital integrated circuits use a high speed transistor
switch as the primary component. There are two basic types of transistor
switches used in implementing digital integrated circuits, the bipolar
transistor and the metal oxide semiconductor field effect transistor (MOS
FET). An understanding of these two devices is pertinent to the opera-
tion, capabilities and limitations of the various types of digital integrated
circuits.

The primary function of a transistor switch in a digital logic circuit is to
alternately connect and disconnect a load to and from the circuit power
supply. In doing this the transistor switch produces two distinct voltage
levels across the load which represent the binary 0 and binary 1 states.
The transistor switch should make and break these connections as
quickly and efficiently as possible.

The most commonly used digital switch is the bipolar transistor. In
digital applications, the bipolar transistor operates as an off/on or two
state device. In one state the transistor is non-conducting or cut-off and
acts as essentially an open circuit. In the other state, the transistor is
conducting heavily and acts as a very low resistance approaching a short
circuit. A two state logic input signal is applied to the transistor to
produce this on/off operation.

Modes of Operation

A bipolar transistor has three basic regions or modes of operation: cut-off,
linear or active and saturation. All three of these modes are used in digital
circuits, the cut-off and linear mode in non-saturated bipolar circuits and
the cut-off and saturation modes in saturated bipolar circuits.

Cut-Off. In the cut-off mode the transistor is nonconducting. Both the
emitter-base (E-B) and collector base (C-B) junctions are reverse biased or
not biased at all to produce the cut-off state. In theory, no emitter or
collector current flows, and the transistor acts as an open circuit between
emitter and collector. In most practical transistors, however, the cut-off is
not perfect. Because of imperfections in the semiconductor material out
of which the device is made, some leakage current flows. In most modern
transistors this leakage current is extremely low and for most practical
applications can be neglected. However, where very high temperature
operation is expected the leakage current becomes a more important
consideration. In silicon transistors, the leakage current nearly doubles
for each 10°C rise in temperature.
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Linear. The linear or active mode of operation is characterized by a
forward biased emitter-base junction and a reverse biased collector-base
junction. In this mode, the transistor does conduct. Emitter and collector
current flows. The emitter and collector currents are directly propof—
tional to the base current variations. The emitter and collector currents
are simply amplified versions of the base current variation. In this mode
of operation, the transistor functions as a variable resistance and is used
to amplify or otherwise process analog signals. This region is of concern
in non-saturating digital integrated circuits.

Saturation. The third mode of bipolar transistor operation is saturation.
In this mode, both the emitter-base and collector-base junctions are
forward biased. The transistor conducts heavily and acts as a very low
resistance. The resistance between the emitter and collector is very low,
approaching that of a short circuit.

In digital applications, the bipolar transistor is usually switched between
the cut-off and saturation states. As it switches, the transistor passes
quickly through the linear region. The primary responsibility of the
designer of a digital circuit is to see that the bipolar transistor switches as
quickly as possible between cut-off and saturation and that these two
states are as stable as possible. In non-saturating digital circuits, the
transistors switch between cut-off and the linear region. Again, high
speed is the primary requirement.

Saturated Switching Circuits

Figure 2-17 shows the most common form of saturated bipolar transistor
logic switch. Here,the transistor is connected as a shunt switch since it is
in parallel with the output load R,. This circuit is also known as a
transistor logic inverter.

Ve

L -Veglsat)

Figure 2-17 Basic
transistor switching circuit
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With an input voltage V; of zero volts or ground, the transistor is cut-off.
The emitter-base junction is not forward biased, therefore the transistor
does not conduct. The only collector current flowing at this time is a
minute leakage current. The output voltage V,, with no load, is equal to
the supply voltage V.. as seen through collector resistor Re. If a finite
resistive load R, is connected between the output and ground V, will be
some value less than V. and dependent upon the division ratio between
R and R;.

R,
Vo= Vcc( R _; R }
C L

When an input voltage V; of sufficient amplitude is applied to base
resistor Ry, the emitter-base junction will become forward biased and the
transistor will conduct. The transistor will be in the linear or saturation
regions depending upon the size of V;, the value of Ry and the gain (Beta
or hyg) of the transistor.

Figure 2-18 shows the typical input and output waveforms of a transistor
switching circuit. The input switches between zero volts (LOW) and V;
(HIGH). When the input is LOW, the transistor is cut-off so you see an
output voltage V, that is equal to V. or some value slightly less (HIGH).
When the input is HIGH, the transistor saturates and acts as a low
resistance. The output voltage V, is the collector-emitter saturation vol-
tage V¢ (sat) which is only a few tenths of a volt (LOW). As you can see,
the output is HIGH when the input is LOW, and the output is LOW when
the input is HIGH. The input and output signals are always opposite one
another. This is the reason for the name inverter.

(HIGH) +Y| == ==
INPUT VOLTAGE

(Low) ov

(HIGH) VO
OUTPUT VOLTAGE

- ————— -

ov

Figure 2-18 Input and
output waveforms of a shunt
transistor switching circuit
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In a digital circuit the magnitude of V; and R are such that sufficient base
current flows in order to cause the transistor to saturate. This condition
occurs when the actual base current I is greater than the ratio of the
collector current I, to the dc forward current transfer ratio hyz (also
known as the dc current gain or Beta).

Ie

e vl
il =

(for saturation)

The base current is a direct function of the applied input voltage V; and
the value of the base resistor Ry. This relationship is

V! o= VBE‘
Rs

IB=

where Vy is the voltage across the forward biased emitter-base junction.

As you can recall, the ratio of the collector current (I.) to the base current
(Ig) in a common emitter circuit is known as the dc forward current
transfer ratio or hyy This ratio

1

hys = _I"_
B

expresses the effective gain of the device or the ability of the base current

to control the larger collector current. The greater this ratio, the higher

the gain.

By algebraically rearranging this expression, we can calculate the base
current for a given collector current and gain.

If we design the circuit so that the base current is greater than this ratio,
the transistor will saturate. That is, both emitter-base and collector-base
junctions will become forward biased. In this state the transistor is con-
ducting heavily and the resistance between the emitter and collector is
very low. For typical switching transistors this value of resistance is in
the 5 to 30 ohms range. The voltage drop between the collector and
emitter during saturation V. (sat) is only several tenths of a volt. This is
very low compared to the supply voltage V.. and therefore for most
practical purposes is considered to be nearly zero volts.

2-23
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During saturation the amount of emitter and collector current flowing
becomes basically a function of the value of the supply voltage V. and
the collector resistance R.. Because the voltage drop across the transistor
is essentially zero, the collector current can be found from the expression

Vee = Vg (sat) a4 Vee
Re Re

I =

This relationship holds true only if sufficient base current flows to satu-
rate the transistor. If the value of the base current is less than the ratio of
Io/hgg, the transistor will be operating in the linear region. The emitter-
base junction will be forward biased but the collector base junction will
be reverse biased. The collector-emitter voltage V¢ will be correspond-
ingly higher.

There are two ways you can determine whether a transistor is saturated or
operating in the linear region. The first method is to measure the junction
potentials on the transistor. When measuring these voltages it is impor-
tant to note the polarity of each transistor element with respect to the
other. By knowing the magnitudes of the junction voltages and their
relative polarities you can establish the state of the transistor.

+
Vee - 1.y Ven V -
- 2 $
v 2v " v
CE * CE=.1V
+ ~ %
\\ VBE - .7v\\
VBE - .7V _ -

A B

Figure 2-19 Polarity and
voltage relationships in a
conducting transistor (A) linear
operation and (B) saturation
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Figure 2-19 shows typical junction voltages for an NPN transistor both in
the saturated and unsaturated states. The transistor in Figure 2-19A is
operating in the linear or active region. The emitter-base junction is
forward biased because junction voltage Vg is of the proper polarity. A
conducting junction in a silicon transistor typically has a voltage drop of
approximately .7 volt. Observing the collector-base junction we see that
the voltage across it (V¢p) is 1.3 volts with the collector being more
positive than the base. This indicates a reverse biased condition on the
collector-base junction. The voltage drop between the emitter and collec-
tor Vg is two volts. Note the relationship between V¢p, Ve and Vg,

vCE‘ = Vgg + Vg

In Figure 2-19B, the transistor is saturated. Again Vp is approximately .7
volt with the polarity indicated. The big difference however is the polar-
ity change in V.. Here the base is more positive than the collector
indicating a forward biased condition on this junction. The junction
voltage drop is approximately .6 volt. Again note that the collector-
emitter voltage V¢ is the algebraic sum of (or difference between) Vg
and Vpp and in this case is only .7 — .6 = .1 volt. Because of this low
voltage drop the effective resistance of the transistor is extremely low.
Another beneficial characteristic of saturated operation is that the low
collector-emitter voltage greatly minimizes the power dissipation in the
conducting transistor. The power dissipation is

P=Ve+le

With Vg so low during saturation, the power dissipation is also very low
even though the collector current may be large.

The other method of determining whether or not a transistor is in satura-
tion is to find both the base and ccllector current through actual circuit
measurements and then determine if the base current is less than or
greater than the ratio of the collector current and the dc current gain hyp.
As indicated before, if Iz > I./hy; then the transistor is saturated. If I,
<I¢/hpg, the transistor is operating in its active region. The actual value of
hpr depends upon the type of transistor being used, the current level in
the transistor, its temperature and other factors. The current gain value
varies even among transistors of the same type. To ensure saturation in a
switching transistor, designers generally make the base resistor small
enough to produce a base current with a given minimum logic input
voltage that is greater than the Io/hy; ratio. This safety factor is necessary
in order to ensure saturation under all conditions. When the base current
is greater than the I./hy; ratio, we say that we are overdriving the base.
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Self Test Review

11.

12,

13.

14.

15.

16.

The voltage drop across a conducting PN junction in a silicon transis-
tor is approximately volts.

The collector and base currents in a transistor inverter are measured
and found to be I = 10 ma, Iy = .5 ma. The transistor h is 15. Is the
transistor saturated?
A PNP transistor has the following junction voltages Vi = .7 volts,
base negative with respect to emitter. Voz = .5 volts, collector posi-
tive with respect to base. Is the transistor saturated?

When a transistor is saturated it acts as a (n)

a. very low resistance
b. very high resistance
c. open circuit

d. variable resistance

To act as an open circuit, a transistor must be operating in which
mode?

a. linear
b. saturation

c. cut-off
Another name for a saturated shunt transistor switch is

Answers

11, .7
12. No. The transistor is not saturated since
Iy <lo/hpg
Ig = Io/hpg = 10/15 = 666 ma
Actual Iz = .5 ma.
Iz must be greater than I./hy; for saturation.

13. Yes, the transistor is saturated. Both junctions are forward
biased.

14. (a) Very low resistance
15. (c) Cut off
16. inverter
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Switching Speed

One of the most important characteristics of a logic circuit is its ability to
switch rapidly between the binary logic levels. This switching speed is
affected by the transistor characteristics, the circuit component values,
stray capacitance and inductance, the current and voltage levels in the
circuit and the specific circuit configuration. When the input signal to a
digital circuit changes from one logic level to the other, the output of the
circuit does not change instantaneously in response. Instead there is a
delay time existing between the change in the input signal and the
corresponding change in the output. This time lag is generally referred to
as propagation delay.

The turn on time of a transistor is primarily a function of the transistor
characteristics and the amount of base drive applied to the circuit. A
heavy base current helps to ensure a rapid turn on.

The turn off time delay is affected mainly by the transistor characteristics.
The turn off of the transistor is delayed because of storage time. When a
transistor is saturated, an excess of minority carriers (holes in an NPN and
electrons in a PNP transistor) build up in the collector-base junction
region. This charge storage keeps the transistor conducting even with the
base drive removed. It takes a finite period of time for this charge to be
removed so that the transistor begins to come out of saturation. This
storage time is a function of the transistor characteristics and the amount
of base drive.

By using the proper transistors, circuit configuration and component
values, the switching delay times can be significantly reduced. Despite
all of the factors that limit the switching speed, modern high speed
switching transistors can change from one state to the next in only a
matter of nanoseconds (10~? seconds).
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Non-Saturating Switching Circuits

The most serious limitation to the switching speed of a bipolar transistor
is the storage time associated with the condition of saturation. The charge
storage build up in the collector-base region during saturation takes a
finite time to be cleared away in order to turn the transistor off. This
storage time is the most significant part of the turn off time and therefore
any means of minimizing it will greatly increase the switching speed of
the transistor. Special bipolar switching transistors have been designed
to help minimize this storage time effect and external circuitry can be
adjusted to minimize it to some degree. The obvious way to increase
switching speeds, therefore, is to avoid saturation. By keeping the trans-
istor from going into saturation no charge storage occurs therefore very
high switching speeds can be achieved. A number of logic circuits have
been designed using non-saturating bipolar transistor switches. The
transistors switch between the cut-off and linear regions. Such circuits
are capable of switching at frequencies as high as 1 GHz.

Self Test Review

17. The finite time that it takes transistor logic switches to turn on and off
is called

18. The turn on delay is a function of transistor characteristics and

19. The turn off delay is caused primarily by

20. Non-saturating logic circuits have a faster switching speed than
saturated circuits.

a. True
b. False
Answers

17. propagation delay
18. base drive

19. charge storage
20. a. True
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DESIGNING A SATURATED
SWITCH LOGIC INVERTER

While most modern digital equipment is implemented with integrated
circuits it is sometimes necessary or desirable to supplement the IC with a
descrete component circuit to perform a special function. This includes
things such as logic level conversion, driving an indicator light such as
an incandescent lamp or light emitting diode (LED) or operating a relay.
All of these circuits use a saturated bipolar transistor switch. Several
examples are given in Figure 2-20.

The circuit in Figure 2-20A is simply an inverter where the input and
output logic levels may or may not be equal. Such a circuit is useful in
interfacing different types of logic circuits. In Figure 2-20B, the LED will
light when an input voltage V, is applied. The transistor acts as an on/off
switch controlled by V. This is also true in the relay driver circuit of
Figure 2-20C. Contacts A and B of relay K1 are normally open (N.O.)
when V; is zero. When V; becomes sufficiently positive, the transistor
saturates and K, is energized. The magnetic field produced by the relay
coil closes contacts A and B. Diode D, is used to protect the transistor
when the input voltage is removed. When the transistor cuts off the
magnetic field the coil collapses thereby inducing a high negative vol-
tage spike that can damage the transistor. The voltage spike causes D, to
conduct and clamp the collector voltage to a safe level.

Such circuits are so common that it is desirable to know how to design
them. The procedure is simple as you will see here.

*Wee *Vee Ve
A
——
v -
Rg B
Re
D) Ky
Vo LED
Rg vi Rg Vi  Rg
A B C
Figure 2-20

Bipolar transistor switch
used as a logic inverter (A)
an LED indicator driver (B),

and a relay driver (C)
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Procedure
1. Define the load.

For a lamp or relay driver, the characteristics of the lamp or relay are
given. These usually include a rated voltage (V. ),current and/or
resistance. If the circuit is an inverter used to supply a signal to an
external load, the load voltage and current or load resistance must be
given. '

2. Specify a supply voltage.

The supply voltage (V¢¢) will usually be equal to or higher than the
desired load voltage. Normally, the circuit will operate from an exist-
ing supply of some standard value such as +5 volts, +12 volts, etc.

3. Select a suitable transistor.

A wide variety of types are available. The exact application will guide
you in its selection. A transistor designed for switching rather than
linear applications is usually preferred. The voltage and current
ratings will be determined by the load and supply characteristics. The
collector current and voltage breakdown ratings should be at least
twice the operating characteristics. Gain (hy;) and operating speed
requirements will be dictated by the application. The exact transistor
characteristics can be determined from the manufacturer's data
sheets.

4. Determine the value of any series dropping resistor.

If the supply voltage is larger than the load (lamp, relay, etc.) voltage,
then some series dropping resistor (Rg) will be needed. See Figure
2-20B. The voltage across this resistance will be the supply voltage
(Vee) less the load voltage (V) and the transistor saturation voltage
Ver (sat). The resistance can then be found with the expression

Vee = V, — Vi (sat)

Ry = I

where I is the load current and the collector current V., (sat) is very
low so can be considered zero. Use the closest standard resistor value.
This step does not apply to an inverter with only a collector resistor.
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5. Specify an output voltage.

If the circuit being designed is an inverter with a shunt load, the +Vee
desired output voltage (V,) should be specified. It will be some value

less than V- depending upon the values of Rc and R, See Figure 2-21. Re

R,
Re + RL Vo

Vo = Vee

R
If there is no shunt load, Vo = V. t y Ry

6. Determine the value of the collector resistor.

If the circuit being designed is an inverter with a shunt load to ground, — -
the collector resistor R value can be calculated if the supply voltage

i i V known. Figure 2-21
(S\;';ZL load resistance (R;) and desired output voltage (V,) are kn PRI ok G SR

The collector resistance can be found by rearranging this expression.

Ry (Vee = Vo)

Ra=
c Vo

Use the closest standard value of resistance.
7. Determine the collector current.

This is the load current specified earlier for lamp or relay drivers. For
the inverter arrangement described in Step 6, the current is

Vee = Vg (sat) ” Vee
Re Re

Ic'—'

Since V¢ (sat) is usually only several tenths of a volt it can be consi-
dered negligible or zero in the above expression.



2-32

UNIT TWO

HEATHKIT
CONTINUING
EDUCATION

8. Calculate the base current.

Knowing the gain (hyz) from the manufacturer’s data sheet and the
collector current (I.), the base current (I5) can be found.

le

B

hpp = therefore Iz =1 o/hpg

Use the minimum value of h;; quoted in the data sheet. To provide
some overdrive and ensure saturation it is desirable to provide some
safety factor by derating the h;; by a factor of 2 (or more if desired).
Therefore

I 2 I

hw e I, =
L b hyz (min)

. Calculate the base resistor.

The base resistor (R) is found with the expression below.

Vf - VBI'.‘
Iy

R3=

Here V; is the lowest expected value of base drive voltage. It is the
binary 1 voltage level for positive logic. Vg of course is the emitter-
base voltage drop which is typically .7 volts for a silicon transistor.

If the circuit being designed is to be driven by another inverter as in
Figure 2-22 its supply voltage and collector resistance should be
considered.

-+VCC
R
¢
R 2
¢
Rg CIRCUIT BEING
A «~— DESIGNED
B e —
|B 02
/“'
DRIVING Q)
CIRCUIT =

Figure 2-22
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When Q, cuts off, the driver circuit will be activated by I flowing
through Ry and the collector resistor R, of the driving circuit. In this
case,

VC’C - IB RCl gl VBE

RB = IB

Use the closest lower standard resistance value.

The following examples will illustrate the procedure for two practical
applications.

Example Application 1

Design a driver for an LED indicator. The steps below correspond to those
in the procedure. See Figure 2-20B.

1. The load is alight emitting diode indicator whose normal brilliance is
obtained with 20 ma of current. Its normal operating voltage, the load
voltage drop (V,), is 1.7 volts at this current value.

2. The supply voltage V¢ is +5 volts.

3. A type MPSAZ20 silicon transistor will be used. h;; (min) = 100.

4, Since the LED voltage drop is less than the supply voltage a series
dropping resistor is needed. The load (collector) current is 20 ma.

Vee = Vi =V (sat)

Rs = I

If we consider V. (sat) negligible then

5—-1.7 3.3
Reg = = = 165 ohms
.02 .02

A standard 150 or 180 ohm 10 percent resistor or 160 ohm 5 percent
resistor could be used.

Not applicable.

Not applicable.

I = 20 ma or .02 amp.

[ = 2l _ 2(02) _ .04
hpe 100 100

® N oo

= .4 ma = 400 pA

2-33
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9. Assume the input voltage V; = +3.5 volts. Vzz = .7 volts for a

Veg » 45V silicon transistor.

V,-V 35-—.7
Rs - 1600 5% Rp = : z = = 7000 ohms
Ip .0004
A standard 6.8K 10 percent value can be used.
Ry « 6. 3K0 See Figure 2-23.
Vi e——an
MPSA20 Example Application 2

Figure 2-23 LED driver
circuit: Example Application 1

Design an inverter circuit to apply +6 volts across a 600 ochm load. The
supply voltage is + 15 volts. The driving signal (V) is supplied by the +15
volt supply through a 1000 ohm collector resistor, See Figure 2-22.

1. R, = 600 ohms V, = 6 volts.
2. Vee = +15 volts.
3. Use an MPSAZ20.
4. Not applicable.
5. Vo = 6 volts.
6. Ri(Vee — Vo)
Rc =
Vo
600 (15 — 6 600 (9
Rp = ( ) e= () = 900 ohms
6 6
A standard 910 ohm resistor could be used.
Z. Vee 15

Io= = = .0165 or 16.5 ma
¢ R; 910
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8. 2 1 2 (.0165)
Ip = = = ,00033 amp = .33 ma = 330 pA
hpe 100
9. VCC — Is Rr:l - VBE
RB =
Iy
15 — (.00033) (1000) - .7 13.97
Ry = [ ) ( ) = = 42,333 ohms

.00033 .00033

A standard 39K ohm resistor could be used. See Figure 2-24.

Vee - +15v

Figure 2-24 Inverter
circuit: Example Application 2

2-35
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Self Test Review

21. Design a transistor switch circuit that will energize a relay whose coil
resistance is 400 ohms and current requirement is 30 ma. Use a
supply voltage of + 15 volts. The input voltage is + 15 volts. Use an
MPSA20 transistor. Draw the completed circuit and label all values.

Answers
21. The steps below correspond to those in the procedure.

1. R, = 400 ohms, I, = I = 30 ma, V, = R I, = 400 (.03) = 12
volts
2. Vge = +15 volts

Vee - 418 . .
3. MPSA20 transistor. hpz (min) = 100
4' VCC e VL e Vag _ 16 = 12 — 3 -
Rs - 1000 Rg = T . = s 00 ohms
RL . 4000 5. Not applicable.
Ic« 30 MA 6. Not applicable.
s IC= IL= 30 ma
O 1 21c 2 (.03) L Ig—_ ——
— - 4 = = , ma —_—
Rg - 22x0 *" "hpg (min) 100 100 o
Vi3T5V MPSA20
0.0 o Va-Var _ 15-7 _ 143 ...
’ T .0006 .0006 ’

w Use a standard 22 K ohm resistor.
Figure 2-25 Solution to

Self Test Review problem 21 See Figure 2-25.
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EXPERIMENT 1

BIPOLAR TRANSISTOR
SWITCH

OBJECTIVES: To demonstrate the operation, characteristics and de-
sign of a saturated bipolar transistor switch.

Materials Needed:

1 — NPN transistor MPSA20 (417-801)
1 — 560 (), 1/2-watt resistor

2 — 1 k), 1/2-watt resistors

2 — 4.7 k), 1/2-watt resistors

1 — 47 k£, 1/2-watt resistor

1 — 220 kQ, 1/2-watt resistor

Voltmeter (vom, VIVM, etc.)
Heathkit Digital Design Experimenter (Refer to the ET-3200 manual for
operational details and breadboarding procedures.)

Procedure:

1. Construct the circuit shown in Figure 2-26. The circuit receives its
input from data switch SW1. You will monitor the output at the
collector with a voltmeter. See Figure 2-27 for transistor base details.

+5V

Vi Vo 0UTPUT C{ E
l Ve Figure 2-26 r\ j

Inverter circuit for Step 1

INPUT V;

Figure 2-27
417-801 Lead connections
= for 417-801 transistor
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2. Set SW1 to the down (LO) position and measure the dc output
220 K voltage (V,) with respect to ground. Record below.

Vo=_50 volts

2. The input voltage (V,) at this time is
V= { volts

3. Set SW1 to the up (HI) position and measure the circuit dc input
voltage (V,) with respect to ground. Record below.
V, = )55 volts.
Next, measure the following transistor junction voltages: base-to-
emitter (Vz), base-to-collector (V3), and collector-to-emitter (Vg).
Record your values in Table I. Be sure to note the polarity of each
voltage so that you can determine whether the junctions are foward
or reverse biased. Study your results then answer the following
question. . " Vg v
Is the transistor saturated? /o < oy

Vo

TABLE I
Rp Vee | Ves | Ver = Vo
220K | LoV |=. 2| 2.6

47K |[.75 ~ g2V OEL

4. Measure the voltage drop across the 220 K base resistor (V) and the
voltage across the collector resistor (Vi) and record in Table II. v, ot Yo
Using these voltages and associated resistor values, calculate the Ve
base current (Iz) and collector current (Ir) using Ohm's law.

I = _ Vs Io = __ Vg
Rp Re
Record your values in Table II. Also calculate the ratio I./1; and
record in Table II.

—\

TABLE II
Rp = 220K | Ry = 4.7K
Via H.ov 3,8V
Vre 2.3 . &
Ly 19, 2 A $0.9 il
Ip 3.3 ut B8N
Ie/ly | ). 533
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5. Using the criterion that states a transistor is saturated if the [/I; < hyy
and the data in Table II, determine the condition of the transistor
assuming hgpz = 100.

Is the transistor saturated?
Mo
6. Replace the 220K ohm base resistor R; with a 4.7K ohm resistor.

7. Repeat Step 3. Measure Vg, Vg and Ve and record in Table 1. Study
your results.

/.
|

Is the transistor saturated?
8. Repeat Step 4 recording your data in Table II.
9. Repeat Step 5. Is the transistor saturated?

Discussion of Steps 1 Through 9.

In Step 1 you constructed a bipolar transistor switch. In Step 2 with the
input from SW1 (LO or ground), the E-B junction is not forward biased,
therefore the transistor is cut off and the output voltage you measured
was Vge = +5 volts as seen through the 1K collector resistor.

In Step 3 you applied forward bias to the emitter-base junction of the
transistor from the +5 volt logic level output of SW1 through the 220K
base resistor. The transistor conducts. This is indicated by the junction
voltages. You should have measured a Vg in the .6 to .8 volts range with
the base positive with respect to the emitter. V5 should have been one
volt or so with the collector positive with respect to the base. The collec-
tor to emitter voltage V¢ should have been 1 to 4 volts with the collector
the most positive element. The emitter-base junction is forward biased
and the base-collector junction is reverse biased. See Figure 2-28 for a
summary of the transistor junction voltage polarities for a properly biased
transistor. With this arrangement, the transistor conducts but is not
saturated. The transistor is operating somewhere in its linear region.

Because we do not know the exact value of hy, your voltages for V5 and
Ver may not be exactly equal to those given above but they should be
close.

In Steps 4 and 5 you determined the collector and base currents by
measuring the voltage drops across the base and collector resistors then
dividing by the respective resistor values. Then you determined if the
ratio I./I; was equal to, less then, or greater than the assumed hyy value of
100. If Io/Iz < hpg then the transistor is saturated. In this step you should
have found I./I; to be higher than hz;. Obviously, the transistor is not
saturated. What you calculated when you divided I, by Iz was the true
gain or hyg of the transistor. It should have been greater than 100.

Figure 2-28 NPN Transistor

Junction bias polarities
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In Step 6, you replaced the 220 k) base resistor with a 4.7 kQ resistor. This
provides more base drive current. In Step 7 with +5 volts applied to the
input, the transistor conducts, but this time much harder. The junction
voltages should be approximately as follows: Vg = .7 volt, Viz = .6 volt,
Vg = .1 volt. The polarities of Vg, and Vo are as before. But with the 4.7
k() base resistor, Vo5 is such that the base is more positive than the
collector. This indicates that the base-collector junction is forward biased
whereas, with the 220 k() base resistor, it was reverse biased. With both
the emitter-base and base-collector junctions forward biased, the transis-
tor is saturated. The output voltage V, or V. is the difference between
Vgr and V. See Figure 2-28B.

In Steps 8 and 9, you again determined I, I and I./I. In this case, you
should have found 1./I; to be less than a nominal hyx of 100. Therefore,
the transistor is saturated.

10. Using the procedure outlined earlier, design a transistor switch to
produce +4 voltsacross a 560 ohm shunt load. Usea +12-volt supply
voltage and a MPSA20 (417-801) transistor (hyz; min = 100). The
inputlogic signal will come from logic switch SW1 and is +5 volts as
seen through a 470 () resistor. (See schematic of ET 3200 Digital
Design Experimenter.) Calculate all values. Draw the completed
circuit. Then breadboard the circuit using the closest available resis-
tor values and check its operation. Use one of the procedures de-
scribed earlier to establish that the transistor does saturate.

Reye a700
Rp«17, 4460

g RL - 5600
MPSAZD

Figure 2-29 Solution
to design problem in Step 10
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Discussion of Step 10

Your calculations should appear like those shown below. See Figure
2-29.

R, Re(Vee—Vo) _  560(12-4) _  560(8)
e Vo - 4 B 4

Ree = 1120 ohms

Use a 1K ohm resistor

Vee 12
I = = = ,012 amp = 12 ma
Res 1000
21, 2 (.012) 024
Iz = = = = .00024 amp = 240 uA
2= Torr 100 100 P
R i Vcc L IBRCI _VBE = 5 =] (.00024] [470) '—'.7
. 1 00024
4.1872
Ry = = 17,446 ohms
.00024

A standard 15 K or 16 K{) resistor could be used. A 10 K{) resistor in series
with a 4.7 KQ resistor (14.7 K() total) could be used in breadboarding this
circuit on your ET-3200.

In the calculation for R, Ve is 5 volts since the 5 volt supply in your
ET-3200 provides the basic source of base drive through the 470 ohm
resistor associated with logic switch SW1. This resistor is designated R,
in Figure 2-29.
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5102

GATE (G
SOURCE (§) DRAIND
M Y |
NN _A5-2N /
CHANNELP-TYPE SILICON

BASE OR
SUBSTRATE
(8)

Figure 2-30 N-channel
enhancement mode MOSFET

MOS FIELD EFFECT TRANSISTORS

Another transistor widely used in digital integrated circuits is the en-
hancement--mode-metal-oxide semiconductor field effect transistor
MOSFET). Also known as an insulated gate field effect transistor (IG-
L1}, this device offers numerous advantages over the bipolar transistor
particularly for digital work and integrated circuits. Because the MOS-
FET is basically a simple device, it is more easily constructed than a
bipolar transistor. Since it can be made smaller than bipolar devices it
permits more circuitry to be produced on a given area of semiconductor
material. The cost of an integrated circuit is directly proportional to the
area of the semiconductor material used to construct the circuit and the
complexity of the devices used. Simple, low cost, high density circuits
are readily constructed with MOSFET components.

The N-channel MOSFET

1

Figure 2-30 shows the basic construction of an N-channel enhancement
mode MOSFET. It is constructed of a P-type silicon base or substrate into
which is diffused two N-type semiconductor material areas. These form
the source and drain elements of the transistor. On top of this is diffused a
thin layer of silicon dioxide, a glass insulator which isolates the source
and drain regions from the remainder of the device. On top of the silicon
dioxide insulator is formed a third element called the gate. The silicon
dioxide insulates the gate terminal from the P-type silicon material. The
gate is simply a metallized diffusion such as aluminum or a silicon
conductive material that forms a capacitor with the P-type silicon base,
the silicon dioxide layer acting as the dielectric. The area beneath the gate
dielectric and between the source and drain is known as the channel. If
the drain is'made positive with respect to the source, current-will flow
between the source andthedrain. It is the level and polarity of the voltage
between the source and the gate that determines the conductivity of the
channel.

With the gate source voltage equal to zero, no current flows between the
source and the drain. The alternate N-type and P-type materials between
source and drain effectively form two back-to-back diodes both of which
are cut off. However, when the voltage applied between the gate and
source exceeds a certain threshold level with the gate positive with
respect to the source, an electric field will be established in the channel
region. This causes the transistor to conduct and electrons will flow
between the source and the drain.

The gate-source arrangement in the MOSFET acts as a capacitor. Apply-
ing a gate-source voltage charges this capacitor. The gate becomes posi-
tive and the area below the gate in the substrate becomes negative. The
majority carriers in the P-type substrate (holes) will be depleted by the
negative charge and the electron density will be enhanced. This negative
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charge in the P-type base establishes a channel for current flow between
the two N-type regions. Removing the gate-source voltage or decreasing
it below the threshold level will cause the conduction to cease.

The enhancement mode MOSFET is an excellent switch. When the gate
voltage is below the threshold value, the resistance between the source
and the drain is extremely high and very closely approximates an open
circuit. When the gate voltage is above the threshold level, the transistor
conducts and the resistance between the source and the drain is very low,
approximating a short circuit. Such characteristics make the enhance-
ment mode MOSFET ideal for digital circuits.

One of the primary benefits of the MOSFET over the standard bipolar
transistor is that the input impedance between source and gate is ex-
tremely high. The input impedance between the source and gate is many
thousands of megohms and, in effect, is more capacitive than resistive.
This high input impedance minimizes the loading of one logic circuit on
the next. Figure 2-31 shows the schematic symbol normally used to
represent an N-channel enhancement mode MOSFET.

The P-Channel MOSFET =~ — <=~

Figure 2-32 shows the construction of a P-channel enhancement mode
MOSFET. It is similar in construction to the N-channel device. However,
the substrate is N-type material, while the source and drain diffusions are
P-type material. The symbol used to represent this device is shown in
Figure 2-33. The operation of the P-channel MOSFET is similar to that for
the N-channel device with the exception of the operating voltage
polarities. Like the N-channel device, the P-channel MOSFET is nor-
mally off if the gate-to-source voltage is below a specific threshold value.
When the gate is made negative with respect to the source and is of an
amplitude beyond that of the threshold level, the transistor will conduct
and current will flow between the source and the drain. In the P-channel
device, the current carriers are holes instead of electrons.

One of the most important characteristics of the enhancement mode
MOSFET is its threshold voltage, that value of gate-source voltage re-
quired to cause the transistor to conduct. There are two basic types of
threshold in common use; low threshold and high threshold. The high
threshold devices are easier to make and, therefore, are more common.
This high threshold value is approximately three to four volts. There is
circuitry available with a low threshold in the one to two volt region.
Typically, P-channel devices have high thresholds, while N-channel
devices have low thresholds.

Figure 2-34 shows a simplified schematic symbol often used to represent
an enhancement mode MOSFET. Because of the complexity of the stan-
dard symbols, they are rarely used. The letter P or N is written adjacent to
the symbol to designate whether it is a P-channel or an N-channel device.

Figure 2-31 Schematic
symbol for an N-channel
enhancement mode MOSFET

GATE (G)
SOURCE (S) DRAIN (D)
| [
B
TYPE SILICON \
CHANNEL BASE OR
SUBSTRATE

(B)

Figure 2-32 P-channel
enhancement mode MOSFET

Figure 2-33 Schematic
symbol of a P-channel
enhancement mode MOSFET

D

L’ N
S
Figure 2-34

Simplified symbol of
enhancement mode MOSFET
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Figure 2-35
P-channel MOS inverter

Bipolars vs. MOSFETs

The primary benefits of the MOSFET over the bipolar transistor are; small
size, simplicity of construction, high input impedance and low power
consumption. However, these advantages are somewhat offset by the
major disadvantage; slow switching speeds. Because of the high impe-
dance nature of the device and its capacitive characteristics, switching
speeds are significantly lower than those for bipolar transistors, Recent
advances have improved the switching speed of MOSFET's, and switch-
ing speeds in the region below 100 nanoseconds are now possible.
Nevertheless, the advantages of the MOSFET over the bipolar for many
applications offset this switching speed disadvantage. Bipolar transistors
are still faster and offer the further advantage of being able to handle high
power applications.

MOSFET Circuits

Logic circuits are readily constructed with enhancement mode MOS-
FETs. Figure 2-35 shows an inverter circuit constructed with a P-channel
MOSFET. With the gate input voltage (V,) at zero, the transistor does not
conduct and the output voltage (V) is the drain supply voltage (V) as
seen through the drain resistor (Rp). When the input voltage is made
sufficiently negative beyond the threshold value, the transistor conducts
and acts virtually as a short circuit. The output voltage at this time is near
zero volts. An inverter using an N-channel device would be similar, but
with positive logic levels and supply voltage.

In practical MOS circuits, the drain resistor (Rp) is not used. Because it
occupies a substantial amount of space in an integrated circuit, it is
generally eliminated and replaced by another MOSFET, biased on to act
as a resistance. The transistor itself is smaller than a diffused resistor. A
very popular type of MOS digital circuit combines both P-channel and
N-channel devices to form what is known as a complementary MOS
(CMOS) logic circuit.



HEATHKIT
CONTINUING .
EDUCATION Semiconductor Devices for Digital Circuits 2-4 5

Self Test Review

22. The MOSFET is also knownasa _J ([ E7T

23. To cause an N-channel enhancement mode MOSFET to conduct the
gate-source voltage must be

a. Zero
b. negative
c. positive
d. above the threshold level
24, The gate-source appears to external circuits primarily as a
a. short circuit
b. low impedance
c. capacitor
d. high impedance

25. The switching time of a MOSFET compared to that of a bipolar
transistor is

a. less
b. more
c. about the same

26. To cause a P-channel MOSFET to conduct, the gate-source voltage
must be higher than the and the drain must be
with respect to the source.

Answers

22. IGFET

23. (c) positive, gate positive with respect to the source and
(d) above the threshold value

24, (c) capacitor (d) high impedance

25. (b) more

26, threshold, negative
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1.

10.

11.

12.

13.

14.

The basic element used to implement binary logic circuits is a
switch.

. The most commonly used switches in digital circuits are bipolar and

MOS field effect transistors although conventional mechanical
switches and relays are still used in some applications.

Bipolar transistors and MOSFETs are semiconductor devices.

. The most common material used in making semiconductor devices

is silicon. Another semiconductor, germanium, is also widely used.

. A semiconductor is a material that has characteristics between those

of conductors and insulators.

. The basic semiconductor material, like silicon is modified to form

two types of semiconductors, P-type and N-type.

. N-type material contains an excess of electrons. Therefore, the major-

ity current carrier is electrons.

. P-type material contains an excess of holes. The majority current

carrier is holes.

A hole is the absence of an electron in the crystal lattice structure of a
semiconductor. Holes act like positively charged particles.

P-type and N-type semiconductor materials are combined to form PN
junctions.

The simplest semiconductor device is a PN junction diode. This

diode passes current freely in one direction but blocks current flow
in the other direction.

To cause a junction diode to conduct or pass current, it must be
forward biased. This is accomplished by connecting an external dc
voltage to the diode with the positive terminal to the P-type material
and the negative terminal to the N-type material.

If the negative terminal of the dc source is connected to the P-type
material and the positive terminal to the N-type material, the diode
will be reverse biased and no current will flow through it.

When a diode conducts it acts as a very low resistance or a short.
When a diode does not conduct, it acts as a very high resistance or
open circuit.
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16.

17.
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19.

20.

21.

22,

23.

24,

25.

26.

27,

28.
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15. When a diode conducts it has a small-voltage drop across it, approx-

imately .7 volts for a silicon diode and .3 volts for a germanium
diode.

Transistors are formed by combining alternate layers of P-type and
N-type materials. The result is a 3-layer, 2-junction device.

The two types of transistors are PNP and NPN.

The three transistor layers or parts are called the emitter, base and
collector.

The basic function of a transistor is to control current flow eitherona
continuous or on/off basis.

The most common applications for transistors are amplification and
switching.

Current flow in a transistor is from the emitter through the base to the
collector.

To cause current to flow through a transistor the emitter-base (E-B)
junction must be forward biased and the base collector (B-C) junction
must be reverse biased.

Most of the current flowing into the emitter passes through the base
into the collector. However, a very small current flows out of the
base.

The following mathematical formulas express the current relation-
ships in a transistor.

Ie =1z

IC=IE_IB

The collector current in a transistor is controlled by the much smaller
base current.

Abipolar transistor has three basic modes of operation: cut-off, linear
or active and saturation,

When the transistor is cut-off it does not conduct and therefore acts as
an open circuit.

In linear or active operation the transistor operates as a variable
resistance. The collector current is proportional to the base current.
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29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40,

41.

42,

When the transistor is saturated, it conducts and acts as a very low
resistance or short circuit.

Both the E-B and B-C junctions must be forward biased to achieve
saturation.

The most commonly used transistor switch is a shunt saturated
bipolar transistor.

The shunt transistor switch is a logic inverter. When the input is
LOW (binary 0) the output is HIGH (binary 1). When the input is
HIGH, the output is LOW.

3. The two ways of determining if a transistor is saturated is to measure

the junction voltages and polarities to see that both are forward
biased or to measure I, and Iz and determine if I;>1o/hpg.

The turn-on time of a bipolar transistor switch is a function of the
transistor characteristics and the amount of base drive applied.
The turn-off time of a saturated bipolar transistor switch is a function
of the charge storage effect brought about by saturation as well as the
output load capacitance and collector resistor value.
Non-saturated switching circuits can achieve switching speeds sig-
nificantly faster than that of saturated switching circuits.
MOSFET means metal oxide semiconductor field effect transistor.
The enhancement mode MOSFET is an excellent switching compo-
nent, It is smaller, easier to make and more economical than a bipolar
transistor. It is widely used in large scale digital integrated circuits.
The switching speed of a MOSFET is significantly slower than that of
a bipolar transistor.

Another name for the MOSFET is insulated gate field effect transistor
(IGFET).

Both P and N-channel MOSFETSs are used in digital integrated cir-
cuits.

P and N-channel MOSFETSs are often combined to form complemen-
tary MOS logic circuits.
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SEMICONDUCTOR DEVICES
FOR DIGITAL CIRCUITS

The following questions will test your retention and understanding of the
key points in this Unit. Answer all questions first before checking your
answers against the correct ones that follow the exam.

1. In Figure 2-36 identify each transistor type by filling in the blanks.

D

A B C

Figure 2-36 Exam question 1

2. The output of a shunt transistor logic inverter is equal to the supply
voltage (binary 1) when the input is

A. binary 1
B. binary 0
C. open

3. Abipolar transistor switch has an hyz of 80. 1, = 18ma, Iz = .3ma. The
transistor is
A. cut-off
B. conducting but not saturated
C. saturated

4. Which of the following factors does not influence the base current in
a saturated bipolar transistor switch?

collector current

logic input voltage

base resistor

\/7

hpg

mOOwp
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3. av//
10.

11.

Figure 2-37 Exam question 11

12,

. Which of the following logic switches is the fastest?

A. MOSFET

B. saturated bipolar

C. non-saturated bipolar

D. relay contacts.

If the gate-to-source voltage on a N-channel enhancement mode
MOSFET is zero, the source-drain current is

A. zero

B. maximum

C. not determinable with the given information

. What factor does not affect the speed of the turn on of a bipolar

switch?

A. base current

B. type of transistor

C. shunt output capacitance

D. base resistor value

What factor does not affect the turn off speed of a bipolar switch?

A. transistor type

B. base current

C. storage time

D. collector current

To cause a P-channel enhancement mode MOSFET to conduct

A. the gate must be made positive with respect to the source.

B. the gate-source voltage must be more negative than the
threshold value.

C. the gate-source voltage must be zero.

D. the gate-source junction must be forward biased.

A silicon bipolar switching transistor with a minimum hyz = 50 will

be used as a saturated logic inverter. The supply voltage is + 5 volts.

A collector resistor of 1500 ohms is specified to obtain the desired

output impedance. The logic input signal is + 10 volts. What value of

base resistor is needed?

The transistor in Figure 2-37 is

A. cut-off

B. conducting in the linear region

C. saturated

Which of the following expressions most correctly describes the

current relationships in a bipolar transistor?

A Ie=Ig+ 1
B. Ig=1c+1¢
C. Ig=Ic+ 1,
D. Ie=Iz-1Ig
E. Ip=I—-1
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A. NPN bipolar

B. N-channel MOSFET

C. N-channel MOSFET

D. PNP bipolar

E. P-channel MOSFET

B and C — binary 0 or open. If the input to a logic inverter is
binary 0, usually ground or some very low voltage or if the
input is open no base current flows. Therefore, the transistor
does not conduct. Since it is cut off, the output is the supply
voltage as seen through the collector resistor.

C — saturated. With I, = 18 ma and Iy = .3 ma, I/l = 18/.3 = 60. If
hpge > 1o/l then the transistor is saturated. hyy =80 > I/l =
60.

A — collector current. The collector current does not influence or
control the base current in a saturated switch.

C — non-saturated bipolar. This is the fastest transistor logic
switch.

A — zero. If the gate-source voltage in a MOSFET is zero, the
transistor will be cut off so its source to drain current will be
Zero.

C — shunt output capacitance. The capacitance from the collector
output to ground does not affect the turn on speed of a transis-
tor.

D — collector current. The actual value of the collector current
does not effect the turn off time of a transistor.
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9. B — The gate-source voltage must be more negative than the
threshold value. This is the main condition for conduction of a
P-channel enhancement mode MOSFET.

10. Vcc 5

Ip = = ——  =.,00333 amps = 3.33 ma
: Re 1500 P

1 2 (3.33) 6.66
Ip = = = =,1332 ma
’ heg min 50 50

Vf < VBE 10 - .7

T - =69.82 K oh
2 I, 1332 R

A standard 68K ohm resistor could be used.

11. B — Conducting in the linear region. The PNP transistor in Figure
2-37 is conducting since its emitter-base junction is forward
biased and base-collector junction is reverse biased.

12. C— IE= Ic+l;;
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UNIT 3
DIGITAL LOGIC CIRCUITS

INTRODUCTION

All digital equipment, simple or complex, is constructed from just a few
basic circuits. These circuits are called logic elements. A logic element
performs some specific logic function on binary data.

There are two basic types of digital logic circuits: decision-making and
memory. Decision making logic elements monitor binary inputs and
produce outputs based on the input states and the operational charac-
teristics of the logic element. Memory elements are used to store binary
data.

Whether the digital equipment is a simple piece of test equipment or a
large scale digital computer, this equipment is made up entirely of such
logic circuits. Once you learn the basic logic elements and the most
commonly used forms, you will be able to understand and determine the
operation of any piece of digital equipment. By understanding how to:
apply these basic logic elements you will be capable of designing digital
equipment.

In this unit you are going to study the basic types of digital logic circuits.
You will learn the operation of decision making and memory circuits.
You will also discover several special classes of logic circuits. We will
also discuss the practical implementation of these logic circuits using
switches and relays, discrete electronic components and integrated cir-
cuits. This unit provides the base upon which all of the remaining units
in this program are built. The study of digital techniques is, in effect, a
study of digital logic circuits and how they are applied. As a result, this is
an extremely important background lesson.



3"4 UNIT THREE

—p—
HEATHKIT

CONTINUING
_EDUCATION

UNIT OBJECTIVES

When you complete Unit 3 you will have the following knowledge and
capabilities.

1. You will be able to list the three basic types of logic elements.

10.

11.

You will be able to write a definition for combinational logic circuits.
You will be able to write a definition for sequential logic circuits.
You will be able to draw the schematic and explain the operation of
both diode and switch contact AND gates.

You will be able to draw the schematic and explain the operation of
both diode and switch contact OR gates.

You will be able to draw the schematic and explain the operation of a
transistor and switch contact inverter.

Given a list of symbols, you will be able to identify the industry
standard symbols for inverters, AND, OR, NAND and NOR gates.

. From a list of truth tables, you will be able to identify the logic

functions being performed.

You will be able to write a truth table for any of the basic logic
functions: AND, OR, NOT, NAND, NOR.

Given a list of logic equations you will be able to identify the logic
function expressed by each.

You will be able to write the logic equation for any of the basic logic
functions AND, OR, NAND, NOR, NOT.
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— GATE

PUTS OUTPUT

Figure 3-1
Basic symbol of a logic gate.

TYPES OF LOGIC CIRCUITS

The two basic types of logic circuits are decision making and memory
Both types accept binary inputs and produce bmary outputs. The nature
of the output is a function of the state of the inputs and the characteristics
of the particular logic circuit.

Decision-making logic circuits do exactly what their name implies; make
decisions. The basic decision-making logic element is called a gate. A
gate has two or more binary inputs and a single output. Figure 3-1 shows
the generalized symbol used for representing a logic gate. More specific
symbols are used to represent practical types of gates. There are several
different types of logic gates, each performing a specific decision-making
operation. The gate looks at its binary inputs, and based upon their states
and its operation, it generates an appropriate output signal that reflects
the decision it has made.

While many simple logic functions can be implemented with a gate,
generally gates are combined to form more sophisticated and complex
decision making logic networks called combinational circuits. A combi-
national circuit is made up of two or more gates and has two or more
inputs and one or more outputs. Combinational circuits still perform a
decision-making function but of a more sophisticated nature. Most com-
binational circuits perform some unique logic function such as decoding,
encoding, multiplexing, comparison or an arithmetic operation with
binary numbers. A generalized block diagram of a combinational logic
circuit is shown in Figure 3-2.

COMBINATIONAL

CIRCUIT
ONE OR MORE
BINARY
MULTI PLE Ll
BINARY
INPUTS
Figure 3-2

General block diagram of a
combinational logic circuit.
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The other type of logic element is a memory circuit. The basic memory
element is a bistable storage device known as a flip-flop. This circuit has
two stable states which can represent the two binary numbers 0 and 1.
The circuit can be placed into either state so that it retains that state or
remembers the bit stored there. Most memory circuits store a single
binary bit. Many of these elements can be combined to store complete
binary numbers or words.

Most memory elements are interconnected with combinational circuits
to form another more sophisticated form of memory element known as a
sequential circuit. A general block diagram of a sequential circuit is
shown in Figure 3-3. The inputs to the sequential circuit consists of
external binary data and feedback signals developed within the sequen-
tial circuit itself. The outputs of a sequential circuit are binary signals that
are used to operate or control external circuits. The output of the sequen-
tial circuit is a function of the binary inputs, the binary data stored in the
sequential circuit itself and the specific characteristics of this circuit.

Sequential circuits are used for a variety of operations in digital equip-
ment. Typical sequential circuits consist of counters, shift registers,
timers, sequencers and other circuits where binary data is stored and
manipulated as a function of time. You will study these circuits in later
units.

The three basic decision-making logic elements are the AND gate, the OR
gate and the'inverter. All other digital logic elements and circuits are
variations or combinations of just these three basic elements. Each of
these elements receive one or more binary inputs and generates a single
binary output.

In order to distinguish one binary input signal from another and in order
to identify both binary inputs and outputs, each signal is generally
assigned a name or label. In its simplest form the label consists of a létter,
asmall word or mnemonic (pronounced ne-mon-ik). This label or desig-
nation indicates a specific logic signal which can assume either of the
two binary states 0 or 1. In the discussions of the logic circuits presented
here all inputs and outputs will be given such names and labels. In most
cases a simple letter designation will be used. However, keep in mind
that these designations may be words or letter and number combinations.
Some typical examples are A, X, D3, CLR, JMPZ, etc.

SEQUENTIAL
CIRCUIT
BINARY BINARY
INPUTS OUTPUTS
BINARY
FEEDBACK
Figure 3-3

General block diagram
of a sequential logic circuit.

3-7
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Self Test Review

1.

The two basic classifications of logic circuits are
and

. When multiple gates are interconnected to perform a specific func-

tion, the resulting circuit is called a circuit.

. The basic logic memory element is called a and is

capable of storing one of data.

Combining memory elements with a combinational logic circuit
produces a logic circuit.

. The three basic logic elements are the A

and

A point in a logic circuit labelled STB3 can assume which of the
following states:

a. binary 0.
b. binary 1.
c. either binary 1 and 0.

Answers

decision-making, memory
combinational

flip-flop, bit

sequential

AND, OR, inverter

(c) either binary 0 and 1.

S 1 A W N =
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THE INVERTER

The simplest form of digital logic circuit is the inverter or NOT circuit.
The inverteris a logic element whose output state is always opposite of its
input state. If the input is a binary 0 the output is a binary 1. If the input is
a binary 1, the output is a binary 0. We say that the inverter has an output
that is the complement of the input. The binary states 1 and 0 are
considered to be complementary.

The operation of the inverter is clearly summarized by a simple chart
known as a truth table. The truth table shows all possible input states and
the resulting outputs. Figure 3-4 is the truth table for an inverter. The
input to the inverter is designated A while the output is labeled A
(pronounced A NOT or NOT A). The bar over the letter A indicates the
complement of A. Note that the truth table shows all possible input
combinations and the corresponding output for each. Since the inverter
has a single input, there are only two possible input combinations: 0 and
1. The output in each case is the complement or opposite of the input.

The symbols used to represent a logic inverter are shown in Figure 3-5.
The triangle portion of the symbol represents the circuit itself while the
circle designates the inversion or complementary nature of the circuit.
Either of the two symbols may be used. Note the input and output
labeling. Such simplified symbols are used instead of the actual elec-
tronic schematic in order to simplify the drawing and application of a
logic circuit. It is the logic function and not the circuit that is the most
important.

The simplest and most widely used form of logic inverter is the transistor
switching circuit shown in Figure 3-6. This inverter circuit operates with
a binary input signal whose logic levels are 0 volts (or ground) and some
positive voltage approximately equal to the supply voltage + Vcc. When
the input B to the transistor is 0 volts or ground, the emitter-base junction
of the transistor is not forward biased. Therefore, the transistor does not
conduct. With the transistor cut-off, the output B with respect to ground
is the supply voltage + Vcc as seen through collector resistor Rc. As you
can see, with positive logic level assignments, the binary 0 input pro-
duces a binary 1 output.

INPUT

ouUTPUT

=

xE

o

1
0

Figure 3-4
Truth Table for logic inverter.

STB

>

v
—
L=

Figure 3-5
Symbols for a logic inverter.

*Vee

Figure 3-6
A transistor logic inverter.
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Whenever a binary 1 or positive voltage level approximately equal to +
Vce is applied to the input, the emitter-base junction of the transistor
becomes forward biased. Sufficient base current flows through the circuit
to cause the transistor to saturate. When the transistor is saturated, both
the emitter-base and base-collector junctions of the transistor are forward
biased and it acts as a very low impedance. At this time, the complement
output B is approximately equal to zero volts or ground as seen through
the conducting transistor. The actual voltage will be equal to the satura-
tion voltage of the transistor Vce (sat). For most good high speed switch-
ing transistors this voltage is several tenths of a volt or less and for most
practical purposes can be considered to be zero. With a positive voltage
binary 1 input the output is a binary 0. This circuit obviously performs
logic inversion. The input and output voltage waveforms representing
the operation of this circuit are shown in Figure 3-7. Most modern
switching transistors are capable of turning off and on at nanosecond
speeds, therefore very high frequency operation with this circuit is possi-
ble.

tVCC
B
INPUT GND —
i +vee —
OUTPUT
VCE (SAT)
0 ______________________
Figure 3-7

Input and output waveforms
of a transistor logic inverter.

Self Test Review

7. If the input to a logic inverter is labeled PLS, the output will be
a. PLS

b. SLP
c. PLS
d. binary 0

8. The inverter input PLS is a voltage level that represents
a. binary 0
b. binary 1
c. either binary 0 or binary 1
d. Cannot be determined with information given.
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9. If the input to the inverter in Figure 3-6 is simply left open and not
connected to either a binary 0 or binary 1 level, what will the output
be if negative logic level assignments are assumed?

a. binary 0
b. binary 1
c. Cannot be determined with information given.

10. Saturation means

a.
b.

C.

d.

both emitter-base and base-collector junctions reverse biased.
both emitter-base and base-collector junctions forward biased.

emitter-base junction forward biased, base-collector junction
reverse biased.

emitter-base junction reverse biased, base-collector junction
forward biased.

3-11

" . X=1 ADX ?
11. The output of the inverter 2 in Figure 3-8 with a binary 1 input will be R —W

a.

b. binary 1

C.

binary 0

Figure 3-8

Cannot be determined with information given.

Answers

7

10.

11.

(c) PLS The output of an inverter is indicated by the input
designation with a NOT bar over it to indicate the comple-
ment.

(c) either binary 0 or binary 1. The input designation PLS
represents a logic variable that can assume either state.
(a) binary 0. If the input to the transistor logic inverter is
left open, the transistor will not conduct. Therefore, the
output will be + V.. With negative logic level assignments
+V.. = binary 0 and zero volts or ground = binary 1.

(b) both emitter-base and base-collector junctions forward
biased. Saturation means that the transistor conducts hard
and represents a very low impedance. Both transistor junc-
tions are forward biased.

(b) Binary 1. If the input ADX is binary 1 the output of
inverter 1 ADX will be binary 0. With a binary 0 input to
inverter 2, its output will be the complement or binary 1.
The input ADX and output are the same. The output could
also be called ADX. In this circuit, one inverter cancels the
effect of the other. The output will be equal to the input for
any even number of cascaded inverters.
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Figure 3-9

+5V

EXPERIMENT 2

LOGIC INVERTER

OBJECTIVE: To demonstrate the operation and characteristics of typ-
ical discrete component and integrated circuit logic in-
verters,

Materials Needed

2 — MPSA20 transistor (417-801)

2 — 1 k) 1/2-watt resistor

2 — 4.7 k) 1/2-watt resistor

1 — SN7404N TTL hex inverter integrated circuit (443-18)
Heathkit ET-3200 Digital Design Experimenter

DC Voltmeter

LED

=

MPSA20
417-801

Procedure

1. Wire the circuit shown in Figure 3-9. The input is derived from logic
switch SW1. You will measure the output state with your voltmeter
and observe it on LED indicator L1.

2. Measure the inverter input and output voltages V;and V, with respect
to ground for both positions of data switch SW1. Record your data in
Table L

NOTE:
The schematic diagram used to represent the logic indicators on the
ET-3200 Digital Design Experimenter is shown below.

INTERNAL
LED DRIVER

L 4 CIRCUIT LED

1
INPUT

The inputs are labelled L1, L2, L3, and L4. The inverter symbol represents
the internal LED driver circuit and not an external inverter. When the
input is open or grounded, the LED is off. When the input is positive, the
LED is on.
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12. Set SW1 to binary 0 then binary 1 noting the output state for each
input.

13. Modify your circuit to connect the L2 input of the LED indicator to pin
8 of the IC.

|
How many inverters are cascaded? %
14. Apply binary 0 and binary 1 to the circuit with SW1 again noting the
corresponding output state.

When an odd number of inverters are cascaded the output is
a. the same as
(B> opposite
the input. When an even number of inverters are cascaded, the output
is
‘a.) the same as
b. opposite
the input.

Discussion of Steps 7 Through 14

In Steps 7, 8 and 9 you connected an integrated circuit inverter and
evaluated its operation. With zero volts (binary 0) in you should have
measured about + 3.5 volts output (binary 1). With +5 volts input (binary
1) you should have measured about +.2 volts output (binary 0). Even with
unequal input and output voltages, the circuit still performs logic inver-
sion.

In Step 10 you determined the effect of an open input. With no input
connection, the output is +.2 volts or binary 0. Since the input and output
of a logic inverter are always complementary, the open input must be
acting like a binary 1.

In Step 11 you cascaded 5 inverters. You should have found in Step 12 that
the output was the complement of the input. Next in Step 13, you moni-
tored the output of the fourth inverter in the chain. In Step 14 you de-
monstrated that the input and output were the same. From this data, you
can conclude that in a chain of inverters an odd number produces a
complementary input and output while with an even number of inverters
the input and output will be the same.

3-17
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Figure 3-17

Truth Table for an AND gate.

A ——

B —

Figure 3-18

Logic symbol for AND gate.

DECISION-MAKING LOGIC ELEMENTS

The two basic types of decision-making logic elements are the AND gate
and the OR gate. These are logic circuits with two or more inputs and a
single output. The output state is a function of the input states and how
the particular gate operates. The gate makes its decision based upon the
input states and its particular function, then generates the appropriate
binary output. Let’s consider each of these basic gates in detail.

The AND Gate

The AND gate is a logic circuit that has two or more inputs and a single
output. The operation of the gate is such that the output of the gate is a
binary 1 if and only if all inputs are binary 1. If any one or more inputs are
a binary 0 the output will be binary 0. The AND gate is a control circuit
whose output is a binary 1 only when all inputs to the gate are in the
binary 1 state at the same time.

The operation of a two input AND gate is indicated by the truth table in
Figure 3-17. The inputs are designated A and B. The output is designated
C. The output for all possible input combinations is indicated in the truth
table. The total number of input combinations is determined by raising 2
to a power equal to the number of inputs. With two inputs, each capable
of assuming either of the two binary states, the total possible number of
combination inputs is 2? = 4. Note that the output is binary 0 for any set of
inputs where either, or both, of the inputs are binary 0. The output is
binary 1 only when both inputs are binary 1.

The basic symbol used to represent an AND gate is shown in Figure 3-18.
Note that the inputs and outputs are labeled to correspond to the truth
table in Figure 3-17. Keep in mind that the AND gate may have any
number of logical inputs.

An important point to note about the AND symbol in Figure 3-18 is the
equation at the output, C = A * B or C= AB. This equation is a form of
algebraic expression that is used to designate the logical function being
performed. The equation expresses the output C in terms of the input
variables A and B and isread *‘C equals A AND B"’. Here the AND function
is designated by the dot between the two input variables A and B. The
AND function is designated by an expression similar to the product of
algebraic variables.
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TABLE 1

SW1

POSITION Vi Vo
DOWN Ly
UP By o5

3. From the data in Table I, answer the following questions.

a. Does the circuit perform logic inversion? Jes

b.  What are the two output logic voltage levels assuming positive
logic?
blnary 0 65 el
binary 1 5V
c. Make a truth table from the data in Table I. Use positive logic and
assume the circuit input is A.

4. Disconnect the 4.7 k() base resistor from input SW1 and let it hang

free. Measure the output voltage V,. V= - With an
open input, the output is binary ! . An open input has
the same effect as a binary @) input. (Use positive
logic.)

5. Connect the free end of the 4.7 k) base resistor to the CLK output and
set the clock frequency to 1 Hz. Connect LED indicators to the circuit
inputs and outputs as shown in Figure 3-10. Observe the operation of
the circuit by watching the LED indicator states and the1r relation-
ship to one another. The circuit output is always the YEYgton

of the input.

417-801

Figure 3-10
LED
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6. Modify your circuit as shown in Figure 3-11. Here you are cascading
two inverter circuits. You will monitor the input on LED indicator L2
and the output of the second inverter on LED L1. Observe the input

and output states as the 1 Hz clock operates the circuit.

If the input to the circuit in Figure 3-11 is binary 1, the output will be

binary 9
R S

CLK
(1Hz) 4.7K

417-801

MPSA20

Figure 3-11

Discussion of Steps 1 Through 6

. If the output is binary 0, the input must be binary

In Steps 2 and 3 you demonstrated inverter action. With input V; equal to
zero volts, (SW1 down), the emitter-base function is not forward biased so
the transistor does not conduct. The output voltage V, is +5 volts as seen
through the 1K collector resistor. With +5 volts input (SW1 up), the
transistor is saturated and the output voltage is about .1 volts. Inversion is
performed. The positive logic levels are binary 0 = .1V and binary 1 = +5
volts. The logic truth table you constructed for this circuit should appear as

shown in Table II below.

TABLE II
INPUT | OUTPUT
A —
0 1
1 0
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The input and output are complementary.

In Step 4 you disconnected the inverter input and left it open. With this
condition, no forward bias is applied to the transistor so it does not
conduct. The output voltage at the collector is +5 volts or binary 1.
Therefore an open input produces the same effect as a binary 0 input.

In Step 5 you further demonstrated logic inverter action. The 1 Hz clock
was used to drive the inverter. You observed the input and output states on
the LED indicators. You should have found that the input and output states
were always the opposite of one another or complementary as indicated by
L1 and L2 which alternately switch on and off at a 1 Hz rate.

In Step 6 you cascaded two inverter circuits and observed their operation.
You should have found that the output of the second inverter is the same as
the input. One inverter cancels the effect of the other. The output state is
the same as the input state when an even number of inverters is cascaded.

Integrated Circuit Hex Inverter

In the steps to follow, you will be using a typical TTL (transistor transistor
logic) integrated circuit (IC) to demonstrate inverter action. This IC and all
others supplied in this program are housed in a plastic dual in-line pac-
kage (DIP) as shown in Figure 3-12. Both 14 and 16 pin versions are
available. Note the way in which the pins are numbered. A notch or dot
(indentations, etc.) is used to designate the location of pin 1.

Figure 3-13 shows the logic diagram and physical pin connections (pin
out) on the SN7404N (or simply 7404) hex inverter IC. This IC contains six
identical and independent logic inverters. The inputs and outputs are
identified by pin number. In the diagrams used in these experiments the
package outline will not be shown. Instead, only the inverter symbol with
pin number labeling will be given. See the example in Figure 3-14. In an
experiment, if no pin numbers are given you can use any inverter you
want, Not all of the inverters in the IC will be used in every experiment.
Simply ignore those not used.

Refer to the instruction manual of your ET-3200 Digital Design Experi-
menter for details on installing the IC on the breadboarding socket. The IC
should straddle the center notch and all pins should be seated firmly. The
pins are delicate so be careful when installing and removing the IC.

Figure 3-12
Typical 14 and 16 pin DIP
ICs showing pin numbering schemes.

Vee
wl e dold o |4 &

SESEN

B

NN

TR

GND

Figure 3-13
Top view of 7404 hex inverter
IC showing pin assignments.

Figure 3-14
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After the IC is installed, connect the power (V¢¢) and ground leads. The
supply voltage for the 7404 TTL IC is +5 volts and is applied at pin 14.
Ground (GND) is connected to pin 7. Check the power and ground pin
assignments for each IC you use as they vary from one type to another.

Procedure (continued)

i

8.

1/6-7404

Mount a 7404 hex inverter IC (part number 443-18) on the bread-
boarding socket and connect pin 14 to 45 volts and pin 7 to ground
(GND).

Connect one of the inverters as shown in Figure 3-15. The input will
come from logic switch SW1 and the output will be displayed on
indicator L1.

e

]
I
] )
| ——e. Dc
1l A|L1
1

@LED

Figure 3-15 9. Apply the logic voltages to the input as shown in Table III and

11.

10.

measure the corresponding output voltages. Record in Table III.

(&4
Does the circuit invert? [ &5

What are the output logic levels for positive logic?

binary 0 ol volts
binary 1 A volts

Remove the connection between pin 1 of the IC and SW1 so that the
inverter input is open. Measure the output voltage. With the input
open, the output voltage is o | volts, or for positive logic,
abinary____©  This means that an open input has the same effect
asabinary | input.

Wire the circuit shown in Figure 3-16. How many inverters are cas-
(-4
caded? =

| | ’
|

Figure 3-16
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As you will see, the operation of all logic elements and gates can be
expressed in the form of an algebraic equation. These expressions permit
circuits to be analyzed, designed and optimized by using standard alge-
braic operations and special algebraic manipulations designated by rules
of Boolean algebra. Boolean algebra is a special form of two state algebra
that is useful in working with binary variables. You will learn more about
this in a later unit.

Figure 3-19
Two input diode AND gate.

The circuit in Figure 3-19 shows one electrical implementation of a
logical AND gate. Here two diodes and a resistor form an electronic
circuit that produces the AND function using binary signals. To analyze
this circuit, assume the use of binary input signals using positive logic
designations of zero volts (ground) and +5 volts. Let’s also assume that
perfect diodes are used. Keep in mind that in a practical circuit real
diodes have a threshold voltage level before they conduct and a finite
voltage drop across them during conduction.

Now let’s analyze the operation of the AND circuit shown in Figure 3-19.
If both inputs are a binary 0 (zero volts or ground) both diodes D1 and D2
will conduct. Assuming no forward voltage drop across the diode, the
output will be zero volts. If either one of the inputs is a binary 0, while the
other is at the binary 1 level (+5 volts), the diode associated with the
input whose state is binary 0 will be forward biased and will conduct
thereby clamping the output at the binary 0 level. (The diode associated
with the input at the binary 1 level will be reverse biased, therefore it will
be cut-off).

If both inputs are at the binary 1 level, neither diode D1 nor D2 will
conduct and the output will be +5 volts. As you can see, the only time the
output is at the binary 1 level is when both inputs are binary 1.

3-19
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The operation of the AND gate shown in Figure 3-19 is fully illustrated by
the voltage truth table in Figure 3-20 and the waveform timing diagram in
Figure 3-21. Note that if positive logic is assumed, the voltage truth table
corresponds to the logic truth table given in Figure 3-17. In the waveform
diagram, both inputs A and B are shown switching at various times
between the binary 0 and binary 1 levels of ground and +5 volts. The
output C corresponding to this particular combination of inputs is also
illustrated. Note that the only time that the output is binary 1 is when the
inputs are both in the binary 1 state. The outputis abinary 1 for a period of
time during which the two inputs are coincidentally at the binary 1 level.
The AND gate is sometimes referred to as a coincident gate.

g

(2]
INPUTS |OUTPUT = 0 i
o ]
A | 8| ¢ i pmaesim ' |_
B ]
ov | ov ov 0 1 : o
ov | +sv| ov E & i |
#s5v Lov | ov a STTTTTTmmmmmmmmees
w5y | #5v| 5V =g
5 0
TIME
Figure 3-20 Figure 3-21
Voltagg truth Input and output
table for diode AND gate. waveforms of the diode AND gate.

Figure 3-22 shows one of the most common applications of the AND gate
in digital circuits. Here one input of the AND gate is used to control the
passage of the other input signal to the output. The input control signal
CTL enables or inhibits the passage of the other logic signal which is a
train of square waves designated SQW. The output is identical to SQW
during the time the CTL input is binary 1. Note the input and output
waveforms as well as the logical expression for this function indicated in

Figure 3-22,
1
saw | | |

0

I
QUT=SQW- CTL  INPUTS :
]
1

oy
Figure 3-22 ouT

0

:
?

- ——
- — -

Typical AND gate application.
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Remember that an AND gate may have more than two inputs, the exact
number being dictated by the application. In addition, there are many
other ways of implementing the logical AND function with hardware.
Later in this unit and in the program you will learn about some of these
circuits.

Self Test Review

12. Draw the logic symbol for an AND gate with inputs J7, K6, L4, and
output F3.

13. Write the logic equation for an AND gate with inputs XLT, ZMO,
KMD, A3 and output TF.

14. The logic gate in Figure 3-23 will have how many different input

combinations?
a 4

b. 8

c. 16

d. 32

15. Write the truth table for a three-input AND gate with inputs A, B, and
C and output D.

16. What is the algebraic output equation for the circuit in Figure 3-247
a. P=MN

b. P=MN
g P= mN
d. P=MN
Answers

12. See Figure 3-25.

13. TF = XLT « ZMO « KMD « A3 The AND function is desig-
nated by the dot between each variable.

14. (c) 16 The four input gate in Figure 3-23 can have a total of
2% = 16 different input combinations.

=

Figure 3-23
Circuit for
Self Test Review Question 14,

Figure 3-24
Circuit for
Self Test Review Question 16.

J7—
K6
L4 F3=J7-K6-L4

Figure 3-25
Answer to
Self Test Review Question 12,

3-21
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Figure 3-27

Truth Table for OR gate.

-g,_ =

165 INPUTS |OUTPUT

w©

————oooo |
—_—_—_O O -0 O
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Figure 3-26
Truth Table for 3-input AND gate.

All possible input combinations are indicated. Note that
the input states correspond to the 3-bit binary numbers
representing the decimal numbers 0 through 7. This is a
convenient way of listing all input state variations for a
given number of input bits.

16. (b) P = MN The output of the inverter in Figure 3-24 is N.
This is one input to the AND gate along with input M. The
output expression is constructed by writing the input vari-
ables adjacent to one another.

The OR Gate

The other basic logic element is called an OR gate. Like the AND gate it
can have two or more inputs and a single output. It's operation is such
that the output is a binary 1 if any one or all inputs are a binary 1. The
output is binary 0 only when both inputs are binary 0.

The logical operation of a two input OR gate is expressed by the truth
table in Figure 3-27. With two inputs there are 2* = 4 possible input
combinations as explained earlier. The truth table designates all four
possible input combinations and the corresponding output. Note that the
output is a binary 1 when either or both of the inputs are binary 1. The
output is binary 1 if input D OR input E OR both are present.



HEATHKIT
CONTINUING
EDUCATION

Digital Logic Circuits I 3'23

The logical symbol for an OR gate is shown in Figure 3-28. The inputs are
labeled according to the truth table in Figure 3-27. Make note particularly
of the output algebraic expression for the OR gate F = D + E. The plus
sign is used to designate the logical OR function. The output F is ex-
pressed in terms of the input logic variables D and E.

The circuit in Figure 3-29 illustrates the implementation of the logical OR
function using semiconductor diodes. This gate is similar to the AND
circuit considered earlier except that the supply voltage and diode
polarities are reversed. This circuit operates with logical input levels of
zero and +5 volts as did the AND gate considered previously. Using
positive logic designations, let's evaluate the operation of this circuit.

When both inputs-D-and-E-areat binary 0 (zero inputs-or ground} -beth
diodes-D1-and-D2-conduct: Assuming perfect diodes, with no forward
voltage drop, the output will be binary 0. If either one of the logical inputs
is a binary 0, while the other is a binary 1 (+5 volts), the diode associated
with the input at the binary 1 state will conduct causing the output to be
+ 5 volts or a binary 1. The diode associated with the input at the binary 0
state will be reversed biased and will not affect the circuit. When both
inputs are at the binary 1 or +5 volt level, both diodes D1 and D2 conduct
and the output is a +5 volt or binary 1 level. The voltage truth table for
this circuit is shown in Figure 3-30. Using positive logic, it corresponds
to the table in Figure 3-27.

The operation of the OR gate is illustrated more fully by the waveforms
shown in Figure 3-31. These diagrams show the output state for various
combinations of the input voltage D and E as a function of time. Note that
if one of the inputs switches to the binary 1 level the output switches to
binary 1 correspondingly. The output is binary 1 when either or both
inputs are binary 1. Study the waveforms in Figure 3-31 carefully at each
point to be sure that you understand the circuit function.

m
(=] —
1
1
|
|
|
' -
|
—1

TIME

Figure 3-31
Input and output waveforms
of the diode OR gate,

0 FeD+E
;

Figure 3-28
Logic symbol for OR gate.

=12V

Figure 3-29
Diode OR gate.

INPUTS JOUTPUT

D E F

ov ov oV

ov +5V | +5V
5V | OV +5V
+5Y | +5V | +5V

Figure 3-30
Voltage Truth
Table for the diode OR gate,
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OPR=SWZ+PLS

v UL

Figure 3-32
Typical OR gate application.

Figure 3-33
Circuit for
Self Test Review Question 18.

EDUCATION

Figure 3-32 illustrates a typical application for the OR gate in a digital
circuit. There are two inputs to the OR gate in this application: a push
button switch SW2 and a train of pulses designated PLS. The output OPR
will be a binary 1 when either SW2 or PLS is at the binary 1 (+5 volts)
level. Switch SW2 is a normally closed pushbutton. The SW2 input to the
OR gate is normally ground or binary 0. When the switch is depressed,
the contacts open and the SW2 input becomes +5 volts or binary 1 level
as seen through the resistor. The other input PLS is a series of pulse trains
that switch momentarily between the binary 0 and binary 1 levels. Note
the algebraic expression for the output, OPR = SW2 + PLS. The acconi-
panying waveforms in Figure 3-32 illustrate the operation of the circuit.
The OR gate permits either of the two inputs to control the output.

When considering the operation and application of an OR gate you
should remember that this logic element can have two or more imputs as
called for by the application. At the same time we have only illustrated
one method of implementing the OR gate with electronic hardware.
Many other circuit variations are used and these will be discussed later in
the program.

Self Test Review

17. Draw the logic symbol for an OR gate with inputs GB, PH, CD, SH,
and output FF.

18. Write the output equation of the gate in Figure 3-33.

19. Write the truth table for a 4-input OR gate with inputs W, X, Y, Z, and
output J.

20. The output of an OR gate is binary 0 when:
a. all inputs are binary 0.
b. any one or more inputs are binary 0.
c. all inputs are binary 1.
d. any one or all inputs are binary 1.

21. The logical OR function when expressed in algebraic terms is
analogous to the:

a. product
b. sum

c. difference
d. quotient
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18.

19.

20.

21.

Answers

See Figure 3-34. Note that the + signs between the two-
letter input variables designate the OR operation.

FX = R + Y + Z. The inverter complements the Y input
before it is ORed with the other variables.

INPUTS OUTPUT
Wlx |y |z J
0fo]o]o 0
gl1e]o|1l ]
oJo|11]o0 1
g1t Ll 1
ol1]o0fo |
ol1]0]1 1
] (R [ 1
al1]1]1 1
1L{o]ofo 1
110 0|1 1
| (M 1
o I I T 1
111]0]¢ 1
1 4 g |2 1
111 1|¢@ 1
1 1 1 |'1 1

Figure 3-35

Truth Table for 4-input OR gate.

For four input variables there are 2* = 16 possible input
combinations. These can be determined by simply writing
the four bit numbers 0 through 15 as indicated. Note that
the output is a binary 1, if any one or more inputs is binary
j

(a) All outputs are binary 0. The only time the output of an
OR gate is binary 0 is when all inputs are binary zero. At all
other times at least one or more inputs is binary 1, thereby
producing a binary 1 output.

(b) sum. The ORing of logic inputs is analogous to the
summing algebraic variables. The AND function is analo-
gous to the product of input variables.

Digital Logic Circuits | 3'25

PH .
o FF
SH
FF=GB+PH+CD+SH
Figure 3-34
Answer fo

Self Test Review Question 17,
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The Dual Nature of Logic Gates

When we explained the operation of the diode gate circuit in Figure 3-19,
we indicated that it performs the logical AND function. We proved this by
considering the output voltage level for each of the four possible combi-
nations of input voltage levels. The voltage truth table for this gate is
repeated here in Figure 3-36A. In considering the operation of this cir-
cuit, we assumed the use of positive logic level assignments. By doing
this we were able to translate the voltage levels given in the truth table
into the table shown in Figure 3-36B. Naturally this table clearly indi-
cates that the AND function is being performed. The output is a binary 1
only when both inputs are binary 1.

Figure 3-29 is also effect of

INPUTS JOUTPUT INPUTS [OUTPUT INPUTS JOUTPUT
A B C A B C A B c

ov ov ov
ov +5V] oV
5V 1ov ov
3V | +5V]| +5v

——0 O
- - O
=N — R
O O
(=R = ]
O

o g e
B

Figure 3-36
Truth Table for
diode gate in Figure 3-11.

Now let’s consider the function of this circuit when we assume negative
logic level assignments. In this case the 0 volt level would represent a
binary 1 and a +5 volt level would represent a binary 0. Using the original
data as developed in Figure 3-36A and translating it into a truth table
using binary 1’s and 0's with negative logic level assignments, we obtain
the truth table shown in Figure 3-36C. By studying this truth table, you
will see that the circuit no longer appears to be performing the AND
function. Close inspection of the truth table will reveal that the circuit is
now performing the OR function since the output is a binary 1 when
either one or both of the inputs is a binary 1. (The order or sequence of the
inputs is not the same as that for the AND gate, but this is not important. It
is the function that counts.) Our only conclusion can be that with positive
logic the circuit in Figure 3-19 performs AND function but with negative
logic the circuit performs the OR function. This clearly indicates that the
diode gate circuit is capable of performing either of the two basic logical
functions, and that function is strictly dependent upon the logic level
assignments given to the input and output variables.
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This dual nature of logic gates applies to any logic circuit. The diode gate
that you considered in Figure 3-29 is also dual in nature. With positive
logic level assignments it performs the OR function as indicated previ-
ously. However, if you analyze the circuit by using negative logic level
assignments you will find that the circuit performs the AND function.
Keep this important fact in mind as it will help you in analyzing, troub-
leshooting and designing digital circuits. You must not only know how
the circuit operates electrically, but also what logic level assignments are
being used.

Figure 3-37 shows the logic symbols normally used to represent gates
that perform the logical AND and OR functions with negative logic level
assignments. The circles at the inputs and outputs represent the effect of
reversing the logic level assignments from positive to negative.

— — = >

A B
NEGATIVE AND NEGATIVE OR

Figure 3-37
Negative logic gates

Self Test Review

22. Any logic gate can perform both AND and OR operations.
a. True

b. False

23. A given logic circuit performs the AND function when binary 0 = 0
volts and binary 1 = —6 volts. Reversing the logic level assignments
makes the gate perform as a gate.

Answers

22, (a) True
23. positive OR

J\i e =\

3-27
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INPUTS INA149

56-56 DIODES ¢ 1K

SW1

Figure 3-38

QUTPUT

c

EXPERIMENT 3
DIODE LOGIC GATES

Objectives: To demonstrate the operation and characteristics of
diode AND and OR gates.

Materials Needed

2 — 1N4149 silicon diodes (#56-56)

1 — 1 K ohm resistor — /2 watt

1 — 10 K ohm /2 watt resistor

1 — DC Voltmeter

1 — ET-3200 Heathkit Digital Design Experimenter

Procedure

1. Wire the circuit shown in Figure 3-38. The inputs A and B come from
data switches SW1 and SW2. You will measure the output voltage C
with respect to ground.

2. Using data switches SW1 and SW2, apply the input voltages indicated
in Table I to the logic gate. For each set'of inputs, monitor the output
voltage and record in Table L.

3. Using positive logic assignments, convert the voltage levels in Table I
into binary 1s and 0s and transfer to Table II.

\

TABLE I TABLE II TABLE III
A B Cc A B C A B C
ov ov |.¢5 (] 0 o \ \
+5V ov | .1 ) o o | /
oV | +5V | .1 O } 0 ! . '
+56V | +5V | By \ ! | 0 o o)

—
—l

4, Study Table II and determine the logic function being performed.
Logic Function __An
5. Convert the voltage levels in Table I into 1s and 0s using negative
logic assignments and transfer to Table III.
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6. Study Table III and determine the loglc fl.I]SlChOn belng performed.
Logic Function _u dad cmd
7. Modify your experiment ClI‘Cl.llt so that it appears as shown in Figure
3-39. One logic input will come from SW1. The other logic input will
be a 1 Hz clock (CLK) signal. You will monitor the gate output with
LED indicator L1 and the clock output on L2.

45y
1K
ﬁ.\
\A
swx_.—H DO_@7

CLK __“— LED INDICMOR\S‘\

(1Hz)

Figure 3-39 L2 II: @

\.\

8. Set SW1 to binary 0 (down). Note the output on LED L1. Then set
SW1 to binary 1 (up). Again note the output on LED L1. Explain your

results.
SW1=0 , OutputC=__offt (hkow)

[ g

-
—

SWi=1 , OutputC=__Bliwks .

L SWl '| :
D P

What logic function is the gate performing?__ax ¢ o
9. Construct the logic gate shown in Figure 3-40. Again, data sw1tches

INPUTS

1-12v

glUK

QUTPUT

SW1 and SW2 will supply the logic inputs D and E, and you will Y2 . N
measure the output voltage at F with a DC voltmeter.
10. Apply the logic voltage levels indicated in Table IV to the circuit. Figure 3-40
Measure the output voltage for each set of inputs and record in Table
Iv. S
TABLE 1V TABLE V TABLE VI =
D E F D E F D E F
oV oV |-, 4y o) 0 ) ) | |
0V | +5V |4 2.6 [ ] ) o 8
+5V | OV |4 3.6 ) ' ! 3] I 6}
+5V | +5V |5 1.p \ ) o o )

11. Using positive logic assignments convert the voltage levels in Table
IV into binary 1s and 0s and transfer to Table V.
12. Study Table V and determine the logic function being performed.
Logic Function __© I

3-29
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13.

14.

Using negative logic assignments, convert the data in Table IV into
binary 0s and 1s and transfer to Table VI
Study Table VI and determine what logic function is being per-
formed.

Logic Function Nea oY 1180 An

15. Modify your experimental circuit so that it appears as shown in
Figure 3-41. One input is from logic switch A. The other inputisa 1
Hz clock signal you will monitor with LED indicator L.1. You will
observe the clock output on LED indicator L2.
-12v
LOGIC SWITCH
A o
" —
- LED INDICATORS
(1H,)
L2
Figure 3-41
16. With logic switch A not depressed, the logic input to the gate is
binary ) (positive logic). Observe the gate output (L1)
and clock (L2) signals. The gate output is 21w\ %
17. Depress logic switch A while observmg the gate output. Wlth A
depressed the output is o {
What logic function is the gate performing? ) (%
Discussion

In this experiment you evaluated two basic types of diode logic gates. You
determined their electrical performance by applying logic voltage inputs
and measuring the corresponding outputs. Then using both positive and
negative logic level assignments you determined the logic functions
being performed. You also demonstrated several practical applications of
these basic logic gates.

In Steps 1 through 6, you experimented with the gate in Figure 3-38. Your
data in Tables I, Il and III should appear as shown in Tables VII, VIII, and

IX.
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TABLE VII TABLE VIII TABLE IX
A | B | C B | C A | B[ cC
ov | ov |+.7V o | o 0 1 1| 1
+5V | OV |+.7V X'l x°| o 2ol w'] 1
oV | +5V | +.7V 11 9!/] o o' x9 1
+5V [ +5V [ +5V 1 1 1 0 0o | o

From Table VII, you can see how the gate functions electrically. With
either or both inputs at ground or zero volts, either one or both diodes
conduct. The output, therefore, is the forward diode voltage drop of about
.7 volts. When both inputs are +5 volts, neither diode conducts. The
output is +5 volts as seen through the 1 k() resistor.

With positive logic assignments of the voltage levels in Table I (+5 volts
=binary 1, 0V or +.7V = binary 0), the gate performs the AND function as
you should have deduced from TableII. The output is a binary 1 only if all
(both) inputs are binary 1. For all other input conditions, the output is
binary 0. This is the AND function.

Next, you evaluated the gate using negative logic assignments (+5 V =
binary 0, OV or +.7 V = binary 1). From Table III, you should see that the
OR function is being performed. The output is binary 1 (0V) if either one
or both inputs are binary 1 (0V).

The logic gate in Figure 3-38 can perform both AND and OR operations,
depending upon the logic level assignments. It is a positive AND/nega-
tive OR gate. The logic symbols representing these functions are indi-
cated in Figure 3-42.

In Steps 7 and 8, you demonstrated a common application of a logic gate.
Here, the gate acts as control elements to pass or inhibit the clock input.
This control is handled by the SW1 input. With this input binary 0, the
gate output is binary 0. The clock is inhibited and does not appear at the
output. LED indicator L1 should have been off, indicating this condition.
LED indicator L2 monitors the clock, so it should follow the 1 Hz pulsa-
tions.

With SW1 set to binary 1, the gate is enabled and the clock input is
allowed to pass through to the output. LED indicators L1 and L2 should
follow one another. Clearly, the AND logic function is being performed.
This type of control gating is very widely used in digital circuits.

A
C
| p—

POSITIVE AND

A
c
B

NEGATIVE OR

Figure 3-42

3-31



3-32

UNIT THREE

HEATHKIT
CONTINUING
EDUCATION |

In Steps 9 through 14 you demonstrated the logic gate in Figure 3-40. You
applied 0V and +5 V input levels and measured the output for each
combination to determine its electrical characteristics. Your results in
Tables IV, V and VI should be as shown in Tables X, XI, and XII below.

TABLE X TABLE XI TABLE XII
D E F D E F D E F
ov ov |-.7V 0 0 0 1 1 1
0V | +5V [+4.3V 0 1 1 1 0 0
+5V oV |+4.3V 1 0 1 0 1 0
+5V | +5V |+4.3V 1 1 1 0 0 0

]
F
3

POSITIVE OR

NEGATIVE AND

Figure 3-43

D

With both inputs at zero volts, both diodes conduct and the output is the
forward diode voltage drop of —.7 volts. If either one or both diodes
conduct the output is the input logic level (+5 volts) less the forward
drop of the conducting diode or approximately +4.3 volts.

Transferring this electrical data into binary 1s and 0s, you completed
Tables V and V1. Studying Tables XI and XII you can see that with positive
logic assignments (+4.3 vor+5 V = binary 1, 0V or —.7 V = binary 0), the
circuit performs the OR logic function since the output is binary 1 if
either or both inputs is binary 1. With negative logic assignments (+4.3 V
or +5 V = binary 0, 0V or —.7 V = binary 1), the gate performs the AND
function. This gate is a positive OR/negative AND. The logic symbols
representing these gate functions are shown in Figure 3-43.

Again you demonstrated the dual nature of a logic gate. Any logic gate
can perform either the AND or OR function depending upon the logic
level assignments.

Finally, you demonstrated a useful application of an OR logic gate. In
Figure 3-41, two logic inputs, A and the 1 Hz clock, drive the gate. With
logic switch A not depressed, its output is binary 0. The gate output
follows the clock input. With A depressed, its output is binary 1. This
turns on the output indicator and keeps it on as long as A is held down.
When the clock input is binary 1 the output is binary 1. When A is binary
1,the output is binary 1. The gate is performing the OR function.
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NAND/NOR GATES

While many digital circuits can be constructed with just the three basic
digital logic elements — AND, OR, and NOT — most digital equipment is
implemented with special versions of these circuits known as NAND and
NOR gates. Such circuits are basically AND and OR gates combined with
an inverter. NAND/NOR gates are the most widely used types of digital
logic elements because they offer numerous advantages over the simple
diode gates considered earlier. In large complex digital logic networks, it
isdifficult to cascade more than just a few of the simple diode logic gates.
Because there is no buffering between the gates, loading problems occur
and the speed of operation suffers. For that reason, it is generally desira-
ble to combine a simple diode logic gate with some type of transistor
buffer to permit more flexible interconnection of circuits. This transistor
buffer is most often an inverter.

NAND Gate

The term NAND is a contraction of the expression NOT-AND. A NAND
gate, therefore, is an AND gate followed by an inverter. Figure 3-44A
shows the basic diagram of a NAND gate. Note the algebraic output
expression for the AND gate and the inverter. The entire AND output
expression is inverted and indicated by the bar over it.

Figure 3-44B shows the standard symbol used for a NAND gate. It is
similar to the AND symbol but a circle has been added at the output to
represent the inversion that takes place.

The logical operation of the NAND gate is easy to infer from the circuit in
Figure 3-44, This operation is indicated by the truth table in Figure 3-45.
The NAND output is simply the complement of the AND output,

NOR Gate

Like the NAND gate, the NOR gate is an improved logic element used for
implementing decision-making logic functions. The term NOR is a con-
traction for the expression NOT-OR. Therefore, the NOR gate is essen-

tially a circuit combining the logic functions of an OR gate and an
inverter.

Figure 3-46A is a logical representation of a NOR gate. Figure 3-46B
shows the standard symbol used to represent a NOR gate. Note that the
output expression is the inverted OR function.

B.____

Figure 3-44

NAND gate.

(]
.

>

L=l

INPUTS

OUTPUT

A B

AND
A+ B

NAND
AB=C

0
0
0

1

1
1
1
0

Figure 3-45

Truth Table of NAND gate.

D+E

Figure 3-46

NOR gate.
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— The logical operation of a NOR gate is illustrated by the truth table in
e GRIFEMY Figure 3-47. The NOR output is simply the complement of the OR func-
b £ D°+RE 5._'31_%?; tion. Like any other logic gate, NAND and NOR gates may have two or
; " " 1 more inputs as required by the application.

0 | 1 0 INAND and NOR gates can be used to implement any of three basic logical
; " i i functions. For example, by tying all inputs together, either the NAND or
NOR gate performs inversion. By combining the NAND or NOR gates

1 ! l 0 with external inverters, the AND and OR operations can be performed.

Figure 3-47 Self Test Review

Truth Table of NOR gate.

D F

24, NAND/NOR gates are more widely used than simple AND/OR cir-

25,

26.

27,

28.

cuits because:
a. NAND/NORs can also perform AND/OR operations.
b. NAND/NORs are less expensive and smaller.

c. NAND/NORs are self-buffering — this permits higher speeds
and reasonable loading.

d. AND/ORs can’t perform the NOT function.

A 3-input NAND gate has inputs of 0, 1 and 1. The output is:

a. binary 0

b. binary 1

A 4-input NOR gate has inputs of 1, 0, 0 and 0. The output is:
a. binary 0

b. binary 1

The output equation of a NAND is: -
a. C=A-+B

b. C=A+B

c. C=A+*B

d C=A+8B

The output equation for a NOR is:

a. F=D+E i
b. F=D:E |
c. F=D-E

d F=D+E
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Answers

24.

25.

26.

27,
28.

(c) NAND/NORs are self-buffering — this permits higher
speeds and reasonable loading. They are more versatile
than the simple AND/OR circuits and therefore are more
widely used.

(b) binary 1 The output of a NAND is binary 0 if and only if
all inputs are binary 1. With a binary 0 on any or all inputs,
the output is binary 1.

(a) binary 0 The output of a NOR is binary 0 if any one or
more inputs is binary 1.

(c)C = A - B is the output expression for a NAND,

(d) F = D+ E is the output expression for a NOR.

3-35
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X Y A B c
1 1 0 0 1
1 0 0 1 1
0 1 1 0 1
0 0 1 1 0
Figure 3-49

Truth Table for NAND gate.

How NAND/NOR Gates Are Used

The AND and OR logic functions can be performed by connecting inver-
ters on the outputs of NAND and NOR gates respectively. Since the
NAND and NOR functions are simply complementary logic functions of
basic AND and OR operations, then it is logical to assume that the AND
and OR operations can be obtained from NAND and NOR gates simply by
adding an additional inversion. As stated in the previous section on
inverters, the effect of one inversion is cancelled by adding a second.
Cascading an even number of inverters removes the inversion function.

Figure 3-48 shows how the AND and OR operations are performed with
NAND and NOR gates. But now, how is the OR function performed with a
NAND gate and the AND function performed with a NOR gate?

m o
E
rm
=]
M
=
-
™

11

m o
-
™
=
-
™m

Figure 3-48
Performing AND and OR
operations with NAND and NOR gates.

As mentioned earlier, any of the three basic logic functions — AND, OR,
NOT — can be performed by either a NAND gate or a NOR gate. You have
already seen how the AND and OR functions can be obtained with NAND
and NOR gates by simply inverting the output. To obtain the other logic
functions with each type of gate, inverters are used on the inputs.

Figure 3-49 shows the truth table fora NAND gate. The inputs are A and B
and the output is C. Now consider the effect of adding an inverter to each
input as shown in Figure 3-50. These inverters simply complement the
input signals. The effect is illustrated in the truth table of Figure 3-49. The
input signals to the inverters are labeled X and Y. Note that they are the
complements of the signals A and B respectively. Considering the two
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inverters and the NAND gate as forming a single composite circuit, our
inputs become X and Y instead of A and B. Output C remains the same. By
observing the truth tablein Figure 3-49 with this change in mind, you can
now evaluate the logical function of the circuit. Disregarding the sequ-
ence of the X and Y input combinations and the A and B inputs, note the
output state for each of the input states. You can see that the circuit
produces a binary 1 output any time a binary 1 is applied to either one or
both of the inputs. By definition this is the logical OR function. As you
can see then the OR function can be performed with a NAND gate by
simply placing inverters ahead of each input.

c _ X C= X+Y
Ty

Figure 3-50
Performing the
OR function with a NAND gate.

al

By using inverters at the input of a NOR the AND function can be
performed. Figure 3-51 shows the truth table for a NOR gate. The inputs
are D and E and the output is F. Now assume that inverters are connected
ahead of the NOR gate and the new inputs are labeled L and M as shown
in Figure 3-52. The inverter or complementary input states would be as
indicated in the truth table of Figure 3-51. If we interpret the logical
function of the composite circuit where the inputs are L. and M and the
output is F then you can see by studying the truth table that the AND
function is being performed. Mote that the only time that the output F is a
binary 1 is when both inputs L and M are at the binary 1 level. By
definition this is the AND logical function. As Figure 3-52 indicates, a
NOR gate with inverters at its input performs the AND function.

As you can see any of the three basic logic functions can be performed
with either a NAND gate or a NOR gate. For that reason entire digital
circuits can be constructed with just one type of gate. The choice is
arbitrary and strictly up to the designer. There are some cases where both
NANDs and NORs are mixed within a circuit. As you will see later, some
circuit economies result when NAND and NORs are combined. However,
just remember that any logic function can be implemented with NAND
gates or NOR gates alone.

3-37

INVERTED NOR
INPUTS inputs |OUTPUT
L M D E F
1 ] 0 0 1
1 0 0 1 0
0 1 | 0 0
0 0 1 1 0
Figure 3-51

Truth Table for NOR gate.

=

M

|, —

E

M

w

Figure 3-52 Using a NOR

gate to perform the AND function.
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29.

30.

31,

A NAND or NOR gate can perform any of the three basic logic
functions AND, OR and NOT.

a. True
b. False

When inverters are used at the inputs to a NOR gate, the resulting
circuit performs what logic function?

a. AND

b. OR

c. NAND
d. NOR
e. NOT

When inverters are used at the input to a NAND gate, the circuit
performs what logic function?

a. AND
b. OR

c. NAND
d. NOR
e. NOT

32. A NOR or NAND can be used as a NOT circuit by

33.

a. inverting the output
b. inverting the inputs
c. connecting all inputs together

d. cascading an even number of circuits.

Which circuit is preferred in implementing an entire circuit with one
type of gate?

a. NAND
b. NOR
c. FEither
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Answers

29,
30.
31.
32.

33.

(a) True

(a) AND

(b) OR

(c) connecting all inputs together. By applying the same

signal to all inputs of either a NAND or a NOR circuit it will
perform the NOT or complement function.

(c) Either. NANDs or NORs can be used to implement a
complete logic circuit. One type works as well as the other.

3-39
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PRACTICAL LOGIC CIRCUITS

Now that you have completed this overview of the types of logic circuits
in common use in digital equipment, let’s take a look at several typical
ways these logic elements are implemented. There are many different
ways of electrically or mechanically obtaining the particular characteris-
tics specified by the various types of logic elements. Here we will con-
sider several popular ways of realizing digital logic elements with
hardware.

Relays and Switches

The three basic logic functions — AND, OR and NOT — can be readily
implemented with relay contacts and switches. For example, Figure 3-53
shows an AND gate made with relays. Here the normally open (N. O.)
contacts of two relays labeled A and B are connected in series with a
battery and a lamp. In this circuit, a closed relay contact and an ON lamp
represent a binary 1. An open contact and an OFF lamp represent a binary
0. A zero voltage level represents binary 0 and a positive voltage level
represents a binary 1 on the relay coil. You can see, for any of the four
possible input combinations there is only one where the lamp will light.
If either one or both of the relays are de-energized, their contacts will be
open and current will not be supplied to the lamp. However, if voltage is
applied to both relay coils, both contacts will be closed and a binary 1 (ON
lamp) output will occur. Contacts A and B must be closed to light the
lamp. Series connected switches usually perform the AND function.

AIN.O,) BIN, 0.

ﬂ pE

Figure 3-53 Relay AND gate.

Figure 3-54 shows an OR gate made with relays. The normally open relay
contacts are connected in parallel. Here you can see that when a binary 1
voltage level is applied to either or both relay coils the D or E contacts
will close, thereby supplying voltage to the lamp. An input to either relay
D or E will close the circuit and turn on the lamp, representing a binary 1.
Parallel connected contacts usually perform the OR operation.
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0 (N.O.)
—

— | i |
1

( .01 F=D+E

DH PH t

F1gure 3-54 Relay OR gate.

A relay logic inverter circuit is shown in Figure 3-55. Here a relay with
normally closed (N. C.) contacts is used. With a binary 0 (zero volts)
applied to the relay coil, the relay is de-energized and the contact is
closed representing a binary 1. This connects the battery to the lamp
causing it to light. Therefore, with a binary 0 input the output is binary 1.
Applying a binary 1 voltage level to the relay coil will energize the relay
and open the contacts. This will cause the lamp to go off indicating a
binary 0.
(N.C.)

Unnlllo

||.|

A
Figure 3-55 Relay inverter.

These relay switching circuits can be combined in many ways to form any
logic function. In addition, manually operated switches can also be
substituted for the relay contacts in some applications. Such relay or
switch logic circuits are not often used today. Such circuits are large,
slow in operation, and consume a significant amount of power. For most
applications they are not practical. The very earliest of digital equipment
including some computers were implemented with relays. However,
many other different types of logic circuits are available now and these
have many significant advantages over relays. There are still a few practi-
cal uses for relay and switch logic circuits. In some heavy industrial
control systems where speed and power consumption is of little impor-
tance, relay logic circuits can handle high power applications and are
very reliable. There are some applications where a mechanical means of
operating the switches is available thereby making mechanical or manual
switching logic necessary or desirable.
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Discrete Component Logic Circuits

A discrete component logic circuit is a logic element made up of indi-
vidual electronic components such as transistors, diodes, resistors,
capacitors and other devices. These are assembled to form a complete
circuit like the diode gates and inverter described earlier. For many years
digital logic circuits were implemented with discrete components. They
offered small sized, high performance and reasonable power consump-
tion. However, today such discrete component circuits are rarely used.
Like relay and mechanical switching logic circuits they have essentially
been replaced by logic elements with greater performance, lower cost and
improved features. You may still encounter discrete component logic
circuits in some high power applications or in older digital equipment.
Today however most digital logic functions are implemented with inte-
grated circuits,

Integrated Circuits

An integrated circuit (IC) is a semiconductor device which combines
transistors, diodes, resistors, and capacitors in ultra-miniature form on a
single silicon chip. The advances in semiconductor technology have
permitted the semiconductor manufacturers to design, develop and pro-
duce entire electronic circuits on a single silicon wafer that is generally
less than one tenth of an inch square. These circuits are not only signifi-
cantly smaller in size than discrete component logic circuits but also offer
many other benefits as well. Because they can be mass produced, their
cost is substantially less than discrete component circuits. Many offer
significant savings in power consumption. Perhaps even more important
is the elimination of the need for circuit wiring. When discrete compo-
nents are used the components must be interconnected physically on a
printed circuit board and then tested. With an integrated circuit the entire
circuitry, all components included, are manufactured simultaneously.
Manufacturing costs are reduced and reliability is improved.

Integrated circuits have been in existence for approximately 15 years.
During this short time significant advances have been made. The com-
plexity and sophistication of the circuits has increased significantly
while the prices have continued to decline. Today with integrated circuit
techniques it is not only possible to implement the basic logic elements,
but also it is possible to fully integrate complete combinational and
sequential circuits. Integrated circuits implementing the basic logic
functions such as NAND, NOR, and flip-flops are known as small scale
integrated circuits (SSI). Complete functional circuits of either the com-
binational or sequential type are generally designated as medium-scale
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integrated circuits (MSI). However, today technology permits even great-

er flexibility. Complete circuits and systems can be constructed on a
single chip. For example an entire digital computer is available as a
single integrated circuit. Such circuits are known as large-scale inte-
grated circuits (LSI). Today most digital equipment is implemented with
integrated circuits. There are few applications where other forms of
circuitry are necessary or desirable. This course emphasizes digital inte-
grated circuits, their operation and application.

Self Test Review

34.

35.

36.
37.
38.

Write the logic equation of the relay logic circuit shown in Figure
3-56.

Write the logic equation of the relay logic circuit shown in Figure
3-57.

Draw a relay logic diagram for the function ] = LK.
Draw a relay logic circuit for the function D = A+ B + C

Some relay and discrete component logic circuits are still used in
some applications requiring

a. high speed
b. low cost
c. small size

:rwr_...
1

IN.0.)

Fi, 3-56 Circuit for
Self Test Review Question 34.

JIN.O.)
— ——

KI(N,O.I
—oVo—s

¢——eo—jro——4
L IN.C.)

i i_m.

Fi 3-57 Circuit for
Self Test Review Question 35.

d. high power LIN.O.) K(N.C.)
39. The basic logic functions NAND, NOR, etc.,in IC form are known as: e
a. SSI
b. MSI =
c. LSI _|—_ Je LR
d. discrete = -
Figure 3-58
Answers g.g.swar to Question
A (N.O.) B I(N.O.)
34. Z= W+ XY (—0".—.—'.-—_
35. M=J+K+1L
36. See Figure 3-58. !

37. See Figure 3-59.
38. (d) high power
39. (a) SSI small scale integration

=

>-—
CIN.C.) j?

Figure 3-59 Answer to
Self Test Review Question.
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EXPERIMENT 4
TRANSISTOR LOGIC GATE

OBJECTIVE: To demonstrate the operation and characteristics of a
typical discrete component transistor logic gate.

Materials Needed

1 — MPSAZ20 transistor (417-801)

1 — 1K ohm '/2-watt resistor

2 — 4.7K ohm 1/2-watt resistors

DC Voltmeter

Heathkit ET-3200 Digital Design Experimenter

Procedure

1. Construct the circuit shown in Figure 3-60. The inputs A and B will
come from data switches SW1 and SW2. You will monitor the output
on LED logic indicator L1.

SW) A iy
- A
MPSA20
. L 417-801
swz 8 4.7K
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2. Apply the four input combinations given in Table 1 and measure the
output voltage at C for each. Record your results in the C column in

Table 1.
TABLE I
A B G
ov ov ¢
(0

ov +5V O

+5V ov O
+5V +5V o f

3. Using positive logic level assignments convert the data in Table I
into a truth table using binary 0s and 1s. Use Table II.

TABLE II

-3

L e

4. Study Table Il and determine the logic function being performed.

Logic function
5. Using negative logic level assignments convert the voltages in Table

I into binary 1s and 0s and complete Table III.
TABLE III

A B

6. Study Table III and determine the logic function being performed.

Logic function/\// > -
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Discussion

The logic circuit in Figure 3-60 is called a resistor-transistor logic (RTL)
gate, It is identical to a simple transistor inverter but with two input base
resistors. A positive voltage level applied to either or both of the inputs
will saturate the transistor and cause the output to go low. With both
inputs near zero volts or ground, the transistor will be cut off and the
output will be the supply voltage as seen through the collector resistor.
This operation is completely defined by your truth table (Table 1) and
should appear as shown in Table IV below.

TABLE 1V
A B C
ov ov +5V

ov +5V +.1V
+5V oV +.1V
+5V +5V +.1V

Using positive logic, your truth table (Table II) should be as indicated in
Table V.

TABLE V
A B C
0 0 1
0 1 0
1 0 0
1 1 0

This defines the NOR function. The RTL gate acts as an OR gate followed
by an inverter.
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Using negative logic, your truth table (Table III) should appear as shown
in Table VL

TABLE VI

(=1 =T I I e =
Sl |Q|w|T
=l

This is the NAND function. The gate performs the same function as an
AND gate followed by an inverter for negative logic.

This circuit can be used to implement any of the basic logic functions by
combining a number of gates. Additional base resistors can be added as
more inputs are required. By paralleling inputs or using a single input,
the circuit is nothing more than a simple inverter.

This type of logic gate was widely used in discrete component digital
systems and a modified version of it is available in integrated circuit
form.
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Figure 3-61
Circuit for Exam Question 3.

EXAMINATION
UNIT 3
DIGITAL LOGIC CIRCUITS

The purpose of this exam is to help you review the key facts in this unit.
The problems are designed to test your retention and understanding by
making you apply what you have learned. This exam is not so much a test
as it is another learning method. Be fair to yourself and work every
problem first before checking the answers.

1. Logic gates are usually connected to form functional logic elements
known as circuits.

2. Draw the standard logic symbols for AND, OR, NAND, NOR gates
and inverter.

3. Assuming logic levels of 0V and +5 V, analyze the operation of the
logic circuit shown in Figure 3-61. Develop a voltage truth table for
the circuit. Using both positive and negative logic level assignments,
determine the logic function it performs. Use the tables in Figure
3-62.

INPUTS [OUTPUT INPUTS |OUTPUT INPUTS JOUTPUT
A B C A B ¥ A ] C

oV ov
0V | +5v

+5V | OV
+5V | +5V

L]

VOLTAGE TABLE POSITIVE LOGIC NEGATIVE LOGIC

Figure 3-62 Truth Tables for
analyzing the circuit in Figure 3-61.

Logic function:
Positive Logic
Negative Logic
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of
"

4, Beside each logic equation below, write the logic function it de-

scribes.
A.

)
B. H=]
C. A=B
D. Q=R
E

CLR = PB + RST

5. What logic function does the circuit in Figure 3-63 perform?

e ) S DS

Figure 3-63
A. AND Logic circuit for Exam Question 5.
B. OR
C. NAND
D. NOR

6. The ignition system of a car is set up so that the engine cannot be
started unless the driver’s front door is closed, the front seat belts are
latched and the ignition key is on. What logic function is implied?

A. AND
B. OR

C. NAND
D. NOR
E. NOT

7. ldentify each truth table below with the logic function it represents.
A and B are the inputs and C is the output in each case.

(A)ABC (B) ABC (CABC (D)ABC (E) AC
011 001 111 001 01
101 010 000 011 10
11 100 100 101
000 110 010 110

8. Whatlogic function is being performed by the circuit in Figure 3-647

‘:% ]?C

Figure 3-64
A. AND Logic circuit for Exam Question 8.
B. OR
C. NAND
D. NOR
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9. Analyze the operation of the diode gate circuit in Figure 3-65. Assume
logic levels of 0V and —5V. Develop a voltage truth table and deter-
mine the logic function for both positive and negative logic level
assignments. Use the tables in Figure 3-66.

-12v

INPUTS |OUTPUT INPUTS JOUuTPUT INPUTS [OUTPUT
D E F D £ F ] E F
ov ov

D F av | -5V
-5V | OV
=5V | -5V

E
VOLTAGE TABLE POSITIVE LOGIC NEGATIVE LOGIC

Figure 3-65 :
Logic circuit for Exam Problem 9. Figure 3-66 Truth Tables

for the circuit in Figure 3-65.

Logic function:
Postive logic
Negative logic

10. A home intrusion alarm system is designed to sound a bell if any one
of the following conditions occur: front or back doors open, any
window opens, garage door opens. What logic function is implied?

A. AND
B. OR
C. NAND
D. NOR
E. NOT
11. Write the logic equation of the relay logic circuit shown in Figure
3-67,
K4 (N.O.)
KL(N,0.) K2(N.C.) — e
—/._-q--—/--—.—'(z".-—-«.
Reaiaog | A
.
A K6 (N.C.)
=l % s
Figure 3-67

Circuit for Exam Question 11,
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12. For the diode gate circuit in Figure 3-68, draw the logic diagram
using standard symbols.

Figure 3-68
Circuit for Exam Question 12.

13. Alogic circuit has 5 inputs. How many possible input combinations
can it have?

A 2
B. 4
C. 5
D. 16
E. 32

14. Figure 3-69 shows the logic voltage levels applied to both an AND
gate and an OR gate. Draw the output waveforms you would expect

for each.
1
L UL
0

INPUTS
1
; U UL L
0 —
AND
QUTPUT
OR
ouTPUT Figure 3-69 Logic waveform for

AND and OR gates Exam Question 14.
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1. combinational
2. See Figure 3-70

AND OR NAND NOR NOT
Figure 3-70

Answer to Exam Question 2.

3. In the logic gate of Figure 3-61, with both inputs at zero volts, both
diodes will be cut off and the output will be zero. With one input at
zero volts and the other at +5 volts, the diode associated with the +5
volt input will conduct. The other diode will be cut off. The output
will be +5 volts less any diode drop. With both inputs at +5 volts,
both diodes conduct and the output will be +5 volts. Your voltage
truth table should be as shown in Figure 3-71A. The positive and
negative logic truth tables are given in Figure 3-71 B and C. This
circuit performs the positive OR negative AND function.

A B ¢ A B c A B c
ov | ov | ov 0 0 0 1 1 1
0V | +5v | +5v 0 1 1 1 0 0
+5v | ov | +s5v 1 0 1 0 1 0
+5V | +5v | +5v 1 1 1 0 0 0
VOLTAGE TABLE POSITIVE OR NEGATIVE AND
A B C
Figure 3-71

Truth Tables for circuit
in Figure 3-61. Exam Question 3.
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4. A G=N+M NOR
B. H=J+*K-L AND
C. A=8B NOT
D. Q=R-3 NAND
E. CLR = PB + RST OR

5. D. NOR NAND gate 3 and inverters 1 and 2 form an OR gate.
Inverter 4 converts this to a NOR.

6. A. AND. The ignition cannot start the engine unless the driver's
door is closed AND the seat belts are fastened AND the igni-
tion key is on.

7. A. OR

B. NOR
C. AND
D. NAND
E. NOT

NOTE: The sequence of the inputs is irrelevant. The truth table should be

analyzed in terms of the output it produces for the various input
combinations.

8.

C  NAND NOR gate 7 and inverters 5 and 6 for an AND gate.
Inverter 8 changes this to a NAND.

In the diode gate circuit of Figure 3-65, if both inputs are at zero
volts, both diodes will conduct and the output will be 0 volts. If one
input is 0 volts and the other —5 volts, the diode associated with the
0-volt input will conduct. The other diode will be reverse biased.
The output will be 0 volts. If both inputs are —5 volts, both diodes
will conduct and the output will be —5 volts. The voltage truth table
is shown in Figure 3-72A. The positive and negative logic truth
tables are shown in Figures 3-72B and C respectively. This circuit
performs the positive OR/negative AND function.

D

E F

ov

ov ov

oV

-5V

ov av

=3V

S|l | ™
—l—=loco|lo]| @
_—lo = ol m
—lolas|le|™

D E
1 1
-5V ov 1 0
0 1
0 0

-5y | -5V

VOLTAGE TABLE POSITIVE OR NEGATIVE AND

A B C

Figure 3-72
Truth Tables for gate in
Figure 3-65. Exam Question 9.

3-53
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10.

11,
12.

13.

14.

Nd”

B OR The alarm horn will sound if the front door opens OR back
door opens OR windows open OR garage door opens.
L =K1+K2-+K3+ (K4 + K5+ K6)

See Figure 3-73.

Q—
QR
t[>m+31u

T
5 |
‘ STU

Solution to Exam Question 12.

Figure 3-73

E 32 With 5 inputs there can be 2°
possible input combinations.

See Figure 3-74.

e

0
INPUTS

ouTpPuT 0

!

i—]
AND !

|

[}

|

=

-

1
OR

ouTPUT 00—

Figure 3-74
Solution to Exam Question 14.

—

2X2X2X2ZINX2=732
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The coordinates are referred to by the alpha coordinate first followed by the
numeric coordinate, such as C7 which calls out the shaded coordinate of the
illustration. When a drawing contains more than one sheet, the sheet number
appears before the coordinates (2 C-7 indicates sheet 2),

6.2,2 Signal Levels

Throughout Data General Corporation documentation, a distinction is frec;uent]v
made between electrical levels and logical values. To minimize confusion,
electrical levels are always indicated by an "H" or "L", and logical values by
a"1" or "0"., As an electrical level, an "H" indicates that the signal is high
(greater than +2,0 volts) and an "L" indicates that it is low (less than 0,7 volts).
An asserted, or true, signal is indicated by a logical "1" and a false signal by

a '!OH.

6.2.3 Signal Names
The voltage level at which a signal is said to be "asserted" ("'true') is a matter £
of definition. To distinguish between signals that are asserted high (0O=L, 1=H) tw

and those that are asserted low (0=H, 1=L), a2 naming convention has been adopied
in Data General's documentation which defines the relationship between the logical
value and electrical level of a signal. If the signal name includes a horizontal
bar over the name, as "WRITL", then that signal is asserted true when it is at a
low electrical level; conversely, a signal without the bar, "WRITE", is asserted
true when high,

6.3 BASIC LOGIC GATES

Basic logic gates will be shown with its standard logic symbol and a truth table,

6.3.1 Inverters

Inverters are used to.complement or negate an input signal.

Input Outpu C
A A

I A

H(T) L(T)- -
L(F) H{F) Cx
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Now we will cﬁange the input and output to useful signal names to further explain
logic conventions which you will be required to follew when using DGC logic

drawings, ) :
ﬁ?——-[>o—- IR7

The above signal (IR7) identifies bit position 7 of the 16-bit Instruction Register.
Logic convention is as follows, when bit‘"? of the IR contains a binary 1 bit, IR7
is a "low" logic level and inverts to a "high" logic level identified as IR7. When
bit 7 of the IR contains a binary O bit, TR7 is a"high" logic level and IR7 is a "low"
logic level,
Examples:
CPBI10 contains a 1; then CPBIO is low and CPBI0 is high,
CPBID contains a 0; then CPBIO is high and CPBIO is low,

MEM10 = high when a 1 bit is contained on MEM 10,
" low with a O bit on MEM10,
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6.3.2

; QND /NAND Gates

The "AND" gate is used when two or more signals must be present to produce an

output signal,

y . pa—
B_—-j—x

"AND" Gates

A
=
C""—.

Inputs Cutput
AlB g o o
L|L L
L|[H L
H|L L
H|H B

Inputs Output
ATB X
L|L H
L(H H
H|L H
H|H L

Inputs Output
AIB]C X
LIL]L L
L|L|H L
L|H|L L
L|H|H L
H|L| L L
HIL|H | P
Hl{H| L L
H|H| H H
"NAND" Gates
neq hogis
A—g
B—-O_}__x
Inputs Output
A|B X
" LL H
L{H L
H|L L
H|H L

"NAND'" gates are "AND" gates with an inverting output,

§
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6.3.3 OR /NOR' Gates

The "OR" gate is used when any one signal béing present produces an output signal,
"NOR" gates are "OR" gates with an inverting output.

"OR" Gates

Inputs Qutput Inputs Output

AlB S A B [C X

L|L L LI{L|L L

L|H H L|IL|H H

H|L H L|H|L H

H|H H L|H|H H
HlL]L H
H|L|H H
H{H|L | H
H{H|H H

"NOR" Gates 1

p] Do—x A—d S>—x A

B B =

Inputs Output Inputs Ourput

- A |B X A[B X

L|L H L|L H

L|H L L|H H

H|L L H|L H

H|H L H|H L
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6.3.4

"AND" "OR" Applications

Figure 6-1 illustrates how one type of gate can serve either as an "AND" or "OR"
function by using two different applications.

6.3.5

GATES
AND OR AlBl|x
P
D[]
X X
ity B LIH|L
: Lol |
A A il e
X p
B—o,_)_ B LiA|L
L|L]|H
; 3 H|H|H
A~ x |2 x| H|L]|H
B—4 B L|H[H
., L ILIL
; H|H|L
A X A x| H|L]|H
B~ B ' L|H|H
: L]LlH

Figure 6-1. "AND" - "OR" Application Chart

"“Exclusive=OR (""XOR") /Exclusive-NOR("XNOR") Gates

An "XOR" gate is used when only one of two inputs (one or the other but not both)
must be present to produce an output., Exclusive-NOR gates are "XOR" gates
with an inverting output.

"XOR" Gate

. .
| a:ID_X

Inputs Output
AlB X
L|L L
L{H H
H{L H
H{H L

"XNOR" Gate

Inputs ° Qutput

A[B X
L13. H
L|H L
H|L L
H|H H

C
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6.3.6 Multiple Input "AND-OR-INVERT" Gates

Integrated circuits are available which contain a muitiple of input gates with an
inverting output. The following two logic symbols illustrate the two different
applications using one type of multiple input gate.

} 1 S
3 v
c_._
D—

x|

Output "X" is low if both A and B are high, or if
both C and D are high,

X'= (A*B) /(C+D) s Gy

7 ax

D

Output "X" is high if A or B and C or D is low.
X =(A/B) ¢ (C/D) '

ocoOow>

;f e .}
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INTRODUCTION

All modern digital equipment is constructed with integrated circuits. A
study of digital techniques, therefore, is a study of digital integrated
circuits and their application. Because of integrated circuits, digital
equipment can be analyzed and designed almost entirely at a conceptual
logical or systems level as opposed to an electronics or circuits level.
Digital integrated circuits are, in the true sense of the word, building
blocks which are used to construct digital equipment. Previously, the
designer of digital equipment had to design not only the logic involved
but also the electronic circuits necessary to implement that logic. With
integrated circuits, the designers job is primarily that of selecting com-
mercially available devices and applying them to his specific applica-
tion. No knowledge of electronic circuit design is necessary to the under-
standing and use of most digital techniques. However, by understanding
the basic components and circuits used in modern digital integrated
circuits your ability to work with and use them will be greater.

In this unit you will study the basic components and circuits used in the
most common types of digital integrated circuits. The information in this
unit will help you to analyze the operation of digital circuits and will
help you to select a type of integrated circuit for a specific application.
Look closely at the Unit Objectives that follow to determine the specific
knowledge and skills you will have when you complete this unit. Then
follow the steps in the Unit Activity Guide, recording the time you spent
on each activity.
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UNIT OBJECTIVES

When you complete Unit 4 on digital integrated circuits, you will have
the knowledge and skills indicated below. You will be able to:

1.

Name the two basic types of semiconductor switching elements used
in digital circuits.

. Define the four basic logic circuit characteristics of propagation

delay, power dissipation, noise immunity and fan out.

. Name and visually identify the three basic types of digital IC pack-

ages.
Name at least three distinct families of digital ICs and identify the
three most popular and widely used types.

. Explain the difference between current source and current sink types

of logic circuits.
Describe the detailed operation and capabilities of TTL, ECL and
CMOS integrated circuits given a schematic diagram of the circuit.

Select a type of digital IC to implement a given application for
optimum performance and economy.
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UNIT ACTIVITY GUIDE —
Time

Play Audio record 4, side 2: Digital Integrated
Circuits

Read section ‘‘Logic Circuit Characteristics”
Answer Self Test Review Questions 1—6
Read Section “Integrated Circuits”

Answer Self Test Review Questions 7—12
Read section ““Transistor Transistor Logic”
Answer Self Test Review Questions 13—-20
Perform Experiment 5

Read section “Emitter Coupled Logic”
Answer Self Test Review Questions 21—25

Read section ‘“Metal Oxide Semiconductor
Integrated Circuits"

Answer Self Test Review Questions 26—31
Perform Experiment 6

Read section ‘‘Selecting a Digital Integrated
Circuit for a Specific Application”

Answer Self Test Review Questions 32—34

OO0 000 oDcooooooooo O

Complete Unit Examination
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LOGIC CIRCUIT CHARACTERISTICS

There are many different types of digital integrated circuits available to
implement digital equipment. Both saturated and unsaturated bipolar
transistors as well as MOSFETs are used to implement a variety of logic
circuits. Each type or family of digital integrated circuits has its own
special capabilities and limitations. Their characteristics vary widely
and the optimum circuit to use in a given application depends upon
specific needs and requirements.

Some of the most important characteristics of digital integrated circuits
are logic levels, propagation delay, power dissipation, noise immunity,
and fan out. By understanding the meanings of these characteristics you
can quickly compare, contrast and evaluate different IC logic families.

Logic Levels

Logic levels are the voltage values assigned to the binary 1 and binary 0
states for a given type of digital integrated circuit. Nominal values for the
two levels are generally given, but in practice, the actual voltage levels
may vary somewhat because of internal component tolerances, power
supply variations, temperature and other factors. Generally, the manufac-
turer will list maximum and minimum acceptable voltage values for the
binary 0 and binary 1 levels.

It is important to know the logic levels for a given type of integrated
circuit so that when you are working with the equipment you can readily
identify input and output logic states by measuring the logic levels with a
voltmeter or an oscilloscope. A knowledge of the logic levels will permit
you to analyze the operation of a circuit or determine whether it is
functioning properly.

Propagation Delay.

The propagation delay is a measure of the speed of operation of a logic
circuit. Speed of operation is one of the most important characteristics of
a digital circuit. For most digital applications high speed operation is
beneficial.

Propagation delay is the amount of time that it takes the output of a digital
circuit to respond to the input level change. It is the accumulation of all of
the rise times, delay times and storage times associated with any logic
circuit. When the input voltage changes from the binary 0 to binary 1 or
from the binary 1 to binary 0 levels, the output of the logic circuit will
respond at some finite time later.
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Figure 4-1 illustrates propagation delay. Shown here is the input to a
digital circuit and the corresponding output. The circuit could be an
inverter, a NAND gate or a NOR gate. A binary 0 to binary 1 transition
causes a binary 1 to binary 0 transition at the output. Note that the output
transition occurs a specific time after the input transition. This is the
propagation delay. The propagation delay (t,) is generally measured
between the 50 percent amplitude points on the corresponding leading
and trailing edges of the input and output pulses. Note also that there are
also two types of propagation delay, the propagation delay occurring
when the output changes from high to low (t,..) and the propagation delay
that occurs on the low to high output transition (t,.). Because of the
characteristics of the logic circuit, the propagation delays for the two
types of level changes are generally different. They are of the same order
of magnitude and close in value but nevertheless unequal.

LEADING EDGE

TRAILING EDGE

BINARY 1l —— 0% Jom e /

INPUT 50% fm——————————

BINARY 0— 10%

|
il
| :
| I
vl [~
I
| ]
BINARY 1 :
1 :
OUTPUT RS, feme
|
L L/
I I ! |
BINARY O i - ! I
| : } I
| I
__..= tpHLr'— R~ [DLH r_

Figure 4-1
Propagation Delay.

The rise and fall times of the input and output p:lses are another impor-
tant consideration. The rise time (t,) is the time it takes the pulse to rise
from 10 percent to 90 percent of its maximum value. The fall time (t,) is
the time it takes for the pulse voltage to fall from 90 percent to 10 percent
of its maximum value.

4-7
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For most modern digital integrated circuits propagation delays are very
short but finite. Propagation delays as low as one nanosecond are achiev-
able. Some types of modern logic circuits have propagation delays as
high as several hundred nanoseconds. Rise and fall times are usually less
than the propagation delays. Because of manufacturing tolerances, cir-
cuit wiring and other factors, propagation delays can vary considerably
from their nominal indicated value. In addition propagation delays are
additive. When gates and other combinational logic circuits are cas-
caded, the propagation delays accumulate. If there is more than one level
of logic, the total propagation delay from input to output is simply the
sum of the individual gate propagation delays.

Power Dissipation

Another important characteristic of digital logic circuits is power dissi-
pation. This is a measure of the amount of power consumed by the
components in a typical logic gate or other circuit. Power dissipation, in
milliwatts per logic gate, is an average value since the power consump-
tion is usually different for the binary 1 and binary 0 output states.

The amount of power dissipated by a logic circuit is a very important
consideration in the design of any digital equipment. A high power
dissipation will mean high electrical energy consumption. Naturally, it is
desirable to conserve as much electrical power as possible since the cost
of operation of the equipment is an important consideration. This is
particularly true of large scale digital systems such as computers.

The total power dissipation of the digital circuitry will also determine the
size and cost of the power supply. In addition, high power dissipations
mean high heat levels. In some instances special cooling requirements
may be necessary to ensure proper operation of the equipment. Power
dissipation is particularly important in portable or battery operated
equipment. In order to reduce the cost of the battery and ensure long
battery life, low power dissipation is desirable.

Gate power dissipation runs all the way from microwatts for certain types
of MOS circuits to as high as 60 to 100 milliwatts per gate per certain
types of high speed nonsaturated logic.
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The Speed-Power Trade-Off

Two of the characteristics that we have considered so far, namely, speed
and power dissipation are directly dependent upon one another in all
types of digital logic circuits. The relationship between these two charac-
teristics is such that speed is proportional to power dissipation. The
faster a logic circuit switches the higher its power dissipation. In order to
get high speed operation you must accept the penalty of high power
dissipation. This trade-off or compromise between speed and power is
one of the most important consideratons that a digital designer must
make in a selection of a type of logic circuit for a given application. High
speed digital logic circuits use nonsaturating bipolar transistors. Because
the transistors do not saturate, their emitter-collector voltage drops are
higher. Combine this with the very low circuit resistance values to
minimize charge and discharge times of stray capacitances and the result
is high power consumption.

MOS integrated circuits consume a very small amount of power. Their
high impedance nature is partially responsible for this, however, this
characteristic plus the built-in capacitances make for very slow switch-
ing speeds. The result is that the frequency of operation is severely
limited. Nevertheless, the extremely low power consumption — on the
order of nanowatts — makes MOS circuitry extremely desirable for port-
able and battery operation where high speed is not required. Other types
of logic circuits fall between these two extremes. The speed-power trade
off is an inherent compromise.

Noise Immunity

Noise immunity is a measure of the susceptibility of a logic circuit to
noise pulses on the inputs and output of a logic circuit. Noise is consid-
ered to be any extraneous and undesired signal generated within the
equipment itself or externally that is added to and appears super-
imposed upon the standard system logic levels. This noise can be a
slowly varying dc level or very high frequency short duration voltage or
current spikes. The noise may be either randomly occurring or repetitive.
In any case the noise signals can cause the logic circuit to switch to an
undesirable state at an improper time.

4-9
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All digital logic circuits have built-in noise immunity. Because of the
voltage thresholds associated with the components and the circuit, most
logic circuits are capable of rejecting noise spikes of a relatively high
amplitude. The noise immunity of most logic circuits is from approxi-
mately 10 to 50 percent of the supply voltage. This means that a noise
spike occurring on a binary 0 or binary 1 level will be rejected if its
amplitude is below a level that is 10 percent to 50 percent of the supply
voltage. A circuit with a noise immunity of one volt, for example, would
reject noise pulses that are one volt or less different from the nominal
binary 0 or binary 1 logic levels. In some cases, noise is rejected by the
logic circuit by virtue of its slow response. Some noise is high frequency
in nature and noise pulses are of such short duration that the logic
circuits cannot respond fast enough to cause a logic state change.

Noise immunity is an important consideration of digital logic circuits
since most digital systems generate a substantial amount of noise during
high speed switching. In addition, much digital equipment is used in
noisy industrial environments where transients from the power line and
other electrical equipment can cause false triggering of the logic cir-
cuitry. When selecting a particular digital integrated circuit for a logic
application, noise immunity is an important consideration.

Fan Out

Fan out is a characteristic that indicates how much of a load can be
connected to the output of a digital circuit. Fan out is generally expressed
in terms of the number of standard size loads that a logic gate output can
accommodate and still maintain proper operation at the nominal logic
levels, speed, temperature range and other factors. Because of the com-
ponent limitations and circuit configuration naturally there is a limit to
the number of loads that can be connected to a logic circuit. A typical
logic gate, for example, may have a fan out of ten, indicating that ten
separate gate inputs can be attached to the output of this logic circuit and
still maintain proper operation according to the manufacturer’s specifi-
cations.

There are two basic ways that the output of a logic circuit is connected to
the load. Some loads appear essentially between the output of the logic
circuit and ground while others appear between the output of the logic
circuit and the supply voltage.
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Current Source Logic. When the loads appear between the output of the
logic circuit and ground, the driving logic circuit functions as a current
source, This type of logic is referred to as current sourcing logic. An
illustration of this type of circuit configuration is shown in Figure 4-2A.
Here the output of a logic circuit Q1 drives two similar logic circuits
made up of Q2 and Q3. When transistor Q1 is on, the voltage at point X is
near zero volts so no base drive is applied to Q2 and Q3, therefore they do
not conduct. However, when Q1 cuts off, the supply voltage effectively
furnishes current through collector resistor R to base resistors Ry, and
Rye. As you can see, each load consists of the emitter-base junction of a
transistor and the appropriate base resistor connected between the output
of the logic circuit (point X) and ground. As more of these loads are
connected to the circuit, the total effective resistance of the load de-
creases and therefore causes increased current to be drawn from the
supply through the collector resistor. The voltage divider formed by the
collector resistance and the external loads causes the logic output voltage
level to decrease as the number of loads increase. In order to maintain a
specific minimum logic level at the collector of Q1, the number of loads
must naturally be limited. In addition, the size of the supply voltage and
collector resistor effectively limits the maximum amount of current that
the driving logic circuit can supply to the transistor loads and still ensure
that they all saturate. The maximum available current is Vo + Re.

Figure 4-2 Examples of
current sourcing (A) and current
sinking (B) logic circuits.

4-11
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Current Sink Logic. Another type of logic circuit, referred to as current
sinking logic, is shown in Figure 4-2B. Here the loads appear effectively
between the output of the logic gate (point Y) and the supply voltage. The
logic circuit is shown driving two diode gates. When transistor Q4 is cut
off its collector voltage is V o therefore, diodes D1 and D2 are not forward
biased so they draw no current. However, when transistor Q4 conducts, a
current path is formed through Q4, the collector resistor Rand through
each diode gate load R-D, and R,-D,. The greater the number of loads
connected, the higher the current that will pass through the driving or
sink transistor Q,. As more loads are added, the collector current of Q,
increases, and the binary 0 output level increases. In order to maintain
saturation and a reasonably low binary 0 level, the base drive to Q4 must
be sufficiently high to handle the current of the external load as well as
that determined by collector resistor Re.

Self Test Review

1. The most important logic circuit characteristics are:

a.
b.
c.
d.
e.

2. Typical propagation delay range for modern digital integrated cir-
cuits is
a. 1 to 100 milliseconds
b. 1 to 100 microseconds
c. 1 to 100 nanoseconds
d. 1 to 100 picoseconds
3. Decreasing the propagation delay of a logic circuit generally results
in an increase in
a. power dissipation
b. fan out
€. noise immunity
d. package size

4. Increasing the number of loads on the output of a current source type
logic circuit causes the binary 1 output level to
a. increase
b. decrease
¢. remain the same
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5. Increasing the load on a current source type logic circuit causes more
current to be drawn through the
a. collector resistor
b. output transistor
and in current sinking logic increasing the number of loads causes
more current to be drawn through the
c. collector resistor
d. output transistor

6. A logic circuit with a noise immunity of 40 percent is better in
rejecting noise than one with 10 percent.

a. True
b. False
Answers

1. Logic levels, propagation delay, power dissipation, noise
immunity and fan out.

(c) 1 to 100 nanosecond (1 nanosecond = 107° second)
(a) power dissipation

(b) decrease

(a) collector resistor
(d) output transistor

6. (a) True

SEF SIS
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Since all modern digital equipment is made up of integrated circuits you
should be familiar with the various types. In this section you are going to
learn how integrated circuits are classified and something about their
physical characteristics. You will also learn of the most popular families
of integrated circuits used in digital equipment today.

Integrated circuits are classified in three basic ways: by method of man-
ufacturing, by application and by function. Let’s briefly consider each of
these types of classifications.

Manufacturing Methods

There are four basic ways of making integrated circuits. The most widely
used method is called monolithic. Other types of manufacturing methods
include thin film, thick film, and hybrid.

Monolithic. A monolithic integrated circuit is one that is constructed
entirely on a single chip of silicon semiconductor material. Semiconduc-
tor materials are diffused into the basic substrate or base material to form
the various junctions making up components such as diodes, transistors
and resistors. The semi-conductor materials to be diffused into the sub-
strate are in gaseous form and are deposited on the substrate through a
series of masking operations under very high temperature. The result is
that the entire circuit, all components and interconnections, are on a
single base, thus the term monolithic. Most integrated circuits are con-
structed using this monolithic technique.

There are two basic forms of monolithic integrated circuits: bipolar and
MOS. Here the difference is primarily that of the type of transistors used
in constructing the circuits. Bipolar circuits which can be either saturat-
ing or non-saturating are by far the most widely used. But MOSFET
circuitry is becoming more popular. The MOS circuitry is easier to make
and takes up less space; therefore, much more circuitry can be placed on a
silicon chip of a given size. The simplicity of the components also make
the manufacturing yield much higher. The result is that MOS circuits can
be constructed with higher density and at lower costs.
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Thin and Thick Film Techniques, Thin and thick film integrated circuits
are manufactured by depositing certain materials on a non-conducting
base such as ceramic. Through a series of masking procedures, various
resistive and conducting materials are deposited on the base or substrate
to form resistors, capacitors, and inductors. Semiconductors are not
usually manufactured in this way. Thin and thick film techniques are
primarily used for manufacturing passive networks such as attenuators,
filters, phase shift networks and the like. Because such networks can be
made extremely small they offer the same advantages over discrete com-
ponent circuits as do monolithic integrated circuits. Another advantage
is that component tolerances can be closer than equivalent components
made by monolithic techniques. For high quality precision circuits, thin
and thick film techniques are preferred.

Hybrid Circuits. A hybrid integrated circuit is one made up of a combina-
tion of monolithic, thin film or thick film circuits. Any number of combi-
nations are considered to be hybrid. A hybrid integrated circuit may
consist of multiple monolithic chips interconnected in a single package.
Another example of a hybrid is a monolithic circuit combined with a thin
film or thick film passive network. Sometimes monolithic circuits and
thin film or thick film circuits are also combined with individual
semiconductor component chips to form a special high grade circuit for
an unusual application.

Hybrids offer the advantage that a variety of different integrated circuits
and components can be combined to offer special advantages not avail-
able in individual types of integrated circuits alone. For example, be-
cause of the ultra small size of a monolithic circuit, power dissipation is
~limited. In order to handle high power requirements it may be necessary
to combine a low power monolithic circuit with a power transistor
mounted on a separate chip but physically interconnected within the
same package. High precision circuit requirements might be met by a
combination of a monolithic circuit and a highly accurate thin film
network, Because more than one type of technique is involved, and the
complication of the interconnections that are necessary, hybrid circuits
are more complex and expensive than other types. However they do offer
the designer a wide range of capabilities while still maintaining the ultra
small size and other benefits generally associated with integrated cir-
cuits.

4-15
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Application

Another method of classifying integrated circuits is by their application.
Primarily, this is a means of distinguishing between linear and digital
circuits. Digital integrated circuits of course work with logic levels,
pulses and binary data. Such switching circuits use either bipolar transis-
tors of MOSFETs. Linear integrated circuits usually involve amplifiers of
some kind and work with analog signals. They are constructed with
bipolar transistors.

The chart in Figure 4-4 shows the basic integrated circuit hierarchy.

INTEGRATED
CIRCUITS

[ ]

THIN/THICK
MONOLITHIC
FILM HYBRID
DIGITAL LINEAR
LINEAR
DIGITAL { bipolar }
BIPOLAR MOS

[ [ I e

Por N
RTL DTL 1L ECL CMOS

CHANNEL

Figure 4-4 Hierarchy
of integrated circuits.
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Function

There are three basic classifications that identify the function of a digital
integrated circuit, These are small scale integration (SSI), medium scale
integration (MSI), and large scale integration (LSI).

SSI circuits are the simplest and most basic form of integrated circuits.
These are amplifier or gate circuits that perform a single basic function.
They must be interconnected externally in order to form complete func-
tional or operational circuits. A typical SSI digital integrated circuit
might consist of several multiple input gates or a flip-flop.

Medium scale integrated circuits are more complex. MSI circuits involve
multiple gates which are interconnected to form a complete functional
circuit. Most MSI circuits contain twelve or more equivalent gates or
circuitry of similar complexity. An MSI circuit is usually a complete
functional operating network such as a decoder, a counter or multiplexer.
Such circuitry eliminates the need of having to interconnect individual
gates in SSI packages to form the same function. MSI circuits greatly
reduce the number of integrated circuits in a system and thereby reduce

cost, assembly time, and in some cases, power consumption.

LSI circuits contain 100 or more equivalent gate circuits or networks of a
similar complexity. LSI circuits are larger functional circuits or are the
equivalent of multiple MSI circuits. An LSI circuit often forms a complete
system or instrument. The major application of LSI circuits is in
semiconductor memories which store binary data. However, there are
many different types of complex LSI circuits including electronic cal-
culators, computers and certain types of test instruments.

Integrated Circuit Packaging

A primary consideration to the integrated circuit user is the packaging
and physical characteristics of integrated circuits. There are three basic
methods of packaging the silicon chip. These are the TO5 can, the flat
pack, and the dual in-line package. These three basic types of packages
are illustrated in Figure 4-3.

T05

=

T

il

FLAT PACK

Figure 4-3 Illustrations of typical

T05, flat pack and DIP ICs,
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TO5. The earliest form of package used for integrated circuits was the
TOS can. This is a standard configuration for packaging transistors. This
same package was modified by including additional leads. This type of
package is still used with integrated circuits today but it is not the most
popular form. Its advantage is that it can dissipate a substantial amount of
heat, For that reason, this package is used mostly with linear integrated

circuits,

Flat Pack. The flat pack was another type of housing used in the early
development stages of integrated circuits. It is the smallest of all available
integrated circuit packages and is designed for high density packaging.
The packages are flat and are designed to be soldered or spot welded toa
circuit board. Circuits can be placed close together and, therefore, a
considerable amount of circuitry can be packaged in an extremely small
area. Because of their ability to be packed so densely, these integrated
circuits are generally made of a ceramic material that can withstand high
temperatures. Closely packaged circuits cause heating and cooling prob-
lems. Therefore, the circuitry must be able to withstand such an envi-
ronment. Flat pack circuits are used primarily in critical-size appli-
cations such as avionics, high reliability military systems and special
industrial equipment.

DIP. The newest and most widely used form of integrated circuit packag-
ing is the dual in-line package (DIP). It is slightly larger than the other
types available but it offers many advantages. Such circuits are easy to
mount and use. They are designed to be adaptable to machine insertion
on printed circuit boards. They are available in various sizes, all the way
from an 8-pin package (mini DIP) to a 40-pin package. Most SSI circuits
are housed in 8, 14 or 16-pin dual in-line packages. MSI circuits are found
in 14, 16 and 24-pin dual in-line packages. LSI circuits, because of their
greater size complexity, require a greater number of input and output
leads and, therefore, are usually housed in 24, 28 and 40-pin packages.

Several different types of dual in-line package materials are used. The
most commonly used and least expensive is a plastic package. In this type
of package, the integrated circuit chip is spot welded to a metal lead
frame. The entire circuit is then encapsulated by an injection molded
plastic technique.

For some critical integrated circuits, several types of ceramic packages
are used. These are capable of withstanding higher temperatures and are
generally hermetically sealed to provide an extra clean and safe envi-
ronment for the circuit.
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Temperature Ranges

Most integrated circuits are rated according to the range of temperatures
over which they can operate satisfactorily. Most manufacturers generally
specify both amilitary grade and a commercial or industrial grade circuit.
The military grade circuits can be packaged in TOS cans, ceramic flat
packs, or ceramic dual in-line packages. These devices are capable of
operating over a wide temperature range, usually from —55°C to +125°C.
Circuits that perform properly over this wide temperature range are
generally much more expensive. Such circuits are used only in high
quality military equipment or in industrial equipment that is to be oper-
ated in severe environments.

For most general applications the commercial or industrial grade
integrated circuits can be used. These are generally housed in plastic
packages and are capable of operating over the 0°C to 70°C temperature
range. Other temperature ranges are sometimes specified for different
types of integrated circuits. Check the manufacturers data sheet for
specific information on temperature ranges.

Self Test Review

7. Most digital ICs are
a. Thin film.
b. Thick film.
c. Hybrid.
d. Monolithic.
8. Transistors are not usually made by thin or thick film techniques.
a. True
b. False

9. A functional digital IC containing 50 gates is classified as
a. SSI

b. MSI
c. LSI
10. The most popular IC package is the
a. TO5 can
b. flat pack
e. DIP
11. The two types of DIP packaging materials are and

12. List the two temperature ranges of most digital ICs.
Military
Commercial/Industrial

4-19
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7. (d) Monolithic
8. (a) True
9. (b) MSI
10. (c) DIP
11. Plastic, ceramic

12. Military: —55°C to +125°C
Commercial/Industrial; 0°C to +70°C
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TRANSISTOR TRANSISTOR LOGIC

There are many different types of integrated circuit logic elements used
in implementing digital equipment. All of them perform the basic logic
functions but have different characteristics, capabilities and limitations.
Different types of digital logic circuits have been developed to meet
special needs. Over the years a variety of circuits have emerged.

One of the biggest and most important design decisions made by an
engineer designing digital equipment is in the selection of a type of
digital logic circuit. In this section we are going to discuss the most
popular form of bipolar integrated circuit logic elements, transistor trans-
istor logic. Non-saturating bipolar circuits and MOS digital integrated
circuits will be considered in following sections.

The most popular and most widely used type of digital IC is transistor-
transistor logic (TTL or T?L pronounced T square L). Its popularity is
primarily the result of its extremely low cost and the availability of a wide
variety of SSI logic elements and MSI functional circuits. Its ease of use,
high performance characteristics and interfacing capability are other
features that make it desirable. A number of special types of TTL circuits
are available to match special needs. Even though TTL integrated circuits
have been available for approximately ten years, this type of logic circuit
continues to remain popular for use in new equipment designs. Its ver-
satility has made it the standard logic circuitry used in modern digital
equipment, Most of the experiments you will perform in this program use
TTL integrated circuits.

4-21



4-22

UNIT FOUR

HEATHKIT
CONTINUING

e AL )

—

Circuit Operation

Figure 4-5 shows the circuit of a typical TTL logic gate. It operates from a
single +5-volt power supply and has typical logic levels of .4 volts for
binary 0 (low) and 2.4 volts for a binary 1 (high). The circuit consists of
three basic sections: a multiple emitter input transistor (Q1), a phase
splitter transistor (Q2), and a totem-pole output circuit consisting of
transistors Q3 and Q4. The multiple emitter-base junctions of transistor
Q1, along with R1, form a diode gate. The primary advantage of this
arrangement over individual diodes is that higher speed operation can be
obtained.

Figure 4-5
A typical transistor-transistor
logic gate.

The phase splitter transistor (Q2) is a circuit that provides complemen-
tary drive signals for the two output transistors. The output circuit con-
sists of transistors Q3 and Q4. These transistors are stacked one upon the
other. Thus, this arrangement is given the name totem-pole. Transistor
Q3 is simply a shunt transistor switch. Q4 in this circuit essentially serves
as an active load resistor for Q3. In some logic circuits, the collector of the
output transistor is returned through a collector resistor to the supply
voltage. This collector resistor is known as a pull-up resistor because it
causes the output to be pulled up to the supply voltage when the output
transistor cuts off. In the TTL gate, Q4 serves as an active pull-up resistor.
Current to any shunt load on the output is supplied by this transistor.
This arrangement provides a much lower output impedance in the high
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output state and therefore higher speed operation can be obtained. In
logic circuits using a pull-up resistor, any shunt output capacitance must
be charged through the collector pull-up resistor, This charging time can
be long depending on the amount of shunt capacitance and the value of
the collector resistor. With the active pull-up arrangement in the TTL
gate, any output capacitance can be charged more quickly through the
very low impedance represented by Q4.

To simplify the discussion of the TTL logic circuit it is convenient to
show a diode equivalent of the key parts to this circuit. This diode
equivalent arrangement is shown in Figure 4-6. Diodes D1 and D2 in this
circuit represent the emitter-base input junctions of transistor Q1. Diode
D3 represents the base-collector junction of transistor Q1. Diode D4
represents the emitter-base junction of Q2, and D5 is the emitter-base
junction of Q3. Study the diode equivalent in Figure 4-6 and relate it to
Figure 4-5. Keep in mind that a PN junction silicon diode requires
approximately 0.7 volts across it before it conducts. The forward voltage
drop across this diode is also approximately 0.7 volts. Since diodes D3,
D4 and D5 are connected in series, the voltage at point X will be the sum
of the individual voltage drops or in this case approximately 3x0.7=2.1
volts. A voltage less than 2.1 volts at point X will mean that all three
diodes will be cut off.

EMITTER-BASE
JUNCTION OF Q,
EMITTER-BASE
D D JUNCTION OF 03
4 5
Bt b
' L

BASE-COLLECTOR
JUNCTION OF Ql

EMITTER-BASE
JUNCTIONS OF Ql

Figure 4-6 Diode
equivalent circuit of TTL gate.

Now consider the operation of the circuit. If either one or both of the logic
inputs are at their binary 0 level, 0.4 volts or less, the associated input
emitter junction will conduct. The voltage at the base of Q1, (point X in
Figure 4-6) will be the input logic level voltage plus the drop across the
input emitter-base diode, in this case approximately 0.4 + 0.7 = 1.1 volts.
Current will flow through the input diode whose input is low and
through the 4K pull-up resistor. Since the voltage at the base of Q1 (point
X in Figure 4-6) is less than that required to cause the three diode string to
conduct, the base-collector junction of Q1 will not conduct. The emitter-

4-23



4-24 | uniTFour

HEATHKIT
CONTINUING
EDUCATION

e
et

INPUTS ouTPUT
A B C
+. 4V +.4v +3.6V
o4V ) 3.6V +3, 6V
+3,6V +.4V +3, 6V
+3.6V | +3.6V +.4V
A
INPUTS OUTPUT
A B c
0 0 1
0 1 1
1 0 1
1 1 0
B
INPUTS ouTPUT
A B c
1 1 0
1 0 0
0 1 0
0 0 1
C

Figure 4-7 Truth tables
for typical TTL logic gate (A)
electrical, (B) positive logic

NAND, (C) negative logic NOR.

base junctions of Q2 and Q3 will not conduct therefore these transistors

will be cut off. With Q2 off, base current will be supplied to transistor Q4

through resistor R2. Q4 will conduct if an output load is connected to

ground. The output voltage at this time will be the supply voltage +V¢c¢
less the drop across diode D1, Q4 and the 130 ohm collector resistor. A

typical TTL binary 1 output voltage level is approximately +2.4 to +3.6
volts. A binary 0 voltage level at either or both of the inputs will produce a

binary 1 output.

Ifabinary 1 logic level is applied to both inputs, the input diode junctions
will be reverse-biased. A typical binary 1 logic level input will be +2.4
volts or higher. Most of the inputs will be driven from other TTL output
circuits and therefore, the output voltage will in most practical situations
approach +3.6 volts. With the emitter-base input diodes reverse-biased,
the diode equivalent string D3, D4, and D5 in Figure 4-6 will conduct
through the 4K resistor. This means that the emitter-base junctions of Q2
and Q3 will be forward-biased as well as the base-collector junction of
Q1. With Q2 conducting, its collector voltage is lower than that required
to turn Q4 on. Base current normally supplied to Q4 through R2 is
shunted away by the conduction of Q2. With Q2 conducting Q3 will
saturate. At this time the output voltage is the emitter-collector saturation
voltage of Q3 which will be +0.4 volts or less. As you can see, with binary
1's on both inputs, the output will be binary 0. From this circuit descrip-
tion you can see that the circuit performs the NAND function for positive
logic and the NOR function for negative logic. The truth tables in Figure
4-7 sum up the operation of the basic TTL gate while the basic charac-
teristics are summarized in Table 1.

Table I

TTL Characteristics
Type of logic: Current sinking
Propagation delay: 10 nanoseconds
Power dissipation: 10 milliwatts
Fan out: 10
Noise immunity: high
Logic levels: binary 0 = + .4 volts
binary 1 = +3.6 volts
Basic gate form: positive NAND/negative NOR
Supply Voltage V.- +5 volts £10 percent
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TTL integrated circuits continue to be one of the most popular and widely
used forms of logic elements. Many new equipment designs continue to
use this type of circuit. Many manufacturers supply TTL circuits and new
circuits are developed regularly. The wide range of SSI and MSI types
make TTL circuitry perhaps the most versatile line of digital integrated
circuits available. The most common type of TTL circuits are the 7400
series originally developed by Texas Instruments. Almost all other inte-
grated circuit manufacturers second source this series of TTL circuits.
Other TTL circuits are also available. These include the 9300 series made
by Fairchild and the 8000 series manufactured by Signetics. All of these
types of TTL circuits are compatible with one another. In this program
you will use and demonstrate many different types of the 7400 series of
TTL ICs.

Special TTL Variations

All TTL integrated circuits whether SSI or MSI, combinational or sequen-
tial use the basic TTL gate circuit shown in Figure 4-5. In addition there
are several other versions of this TTL circuit made for special applica-
tions. These include gates for low power operation, higher speed opera-
tion or special logic functions.

Low Power TTL. Low power TTL circuits are similar to the basic TTL
circuit described earlier. The only difference is that the resistor values in
the circuit are approximately ten times higher meaning that the power
consumption of the circuit is one tenth of that of the standard circuit. Low
power TTL circuits are excellent for applications requiring a versatile
high speed logic line with minimum power consumption. Increasing the
values of the internal resistances, causes the propagation delay of the
circuit to be increased. The propagation delay in a typical low power gate
is approximately 30 to 40 nanoseconds. High speed is sacrificed for low
power consumption.

High power TTL. The high power TTL circuit is basically the same as the
standard circuit considered earlier. In this circuit resistor values are
decreased significantly in order to improve operating speed. Typically,
the gate propagation delay is reduced to approximately 6 nanoseconds.
This increase in speed is accompanied by a power dissipation approxi-
mately twice that of a standard gate. This is approximately 22 milliwatts
average power dissipation per gate. High power TTL circuits have for the
most part been replaced by the newer Schottky TTL circuits which are not
only faster but also consume less power.
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Schottky TTL. The transistors in a TTL logic circuit operate in the
saturation mode. To achieve higher speed operation than that obtainable
with a standard or high power TTL gate, non-saturating transistors must
be used. This is what is done to improve the speed of operation of
Schottky TTL circuits.

The circuit of a Schottky TTL gate is basically the same as the standard
TTL gate circuit we discussed earlier. The primary difference is that a
diode is connected between the base and collector of each transistor in
order to prevent those transistors from saturating. See Figure 4-8A.

—&)

Figure 4-8
Hot carrier diode clamped
transistors used in Schottky TTL
circuits to prevent saturation
and increase switching speed.

When the transistor begins to turn on, its collector voltage will drop
quickly to some low value., When it drops beyond a certain point, the
diode will conduct and shunt current away from the collector-base junc-
tion that would normally conduct during saturation. The diode effec-
tively clamps the collector to a voltage sufficiently high to keep the
base-collector junction reverse biased. This circuit permits the condition
of saturation to be closely approached but still avoided.

The diode used to provide the clamping that prevents saturation is a hot
carrier or Schottky diode. This type of diode, unlike other semiconductor
diodes, is not a PN junction type. Instead a Schottky diode is the junction
of a metal such as gold or aluminum and N-type semiconductor material.
These diodes are not separate units. Instead they are part of the complex
integrated circuit diffusion on the silicon chip. These diodes are high
speed in operation because they do not have the normal charged storage
normally associated with PN junction diodes. The forward voltage drop
or voltage required for the diode to conduct is also much less than a
standard PN junction.



PRI —
HEATHKIT
CONTINUING
EDUCATION
=y

Digital Integrated Circuits

The Schottky clamp diode as it is used on the transistors in a TTL gate is
illustrated in Figure 4-8B. Note the special symbol used to represent the
Schottky diode. The special symbol on the right in this figure is a
Schottky diode clamped transistor. You will see this symbol used in
schematic diagrams of Schottky TTL logic circuits.

The primary advantage of the Schottky TTL gate is its higher speed of
operation. Since the transistors do not saturate, no charge storage prob-
lems occur. Gate propagation times as low as 3 nanoseconds are possible
with this type of circuit. At the same time Schottky TTL gates achieve this
rate of switching at a power dissipation of approximately 19 milliwatts,
something less than the high power TTL circuit. A special low power
Schottky TTL circuit with a propagation delay of 10 nanoseconds and a
power dissipation of 2 milliwatts is also available. This form of TTL has
one of the most favorable speed-power trade-offs of any digital integrated
circuit.

Three State TTL. Three state TTL integrated circuits are a special version
of TTL circuits whose output can assume three states instead of the
normal two. Besides the binary 0 and binary 1 logic levels normally
associated with a TTL gate output, the three state circuit has a third open
state. This open state represents a very high impedance and is essentially
equivalent to disconnecting the TTL totem pole output circuit from the
output pin on the integrated circuit. This particular type of circuit is
useful in digital systems using multiplexed or bussed data transmission.

A data bus is a group of wires, transmission lines or cables over which
digital information or binary numbers are transferred in parallel from one
point to another. There are basically two types of data busses, unidirec-
tional and bi-directional. On a unidirectional bus, data is transferred in
only one direction, On a bi-directional bus, data can move in either
direction. Most digital busses are bi-directional in nature.

Instead of having multiple parallel paths for the transmission of digital
data in two directions, a common bus is used and the information is
transferred from one place to another on a time shared basis. While data
from one particular source is being transferred, other data waits until the
current transfer is complete. The concept of having one bus serve as a
carrier for multiple signals is known as multiplexing. Circuits not cur-
rently in use are disabled while those sending and receiving data on the
bus are activated.
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Figure 4-9 shows a simplified diagram of a typical bi-directional digital
data bus. Only one of several identical bus lines is shown. This bus line is
generally responsible for transmitting one bit of data of a multiple bit
binary word. The bus itself may be simply a cable several feet long or a
transmission line several hundred feet long. Gates 1, 2, or 3 can transmit
one bit of information down the bus line to be received by gate 8. Only one
of the three gates will be enabled at a time to transmit the desired data.
Note that the same bus can be used to transmit binary information from
either gate 6 or gate 7 down the transmission line to be received by gates 4
or5. Just keep in mind that only a single data transmission may take place
at any given time but that it may be in either direction from any one of
several sources or to several destinations.

A

BUS LINE (1 OF SEVERAL )

r
< &

Figure 4-9
Bi-directional digital data bus.
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The digital bus is relatively easy to implement with logic circuits using
collector pull up resistors. The outputs of the gates from which the digital
data comes are simply connected in parallel as illustrated in Figure 4-10.
By connecting their outputs directly together, we effectively parallel the
collector resistors, thereby reducing the total resistance to one half the
value of an individual resistor. The two output transistors then share a
common collector resistance. With this arrangement either transistor Q,
or Q, can bring the output to the binary 0 condition. If Q, conducts and Q.
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is cut-off or if Q, conducts and Q, is cut-off, the output will be binary 0.
The only time that the output will rise to + V¢ is when both QQ; and Q; are
cut-off. The way digital data is transmitted by one gate then is to disable
the gates not responsible for transmitting data. This is done by applying
the appropriate input to the gate so that its output transistor is cut-off.
This permits the other transistor to control the state of the output.

IC LOGIC
+Vcce GATE +Vee

QuTPUT

Figure 4-10
Paralleling gate outputs
to share a common output line.

Parallel gate outputs form what is known as the wired OR connection. It
is given this name simply because either transistor Q; OR QQ, can bring the
output to the binary 0 level. This connection is frequently used to imple-
ment the logical OR function without the need of an additional gate.

Because of the active pull-up circuit in the totem pole output of a TTL
gate, TTL circuits cannot be wire ORed. Improper operation or damage
can occur. For this reason TTL ICs cannot be used in bussing operations.
To overcome this problem, open collector TTL circuits can be used. In
these circuits, the active pull-up stage is eliminated and the collector of
the shunt output transistor is made available at an output pin. To this is
connected an external collector pull-up resistor, The wired-OR arrange-
ment can then be used. However, because the active pull-up transistor is
removed, one of the primary advantages of a TTL gate is eliminated. The
active pull-up produces higher speed operation and lower output impe-
dance, both of which are desirable not only from a speed stand point but
from one of improving noise immunity.
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The disadvantage of not being able touse TTL circuits in bus applications
was overcome by the development of three state logic. This type of logic
was originally introduced by National Semiconductor Corporation as
Tri-State Logic. Three state logic is a special form of TTL that retains the
basic TTL circuit configuration including the totem pole active pull-up
output circuit. However, additional circuitry has been added to produce
an optional high impedance third state that can effectively remove from
any common bus line those circuits not transmitting data.

A typical three state TTL circuit is shown in Figure 4-11A. The circuit
arrangement is basically identical to the TTL gate circuit we discussed
earlier. Q, is the multiple emitter input transistor, Q, is the phase splitter
while Q, and Q; form the totem pole output circuit. Transistor Q, has been
added in order to provide better control of output transistor Q,. Together,
Q; and Q, form a compound or Darlington transistor with high gain.
Components D;, Q;, Q; and Qg have been added to control the third state.

+Vee

+Vee

CONTROL

Figure 4-11 A B

Three state TTL gate schematic

(A) and the logic symbol (B).
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Whenever the control input is low, transistor Qg saturates. When it
saturates it causes the collector of Q4 and hence the base of Q, to be nearly
the same low input value. This means that Q; and Qg are cut-off. The TTL
gate then functions normally. Here the standard TTL output logic levels
for binary 0 and binary 1 are achieved according to the input states.

When the control input is made a binary 1, Qs cuts off. The emitter-base
junctions of Q; and Qg become forward biased through the base-collector
junction of Qs and the associated base resistor. With Qg saturated, the
third input to Q, is brought to ground along with the cathode of diode D,.
As you recall, when anyone or more of the inputs of a TTL gate are
brought to a binary 0 level, the output is forced high. This is done by
turning on the active pull-up transistor Q, and turning off the shunt
output transistor ;. But in this case, both output transistors Q, and Q; are
cut-off. When Qg saturates, the cathode end of D, is grounded. All the base
current for Qg is shunted away. This causes Q; and Q, to cut off. With both
output transistors Q, and Qj cut-off, the output is effectively an open
circuit. Looking from the output of the gate back into the circuit, any load
sees an extremely high impedance. Because of the high quality of the
circuit and the low leakage, any load sees essentially an open circuit.
With this arrangement, any number of three-state TTL outputs may be
paralleled to form a common bus line. When data is to be transmitted, all
of those gates not transmitting data will have their control lines at binary
1 so that their outputs represent an open circuit. Only the gate designated
to transmit data will be enabled.

Figure 4-11B shows the logic symbol normally used to represent a three
state TTL gate.
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13. Astandard TTL gate performs what logic function for positive logic?
a. AND
b. OR
c. NAND
d. NOR
14, If all inputs of a TTL gate are binary 1, the output will be
a. binary 0
b. binary 1

c. indeterminate
15. The typical TTL logic levels are

binary 0 . volts
binary 1 . volts
16. Two features that make the TTL gate faster than other types of gates
are and

17. Schottky TTL is faster than standard TTL because
a. smaller resistor values are used.
b. it consumes more power.
c. hot carrier diodes are faster than regular diodes.
d. non-saturating transistors are used.
18. Three state TTL has three possible output states. These are
and

19. The two types of TTL that can be wire ORed are and

20. For TTL loads, a TTL circuit acts as a
a. current source
b. current sink.

Answers

13, (c) NAND

14. (a) binary 0.

15. binary 0 =+0.4 volts
binary 1 = +3.6 volts

16. multiple emitter input transistor, totem pole or active out-
put circuit.

17. (d) non-saturating transistors are used.
18. binary 0, binary 1, open

19. open collector, three state

20. (b) current sink for TTL loads.
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EXPERIMENT 5
TTL LOGIC GATES

OBJECTIVE: To demonstrate the operation and characteristics of a
TTL logic gate and to show how it can be used to
perform any of the three basic logic functions.

Materials Required

1 — SN7400N (7400) quad-two input TTL integrated circuits (443-1)
1 — 1N4149 silicon diode (56 - 56)

1 — 560 ohm /2 watt resistor

Heathkit ET-3200 Digital Design Experimenter

DC Voltmeter

Procedure

1. Mount the 7400 TTL integrated circuit on the breadboarding socket.
Be sure that it is seated firmly straddling the notch in the socket and
that none of the pins are bent. Connect pin 14 to +5 volts and pin 7 to
GND to supply power. Figure 4-12 shows the pin connections.

TOP VIEW
+5V

[l

NOTCH —*

Figure 4-12
Pin connections for 7400 TTL IC.
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. Connect one of the four gates in the IC as shown in Figure 4-13. The

input will come from data switch SW1. You will monitor the input
and output states with the L1 and L2 LED indicators and your DC
voltmeter.

1/4-7400

Figure 4-13

. Set SW1 to the down position then the up position. Measure the DC

input (pins 1 and 2) and output (pin 3) voltage for each position.
Record your data in Table I. Also note the LED indicator input/output
states.

Table I

INPUT OUTPUT
a3 kv
\ v

. Assuming positive logic, the output logic levels are:

binary 0 = w1V volts.
binary 1 = ARY volts.

. Study Table I. What logic function is being performed?

114-.1'.‘&-\

. Connect the diode-resistor circuit shown in Figure 4-14 to the output

of the TTL gate. This circuit simulates a load of about 5 TTL gate
inputs. Again measure the input and output voltages of the circuit for
both positions of SW1. Record your data in Table IL

OUTPUT Gl
VOLTAGE
5600
SW1 1:::):3 €
2 INA149
L1 L2 ( 56-56 |

Figure 4-14
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Table II
INPUT OUTPUT
Q ,.'_i '_Ll v
) sl M

7. Compare the output data in Tables I and II and account for any
differences. Does the loading affect the binary 0 or binary 1 output
state most? l

8. Wire the circuit shown in Figure 4-15. Remove the 1IN4149 and 560()
resistor load used in the previous steps. The inputs come from SW1

and SW2. You will measure the output voltage C at pin 3 of the 7400
IC.

9. With SW1 and SW2, apply the input voltages given in Table III
Measure and record the output voltage for each set of inputs.

Table III
INPUTS OUTPUT
A(SW1) B(SW2) C
ov ov 2.8V
ov +5V L,
+5V ov 3.5V
+5V +5V , ol

10. Using positive logic convert your electrical truth table in Table III
into 1's and 0’s in Table IV.

Table IV

A B C

11. Study Table IV. What logic function is being performed?

)

-

—_— 3 C
—
swz B 2

Figure 4-15
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12, Using negative logic, convert the data in Table Il into 1s and 0s and
record in Table V.

Table V

13. Study.;l‘able V. What logic function is being performed?

)
/ ‘.:‘r / l'ﬁ\

14. Remove the wires connecting pins 1 and 2 of the ICto SW1 and SW2.
Let the gate inputs hang free. Note the output state.

With open inputs, the TTL gate output is volts or
binary ______ for positive logic. This means that an open input
acts like a binary ;

15. Wire the circuit shown in Figure 4-16. With SW1 (A) and SW2 (B),
apply the states shown in Table VI. Record the state for each set of
inputs. Observe LED indicators L1, L2, and L3 to obtain your input
and output data. Use positive logic (binary 1 = on, binary 0 = off).

A 1, ] c /
SW1 —u 3 6 b
=N l 2
Sw? 52 3 L3
LED

Figure 4-16

B 4 Table VI

e =1 =
=lol~=|lo|H
'S )
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17

18.

19.

20.

21.
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Study the circuit in Figure 4-16 and the data in Table VI. What logic
function is being performed? A d

Connect the circuit shown in Figure 4-17. Monitor the inputs and
output on LED indicators L1, L2, and L3. With SW1 (A) and SW2 (B),
apply the input shown in Table VIIL. Record the output state corres-
ponding to each set of inputs. Use positive logic.

O R

SW1 K oo D 3
L1 2
9 G
. 8 L3
10
4
SW2 B D! 6
5
- Figure 4-17
Table VII
A B G
0 0 {
0 1 'l 9
1 0 | T
1 1 |

Study Figure 4-17 and Table VII. What logic function is being per-
formed? 2 1< :

Modify your circuit in Figure 4-17 by adding the fourth gate in the
7400 to the output as shown in Figure 4-18. Only the output change is
shown. The rest of the circuit stays as in Figure 4-17.

Using SW1 (A) and SW2 (B) data switches and monitoring LED
indicators L1, L2 and L3, apply the states shown in Table VIII. Record
the output state for each set of inputs.

Table VIII

ml=lolo| >
—lo|l=|lOo|T

Study Table VIII. What logic function is being performed?
NOR

C
4) 11
L3

Figure 4-18
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Discussion

In Steps 3 through 7 you demonstrated how one of the four gate circuits in
the 7400 IC could be used as an inverter. The two inputs are tied together
to form a single input line. With this arrangement, the gate performs as a
TTL logic inverter where the input and output are complementary.

In Step 4 you measured the input and output voltages. The input from
SW1 is 0 and +5 volts. The approximate output levels should have been
binary 0 = +0.1 volts and binary 1 = + 3.8 volts.

In Step 6 you loaded the TTL circuit with a current sinking type load then
observed the output under load conditions. You should have found that
with the load, the binary 0 output state was higher by about .1 volt than it
was for no load. In the binary 0 output state, the shunt output transistor
must sink the load current. The greater the sink current the higher the
output voltage (V¢e sat). If the sink or load current is too high, the
transistor will come out of saturation and the gate output voltage will be
even higher. For this type of TTL gate, the maximum fan out is 10. Each
gate input represents a sink current of 1.6 ma. Therefore each TTL gate
output can sink 16 ma. If the load is greater, the output voltage in the
binary 0 state may rise to more than .8 volts which is the maximum
allowable level for a binary 0.

In Steps 9, 10 and 11 you demonstrated the basic logic function of the TTL
gate. Using positive logic it performs the NAND function. In Steps 12 and
13 you should have found that the basic TTL gate performs the NOR
function with negative logic.

In Step 14 you investigated the effect of open inputs. With both inputs
open the output should have been binary 0, this indicates that open
inputs act like binary 1 levels.

You demonstrated how TTL gates could be connected to perform the
basic AND function in Steps 15 and 16. In Figure 4-16, gate 1 isa NAND
while gate 2 is connected as an inverter to complement the NAND output
to produce the AND output.

You connected TTL gates as an OR circuit and demonstrated its function
in Steps 17 and 18. In Step 19 you added an inverter to the output of the
OR to produce the positive NOR function. The AND and OR circuits are
commonly used with the TTL gate. However, the NOR version is rarely
used. A separate positive NOR TTL logic element is available (SN7402N)
to eliminate the need to interconnect a 7400 as we did here.
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EMITTER COUPLED LOGIC

The major switching speed limitation of bipolar logic circuits is the
charge storage that occurs in the base region when both the emitter-base
and base-collector junctions of a bipolar transistor are forward-biased to
achieve saturation. The time required for this charge to be eliminated
delays the turn-off of the transistor. Switching speeds can be greatly
increased if this delay time is minimized or eliminated. In Schottky TTL
circuits this storage problem is eliminated by preventing the transistors
from saturating. This significantly increases the switching speed. Non-
saturating transistor circuits offer the best potential for fast logic.

Another major form of logic circuits using non-saturating bipolar transis-
tors is called emitter coupled logic (ECL). Also known as current mode
logic, this circuitry is essentially a differential amplifier configuration
which effectively prevents transistor saturation. ECL ICs are the highest
speed logic circuits available today.

Circuit Operation

Figure 4-19 shows the schematic diagram of a typical ECL logic gate.

OR

A+B

=
Q
1 Q
Q,
L
A B o—=p -2\ v Vs
T f RE§
Vg EXTERNAL
-5, 2V " PULL DOWN "
RESISTORS

Figure 4-19 Typical
emitter coupled logic gate.
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Transistors Q, and Q, along with Q; form a differential amplifier. The
inputs (A and B) are applied to transistors Q, and Q, whose emitter and
collector connections are in parallel to form one side of the differential
amplifier circuit. If additional inputs are required, more transistors are
paralleled. Qy is the other side of the differential amplifier. Input logic
levels are typically —1.75 volts (binary 0) and —.9 volts (binary 1). The
output and input voltage swing is typically the difference between these
two voltage levels or (1.75 — .9) = .85 volts. The supply voltage Vg is
—5.2 volts. The supply voltage Vyz and Ry form a current source that
supplies a fixed current whose level is below the point that permits
saturation.

In Figure 4-19, transistor Q, and the associated components form a
temperature stabilized voltage source that biases the base of Q; to approx-
imately —1.3 volts. The emitter of Q, will be approximately .8 volts more
negative than its base because of its emitter base voltage drop. Therefore,
the voltage at the emitters of Q;, Q,, and Q; will be approximately (-1.3 —
.8) = —2.1 volts.

Assume that both logic inputs A and B are at the binary 0 logic level of
—1.75 volts, With this condition transistors, Q, and Q, will not conduct
because the emitter-base bias is insufficient. At this time the collectors of
Q, and Q, are high while the collector of QQ; is low. These two output
levels are buffered by output emitter followers Qs and Qg and produce the
proper binary 0 and binary 1 logic levels. Note that both the normal and
complement outputs are available simultaneously.

If any one or both of these logic inputs rise to the binary 1 state (—.9 volts),
the associated input transistor will conduct. The emitter of Q,, Q,, and Qg
will then be one emitter-base junction drop more negative than the input
voltage or approximately —1.7 volts. This means that when one or more
of the inputs rises to the binary 1 level, the common emitter point will rise
from —2.1 volts to —1.7 volts. This voltage will cause transistor Q; to
cut-off. As you can see the current supplied by the emitter supply voltage
and the common emitter resistor R switches from Q to the conducting
input transistor or transistors. With this arrangement the collectors of Q,
and Q, will be low while the collector of Qs will be high. These logic
output levels are buffered by the emitter followers Q; and Q. The circuit
performs the OR and NOR functions for positive logic level assignments.
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One of the major advantages of most commercial ECL IC logic circuits is
the availability of both the normal and complement outputs simultane-
ously. This permits both OR and NOR functions to be obtained at the
same time, No external inverters are required. Note that the emitter
follower “pulldown’ resistors are usually external to the integrated cir-
cuit itself. This permits the resistors to be located remotely at the end of a
transmission line or in another desirable location depending upon the
exact circuit configuration and application. It is also possible to tie
together the OR or NOR outputs of ECL logic circuits to permit the wired
OR function.

Circuit Characteristics

ECL logic circuits are extremely versatile, easy to use and produce high
quality results. However, these circuits are normally higher in cost and of
course consume significantly more power than other types of logic cir-
cuits. Their only real advantage is their high speed. Naturally, this high
speed capability should be used only where absolutely necessary. Other
types of logic are preferred for slower speed applications. The most
widely used form of ECL is Motorola'’s MECL series.

Table 11

ECL Characteristics
Type of logic: unsaturated, current sourcing
Propagation delay: 1—3 nanoseconds
Power Dissipation: 40—60 milliwatts
Fan Out: 10—25
Noise Immunity: High
Logic levels: binary 0 = —1.75 volts.
binary 1 = —.9 volts,
Basic gate form: OR/NOR
Supply voltage Vgz: —5.2 volts
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Self Test Review

21. The basic ECL circuit is a(n)
a. inverter
b. differential amplifier
c. saturated switch
d. emitter follower

22, ECL gate outputs can be wire ORed.

a. True
b. False
23. For positive logic in an ECL gate
binary 0 = volts
binary 1 = volts

24, An ECL gate performs what functions in negative logic.
a. AND

b. OR
c. NAND
d. NOR

25. With ECL loads, ECL gates are
a. current sources.
b. current sinks.

Answers

21. (b) differential amplifier

22. (a) True
23. binary 0 = —1.75 volts
binary 1 = —.9 volts
24. (a) AND
(c) NAND

25. (a) current sources
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METAL OXIDE SEMICONDUCTOR INTEGRATED
CIRCUITS

Metal oxide semiconductor field effect transistors (MOSFETS) or insu-
lated gate field effect transistors offer numerous advantages over bipolar
transistors in digital circuits. First, these devices are simpler in construc-
_tion and therefore can be made much smaller. Because they occupy less
space, higher density logic networks can be placed on a given silicon
chip. This permits large scale digital integrated circuits to be readily
constructed. Another advantage of the MOSFET is its high impedance
and therefore, low power consumption. MOS digital integrated circuits
consume only a fraction of the power of equivalent bipolar circuits.

The big disadvantage of MOS digital integrated circuits is their lower
speed. The high impedance and capacitive nature of these circuits pro-
duce switching speeds that are several orders of magnitude slower than
bipolar digital integrated circuits. Despite their low speed nature, these
circuits have nevertheless found wide application in those areas not
requiring high speed operation. Recent technological advances in the
manufacturing of MOSFET circuitry have also helped their switching
speed approach that of some bipolar circuits.

There are two basic types of MOSFETs used in MOS digital ICs: the
P-channel and the N-channel. As indicated earlier, the MOSFETSs used in
digital ICs operate in the  enhancement mode. In this mode of operation,
the transistor is normally cut-off. When the appropriate voltage level is
applied between the source and the gate, the transistor suddenly
switches on. These devices are near perfect switches in that they have an
extremely high impedance when not conducting and an extremely low
impedance when conducting.

The earliest MOS devices in use in digital circuits were PMOS circuits,
P-type MOSFETs are the simplest and easiest to manufacture. N-channel
MOS devices are more difficult to make, however, recent technological
advances have simplified their construction. N-channel MOSFETs are
smaller in size and switch at higher speeds. Their switching threshold is
also much lower making them more compatable with bipolar digital
integrated circuits. Another class of MOS logic circuits combines both P-
and N-channel devices in a single circuit. These digital circuits are
known as complementary MOS or CMOS.
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N-CHANNEL MOS
LOGIC INVERTER

Figure 4-20
N-channel MOS logic inverter.

P-CHANNEL MOS
LOGIC INVERTER

Figure 4-21
P-channel MOS logic inverter.

MOS digital integrated circuits are clearly the digital ICs of the future.
Their small size, low power consumption and simplicity make them
attractive for many medium and large scale applications. Entire test
instruments and computers can be made on a single silicon chip with
MOS techniques. Improvements in manufacturing techniques will
gradually reduce the switching speeds to levels acceptable to all but the
most demanding high speed applications. It is expected that MOS ICs
will eventually replace many of the various types of bipolar circuits.

PMOS and NMOS Circuits

When a digital IC circuit is constructed only with P-channel MOSFETs, it
is known as PMOS. If the circuitry uses only N-channel enhancement
mode MOSFETs, the circuits are referred to as NMOS. The basic circuit
configurations are the same for either type of transistor.

Figure 4-20 shows the circuit for an N-channel MOS logic inverter. Q, is
the standard shunt inverter switch. Transistor Q, is connected to form a
drain or load resistance. Another MOSFET (Q,), biased into conduction,
is substituted for a finite load resistor. A standard integrated resistance
occupies substantially more space than the MOSFET and therefore, if
used in any quantity, greatly reduces the amount of digital circuitry that
can be placed on a given size silicon chip. The gate and drain of Q, are
connected together which biases the transistor into conduction. It acts as
a low resistance.

In operation, this circuit performs like any other inverter. When the logic
input voltage is less than the gate-source threshold voltage, Q. is cut off.
Since the gate and drain of Q, are connected together, Q, conducts and
the output voltage is the supply voltage V,, less the gate-source threshold
voltage. When the input voltage exceeds the gate-source threshold of Qs,
Q. conducts. Its output voltage drops to a very low level. The on resis-
tance of transistor Q, is made significantly less than the resistance of Q,
by a ratio of at least 20 to 1.

A logic inverter circuit using P-channel MOSFETs is shown in Figure
4-21, This circuit is similar to the N-channel inverter discussed earlier,
however, a different means is used to bias the load transistor into conduc-
tion. In this circuit, the gate voltage is made more negative than the
source voltage by the use of another power supply designated —V ;. This
voltage causes Q1 to conduct and act as a low value resistance. Q, in this
circuit is the shunt inverter switch. Note the power supply polarity
difference in this circuit due to the use of P-channel rather than
N-channel transistors. The circuit operation is as described before. When
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the gate-source threshold voltage is exceeded, transistor Q, will conduct
and the output voltage will drop to a value near ground. When the
gate-source voltage is less than the threshold value, Q, will cut off and act
as an open circuit. At this time the output voltage is some negative
voltage less than —Vp,. This particular circuit arrangement produces
somewhat faster switching speeds than the circuit in Figure 4-20 but the
disadvantage is that it requires the additional power supply.

Figure 4-22 shows how the various logic functions are implemented
using the MOSFETs. In Figure 4-22A, two N-channel devices are con-
nected in parallel and share a common load (Q;). If either one or both of
the input devices is biased on, the output voltage will drop to a low value.
When the input voltages are both less than the threshold voltage, Q, and
Q. will be cut off, allowing the output to rise toward +V,,. With this
arrangement, the circuit performs a NOR function for positive logic.
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Figure 4-22
NMOS logic circuits,

The circuit in Figure 4-22B performs the NAND function for positive
logic. Here transistors Q, and Q, are connected in series. In order for the
output line to be brought low, input signals must appear high at both the
A and B inputs simultaneously. If either one or both of the inputs are low,
the output will be high. This is the NAND function.
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Figure 4-23
A complementary
MQOS logic inverter,

The type of MOS logic circuits that we have discussed here are known as
static logic circuits in that they perform logic functions with voltage
levels. Another type of MOS logic is also widely used. Known as dynamic
logic this circuitry has the same basic configuration as we have discussed
here. However, the difference lies in that the circuits take advantage of
the capacitive nature of the input to the MOS devices. Here the input
capacitors are used to store charges or logic levels temporarily. During
operation, high speed clock signals are used to transfer stored charges
from one circuit to the next. The advantage of this type of MOS circuitry is
still lower power consumption than the static circuits just discussed and
higher operating speeds.

Complementary MOS

Complementary MOS or CMOS logic circuits use both P-channel and
N-channel enhancement mode MOSFETSs. A logic inverter constructed
using both types of devices is shown in Figure 4-23. Here the input signal
drives the gates of both devices simultaneously. When the input voltage
is low or near ground, the gate-source threshold level for Q, is less than
that required for conduction. Therefore Q, is cut off. However with the
input low, the gate-source voltage threshold of Q, is exceeded. Since the
gate is more negative than the source, this P-channel device conducts and
connects the supply voltage V,, to the output.

If the input voltage is brought to a high logic level, normally the same as
the supply voltage +V,,,, the gate-source threshold voltage of Q, will be
exceeded. Q, will conduct and act as a very low resistance bringing the
output to a low level. At this time with the gate and source of Q, approxi-
mately at the same levels, the threshold is not exceeded, therefore, Q, is
cut off. The logic inversion function is performed. It is interesting to note
that in this circuit both the current sink and current source modes are
used. When Q. conducts it sinks current from external loads connected
between the outputs and the supply voltage. When Q, conducts it
supplies current to any load connected between the output and ground.
Because of the very low on resistance of a conducting device and the
extremely high input impedance of other MOS devices, the logic levels
are very nearly equal to ground and the supply voltage + V.
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Figure 4-24 shows a diagram of a typical CMOS logic gate. It consists of
two P-channel devices Q, and Q, connected in series and two N-channel
devices Q; and Q, connected in parellel. When either one or both of the
inputs go high to the positive binary 1 voltage level, the associated
N-channel transistor (; or Q, will conduct. This will cause the output to
drop to a voltage level near zero volts indicating a binary 0 output. With
either input high, either Q, or Q, will be cut-off. Since Q, and (), are in
series, the path between the supply voltage +Vj, and the output is not
completed unless both Q, and Q. conduct.

DD
[ ]
Q)
- : [ P-CHANNEL
P
%
B &
I _lp
Y e
H I:N N
N-CHANNEL
Figure 4-24 =

CMOS NOR logic gate.

When both inputs go low, Qz and Q, will become cut-off because their
gate-source voltage is below the threshold level necessary to cause con-
duction. At this time the gate-source voltages of Q, and Q, will be
approximately equal to +Vp,. Both devices conduct and form a low
resistance path between the output and the supply voltage.

Summarizing the operation of this CMOS logic gate, you can see that the
NOR logic function is being performed with positive logic. Any logic
function including NAND, AND and OR can be performed by suitably
arranging the P- and N-channel devices in the circuit.
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If a digital designer were to specify the perfect logic circuit for all
applications, this logic circuit would have characteristics very similar to
those of CMOS. CMOS logic circuits offer a balanced combination of
characteristics making it highly versatile and desirable. This type of logic
circuit features very low power dissipation, excellent noise immunity,
wide power supply voltage variations, high fan out and moderately high
speed of operation.

Low power dissipation in CMOS circuits is achieved because there is
never a continuous path through any of the devices in the circuit from the
supply voltage to ground. A look at the inverter circuit in Figure 4-23 or
the NOR gate in Figure 4-24 will indicate this. When the N-channel
devices connected between the output and ground are conducting, the
P-channel devices between the output and +V,, are cut off. Similarly,
when the P-channel device between the supply voltage and the output is
on, the N-channel devices from the output to ground are cut off. The
current flow that does take place between the supply voltage and ground
is that which flows when the output state switches. It is during this time
that the P- and N-channel devices may be on together momentarily
thereby causing a small current to flow. If the switching rate is high, the
rate of occurrance of this current flow increases. The power consumption
of a CMOS device increases with its operating frequency because of this
effect.

Table III

CMOS Characteristics
Type of logic: Current sinking and current sourcing.
Propagation delay: 30—100 nanoseconds.
Power Dissipation: .01 milliwatt (static)

1 milliwatt at 1 MHz
Fan out: 50 +
Noise immunity: very high (45 percent V)
Logic levels: binary 0 = 0 volts

binary 1 = +V,

Basic gate form: positive NOR/negative NAND
Supply voltage V,p:  +3 to +15 volts

The most popular forms of CMOS logic are the 4000 series circuits made
by RCA and the 74C series made by National Semiconductor. Both offer a
variety of SSI, MSI and LSI circuits.
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Self Test Review

26. P-channel MOS is faster than N-channel MOS.
a, True
b. False

27. MOS combining both P- and N-channel in series is called

28, The primary disadvantage of MOS ICs is
29. The CMOS logic levels are

binary 0 = volts
binary 1 = volts
30. Most MOS ICs are usually
a. S8SI
b. MSI
G: LS

31. The input to a CMOS gate appears primarily as a
a. low resistance
b. high resistance
c. capacitor
d. inductor

Answers

26. (b) False

27. CMOS

28. low speed

29. binary 0 = zero volts
binary 1 = +V,,

30. (c) LSI

31. (c) capacitor




4-50

UNIT FOUR

HEATHKIT
CONTINUING
e

1

SW1 ED;

2

Figure 4-26

EXPERIMENT 6
CMOS LOGIC GATES

OBJECTIVE: To demonstrate the operation and characteristics of a
CMOS logic gate and to show how it can be used to
perform any of the three basic logic functions.

Materials Required

1— CD4001AE (4001) quad two input CMOS integrated circuit (443-
695)

Heathkit ET-3200 Digital Design Experimenter
DC Voltmeter

Procedure

1. Mount the 4001 CMOS integrated circuit on the breadboarding soc-
ket. Be sure that it is seated firmly straddling the notch in the socket
and that none of the pins are bent. Connect pin 14 to +5 volts and pin
7 to GND to supply power. Figure 4-25 shows the pin connections.

+VDD TOP VIEW

va |l s e ol Lo
@@

[ VJF ﬂ
THeFEHHHs He

GND

8

Figure 4-25 Pin
connections for 4001 CMOS IC.

2. Connect one of the four gates in the IC as shown in Figure 4-26. The
input will come from data switch SW1. You will measure the input
and the output states with your DC voltmeter.
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3. Set SW1 first to the down position then the up position. Measure the
DC input (pins 1 and 2) and output voltage (pin 3) for each position.
Record your data in Table I.

Table I
INPUT OUTPUT
7\ 5y
5 \-' [;/,"1 {

4, Assuming positive logic, the output logic levels are:
binary 0 = A volts.
binary 1 = A1 volts.
5. Study Table 1. What logic function is being performed?

wy. WA o ) SW1 A1 .
: N, . B 2
Wire the circuit shown in Figure 4-27. The inputs come from SW1 _:DD3_

swz
and SW2. You will measure the output voltage C at pin 3 of the 4001
IC. Figure 4-27

7. With SW1 and SW2, apply the input voltages given in Table II
Measure and record the output voltage for each set of inputs.

8. Using positive logic, convert your electrical truth table in Table II

Table 11
INPUTS OUTPUT
A (SW1) | B (SW2) B
ov ov 5
ov +5V ®)
+5V oV 0
+5V +5V ®)

into 1s and 0s in Table IIIL

Table 111
A B C
O O \

l

]

\

Ololo
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9. Studly Table III. What logic function is being performed?
ko

10. Using Negative logic, convert the data in Table Il into 1’s and 0's and
record in Table IV. S

Table IV
A B &
\ | O

! l
) [

11. Study Table IV. What logic function is being performed?

12. Remove the wire connecting pins 1 and 2 of the IC to SW1 and SW2.
Let the gate inputs hang free. Measure the output voltage.

With open inputs, the CMOS gate output is (,L'i’ volts or
binary 0 for positive logic. This means that an open input
acts like a binary ’

13. Wire the circuit shown in Figure 4-28. With SW1 (A) and SW2 (B),
apply the input states shown in Table V. Record the output state for
each set of inputs. Observe LED indicators L1, L2, and L3 to obtain
your input and output data. Use positive logic (binary 1 = on, binary

0= Off) 4
SWilp 1 3 ] 4
SW2 B )1
7 6 ¢ u
L2 b L1
%, &
LED INDICATORS
Figure 4-28
Table V
G
0

mlmlolol>»

= lol=|lOo|lT
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14. Study the circuit in Figure 4-28 and the data in Table V. What logic
function is being performed? ___ 1<

15. Connect the circuit shown in Figure 4-29. Monitor the inputs and
output on LED indicators L1, L2, and L3. With SW1 (A) and SW2 (B),
apply the inputs shown in Table VI. Record the output state (C)
corresponding to each set of inputs. Use positive logic.

" g 4 Figure 4-29

Table VI

rinlolo] >

=lol=|lolH

16. Study Figure 4-29 and Table VI. What logic function is being per-
formed? NWha

17. Modify your circuit in Figure 4-29 by adding the fourth gate in the
4001 to the output as shown in Figure 4-30. Only the output change is
shown. The rest of the circuit stays as in Figure 4-29.

5 . L2 " ﬁ' )
:. : -D T K ' ’ . ‘
6 3 3

Figure 4-30
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18. Using SW1 (A) and SW2 (B) data switches and monitoring LED

indicators L1, L2 and L3, apply the states shown in Table VII. Record
the output state (C) for each set of inputs.

Table VII

ml=lolo]| >
= |ol=|o|lE

19. Study] Ta\PlB VII. What logic function is being performed?
}Lr\\\n’_

Discussion

In Steps 3 through 5 you demonstrated how one of the four gate circuitsin
the 4001 IC could be used as an inverter. The two inputs are tied together
to form a single input line. With this arrangement, the gate performs as a
logic inverter where the input and output are complementary.

The input from SW1 is 0 and +5 volts. The approximate output levels
should have been binary 0 = +.1 volts and binary 1 = +5 volts.

In Steps 7, 8 and 9 you demonstrated the basic logic function of the CMOS
gate. Using positive logic it performs the NOR function. In Steps 10 and
11 you should have found that the basic CMOS gate performs the NAND
function with negative logic.

In Step 12 you investigated the effect of open inputs. With both inputs
open, the output could have been any voltage between 0 and +5 volts.
Open inputs can result in operation in the linear region due to biasing by
noise at the high impedance inputs. CMOS inputs should never be left
open.
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You demonstrated the CMOS gate can be connected to perform the basic
OR function in Steps 13 and 14. In Figure 4-28, gate 1 is a NOR while gate

2 is connected as an inverter to complement the NOR and produce an OR
output.

You next connected CMOS gates as an AND circuit and demonstrated its
function in Steps 15 and 16. In Steps 17, 18 and 19 you added an inverter —
to the output of the AND to produce the positive NAND function. The
AND and OR circuits are commonly implemented with CMOS NOR
gates. However, the NAND version shown here is rarely used. A separate
positive CMOS NAND logic element is available (CD4011AE) to elimi-
nate the need to interconnect a 4001 as we did here.
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SELECTING A DIGITAL INTEGRATED CIRCUIT
FOR A SPECIFIC APPLICATION

The most important decision that you will make in designing a piece of
digital equipment is in selecting the type of integrated circuit. The
success or failure of your design from a performance and economic
standpoint will depend directly upon this choice. For this reason, you
must carefully consider the requirements of your application.

The first step in selecting a digital integrated circuit is to completely
define the system characteristics. Performance, economy, and reliability
are the prime requirements. These are specifically stated in the terms of
needed system speed, noise immunity, power dissipation and other
factors. Once all of the specifications have been detailed, these can be
matched against the capabilities and characteristics of the various types
of integrated circuits available.

The three key factors in defining a digital system and selecting a type of
integrated circuit are speed (propagation delay), power consumption and
noise immunity. While these are the most important characteristics in
terms of performance and economy, there are other considerations. These
include cost, availability, trends and the need for complex functions. The
cost and availability factors are obvious. Lowest cost circuits are best if
they meet all of the requirements of your application. And the circuits
you choose must be readily available. It is desirable to select a circuit with
several sources of supply.

Trends

The semiconductor industry is one of the most volatile in the field of
electronics. New technological developments occur frequently and
therefore some devices are quickly obsoleted while others with improved
characteristics are added. These changes take place so quickly that it is
difficult for any designer to select an integrated circuit with long life and
a stable price. It is important for you to follow the trends by reading the
manufacturer’s literature and the technical publications. By staying
abreast of the latest technology you will be better prepared to select a
circuit that not only meets your design requirements but also will have
favorable life, cost and availability trends.

Complex Functions

A highly desirable characteristic of any integrated circuit type is the
availability of medium scale integrated circuits (MSI). These are func-
tional circuits either of the combinational or sequential type. Since most
digital equipment is made up of only a few basic types of circuits (decod-
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ers, counters, etc.), a large portion of the equipment can be designed by
simply interconnecting the functional circuits. It is much more economi-
cal to use MSI functions than to implement these same functions with SSI
gate circuits. By using MSI functions the design time is reduced substan-
tially. In addition the total package count and size is proportionally
reduced. Savings in power consumption and in assembly labor can be
significant. The more MSI functions available in a digital integrated
circuit logic line, the more advantageous it is.

Trade Offs

Keep in mind that all of these factors are somewhat inter-related. Your
choice of a type of digital IC will be a compromise based on your applica-
tion and the circuits available. The speed-power trade off is one of the
most critical trade-offs in selecting a circuit. Noise immunity is also a
factor that may have to be traded off with some other characteristic
depending upon the types of circuits available. You may have to juggle
circuit specifications with cost and availability.

Figure 4-31 shows the primary characteristics of all of the types of digital

logic circuits discussed in this section. It will permit you to compare the /
different types for your application. Only these types should be consi-

dered for new product design.

Comparison Of IC Logic Family Characteristics
Characteristic TTL ECL MOS CMOs
Fan-out 10 25 20 50+
Cost low medium to medium to low to
high high medium
Power dissipation 12 to 22 40 to 60 021010 0.01 static
per gate (mW) 1 at 1 MHz
Noise generation high low to medium low
medium medium
Immunity to external good good good very good
noise
Temperature
range (°C) -5510 +125 -55to +125 —55to +125 —55 10 125
Oto75 0to75 —40 to B85
Typical supply
voltage (V;‘j +5 -5.2 ~27, —13 (PMOS) +15t0 18
+5 (NMOS)
Avg. propagation
delay per gate (ns) 3to12 1to2 300 %PMOS) 70
50 (NMOS)
Avg. clock rate (MHz) 15 to 120 200 to 1000 2 (PMOSB 5to 10
5 to 10 (NMOS)

Figure 4-31
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AVERAGE PROPAGATION DELAY PER GATE — NANOSECONDS ( ns )

80

70

60

50

40

30

20

10

Figure 4-32 shows a chart of speed vs. power consumption for the various
types of integrated circuits. Here propagation delay is plotted as a func-
tion of power dissipation for all of the most popular types of digital logic
circuits. Naturally, the best circuit is the one with the shortest propaga-
tion delay and the least amount of power dissipation. You can see from
this chart the type of circuit with the most favorable speed-power rating is
low power Schottky TTL.

FCMOS
LOW POWER TTL
LOW POWER
SCHOTTKY TTL _| STANDARD TTL
SCHOTTKY TTL
\__ECL
I L1
2 | L
10 nanowatt 1 10 100

AVERAGE POWER DISSIPATION PER GATE — MILLIWATTS ( mW )

Figure 4-32
Speed (propagation delay) vs.
Power dissipation for popular
digital integrated circuits,



HEATHKIT

CONTINUING Digital Integrated Gircuits | 4-59

Self Test Review

32. The digital ICs primarily recommended for new equipment design
are ; ; , and

33. Name three non-technical characteristics that affect a designer’s
choice of a digital IC.
a.
b.
C.

34. The most important trade-off in selecting a digital IC is the one
involving and

Answers

32. TTL, CMOS, ECL, MOS
33. Cost, availability, trends, complex functions (MSI)
34, speed, power
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EXAMINATION
UNIT 4

DIGITAL INTEGRATED
CIRCUITS

The purpose of this exam is to help you review the key facts in this unit.
The problems are designed to test your retention and understanding by
making you apply what you have learned. This exam is not so much a test
as it is another learning method. Be fair to yourself and work every
problem first before checking the answers.

1.

The most popular and widely used logic type is

A DT
B. CMOS
C. MOS
D. ECL
The fastest logic type is
A, TTL
B. CMOS
C. MOS
D. ECL
. The logic type with the lowest power consumption is
A. TTL
B. CMOS
€. ECL
D. MOS
. The logic type most used for LSI is
A T,
B. CMOS
C. MOS
D. ECL
The logic type with the best noise immunity is
A. TTL
B. CMOS
C. MOS

D. ECL



HEATHKIT
CONTINUING

EDUCATION
et

10,

11.

12,

Digital Integrated Circuits| 4-61

The type of transistor used in MOS and CMOS circuits is the

A. depletion mode junction FET

B. enhancement mode junction FET

C. enhancement mode MOSFET

D. NPN bipolar

Three CMOS logic gates with an average propagation delay of 70
nanoseconds are cascaded. The output state will change how many
nanoseconds after a change in input state?

A. 233
B. 70

C. 140
D. 210

. The power dissipated by a logic gate is proportional to its

A. complexity

B. noise immunity

C. speed

D. fan out

Refer to Figure 4-32. Which type of logic gate has the best speed-
power trade off?

A. Standard TTL

B. Schottky TTL (low power)

C. CMOS

D. ECL

What type of logic circuit would you select for a battery operated unit
in a noisy environment?

A TIL
B. ECL
C. CMOS
D. MOS

The most popular IC package is the
A. Plastic DIP
B. ceramic DIP

C. TOs

D. flat pack

LSI circuits are most likely to be
A. TTL

B. MOS

C. CMOS

D. ECL
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13.

14.

15,

—

A combinational logic circuit made up of 35 gates inter-connected to
perform a specific function is referred to as

A. SSI
B. MSI
C. LSI
D. MOS

The propagation delay of a typical logic gate is usually measured in
A. nanoseconds

B. microseconds

C. milliseconds

D. seconds

Draw the logic symbols used to represent a standard TTL gate and a
standard ECL gate.
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10.
11.
12,
13.
14,
15.

NP G RN

A — TTL
D — ECL
B — CMOS
C — MOS
B — CMOS

C — enhancement mode MOSFET

D — 210 nanoseconds. The propagation delays are additive.
70 + 70 + 70 = 210 ns.

C — speed

B — Schottky TTL (low power) Those circuits in the lower middle
portion of this graph have the shortest propagation delay and
the lowest power. They are the best compromise of speed and
power dissipation.

C — CMOS

A — plastic DIP

B — MOS Many LSI circuits also use CMOS.

B — MSI

A — nanoseconds
See Figure 4-33.

— C=AB D Fe D+E
§ m— ) E

TTL GATE ECL GATE

Figure 4-33
Basic RTL gate.
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UNIT 5
BOOLEAN ALGEBRA

INTRODUCTION

Boolean algebra is the special language of digital logic circuits. It is a
mathematical method of expressing, analyzing, and designing logic cir-
cuits. It is similar in many ways to conventional algebra, but it is simpler
and has several pertinent differences. It is easy to learn and extremely
useful. It is almost essential to the proper understanding and application
of digital circuits. In this unit, you will learn how to use Boolean Algebra.
You will see how truth tables help you to design and understand logic
circuits. And you will learn how to implement practical digital circuits
using integrated circuit logic elements.

The specific things you will learn in this unit are outlined in the Unit
Objectives which follow, Follow the individual steps listed in the Unit
Activity Guide. Check off each item as you perform it and keep track of
your time and progress in the spaces provided.

UNIT OBJECTIVES

When you complete this Unit on Boolean algebra, you will be able to:

1. Define Boolean Algebra.

2. Write the Boolean expression corresponding to a given logic circuit.

3. Draw the symbolic logic circuit implementing or corresponding to a
given Boolean expression.

4, Write the Boolean expression corresponding to a given truth table.

5. Develop a truth table corresponding to a given Boolean expression.

6. Give an example of each of the two basic types of Boolean expres-
sions.

7. Minimize a given logic expression using the various rules of Boolean
algebra.

8. Implement a given Boolean expression with either NAND or NOR
gates.

5-3
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9. Write the two versions of DeMorgan’s theorem.

10. Write the Boolean expression of logic circuits using the wired OR
connection.

11. Properly connect the inputs and outputs of TTL and CMOS logic
gates in typical applications.

UNIT ACTIVITY GUIDE

Completion
Time

Play audio record 5, side 1 “Boolean Algebra”

Read section “Relating Digital Logic Circuits
and Boolean Algebra”

Answer Self Test Review questions 1—5

Read section “Truth Tables”

Answer Self Test Review questions 6—7

Read section “Boolean Rules”

Answer Self Test Review questions 8—9

Read section on “Minimizing Logic Expressions”
Answer Self Test Review questions 10—14.

Read section on “Using NAND/NOR Gates”
Answer Self Test Review questions 15—16
Perform Experiment 7.

Perform Experiment 8

O OO0 0008 0a0dibd Ho

Complete Unit Examination
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RELATING DIGITAL LOGIC CIRCUITS
AND BOOLEAN EQUATIONS

1

Boolean algebra is a simplified mathematical system used to deal
with binary or two value functions. It permits us to express all of
the various logic functions, both simple and complex, in a conve-
nient mathematical format. This system gives us a method of
understanding and designing digital logic circuits.

In Boolean algebra, logic functions are expressed

(mathematically) The mathematical expression of logic functions
permits a convenient means of analyzing and expressing opera-
tions in digital circuits. It also aids greatly in design. The proper
application of Boolean algebra usually results in the simplest,
least expensive and most efficient logic circuit design.

One of the most beneficial applications of Boolean algebra is in

(design) Most digital equipment in use today is made with inte-
grated circuits. Boolean algebra is used in designing these de-
vices. The applications of integrated circuits in the design of
modern electronic equipment, also involves Boolean algebra, but
only to a lesser extent. At one time, the engineer or technician
designing a digital system had to design not only the logic func-
tions but also the circuits to implement them. Boolean algebra was
his primary design tool.

The modern digital designer does not need Boolean algebra today
as much as he did in previous years because of the availability of

(integrated circuits) The engineer and technician using and de-
signing digital circuits, finds Boolean algebra most valuable in
expressing and analyzing logic circuits. His design job is basically
that of choosing and using existing integrated circuits to imple-
ment the functions required by the application. Occasionally,
Boolean algebra will be used to minimize a function and achieve
an efficient design.

However the greatest benefit of Boolean Algebra to the modern
designer is in and digital logic
operations.

5-5
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Figure 5-1
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Figure 5-2
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CME

Figure 5-3
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(analyzing or expressing) A Boolean expression is an equation
that expresses the output of a logic circuit in terms of its inputs.
You were introduced to Boolean expressions when you studied
basic logic gates. The binary inputs and outputs were expressed as
letters of the alphabet, alpha-numeric combinations, abbrevia-
tions or short words called mnemonics. For example, in the AND
gate in Figure 5-1, the inputs are A and B and the output is C.

Note that the output C is expressed in terms of the inputs. The dot
between the A and B indicates the AND function. The output
expression C = A+ Bisread C equals A AND B. Remember that the
inputs and outputs are binary signals which may assume either
the binary 0 or binary 1 state.

What is the output expression of the AND gate in Figure 5-27
¥ Capef

(X = C+ D+ E) In most Boolean expressions for the AND function
the dot between each input variable can be eliminated and the
expression written as a standard algebraic product like X = CDE.
The AND function is sometimes referred to as the logical product.

Write the output expression for the AND gate in Figure 5-3.
“rE LEE KMAD €ME =W

o

(VL = JRF » LEF * KMD « CME) In this expression each input is
identified by a three letter combination called a mnemonic. The
output is a two letter mnemonic. The dot between each input not
only designates the AND function but also helps to separate or
distinguish the inputs from one another. Occasionally you will
see parenthesis used to separate the inputs and indicate the logi-
cal product or AND function.

VL = (JRF) (LEF) (KMD) (CME).

If all of the inputs in the above expression are binary 1, the output
will be binary

(binary 1) The AND function states that the output will be binary 1
only if all inputs are binary 1. If any one or all inputs are binary 0,
the output will be binary 0.

Sketch the AND gate implementing the function W = (F) (MX) (G.)
Label inputs and outputs.

1-
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9. (See Figure 5-4) an—' W=F*MX-G

Other logic functions like inversion are also expressed with
Boolean expressions. '

Ifthe input to an inverter is B and the output is designated Z, write
the output expression. 72 = [2

10.

(Z = B) The output of an inverter is the complement of the input.
This is expressed by putting a bar over the input variable. The
term B is expressed as NOT B or B NOT. The term NOT refers to
logic inversion. See Figure 5-5.

Draw the logic circuit corresponding to the expression
CTL = INV. ‘

11,

(See Figure 5-6) The output CTL is the complement of the input
INV. CTL = INV

If the input is a binary 1, the output will be binary
P

12.

(binary 0) And if the input is binary 0 the output will be binary 1.

Another common logic function is the OR. In an OR gate the
output will be binary 1 if

a. only all inputs are binary 1

b. any one or more inputs are binary 1

c. all inputs are binary 0.

Figure 5-4

B‘{>O‘Z-'B'

Figure 5-5

mv—l SO—CTL=TNV

Figure 5-6
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Figure 5-8

MAF
DG
Js
FN*MAF+DG+BF+JS

Figure 5-9

13.

(b) The output of an OR gate is binary 1 if any one or more of the
inputs is a binary 1. A typical OR logic gate and its related output
expression is shown in Figure 5-7. The plus sign between the
input variables designates the OR function. It is sometimes re-
ferred to as the logical sum.

Y= 2 K A

Write the output expression of the logic gate in Figure 5-8.

14.

(Y = ZT + K + MA) The plus sign or OR function separates the
input variables.

Draw the logic symbol for the expressmn FN = MAF + DG + BF +

15.

(See Figure 5-9)

It is important that you be able to draw the logic diagram corres-
ponding to a given Boolean expression or write the Boolean equa-
tion from a given logic diagram.

The output of a logic circuit is a function of its "2 =~ =

16.

(inputs) The output of a logic circuit is a function of the states of
the inputs and, of course, the special logical characteristics of the
circuit itself.

While there are some simple digital control operations that can be
implemented with a single logic gate, more often it is necessary to
use a number of logic gates to implement the desired decision-
making function. When two or more logic elements are combined,
the result is known as a combinational logic circuit. ['he circuit
usually has multiple inputs and either a single output or multiple
outputs depending upon its exact function,

Using AND and OR gates together to 1mplement a spec1al logic
function creates a type of digital circuit called a =
circuit.
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i

(combinational) Any combination of multiple ANDs, ORs, and
NOTs is called a combinational logic circuit. Such circuits are
used for sophisticated decision-making functions.

There are many common combinational logic circuits used in
digital equipment. They perform specific functions that tend to
regularly reoccurin digital equipment. However, regardless of the
type of combinational logic circuits there are two basic circuit
forms. These are referred to as the sum-of-products and product-
of-sums circuits. Here the term product refers to the AND function
while the sum refers to the OR function.

The AND function is written in the same form as the algebraic
product or the multiplication of two variables. (A and B = AB) The
OR function is written as the sum of two input variables. (D ORE =
D + E). The sum-of-products or product-of-sums expressions
combine the AND and OR functions in a variety of ways.

Combinational logic circuits are used for

18.

(decision making) Any combination of AND and OR gates is used
for logical decision making purposes.

The most commonly used Boolean expression of complex deci-
sion making functions is the sum-of-products. The expression X =
A+*B+ C+D-E is an example.

Figure 5-10 shows the logic circuit implementing this sum of
products logical function. Here AND gate 1 forms the logical
product AB while gate 2 forms the product CDE. These products
are summed or logically ORed in gate 3 to form the output expres-
sion. This is what is meant by the sum-of-products.

I \ |
Is the expression QT = P)+ W + HV+* LM + GND «C « F in
sum-of-products form?

decisiov

@ >

C:D-E

X=A-B+C-D-E

Figure 5-10

9-9
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QT=PJ WHHV-LM+GNDC*F

Figure 5-11
M M+N
N
L
P
Q P+Q
L=(L+M)(P+Q)

Figure 5-12

F=ABC+DE

Figure 5-13

Figure 5-14

19.

(ves) This expression is in the sum-of-products form. The various
inputs are ANDed together in several combinations which are
then ORed together. The circuit for this function is shown in
Figure 5-11.

The distinguishing feature of this circuit is that the inputs feed
AND gates and the output is derived from an OR gate.

The other type of Boolean expression is the product-of-sums. An
example is the expression L = (M + N) (P + Q). The equivalent
circuit is shown in Figure 5-12. Inputs M and N are ORed together
in gate 1 while inputs P and Q are ORed in gate 2. The two logical
sums are ANDed in gate 3 to produce the logical product. In this
arrangement the distinguishing feature is the OR gate inputs and
AND gate output.

The AND function produces a logical while the
OR function produces a logical

20.

(product, sum) Your familiarity with this system should permit
you to write the Boolean expression from any logic circuit and
draw the logic circuit corresponding to a given Boolean equation.

To write the equation of a given logic circuit, you start at the
inputs and write the output expression for each gate in the circuit
from left to right until the output equation is developed. The
unique gate symbols of course will tell you the logic function
being performed, The example in Figure 5-13 illustrates this pro-
cedure.

You first write the output expressions for the two input AND
gates. These expressions become the inputs to the OR gate whose
output equation is then written. The result is the Boolean expres-
sion for the circuit.

F = ABC + DE
Write the equation of the circuit given in Figure 5-14.
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21. F=B6-JQ+M8+*X+T+*V+7Y)

You simply write the correct output for each of the input AND

T
gates and use these as the inputs to the OR gate. Working this way U
from left to right quickly produces the complete output expres- :
sion. %
What form is this equation in? __ X
Figure 5-15
22 (sum-of-products) g
The input AND gates form products which are logically summed
in the output OR gate.
This procedure of writing the equation for a given circuit also
works on a product-of-sums circuit like the one in Figure 5-15.
T
2o T F VR A U
What is the output expression of this circuit? J
X
23. (Z= &+ U]-(V+W]-X] Z=(THUNV+W)X
The logical sums are formed by gates 1 and 2 and their outputs are Figure 5-16
combined to form the logical product in the output AND gate. See
Figure 5-16,
A3
4
Again you work from left to right developing the output of each ¢ e
gate until the complete expression is formed. JiP
T
CLK

What is the output of the circuit Figure 5-177

Figure 5-17
24. (OPR = (A3 + B4) JMP + T¢ + CLK))
To draw the diagram corresponding to a given expression you first
study the equation to determine whether it is a sum-of-products or
product-of-sums. This will give you the type of output gate.

A sum-of-products circuit usesan —_____ gate output.

25. (OR) A product-of-sums uses an gate output.




5-12

'HEATHKIT

UNIT FIVE mw
r'—:lv =‘-‘l
L LM 26. (AND) Then you work backward from the output developing the
" , inputs and outputs from right to left.
E = For example, consider the expression K = LM 4+ CE. This is in
B sum-of-products form so the output gate is an OR. The inputs to
K=LM+CE this OR gate are LM and CE. Each of these is a product that is
Figure 5-18 developed by an AND gate with the appropriate inputs. See Figure
5-18.
Draw the circuit for the expression SH = (CLK + T5) ENB.
CLK .
T5
g 27 (See Figure 5-19) This expression is in product-of-sums form but
SHeENB(CLK+TS) here there is only one logical sum (CLK + T5). The output is a
Flicing 816 product, however, and is produced by an AND gate. The input
g sum is produced by the OR gate.
A %E,ZD— Draw the circuit for the expression Y = ADD * CY + SUB+ INV +
MPY « ADD » SUB '
SUB
WL >
28. (See Figure 5-20)

MPY
suB
Y=ADD«CY+SUB-INV+MPY-ADD-SUB

Figure 5-20

OO o> o>

X=(AB+AB)(C+AC)

Figure 5-21

This is sum-of-products form. Note that some of the input signals
(ADD, SUB) are applied to more than just one of the input gates.

So far we have only worked with two levels of logic, that is the
inputs are conditioned by two sets or levels of logic gates in
cascade: ANDs into OR or ORs into AND. Other more complex
logic networks use three, four or even more levels of logic. The
expression and circuit in Figure 5-21 is one example.

Here both the sum-of-products and product-of-sums formats are
combined.

How many levels of logic are there in the circuit of Figure 5-217
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29.

only propagates through two levels.

Draw the circuit corresponding to the expression
F=(A+B)(A+B)+B+0)A

(3) The input signals must propagate through a series of three
gates before a level change occurs at the outputs. Input C on gate 5

30.

The same principles of converting from circuit to equation and
equation to circuit you learned for two level logic apply to more

complex multi level circuits.

(See Figure 5-22) Again you can see that the sum-of-products and
product-of-sums are combined to form a three level logic circuit.

Self Test Review

1.

& s W

The most commonly used logic format is
a. sum-of-products

b. product-of-sums

c. combination of a. and b.

d. neither a. or b.

Draw the circuit for the expression M = VW + XY + WXY.

Draw the circuit for the expression F = T (U + V) (T +W).
Write the Boolean expression for the circuit in Figure 5-23.
Write the Boolean equation for the circuit in Figure 5-24.

Answers

a. sum-of-products

. See Figure 5-25

. See Figure 5-26

. T=JK+KL+M
.F=(A+ B)(C+D+E)

Olm »m > o>

Fa{A+B)IA+BI+(B+CIA

Figure 5-22

M=VW+XY +WXY

Figure 5-25

% |
F=TIU+VIT+W)
Figure 5-26

= <lc —
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31.

One of the most useful tools for analyzing, designing or otherwise
working with digital circuits is the truth table. A truth table is a
chart that lists all possible input and output signal combinations
for a given logic circuit. The truth table is a tabular listing of all
input and output states in binary 0 and binary 1 form. The truth
table completely defines the operation of the circuit.

A truth table can be used to determine what input conditions
cause a given logic circuit to produce a binary 1 output. True or
False.

32.

(True) You can look at a truth table and quickly identify which
specific combination of input states that will produce a binary 1
(or binary 0) output.

Truth tables are used in defining the operation of simple logic
circuits like inverters and gates as well as more complex combina-
tional logic circuits. You have already seen how truth tables are
used in defining the basic logic operations such as AND, OR and
NOT.

In the way of a review, the truth table below defines what type of
logic circuit?

INPUT | OUTPUT
A
0
1

=] P o2
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33.

(inverter or NOT circuit) The truth table shows both the input and
output. The output A'is always the opposite or complement of the
input A. Therefore, the circuit is an inverter.

The truth table for a two input AND gate is illustrated below. The
inputs A and B define all possible input combinations.

INPUTS OUTPUT
C

A
0
0
1
1

(=1 L [=] ==
=] (=] [=]

Column C shows the output state corresponding to each input
combination. By studying the inputs and outputs you can deter-
mine the exact nature of an AND gate.

The only time the output is binary 1 is when input A is
and input B is

34.

(1, 1) The output is binary 1 only when both inputs are binary 1.
This is true of any AND gate.

Complete the truth table below to define the operation of an OR
gate where the output will be binary 1 if any or all inputs are
binary 1.

INPUTS OUTPUT
F

o

|
|

Y ) (=] (=] |w]
B =1 B =] Iz

5-15
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35.

(Binary 1 outputs occur for input states of 01, 10 and 11) The total
number of possible input conditons is 2" where n is the number of
inputs. In two input circuits there are 2* = 4 possible input
conditions. If we treat the inputs as bits in a multibit binary word,
we can quickly define and record all input states by using the
binary number equivalents. For example, with four possible input
states we use the four numbers 0 through 3 or 00, 01, 10 and 11 in
binary. These are all possible combinations for a two bit word.

A logic circuit has three inputs. How many possible logic input
conditions are there?

36.

(2* = 8) We represent the eight possible input conditions with the
binary equivalent of the numbers 0 through 7. If the inputs are
designated X, Y and Z, the input states are as shown below.

INPUTS OUTPUT
X X Z W
0 0 0 0
0 0 1 1
0 1 0 1
0 1 1 1
il 0 0 1
1 0 1 1
1 1 0 1
1 1 1 1

This particular method of listing all possible input combinations
by counting from zero through the upper limit is orderly and
convenient. :

The logic function defined by the table above is the
function.

37.

(OR) The output is binary 1 any time one or more of the inputsisa
binary 1 so the OR function is defined.

There are two basic ways of using truth tables in logic work. First
we can develop a truth table from a given logic circuit, and second
we can develop an equation or logic circuit from a given truth
table, The circuit-to-table method is useful in circuit analysis. The
table-to-equation or circuit is a useful design method.

A useful circuit analysis approach is to develop a
from the
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38.

(truth table, logic circuit) Developing the truth table for a given
circuit starts with defining all of the inputs. Then the output for
each gate in the circuit is developed until the final output is
obtained. Consider the circuit shown in Figure 5-27.

The Boolean output expression for this circuit is

39.

(D = AB + C) The output of gate 1 is AB and the output of inverter
3 is C. These signals are ORed in gate 2 to produce D = AB + C.

To develop the truth table for this circuit, we start with the inputs.
Since there are three inputs there are 2! = 8 possible input condi-
tions that we define with the three bit numbers 000 through 111 as
indicated in the table below. In the table we also create a column
for the output of each gate or element in the circuit.

INPUTS OUTPUTS
Gate 1 | Inverter 3 | Gate 2
AB o] D

r

= = = o0 Cco| >

e e ™ B = T R s B | m
mromormromoaln
v

Observing the inputs, we can fill in the AB and C columns. The C
column is simply the complement of the C input column. To
complete the AB column, you consider the A and B inputs and
their effect on the AND gate output.

Complete the AB and C columns above, and check your results in
the next frame.

Figure 5-27

o-17
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Figure 5-28

40.

(See Table below)

INPUTS OUTPUTS
A B c AB C D
0 0 0 0 1 1
0 0 1 0 0 0
0 1 0 0 1 1
0 | 1 0 0 0
1 0 0 0 1 1
1 0 1 0 0 0
1 1 0 1 1 1
1 1 1 1 0 1

Next, to find the D output, you note that the AB and C outputs are
ORed in gate 3. You complete the D column by recording a binary 1
each time either one or both of the AB or C columns are binary 1.
Check this in the table above.

Now, do the entire job yourself. Create a complete truth table for the

circuit in Figure 5-28. Check your results in the next frame.
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41.

(See table below)

INPUTS OUTPUTS
D E F (D+ E)] (E+ F) G
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 1 1 1
0 1 1 1 1 1
1 0 0 1 0 0
1 0 1 1 1 1
1 1 0 1 1 1
1 ! 1 1 1 1

To produce this table you first note the number of inputs. There are
three different variables D, E, and F so there are 2° = 8 possible
input combinations.

Next you create a column for each gate output. In this case, gate 1
output is (D + E), gate 2 output is (E + F), and the final output at
gate3isG = (D + E) (E + F).

To fill in the (D + E) column you OR together the D and E input
columns. You record a binary 1 when either one or both column D
or E are binary 1. You complete the (E + F) column in a similar
manner considering all eight E and F input combinations.

Finally, you AND together the (D + E) and (E + F) columns,
recording a binary 1 in the G column only when both (D + E) AND
(E + F) columns are binary 1.

The truth table like the one you developed above completely de-
fines the circuit operation for all possible conditions. And your
analysis is thorough because to obtain the final output you had to
derive the outputs of all other gates in the circuit.

The primary value of the circuit-to-truth table approach is in cir-
cuit

9-19
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42,

(analysis) In designing digital circuits we use the opposite ap-
proach. We develop a truth table as the result of our design. In
designing a logic circuit we designate the number of inputs and
what the output state should be for each set of input conditions.
Then we write the Boolean equation from the truth table. From
there the equation is readily translated into a logic diagram.

Assume that the circuit we want to design has two inputs A and B
and we want a binary 1 output C to occur when A is 0 and B is 1 or
when A is 1 and B is 0. Otherwise the output is binary 0.

Which truth table below defines these conditions?

a.
INPUTS | OUTPUT
A | B C
0 1 1
1
b.
INPUTS |OUTPUT
A B C
0 0 1
0 1 0
1 0 0
1 1 1
C.
INPUTS | OUTPUT
A B C
0 0 0
0 1 1
1 | o 1
1 1 0
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43.

(c.) The correct table is shown below.

INPUTS OuUTPUT
A B &
0 0 0
0 i1 1
1 0 1
1 1 0

To write the output equation from this table we observe the output
column C, noting those input states where binary 1s occur. Then
we write a sum-of-products type Boolean expression based on
these inputs. For each binary 1 state in the output we write one
product term for the equation then we logically sum (OR) these
terms.

The product terms are wrilten from the input states. If the input is
binary 1 we write the input letter. If the input is binary 0 we write
the complement of the input letter. For example, when A is 0 and B
is 1, the product term is AB.

]

What is the product term where A is 1 and Bis 07

44, (A B) The input conditions for each binary 1 output state is now

defined. The product terms are then ORed. The result is C =

45, (C = AB +AB) Write the output equation from the truth table

below.
INPUTS OUTPUT
] K L
0 0 1
0 1 0
1 0 0
1 1 1

5-21



5-22 | unirrve

HEATHKIT
CONTINUING
EDUCATION

J—y IK
K
i)
¥ JK
L=TR+IK
Figure 5-29
ok ABC
ABC
B INg—
e
B,“.-‘. ABC

Figure 5-30

46.

(L =TJK + JK) A binary 1 output occurs for two of the four possible
input combinations. Therefore you know that the sum-of-product
output equation will mention two product terms. The inputs are
ANDed to form these products. The first output occurs when ] = 0
and K = 0. Therefore the corresponding product is] K. The second
output is binary 1 when ] = 1 and K = 1. The product defining this
condition is JK. To obtain the complete output expression we
logically sum (OR) these products. L = ] K + JK.

From here the logic diagram can be drawn.

Sketch the logic diagram of the equation just derived.

47.

(See Figure 5-29)

Now try your hand at a more complex problem. Write the equation
and draw the circuit corresponding to the truth table below.

INPUTS OUTPUT
A B C D
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 0
1 0 0 1
1 0 1 0
1 1 0 0
1 1 1 1

48.

(D=ABC+ ABC + ABC, See Figure 5-30)

In this problem there are three inputs, so each product term will
have three factors and the number of product terms is set by the
number of times a binary 1 output appears in the D output column.
You develop each product by looking at the input states and
writing the variable when a binary 1 input occurs and the com-
plemented variable when a binary 0 input occurs. The product
term when A = 0, B = 0and C = 1 is A B C. Once all the product
terms are developed they are ORed together to obtain the output.
The logic diagram is then drawn from the equation. Note in the
logic diagram that inputs A, B and C are considered to be available
and signals A, B, and T are generated with inverters. In some
circuits the complement signals may already be available from
other sources in which case the inverters can be omitted.
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Self Test Review

6. Develop a truth table for the circuit shown in Figure 5-31.

7. What isthe Boolean equation corresponding to the truth table below?

INPUTS OUTPUT
R S il \Y
0 0 0 1
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 1
1 0 1 0
1 1 0 1
1 1 1 0
Answers
6. INPUTS OUTPUTS
Inverter 1 gate 2 gate 3 gate 4
AlB|C B AB BC D
ojojo 1 0 0 0
ojolf1 1 0 1 1
ofl11]o0 0 0 0 0
Bl11la 0 0 0 0
1 1o0fo 1 0 0 0
1 0|1 1 0 1 1
111140 0 1 0 1
10111 0 1 0 1
7. V=RST+RST+RST+RST

Figure 5-31
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49. Aswe mentioned earlier, the primary benefit of Boolean Algebra
to a technician or engineer today is in analyzing, understanding
and concisely expressing digital logic functions. The availability
of a wide variety of integrated circuits has greatly minimized the
use of Boolean Algebra as a design tool. However, even with
modern ICs, the designer can often benefit from the use of Boolean
algebra in minimizing or implementing a function.

Boolean Algebra is the algebra of two-valued functions. Many of
the ordinary rules of algebra such as factoring or expanding a
function, apply to Boolean expressions. However, the binary na-
ture of the functions greatly simplifies most of the operations.
There are also numerous special rules that apply to handling
binary logic functions. We will explain these rules in this section
and show how they are used.

A —
0 — Most standard algebra rules work with Boolean expressions. True
or False?

50. (True) Yes, most conventional algebra manipulations will work on
binary expressions. But it is the special rules that are of the most
value to the digital designer.

A —

The Laws of Intersection, for example, apply to AND. gates. The
two forms of this law are stated below.

:l A
— A*(1)=A

A+(0)=0
Remembering that A is a binary signal that can be either binary 0 or
binary 1, we can prove the validity of these expressions if we

AiD_ i remember how an AND gate works. The first expression simply
1 says that if we apply a binary 1 to one input of an AND gate and the
(o) signal A to the other input, the output will be A, The binary 1 input
simply enables the gate so that the A input state controls the

Figure 5-32 output.If A =1, the output will be 1. If A = 0, the output will be 0.

Which circuit in Figure 5-32 expresses this relationship?
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51, (c) The other form of the Laws of Intersection is just as easy to
understand.
A(0)=0
It says that if one input to an AND gate is 0 and the other is A, the
output will always be 0. Remember that the only time the output of
an AND gate can be 1 is when all inputs are binary 1. If one input is
fixed at 0, the output will always be 0. The circuit in Figure 5-33 A —t

expresses this.

Complete the expression: D « E « (0) =

02.

[D «E«(0)= 0] If one input to an AND gate is 0, the output will be
zero regardless of the states of the other inputs. This proves that
the Law of Intersection works for AND gates with more than two
inputs. For example, D * E * (1) = D « E. You can also equate this
expression to the algebraic version that says that a function (DE)
multiplied by 1 is the function.

DE X 1=DE

Another similar set of rules exist for OR gates. These are called the
Laws of Union. Expressed algebraically they are

B+1=1

B+0=B
Sketch the logic diagrams for each of these and label the inputs
and outputs.

D—n

Figure 5-33
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B+0=B

Figure 5-34

B+B=B

Figure 5-35

et

53,

(See Figure 5-34) These expressions like those for the AND gate
almost perfectly define the operation of an OR gate. In the first
version, if we apply a binary 1 to one input of an OR gate and a
signal B to the other, the output will always be binary 1 by
definition of an OR gate. If one input to an OR gate is binary 0, the
other input B will control the output.

A quick way to prove the Laws of Union is to look at the truth table
for an OR gate.

INPUTS OUTPUT
D

== W=
-0 = O @)

0
1
1
1

To prove that B + 1 = 1 simply assume input C to be fixed at 1 and
observe the output D for those cases. Do the same to prove B + 0 =
B. Assume input C is 0 and observe the output D for the two
corresponding B input states.

By using the truth table for an AND gate you can prove the Laws of

54.

(Intersection) The procedure is the same for proving the Laws of
Intersection with the truth table of an AND gate.

The Laws of Tautology apply to both AND gates and OR gates. The
basic rules are given below.

A*A=A
B+B=B

The related logic symbols are shown in Figure 5-35.

What these expressions say is that if you apply the same signal to
all inputs of a logic gate, the output will be the same as the input.
Again, you can prove this to yourself by looking at the truth tables
for AND and OR gates.

Use the Laws of Tautology to simplify the expression QT = [MX +
JMX + F9.
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09.

(QT = JMX + F9) The JMX term is redundant. In terms of circuitry
you can see the simplification. The circuit in Figure 5-36A im-
plements the original expression. Figure 5-36B shows the
simplified but fully equivalent circuit.

This same simplification procedure applies to AND gates.

Use the Laws of Tautology to simplify the expression X = Q-*Q*]J.
Draw the original and simplified logic diagrams.

56.

(See Figure 5-37)

The original circuit can be implemented as shown in Figure
5-37A. The simplified but equivalent circuit is shown in Figure
5-37B. The logical function is identical. Now you are beginning to
see that the value of Boolean algebra is simplifying the design of a
circuit.

Another Boolean law is the Law of Complements. These are

wl >

A*A=0
B+B=1
If we apply a logic signal and its complement to a logic gate, the

output becomes either a binary 0 or a binary 1 depending on type
of logic gate. This is illustrated in Figure 5-38.

In these circuits, the output is a function of the state of the input.
True or False?

97.

(False) If you look closely at these circuits and analyze what
happens, you will see that in either case the output is not affected
by the state of the input. It can be either a 1 or a 0 and the output
will be binary 0 for the AND gate and binary 1 for the OR gate. In
this case the output is a function of the

IMX
IMX QT
F9

(A)
JMX ar
F9

(B)

Figure 5-36

Q—
Qe X
| =
(A)
=Ba
X
Q_.
(B
Figure 5-37

AW}{J
e

Figure 5-38
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Figure 5-39

Figure 5-41
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58.

(type of logic circuit) You can further verify these laws by referring
to the AND and OR truth tables. A binary 0 on either input of an
AND gate will always produce a binary 0 output. A binary 1 on
either input of an OR gate will always produce a binary 1 output.

Now consider the Law of the Double Negative.
A=A

It says that the complement of the complement of A is equal to A.
Or a signal that is complemented twice is the same as the original
signal. You can see this from the circuit in Figure 5-39.

If input A is 1, the output of inverter 1 is and the
output of inverter 2 is

99,

(0, 1) Inverter 1 complements the 1 input to a 0. Inverter 2 com-
plements the 0 back into a 1 so that the output of the circuit is
equal to the input. Complementing a signal twice or any even
number of times gives us the original signal. Figure 5-40 shows
this.

To simplify this two inverter circuit you could replace it with
which of the circuits in Figure 5-41?
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60. (B) In terms of simplification, if you encounter two inverters in

cascade, you can simply remove them and substitute a piece of
wire since the effect is the same. Three cascade inverters or any
odd number produces the same effect as a single inverter so this is
not equivalent., Four cascade inverters does produce an output
that is the same state as the input, but this is certainly not simplifi-
cation,

All along we have been saying that when an even number of
inverters are cascaded, the output is the same as the input. This is
true of course for a static (non changing) input. But when the input
is switching rapidly, the output is almost, but not quite the same
as the input.

Which characteristic of a logic gate do you think causes this
difference when the input signal is changing rapidly?

A. Logic level
B. Power dissipation
C. Noise immunity
D. Propagation Delay.
61. @, Propagation delay) Of course. When the input signal changes

it takes a finite time for it to propagate through each circuit in a
chain. The output then is delayed from the input by an amount of
time of the total circuit propagation delay.

In a two inverter string where the propagation delay for each
inverter is 12 nanoseconds, the output is delayed from the input
by nanoseconds.
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Figure 5-42

62.

(24) The total propagation delay is the sum of the individual
propagation delays. Figure 5-42 shows the input and output
waveforms of a two inverter string. The total propagation
delay is t,.

Another Boolean rule is the Law of Commutation. This is the same
rule from basic algebra. The two forms of it are:

A*B=B*A
A+B=B+A

All it really says is that you can arrange the inputs to AND or OR
gates in any order and the effect is the same. You can write the
input variables in any order and they will mean the same thing.

W+X+Y=X+W+Y

True or False?

63.

(True) Also JML = L)M = ML] = JLM = LM] = MJL. The order of the
inputs is different, but the logical results is the same for each.
Incidentally, don't forget that all of these Boolean rules work for 3
or more inputs although we are illustrating them with only two
inputs for simplicity.

Now let’s give you some practice in using these rules. What are the
simplifications of the expressions below?

a. A+B+ A=
b. BCB=

c. C+1+B=
d X+Y+X=

Work these problems using the previously discussed rules. Check
your answers in the next frame.
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64.

oo
== o

In problem 1(A) you first rearranged it by using the Law of Commu-
tation A + B+ A= A + A + B. By the Law of Tautalogy, you know
that A + A = A, so the resulting simplified equation is A + B.

In problem (B) you again rearrange the term using the Law of
Commutation. BCB = BBC. From the Law of Complements you
know that BB = 0. Substituting this in the expression gives 0« C.
You know from the Law of Intersection that 0+ Cor C=0 = 0.

In problem (C) you should recognize the Laws of Union. C + 1 + B
= 1.

In problem (D), you first rearrange the equation by way of the Law
of Commutationto X + Y + X = X + X + Y. The Law of Comple-
ments says that X + X = 1. Therefore, the equation becomes 1 + Y.
Of course this reduces to 1 by way of the Law of Union.

Go to the next frame.

65.

Now try a few more examples using the previous solutions as a
guide. But this time draw the logic diagram of the original expres-
sion as well as the simplified version to get a feel for the result of
Boolean simplification in terms of circuitry.

a. L+ M+ M
b. JKKL

c. F+T+F

d. B+ACA+D

The answers are given in the next frame.
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66. &. L+M+M=L+1=1
L
M -@—-1— The three input OR and inverter called for by the original expres-
sion reduces to a single wire with a binary 1 on it.
Figure 5-43
b. JKXL=]+*0*L=0

J—
Ktﬁ )_-n— The reduced expression is simply a binary 0 level.
(—r ]

Figure 5-44

¢. F4TH+F=F4¥+T=F+T

: T B+ D
Figure 5-45 . |
B
=S~ W <l o
Figure 5-46

By now you should be able to see the value of Boolean algebra in
simplifying a logic expression and minimizing the amount of
circuitry required to implement it. Fewer parts means lower cost,
smaller size and less power consumption.

Go to the next frame.

67. Another Boolean law identical to the basic algebra rule is the Law
of Association. These are

(A*B)C=A(B+C=A+B+C
A+(B+C=(A+B)+C=A+B+C

You can see the circuitry simplification that results by applying
these rules. See Figure 5-47.

A
A AB

:| )—_DA.BC BE] }ABC
B C 2 T

Figure 5-47
Note that we trade two 2-input AND gates for a single 3-input gate.

Draw the OR gate circuit equivalents for the Law of Association.
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168. (See Figure 5-48) A A+B

A+B 2 A A+B+C
c
L] > ] ON

C
Figure 5-48
Note that the logical effect is the same for either version of the
circuit. The three input gate is usually more economical than two
2 input gates.

Now let's consider the Laws of Distribution. We will use some of
the rules described earlier to prove this law. The Laws of Distribu-
tion are:

AB+AC=A(B+C)

You should be able to infer this because all you are doing is
factoring out one term as you would in basic algebra.

Sketch the logic diagrams for each side of the above equation.

69.

(See Figure 5-49) 2 AB

c A

C hC Figure 5-49
Study these two frames carefully. Not only was there a reduction
in the number of circuits used, but also note that the expression
changed from a sum-of-products to a product-of-sums form.

Using a truth table show that the logical effect of both circuits is
identical.

5-33
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7 0. (See tables below) Your tables should appear as shown below.
INPUTS GATE OUTPUTS

Al B|claB |aclaB + Ac A |B+clAaB+0Q

0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 1 0

0 140 0 0 0 0 1 0

0 1 1 0 0 0 0 1 0

1 0o 0 0 0 1 0 0

1 0 3 0 1 1 1 1 1

1 1 0 1 0 1 1 1 1

1 1 1 1 1 il 1 1 1 ]
® equal E

The table shows the eight possible input combinations of the three

variables. It also shows the outputs of the intermediate and output

gates for both the sum-of-products and product-of-sums forms.

And they are equal. This shows you another use of truth tables in

analyzing and understanding logic circuits.

Another version of the Laws of Distribution is

(A+B)(A+C)= A+ BC

Note the format of the original and simplified versions.

The original expression is in the _______ of
form but is changed to the of
form when it is simplified.

71, (product-of-sums, sum-of-products) The logic diagrams of the two
versions illustrated in Figure 5-50 show this difference.
B (A+B)
(A+BI(A+C)
A B
c A+C) ’ CD;DA—”’C
Figure 5-50
You can use truth tables to prove the equality of the two expres-
sions or circuits. Do this now and check your results in the next
frame.
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72. (See table below)
INPUTS GATE OUTPUTS
Al BlIC J(A+B)J(A+C)J(A+B)(A+C) | A BC JA + BC
0jQ0jfo0 0 0 0 0 0 0
Ofoj1 0 1 0 0 0 0
Of1§0 1 0 0 0 0 0
011 1 1 1 0 1 1
1410}40 1 1 1 1 0 1
1§0f1 1 1 1 1 0 1
111110 1 1 1 1 0 1
1111]1 1 1 1 1 1 1
SN A&

Another way to prove the equality of these expressions is to use
some of the Boolean rules learned earlier.

(A+B)(A+C)= A+ BC

First expand the expression on the left side of the equation as you
would any algebraic expression. Multiply each term by the others
and sum the products as shown.

(A+ B)(A+ C)= AA + AC + AB + BC

Next, this can be reduced by substituting A for AA and factoring an
A out of the first three terms.

A+ AC+ AB+BC=A(1+C+ B)+ BC

Then, the Laws of Union will reduce (1 + C + B) to 1 and the
expression becomes

A (1) + BC
Finally, the Laws of Intersection makes this

A + BC

Go to the next frame.
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73. Next there are the Laws of Absorption. There are four versions.
AA+B)=A
A (A + B) = AB
AB+B=A+B
AB+B=A+B
Now use the previously explained Boolean rules to prove the first
expression
AA+B)=A
74. (See procedure below) The related Boolean rule is indicated in

parenthesis.

A (A + B)

Expand by multiplying (Distribution)
AA + AB

Replace AA by A (Tautology)

A+ AB

Factor out A

A (1+ B)

Replace (1 + B) by 1 (Union)

A (1)

Replace A (1) by A (Intersection)
A —

Next prove A (A + B) = AB
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75.

(See procedure below)

A (A + B)

Expand by multiplying (Distribution)
AA + AB

Replace AA by 0 (Complements)

0+ AB
Replace AB + 0 with AB (Union)

AB

The other Laws of Absorption are more difficult to prove. You can
use truth tables as we did before. But it can be done with Boolean
Algebra by using a trick. Let's prove that

AB+B=A+B

There isn't anything we can do with the expression on the right
side of the equation. So let's multiply the B term by (A + 1). Since
A+ 1=1and B (1) = B we will not change the original meaning of
the expression. It is equivalent to multiplying a term by 1.

Therefore s »a
AB+B=AB+B(A+1)

Now, complete the proof yourself using the previously explained
Boolean rules.

76.

(See proof below) The related Boolean rules are indicated.
AB + B (A + 1)

Expand by multiplying (Distribution)

AB + AB + B

Factor out from first two terms (Distribution)
A(B+B)+B

Replace (B + B) with 1 (Complements)

A1)+ B

Replace A (1) by A (Intersection)

A+ B

You can use the same trick to prove the expression.

AB+B=A+B

Do it for practice then check your solution in the next frame.
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(See proof below)

AB + B

Multiply B by (A + 1) (Distribution)
AB+ B (A + 1)

Expand by multiplying (Distribution)
AB + AB + B

Factor A out of first two terms (Distribution)
A(B+B)+B

Replace (B + B) by 1 (Complements)
A1)+ B

Replace A (1) by A (Intersection)
A+ B

The equality of the expression AB + B = A + B can also be proven
by using a
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78.

(truth table) Don’t overlook truth tables as a means of verifying the
operation of a logic circuit or in proving the equivalence of two
equations or circuits.

Another important Boolean rule is DeMorgan’s theorem. There
are two forms of it as indicated below.

AB =

——

A+ B

o=l

+B
A B
The best way to prove the equality of these expressions is by a

truth table. The first expression above is proven this way as indi-
cated below.

INPUTS OUTPUTS
A A B | AB| AB|A+TB
0 0 1 1 0 1 1
0 1 1 0 0 1 1
1 0 0 1 0 1 1
1 1 0 0 1 0 0

fequalf

There are two variables A and B so there are four possible input
combinations. These are indicated in columns A and B. Columns
are also provided for the other terms called for by the expressions

A B,ABand A + B
Using the inputs as a guide these other columns are completed. Go
through each column yourself to be sure you understand how
each state is obtained. Note the equality of the AB and A + B
columns.

Now, prove the expression A + B = A B yourself using the same
procedure. Check your results in the next frame.
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79. (See Table below)

INPUTS OUTPUTS

A B A BlA+B|A+B|AB
0 0 1 1 0 1 1
0 1 3 | 0 1 0 0
1 0 0 i 1 0 0
1 1 0 0 1 0 0

t equal ‘

The correct proof of the expression A+ B = A B is shown above.

Like other Boolean rules, DeMorgan’s theorem is useful in
minimizing logic equations, particularly those that have whole
terms or expressions negated with a complement bar over them.
For example, the expression

X=ABC+A+C

cannot be simplified by using the previously given Boolean rules.
It can only be reduced by using DeMorgan’s theorem.

If you look closely at the two forms of DeMorgan’s theorems you
will see that they essentially show how an AND expression can be
changed to an OR expression and vice versa.

=
Il
o=l
o e

| =l

Logic expressions of either form can be readily converted to
another form more desirable in simplifying the expression.

Like other Boolean rules, DeMorgan's theorem is used to
logic expressions.
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80. (Simplify, minimize, or reduce) DeMorgan's theorem pro-
vides one more tool for you to use in minimizing certain types of
logic expressions. In addition, it can be used to change the form of
an expression for AND to OR or OR to AND.

The following procedure can be used in making the conversions.

To change a Boolean expression from one form to another, use the
following procedure:

1. Change all AND (*) expressions to OR (+) expressions.
2. Complement the individual terms that were ANDed or ORed.
3. Complement the entire expression.

Let's try it out on the expression AB.
1. Change AND to OR or vise versa,
AB becomes A + B

2. Complement each term.

A+ B becomes A + B

3. Complement entire expression

A+ B becomes A+B=A+B

The result AB= A + B is one of our DeMorgan’s relationships.
Now try converting the expression A B using this procedure.
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81. (AB = A + B) (See procedure below)

1 B Change AND to OR A + §= _
2. A+ B Complement eachterm A+ B= A+ B
3. A+ B Complement entire expression A + B

1>

The procedure is easily remembered and can be applied to other
more complex expressions. The examples below illustrate some
typical applications.

AB becomes
A+ B then
A+ B and finally
A+B =A+B=AB

Note that while only two terms are shown in the basic DeMorgan’s
theorems, the same rules apply to logic expressions with three or

more terms.
X+Y+2Z becomes
XeY-Z then
xYZ and finally
XYZ =X+Y+2Z

Use DeMorgan's rules to change the form of the expression:

T+ K+L
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82. (JK L) You use the same procedure for converting any Boolean
expression with DeMorgan’s theorem.

The following example will show you how DeMorgan’s theorems
can significantly reduce a Boolean expression.

e [A__-B-] {EQL[Q D) (A C) Original expression
(AB)+ (BC)+ (CD)+ (AC) Expanded by DeMorgan'’s

[1—\—+ B) + (B + E] + (E+ D) + (K + —C-‘] Each term in expression
expanded by DeMorgan'’s

A+B+B+C+C+D+A+C Expression expanded by
Law of Association

A+A+B+B+C+C+C+D Expression rearranged by
Laws of Commutation.

A+ B+ C+D Expression simplified by
Laws of Union.

A significant simplification takes place. Note that DeMorgan’s
theorems were applied twice, once to the original expression and
again to each term in the expanded form resulting from the first
application. In simplifying an expression like this you use De-
Morgan's theorem as many times as necessary for any terms to
achieve the greatest minimization.

You do not need to use DeMorgan’s theorem on all Boolean ex-
pressions. As a rule, the only place you will use it is when a NOT
bar appears over all or part of the logic equation.

Now, take a close look at the first expression for DeMorgan's
theorem.

AB=A+B

What logic function is indicated by the term on the left?
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83. (NAND) This expression relates the positive NANP fuiction (AB)
to the negated NOR or negative NOR function (A + B).

What about the other form of DeMorgan’s A + B = A B? Which
logic function is indicated by A + B? ;

84. (NOR) Yes. The positive NOR function (A + B) is indicated. It is
equivalent to the negated NAND or negative NAND function A B.
You saw earlier how NAND and NOR gates can perform NAND or
NOR functions in positive or negative logic. These operations are
clearly expressed by the two forms of DeMorgan's theorem. You
will find DeMorgan’s theorems useful in dealing with NAND and
NOR gates.

Self Test Review

Reduce the following logic expressions:

8. (ABC) + (AB Q)
9. (A+B+C)(A+T)

Answers

8. (ABC)+ (ABC)
A+B+C+A+B+T
A+A+B+B+C+TC
1 + 1 4+ 1 = 1
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MINIMIZING LOGIC EXPRESSIONS

85.

You have already seen how the Boolean rules are used to simplify
logic expression and you have had a little practice in minimizing
some simple logic equations yourself. But now we want you to
polish your skill with Boolean so that you can deal with any
practical logic function that you might encounter, The problems
presented here will give you the necessary practice.

Let's start with the expression F = (A + B) (B + C)

Draw the logic diagram for this expression.

86.

(See Figure 5-51)

Now, using Boolean algebra, minimize the equation. The first step
is to expand the expression by multiplying as you would in
algebra.

F=(A+B)(B+C)=AB+AC+BB+BC

Basic Boolean rules can then be used as indicated below to reduce
the equation.

AB+AC+BB+BTC
Laws of Tautology

AB+AC+B+BC

Laws of Commutation
AB+B+BC+AC

Factor a B out of the first three terms
B(A+1+C)+AC

Laws of Union

A+1+C)=1

B(1)+AC

Laws of Intersection

B+ AT

Now draw the logic diagram of the minimized version of the
original expression.

F.Q
B F
c

F=(R+B)(B+E)
Figure 5-51
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87.

(See Figure 5-52)

As you can see, there is a significant simplification in that the
minimized circuit uses one less gate.

Just to be sure that the two circuits and expressions do indeed

produce the same logical function, prove their equality with a
truth table.

Check your results in the next frame.

88.

(See table below) The truth table proves conclusively that
F=(A+B)(B+C)=B+AC

the two expressions are equivalent,

INPUTS GATE OUTPUTS

(A+B)|(B+TC)|(A+ B)(B+T) A

>|
Al
Al
o

Y

>
ol

AR R nmoocool] >
o000 O

= =00 RmRoolm
= O O = 0O = O
OO0 0 0O R = = e
O = O =R O = Ok
== 00— = e
o O e = = O

Wp|l-=~coc~=~=o0o=
b»-n—zocur—*o'—‘

equal

Now let's try the expression below.
X=ABC+ABC+ABC+ABC

First draw the logic diagram.
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89.

(See Figure 5-53)

Observing the equation, try to spot common factors in each of the
terms, then regroup the terms and rearrange the factors using the
Laws of Commutation.

X=ABC+ABC+ABC+ABC
X=ABC+ABC+BCA+BCA

Next we factor out the common expressions, AB in the first two
terms and BC in the last two terms.

X=AB(C+C+BC(A+7A)
By the Laws of Complements this becomes:
X=AB+BC.

Draw the corresponding logic diagram.

90.

(See Figure 5-54)

Comparing this circuit with the one in Figure 5-53 (Frame 89), you
can see the result of minimization. The three gate circuit performs
exactly the same logic function as the original five gate circuit ata
considerable savings.

Next, let’s minimize a logic equation with DeMorgan's theorem.

Reduce the equation

G=(ABC+BC)(AB)

Work the problem yourself keeping in mind that DeMorgan'’s
theorem must be used several times to expand the equation into a
form that will permit it to be minimized with the other Boolean
rules.

Check the solution in the next frame.

oA

=

(== ]

Qi =i ﬁ;) A= o>

oW

Figure 5-53

Ol w >

Figure 5-54
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Igl . The correct solution is shown below.

G=(ABC+ BC)(AB)
DeMorgan's

G=(ABC+ BC)+ (A B)
DeMorgan's

G=A+B+C+BC+A+B
Law of Commutation

G=A+A+B+B+C+BC
Law of Tautology

G=A+B+C+BC
Law of Distribution

G=A+B+C(1+ B)
Law of Union

G=A+B+C(1)
Law of Intersection

G=A+B+C

Self Test Review
Simplify the following logic equations using Boolean Algebra.

10. X=ABCD+ABCD+BCD+ABCD
11. F=(A+B+C)A+B+ 10T

12. X=ABC+A+C
13. M= (A+ B) (A + C) (B + C)
14. D=ABC+ABC+ABC+ABC
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Answers
10, X=ABCD+ ABCD+BCD+ABCD

11,

Rearrange order of terms (Law of Commutation)
X=ABCD+BCD+ABCD+ABCD

Factor out BCD in first two terms and BCD in second two
terms (Law of Distribution)

X=BCDA+1)+BCD(A+A)

Reduce first term by Law of Union and the second by Law
of Complements

X=BCD(1)+BCD(1)
Reduce by Law of Intersection
X=BCD+BCD

Factor out B (Law of Distribution)

X=B(CD+CD)
F=(A+B+C)(A+B+0)

Expand by multiplying (Law of Distribution)
AA+AB+AC+BA+BB+BC+CA+CB+CC
Minimize with Laws of Tautology and Complements.
F=AB+AC+BA+B+BC+CA+CB+C
Rearrange terms (Law of Commutation)
F=AC+BC+AC+C+AB+AB+B

Factor out terms (Law of Distribution)
F=CA+B+A+1)+BA+A+1)

Reduce by Law of Union

F=C(1)+ B (1)

Reduce by Law of Intersection and rearrange terms (Law of
Commutation)

F=B+C

5-49
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Answers (Cont’'d)

13.

12. X=ABC+ A+ C

Expand with DeMorgan's theorem
X=A+B+CT+AC

Rearrange terms (Law of Commutation)
X=A+AC+B+T

Factor out A (Law of Distribution)
X=A(1+C+B+T

Reduce by Law of Union
X=A(1)+B+C

Reduce by Law of Intersection

X=A+B+T
M=(A+B)(A+C)(B+ Q)

Expand with DeMorgan'’s
M=(A+B)+ (A+C)+ (B + ()

Again expand with DeMorgan's
M=AB+AC+BC

Note that all you have done here is to convert a product of
sums expression to a sum of products expression. This is
one valuable use of DeMorgan’s theorem. You can change
any expression from sum-of-products to product-of-sums
or vice versa by applying DeMorgan’s theorem.
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Answers (Cont’d)

14.

D=ABC+ABC+ABT+ABC
Law of Commutation
D=ABC+ABC+ABC+ABC
Factor out BC and BC
D=BC(A+A)+BC@A+ A)
Law of Complements
D=BC(1)+BC(1)

Law of Intersection

D=BC+BC

Factor out B

D=B(C+ C)

Law of Complements

D = B(1)

Law of Intersection

D=B

A and C have no effect on the output and no gates are
needed to implement this relationship. D is connected
directly to B.

5-51
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Figure 5-57

USING NAND/NOR GATES

|92.

Throughout this unit we have shown logic equations im-
plemented with AND and OR gates. However, most modern digi-
tal system's and circuits are made with NAND or NOR gates. As
you saw in an earlier unit, any of the three basic logic operations
can be realized with either NAND or NOR circuits.

The three basic logic functions are _ .
and

93.

(AND, OR, and NOT) A NAND gate or a NOR gate can be used asan
inverter by tying all of the inputs together as shown in Figure 5-55.

Both circuits produce an output that is the complement of the
input.

When used as inverters NAND and NOR gates are represented by
the proper symbol. Sketch this symbol.

94,

(See Figure 5-56) These are the commonly used symbols for an
inverter.

On schematic and logic diagrams, it is desirable to use a symbol
that represents the logic function being performed despite the
nature of the circuit used to implement it.

A NAND gate can be used for AND operations by inverting its
output as shown in Figure 5-57.

The inversion of the NAND is removed by the added inverter
producing the pure AND function.

The inversion is indicated by the in the inverter

logic symbol.
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[95.

(circle) The small circle associated with a logic symbol indicates
the complement function.

A NAND can also perform the OR function as you saw in a
previous unit. This is accomplished by inverting the inputs as
shown in Figure 5-58.

Write the output equation for this circuit.

196. (C= ﬁ] Now using DeMorgan'’s theorems, reduce this expres-
sion.
C=AB=
197. (C = A + B) Correct. When you invert the inputs on a NAND the

OR function is performed.

DeMorgan’s theorem tells us that a NAND can also perform the
negated OR function.

AB=A+B
When the NAND is used for the negated OR function the symbol in
Figure 5-59 is used.

When this symbol is used, it is clear what<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>