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3

THE DIGITAL LOGIC LEVEL

At the bottom of the hierarchy of Fig. 1-2 we find the digital logic level, the
computer’s real hardware. In this chapter, we will examine many aspects of digital
logic, as a building block for the study of higher levels in subsequent chapters. Our
study will emphasize microcomputers over larger machines not only because they are
simpler (and thus easier to study) but also because they are becoming increasingly
important compared to larger machines.

The basic elements from which all digital computers are constructed are amaz-
ingly simple. We will begin our study by looking at these basic elements and also at
the special two-valued algebra (Boolean algebra) used to analyze them. Next we will
examine some fundamental circuits that can be built using gates in simple combina-
tions, including circuits for doing arithmetic. The following topic is how gates can be
combined to store information, that is, how memories are organized. After that, we
come to the subject of CPUs and especially how single chip CPUs interface with
memory and peripheral devices.

3.1. GATES AND BOOLEAN ALGEBRA

Digital circuits can be constructed from a small number of primitive elements by
combining them in innumerable ways. In the following sections we will describe
these primitive elements, show how they can be combined, and introduce a powerful
tool for analyzing their behavior.

58



SEC. 3.1 GATES AND BOOLEAN ALGEBRA 59
3.1.1. Gates

A digital circuit is one in which only two logical values are present. Typically, a
signal between 0 and 1 volt represents one value (e.g., binary 0) and a signal between
2 and 5 volts represents the other value (e.g., binary 1). Voltages outside these two
ranges are not permitted. Tiny electronic devices, called gates, can compute various
functions of these two-valued signals. These gates form the hardware basis on which
all digital computers are built.

Although the details of how gates work inside is really beyond the scope of this
book, belonging to a level below our level O, the device level, we will now digress
ever so briefly to take a quick look at the basic idea, which is really quite simple. All
modern digital logic ultimately rests on the fact that a transistor can be made to
operate as a very fast binary switch. In Fig. 3-1(a) we have shown a single bipolar
transistor (the circle) embedded in a simple circuit. This transistor has three connec-
tions to the outside world: the collector, the base, and the emitter. When the input
voltage, V;, is below a certain critical value, the transistor turns off and acts like an
infinite resistance, causing the output of the circuit, V,,, to take on a value close to
Ve.. When V;, exceeds the critical value, the transistor switches on and acts like a
perfect conductor, causing V,,, to be pulled down to ground (by convention, O volts).

Hee

+vCC
+V cc
v out
Yy
Collector
Vout ‘ ! Vout
Vin Yy vy Vs
Base Emitter
(b)

(a)

(c)
Fig. 3-1. (a) A transistor inverter. (b) A NAND gate. (c) A NOR gate.

The important thing to notice is that when Vj, is low, V,, is high, and vice
versa. This circuit is thus an inverter, converting a logical O to a logical 1, and a log-
ical 1 to a logical 0. The resistor is needed to limit the amount of current drawn by
the transistor. The time required to switch from one state to the other is typically a
few nanoseconds.
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In Fig. 3-1(b) two transistors are cascaded in series. If both V, and V; are high,
both transistors will conduct and V,,, will be pulled low. If either input is low, the
corresponding transistor will turn off, and the output will be high. In other words,
Vour Will be low if and only if both V; and V, are high.

In Fig. 3-1(c) the two transistors are wired in parallel instead of in series. In this
configuration, if either input is high, the corresponding transistor will turn on and pull
the output down to ground. If both inputs are low, the output will remain high.

These three circuits, or their equivalents, form the three simplest gates. They are
called NOT, NAND, and NOR gates, respectively. NOT gates are often called inverters;
we will use the two terms interchangeably. If we now adopt the convention that
“high” (V. volts) is a logical 1, and that “low” (ground) is a logical 0, we can
express the output value as a function of the input values. The conventional symbols
used to depict these three gates are shown in Fig. 3-2(a)-(c), along with the functional
behavior for each circuit.

NOT NAND NOR AND OR
A A A A
A X X X X X
L= = J > )= I
B B B B
A X A B | X A B X A B| X A B | X
0 1 0l]o0 1 0 0 1 0}J0]0 0l]otfo0O
1 0 011 1 0 1 0 0 1 0 0l1 1
1 0 1 1 010 1 010 1 0 1
1 1 0 1 1 0 1 1 1 1 1 1

(a) (b) (c) (d) (e)

Fig. 3-2. The symbols and functional behavior for the five basic gates.

If the output signal of Fig. 3-1(b) is fed into an inverter circuit, we get another
circuit with precisely the inverse of the NAND gate—namely, a circuit whose output is
1 if and only if both inputs are 1. Such a circuit is called an AND gate; its symbol
and functional description are given in Fig. 3-2(d). Similarly, the NOR gate can be
connected to an inverter to yield a circuit whose output is 1 if either or both inputs is
a 1 but 0 if both iriputs are 0. The symbol and functional description of this circuit,
called an OR gate, are given in Fig. 3-2(¢). The small circles used as part of the sym-
bols for the inverter, NAND gate, and NOR gate are called inversion bubbles. They
are often used in other contexts as well to indicate an inverted signal.

The five gates of Fig. 3-2 are the principal building blocks of the digital logic
level. From the foregoing discussion, it should be clear that the NAND and NOR gates
require two transistors each, whereas the AND and OR gates require three each. For
this reason, many computers are based on NAND and NOR gates rather than the more
familiar AND and OR gates. (In practice, all the gates are implemented somewhat
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differently, but NAND and NOR are still simpler than AND and OR.) In passing it is
worth noting that gates may have more than two inputs. In principle, a NAND gate,
for example, may have arbitrarily many inputs, but in practice more than eight inputs
is unusual.

Although the subject of how gates are constructed belongs to the device level, we
would like to mention the major families of manufacturing technology because they
are referred to frequently. The two major technologies are bipolar and MOS (Metal
Oxide Semiconductor). The major bipolar types are TTL (Transistor-Transistor
Logic), which has been the workhorse of digital electronics for years, and ECL
(Emitter-Coupled Logic), which is used when very high-speed operation is required.

MOS gates are 10 times slower than TTL and 100 times slower than ECL but
require almost no power and almost no space, so large numbers of them can be
packed together tightly. MOS comes in many varieties, including PMOS, NMOS,
and CMOS, with new varieties continually appearing.

3.1.2. Boolean Algebra

To describe the circuits that can be built by combining gates, a new type of alge-
bra is needed, one in which variables and functions can take on only the values 0 and
1. Such an algebra is called a Boolean algebra, after its discoverer, the English
mathematician George Boole (1815-1864). Strictly speaking, we are really referring
to a specific type of Boolean algebra, a switching algebra, but the term “Boolean
algebra” is so widely used to mean “switching algebra” that we will not make the
distinction.

Just as there are functions in “ordinary” (i.e, secondary-school) algebra, so are
there functions in Boolean algebra. A Boolean function has one or more input vari-
ables and yields a result that depends only on the values of these variables. A simple
function, f, can be defined by saying that f(A)is 1if AisOand f(A)is Oif A is 1.
This function is the NOT function of Fig. 3-2(a).

Because a Boolean function of n variables has only 2" possible sets of input
values, the function can be completely described by giving a table with 2" rows, each
row telling the value of the function for a different combination of input values. Such
a table is called a truth table. The tables of Fig. 3-2 are examples of truth tables. If
we agree to always list the rows of a truth table in numerical order (base 2), that is,
for two variables in the order 00, 01, 10, and 11, the function can be completely
described by the 2"—bit binary number obtained by reading the result column of the
truth table vertically. Thus NAND is 1110, NOR is 1000, AND is 0001, and OR is O111.
Obviously, only 16 Boolean functions of two variables exist, corresponding to the 16
possible 4-bit result strings. In contrast, ordinary (i.e., high school) algebra has an
infinite number of functions of two variables, none of which can be described by giv-
ing a table of outputs for all possible inputs because each variable can take on any one
of an infinite number of possible values. Clearly, finiteness has its virtues.

Figure 3-3(a) shows the truth table for a Boolean function of three variables:
M = f(A, B, C). This function is the majority logic function, that is, it is O if a
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majority of its inputs are 0, and 1 if a majority of its inputs are 1. Although any
Boolean function can be fully specified by giving its truth table, as the number of
variables increases, this notation becomes increasingly cumbersome. Instead, another
notation is frequently used.

To see how this other notation comes about, note that any Boolean function can
be specified by telling which combinations of input variables give an output value of
1. For the function of Fig. 3-3(a) there are four combinations of input variables that
make M 1. By convention, we will place a bar over an input variable to indicate that
its value is 0. The absence of a bar means that it is 1. Furthermore, we will use
implied multiplication or a dot to mean AND and + to mean OR. Thus, for example,
ABC means A =1 and B =0 and C = 1. Also, AB + BC means (A = 1 and
B =0)or(B = 1and C = 0). The four rows of Fig. 3-3(a) producing 1 bits in the
output are: ABC, ABC, ABC, and ABC. The function, M, is true if any one of these
four conditions is true; hence we can write

M = ABC + ABC + ABC + ABC

as a compact way of giving the truth table. A function of n variables can thus be
described by giving a “sum” of at most 2" n-variable “product” terms. This formula-
tion is especially important, as we will see shortly, because it leads directly to an
implementation of the function using standard gates.

3.1.3. Implementation of Boolean Functions

As mentioned above, the formulation of a Boolean function as a sum of up to 2"
product terms leads directly to a possible implementation. Using Fig. 3-3 as an exam-
ple, we can see how this implementation is accomplished. In Fig. 3-3(b), the inputs,
A, B, and C, are shown at the left edge and the output function, M, is shown at the
right edge. Because complements of the input variables are needed, they are gen-
erated by tapping the inputs and passing them through the inverters labeled 1, 2, and
3. To keep the figure from becoming cluttered, we have drawn in six vertical lines,
three of which are connected to the input variables, and three of which are connected
to their complements. These lines provide a convenient source for the inputs to subse-
quent gates. For example, gates 5, 6, and 7 all use A as an input. In an actual circuit
these gates would probably be wired directly to A without using any intermediate
“vertical” wires.

The circuit contains four AND gates, one for each term in the equation for M (i.e.,
one for each row in the truth table having a 1 bit in the result column). Each AND
gate computes one row of the truth table, as indicated. Finally, all the product terms
are ORed together to get the final result.

The circuit of Fig. 3-3(b) uses a convention that we will need repeatedly
throughout this book: when two lines cross, no connection is implied unless a heavy
dot is present at the intersection. For example, the output of gate 3 crosses all six
vertical lines but it is connected only to C. Be warned that some authors use other
conventions.
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Fig. 3-3. (a) The truth table for the majority function of three variables.
(b) A circuit for (a).
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From the example of Fig. 3-3 it should be clear how to implement a circuit for
any Boolean function:
Write down the truth table for the function.
Provide inverters to generate the complement of each input.
Draw an AND gate for each term with a 1 in the result column.

Wire the AND gates to the appropriate inputs.

“woe RN

Feed the output of all the AND gates into an OR gate.

Although we have shown how any Boolean function can be implemented using
NOT, AND, and OR gates, it is often convenient to implement circuits using only a sin-
gle type of gate. Fortunately, it is straightforward to convert circuits generated by the
preceding algorithm to pure NAND or pure NOR form. To make such a conversion, all
we need is a way to implement NOT, AND, and OR using a single gate type. The top
row of Fig. 3-4 shows how all three of these can be implemented using only NAND
gates; the bottom row shows how it can be done using only NOR gates. In both cases
a value can be inverted using a single gate, whereas both AND and OR require three
gates each. Thus to implement a Boolean function using only NAND or only NOR
gates, first follow the procedure given above for constructing it with NOT, AND, and
OR. Then replace the multi-input gates with equivalent circuits using two-input gates.
For example, A + B + C + D can be computed as (A + B) + (C + D), using
three two-input OR gates. Finally, the NOT, AND, and OR gates are replaced by the
circuits of Fig. 3-4.

Although this procedure does not lead to the optimal circuits, in the sense of the
minimum number of gates, it does show that a solution is always feasible. Both
NAND and NOR gates are said to be complete, because any Boolean function can be
computed using either of them. No other gate has this property, which is another rea-
son they are often preferred for the building blocks of circuits.

3.14. Circuit Equivalence

Circuit designers naturally try to reduce the number of gates in their products to
reduce component cost, printed circuit board space, power consumption, and so on.
To reduce the complexity of a circuit, the designer must find another circuit that com-
putes the same function as the original but does so with fewer gates (or perhaps with
simpler gates, for example, two-input gates instead of four-input gates). In the search
for equivalent circuits, Boolean algebra can be a valuable tool.

As an example of how Boolean algebra can be used, consider the circuit and truth
table for AB + AC shown in Fig. 3-5(a). Although we have not discussed them yet,
many of the rules of ordinary algebra also hold for Boolean algebra. In particular,
AB + AC can be factored into A(B + C) using the distributive law. Figure 3-5(b)
shows the circuit and truth table for A(B + C). Because two functions are
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Dol — -

(b) (c)

Fig. 3-4. Construction of (a) NOT, (b) AND, and (c) OR gates using only
NAND gates or only NOR gates.

equivalent if and only if they have the same output for all possible inputs, it is easy to
see from the truth tables of Fig. 3-5 that A(B + C) is equivalent to AB + AC.
Despite this equivalence, the circuit of Fig. 3-5(b) is clearly better than that of
Fig. 3-5(a) because it contains fewer gates.

In general, a circuit designer can represent a circuit as a Boolean function and
then apply the laws of Boolean algebra to this representation in an attempt to find a
simpler but equivalent one. From the final representation, a new circuit can be con-
structed.

To use this approach, we need some identities from Boolean algebra. Figure 3-6
shows some of the major ones. It is interesting to note that each law has two forms
that are duals of each other. By interchanging AND and OR and also 0 and 1, either
form can be produced from the other one. All the laws can be easily proven by
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Fig. 3-5. Two equivalent functions. (a) AB + AC. (b)) AB + C).
constructing their truth tables. Except for de Morgan’s law, the absorption law, and

the AND form of the distributive law, the results are reasonably intuitive. De
Morgan’s law can be extended to more variables, for example, ABC = A + B + C.

Name AND form OR form
Identity law 1A=A 0O+A=A
Null law OA =0 1+A=1
Idempotent law AA = A A+A=A
Inverse law AR =0 A+RA =1
Commutative law AB = BA A+B=B+A
Associative law (AB)C = A(BC) (A+B)+C=A+(B+C)
Distributive law A+BC=(A+B)A+C) A(B+ C) = AB + AC
Absorption Taw A(A + B) = A A+AB=A
De Morgan's law AE=R+B A+B=~h8

Fig. 3-6. Some identities of Boolean algebra.

De Morgan’s law suggests an alternative notation. In Fig. 3-7(a) the AND form is
shown with negation indicated by inversion bubbles, both for input and output. Thus
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an OR gate with inverted inputs is equivalent to a NAND gate. From Fig. 3-7(b), the
dual form of de Morgan’s law, it is clear that a NOR gate can be drawn as an AND
gate with negated inputs. By negating both forms of de Morgan’s law, we arrive at
Fig. 3-7(c) and (d), which shown equivalent representations of the AND and OR gates.
Analogous symbols exist for the multiple variable forms of de Morgan’s law (e.g., an
n input NAND gate becomes an OR gate with n inverted inputs).

AB

A6 =  R+B A8 -
d > >3
— —

(a) (b)

AB = A+8 A+B - AB
= > O >0 >
—0
(c) (d)

Fig. 3-7. Alternative symbols for some gates: (a) NAND. (b) NOR. (c) AND.
(d) OR.

Using the identities of Fig. 3-7 and the analogous ones for multi-input gates, it
becomes much easier to convert the sum-of-products representation of a truth table to
pure NAND or pure NOR form. As an example, consider the XOR (exclusive or) func-
tion of Fig. 3-8(a). The standard sum-of-products circuit is shown in Fig. 3-8(b). To
convert to NAND form, the lines connecting the output of the AND gates to the input of
the OR gate should be redrawn with two inversion bubbles, as shown in Fig. 3-8(c).
Finally, using Fig. 3-7(a), we arrive at Fig. 3-8(d). The variables A and B can be
generated from A and B using NAND or NOR gates with their inputs tied together.
Note that inversion bubbles can be moved along a line at will, for example, from the
outputs of the input gates in Fig. 3-8(d) to the inputs of the output gate.

As a final note on circuit equivalence, we will now demonstrate the surprising
result that the same physical gate can compute different functions, depending on the
conventions used. In Fig. 3-9(a) we show the output of a certain gate, F, for different
input combinations. Both inputs and outputs are shown in volts. If we adopt the con-
vention that 0 volts is logical 0 and 5 volts is logical 1, called positive logic, we get
the truth table of Fig. 3-9(b), the AND function. If, however, we adopt negative
logic, which has O volts as logical 1 and 5 volts as logical 0, we get the truth table of
Fig. 3-9(c), the OR function.

Thus the convention chosen to map voltages onto logical values is of great impor-
tance. Except where otherwise specified, we will henceforth use positive logic, so the
terms logical 1, true, and high are synonyms, as are logical 0, false, and low.
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Fig. 3-8. (a) Truth table for EXCLUSIVE OR. (b)-(d) Three circuits for

computing it.
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Fig. 3-9. (a) Electrical characteristics of a device. (b)
Positive logic. (c) Negative logic.

3.2. BASIC DIGITAL LOGIC CIRCUITS

In the previous sections we saw how to implement truth tables and other simple
circuits using individual gates. In practice, few circuits are actually constructed gate-
by-gate anymore, although this once was common. Nowadays, the usual building
blocks are modules containing a number of gates. In the following sections we will
examine these building blocks more closely and see how they are used and how they
can be constructed from individual gates.
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3.2.1. Integrated Circuits

Gates are not manufactured or sold individually but rather in units called
integrated circuits, often called ICs or chips. An IC is a square piece of silicon
about 5 X 5 mm on which some gates have been deposited. ICs are usually mounted
in rectangular plastic or ceramic packages measuring 5 to 15 mm wide and 20 to 50
mm long. Along the long edges are two parallel rows of pins about 5 mm long that
can be inserted in sockets or soldered to printed circuit boards. Each pin connects to
the input or output of some gate on the chip or to power or to ground. The packages
with two rows of pins outside and ICs inside are technically known as dual inline
packages or DIPs, but everyone calls them chips, thus blurring the distinction
between the piece of silicon and its package. The most common packages have 14,
16, 18, 20, 22, 24, 28, 40, 64, or 68 pins. For some special applications square
packages with pins on all four sides are sometimes used.

Chips can be divided into rough classes based on the number of gates they con-
tain:

SSI (Small Scale Integrated) circuit: 1 to 10 gates

MSI (Medium Scale Integrated) circuit: 10 to 100 gates

LSI (Large Scale Integrated) circuit: 100 to 100,000 gates
VLSI (Very Large Scale Integrated) circuit: >100,000 gates

These classes have different properties and are used in different ways.

An SSI chip typically contains two to six independent gates, each of which can be
used individually, in the style of the previous sections. Figure 3-10 illustrates a
schematic drawing of a common SSI chip containing four NAND gates. Each of these
gates has two inputs and one output, requiring a total of 12 pins for the four gates. In
addition, the chip needs power (typically about 5 volts, denoted by V), and ground
(GND), which are shared by all gates. The package generally has a notch near pin |
to identify the orientation. To avoid clutter in circuit diagrams, neither power, nor
ground, nor unused gates are conventionally shown.

Figure 3-11 shows some other common SSI chips. These chips belong to the
7400 TTL series developed by Texas Instruments and now produced by many semi-
conductor manufacturers. They are most appropriate for simple circuits that cannot be
realized any other way. The circuit of Fig. 3-3(b) could be constructed from one
7404, two 7411s, and one 7432. No four-input OR gate is available in the 7400
series, but the same function can be computed by ORing pairs of inputs and then ORing
the results together. Symbolically, this can be represented as A + B + C + D =
(A + B) + (C + D), that is, A and B are ORed together as are C and D, with these
two sums then being ORed. If the circuit of Fig. 3-3(b) were actually constructed this
way, the printed circuit board on which they were mounted would contain conducting
wire-like tracks to connect the appropriate pins. Some of the gates would not be
used. The 7486 chip contains a gate we have not shown before, the EXCLUSIVE OR
gate, which is a one-gate equivalent to the circuit of Fig. 3-8.
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Fig. 3-10. An SSI chip containing four gates.

For our purposes, all gates are ideal in the sense that the output appears as soon
as the input is applied. In reality, chips have a finite gate delay, which is the time it
takes for the signal to propagate from the input to the output. Typical delays are 1 to
20 nsec. In schematics one often sees numbers like 74500, 74100, 74H00, and
74LS00. These represent functionally equivalent chips with different
delay/power/price trade-offs. The 74C00 series consists of CMOS chips that are func-
tionally identical to the corresponding 7400 TTL ones.

It is within the current state of the art to put nearly a million gates on a single
chip. Because any circuit can be built up from NAND gates, you might think that a
manufacturer could make a very general chip containing the equivalent of 250,000
chips like the 7400. Unfortunately, such a chip would need 3,000,002 pins. With the
standard pin spacing of 0.1 inch, the chip would be over 2 miles long, which might
have a negative effect on sales. Clearly, the only way to take advantage of the tech-
nology is to design circuits with a high gate/pin ratio. In the following sections we
will look at simple MSI circuits that combine a number of gates internally to provide
a useful function requiring only a limited number of external connections (pins).
After that we will examine two applications requiring thousands of gates (LSI) yet
only 20 to 40 pins—namely, memory chips and microprocessor chips. The dividing
line between LSI and VLSI is vague, but a typical VLSI chip might have a large
microprocessor and considerable memory on the same chip.

3.2.2. Combinational Circuits

Many applications of digital logic require a circuit with multiple inputs and multi-
ple outputs in which the outputs are uniquely determined by the current inputs. Such
a circuit is called a combinational circuit. Not all circuits have this property. For
example, a circuit containing memory elements may generate outputs that depend on
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Fig. 3-11. Some SSI chips. Pin layouts from The TTL Data Book for
Design Engineers, copyright © 1976 Texas Instruments Incorporated.
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the stored values as well as the input variables. A circuit implementing a truth table,
such as that of Fig. 3-3(a), is a typical example of a combinational circuit. In this
section we will examine some frequently used combinational circuits, as examples of
MSI chips.

Multiplexers

At the digital logic level, a multiplexer is a circuit with 2" data inputs, one data,
output, and n control inputs that select one of the data inputs. The selected data input
is “gated” (i.e., routed) to the output. Figure 3-12 is a schematic diagram for an
eight-input multiplexer. The three control lines, A, B, and C, encode a 3-bit number
that specifies which of the eight input lines is gated to the OR gate and thence to the
output. No matter what value is on the control lines, seven of the AND gates will
always output 0; the other one may output either 0 or 1, depending on the value of the
selected input line. Each AND gate is enabled by a different combination of the con-
trol inputs.

The circuit of Fig. 3-12 is an ideal candidate for implementation as an MSI chip,
as illustrated in Fig.3-13(a). Such a chip has eight data inputs, three control inputs,
and one output. When power and ground are included, the chip could be imple-
mented in a 14-pin package. Using this MSI multiplexer chip, we can implement the
circuit of Fig. 3-3(b) on a single chip, as shown in Fig. 3-13(b). For each combina-
tion of A, B, and C, one of the data input lines is selected. Each input is wired to
either V.. (logical 1) or ground (logical 0). The algorithm for wiring the inputs is
simple: input D; is the same as the value in row i of the truth table. In Fig. 3-3(a),
rows 0, 1, 2, and 4 are 0, so the comresponding inputs are grounded; the remaining
rows are 1, so they are wired to logical 1. In this manner any truth table of three
variables can be implemented using the chip of Fig. 3-13(a).

We have already seen how a multiplexer chip can be used to select one of several
inputs and how it can implement a truth table. Another of its applications is as a
parallel-to-serial data converter. By putting 8 bits of data on the input lines and then
stepping the control lines sequentially from 000 to 111 (binary), the 8 bits are put
onto the output line in series. A typical use for parallel-to-serial conversion is in a
keyboard, where each keystroke implicitly defines a 7- or 8-bit number that must be
output serially over a telephone line.

The MSI chip of Fig. 3-13(a) has eight data inputs. Chips similar to it are com-
mercially available, as are multiplexer chips with 16 data inputs. Furthermore, chips
with two independent four-input multiplexers exist, as do chips with four independent
two-input multiplexers. Some of these chips provide both the selected output and its
complement, and some have an additional input line that forces the output to O,
independent of the inputs (i.e., a chip enable/disable pin).

The inverse of a multiplexer is a demultiplexer, which routes its single input sig-
nal to one of 2" outputs, depending on the values of the n control lines. If the binary
value on the control lines is &, output k is selected.
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Fig. 3-12. An eight-input multiplexer circuit.
Decoders
As a second example of an MSI chip, we will now look at a circuit that takes an

n-bit number as input and uses it to select (i.e., set to 1) exactly one of the 2" output
lines. Such a circuit, illustrated for n = 3 in Fig. 3-14, is called a decoder.
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Fig. 3-13. (a) An MSI muitiplexer chip. (b) The same chip wired to com-
pute the majority function.

To see where a decoder might be useful, imagine a memory consisting of eight
chips, each containing 8K bytes. Chip O has addresses 0 to 8191, chip 1 has
addresses 8192 to 16383, and so on. When an address is presented to the memory,
the high-order 3 bits are used to select one of the eight chips. Using the circuit of
Fig. 3-14, these 3 bits are the three inputs, A, B, and C. Depending on the inputs,
exactly one of the eight output lines, Dy, ..., D5, is 1; the rest are 0. Each output
line enables one of the eight memory chips. Because only one output line is set to 1,
only one chip is enabled.

The operation of the circuit of Fig. 3-14 is straightforward. Each AND gate has
three inputs, of which the first is either A or A, the second is either B or B, and the
third is either C or C. Each gate is enabled by a different combination of inputs: D¢
byABC, D, by ABC, and so on.

Commercially available MSI decoder chips include 4-to-16, 3-to-8 and dual 2-to-4
(i.e, two 2-to-4 decoders packaged together in a single chip). Furthermore, 4-to-10
decoders for decoding binary-coded decimal numbers are also common.

Comparators
Another useful MSI chip is the comparator, which compares two input words.

The simple comparator of Fig. 3-15 takes two inputs, A, and B, each of length 4 bits,
and produces 1 if they are equal and a O if they are not equal. The circuit is based on
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Fig. 3-14. A 3-to-8 decoder circuit.

the EXCLUSIVE OR gate, which puts out a 0 if its inputs are equal and a 1 if they are
unequal. If the two input words are equal, all four of the EXCLUSIVE OR gates must
output 0. These four signals can then be ORed together; if the result is 0, the input
words are equal, otherwise not. In our example we have used a NOR gate as the final
stage to reverse the sense of the test: 1 means equal, O means unequal. Commercially
available MSI comparator chips not only have a pin for A = B, but also pins for
A <BandA > B.

Programmed Logic Arrays

We saw earlier that arbitrary functions (truth tables) can be constructed by com-
puting product terms with AND gates and then ORing the products together. A very
general chip for forming sums of products is the programmed logic array or PLA,
which is shown in Fig. 3-16. This chip, the 745330, has input lines for 12 variables.
The complement of each input is generated internally, making 24 input signals in all.
The heart of the circuit is an array of 50 AND gates, each of which can potentially
have any subset of the 24 input signals as an input. Which input signal goes to which
AND gate is determined by a 24 X 50 bit matrix supplied by the user. Each input line
to the 50 AND gates contains a fuse. When shipped from the factory, all 1200 fuses
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EXCLUSIVE OR gate

Fig. 3-15. A simple 4-bit comparator.

are intact. To program the matrix the user burns out selected fuses by applying a high
voltage to the chip.

The output part of the circuit consists of six OR gates, each of which has up to 50
inputs, corresponding to the 50 outputs of the AND gates. Again here, a user-supplied
(50 X 6) matrix tells which of the potential connections actually exist. The chip has
12 input pins, 6 output pins, power, and ground, and comes in a 20-pin package.

As an example of how a PLA can be used, let us reconsider the circuit of Fig. 3-
3(b) once more. It has three inputs, four AND gates, one OR gate, and three inverters.
With the appropriate internal connections made, our PLA can compute this function
using three of its 12 inputs, four of its 50 AND gates, and one of its six OR gates.
(The four AND gates should compute ABC, ABC, ABC, and ABC, respectively; the OR
gate takes these four product terms as input.) In fact, the same PLA could be wired up
to compute simultaneously a total of four functions of similar complexity. For these
simple functions the number of input variables is the limiting factor; for more compli-
cated ones it might be the AND or OR gates.

We can now compare the three different ways we have discussed for implement-
ing the truth table of Fig. 3-3(a). Using SSI components, we need four chips. Alter-
natively, we could suffice with one MSI multiplexer chip , as shown in Fig. 3-13(b).
Finally, we could use a quarter of one PLA chip. Obviously, if many functions are
needed, the PLA is more efficient than the other two methods.

3.2.3. Arithmetic Circuits

It is now time to move on from the general-purpose MSI circuits discussed above
to MSI combinational circuits used for doing arithmetic. We will begin with a simple
8-bit shifter, then look at how adders are constructed, and finally examine arithmetic
logical units, which play a central role in any computer.
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Shifters

Our first arithmetic MSI circuit is an eight-input, eight-output shifter (see Fig. 3-
17). Eight bits of input are presented on lines Dg, ..., D3. The output, which is just

the input shifted one bit, is available on lines Sg, ..., S7. The control line, C, deter-
mines the direction of the shift, O for left and 1 for right.

CL‘>
JU OU JU UuU Uy Uy U

So 31 P 53 34 Sg 36 57
Fig. 3-17. A 1-bit left/right shifter.

To see how the circuit works, notice the pairs of AND gates for all the bits except
the gates on the end. When C = 1, the right member of each pair is turned on, pass-
ing the corresponding input bit to output. Because the right AND gate is wired to the
input of the OR gate to its right, a right shift is performed. When C = 0, it is the
left member of the AND gate pair that turns on, effecting a left shift.

Adders

A computer that cannot add integers is unthinkable. Consequently, circuits for
performing addition are an essential part of every CPU. The truth table for 1-bit addi-
tion is shown in Fig. 3-18(a). Two outputs are present, the sum of the inputs, A and
B, and the carry to the next (leftward) position. A circuit for computing both the sum
and the carry is given in Fig. 3-18(b). This circuit is known as a half adder.

Although a half adder is adequate for summing the low-order bits of two multibit
input words, it will not do for a bit position in the middle of the word because it does
not handle the carry into the position from the right. Instead, the full adder of
Fig. 3-19 is needed. From inspection of the circuit it should be clear that a full adder
is built up from two half adders. The Sum output line is 1 if an odd number of A, B,
and the Carry in are 1. The Carry out is 1 if either A and B are both 1 (left input to
the OR gate) or exactly one of them is 1 and the Carry in bit is also 1.
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Fig. 3-18. (a) Truth table for 1-bit addition. (b) A circuit for a half adder.

Carry in
A | B | Carry | Sum | Carry A — —H_\ '_)’-D—Sum
in out B 4 / 7
0|0 0 0 0
0}]o0 1 1 0
01 0 1 0
0|1 1 0 1
110 0 1 0
110 1 0 1
111 0 0 1
111 1 1 1

Carry out
(a) (b)
Fig. 3-19. (a) Truth table for full adder. (b) Circuit for a full adder.

To build an adder for, say, two 16-bit words, one just replicates the circuit of
Fig. 3-19(b) 16 times. The carry out of a bit is used as the carry into its left neigh-
bor. The carry into the rightmost bit is wired to 0. This type of adder is called a rip-
ple carry adder, because in the worst case, adding 1 to 111...111 (binary), the addi-
tion cannot complete until the carry has rippled all the way from the rightmost bit to
the leftmost bit. Adders that do not have this delay, and hence are faster, also exist
(Blaauw, 1976).
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Arithmetic Logical Units

Most computers contain a single circuit for performing at least the basic opera-
tions of AND, OR, and sum of two machine words. Typically, such a circuit for n-bit
words is built up of # identical circuits for the individual bit positions. Figure 3-20 is
a simple example of such a circuit, called an arithmetic logical unit or ALU. It can
compute any one of four functions—namely, A AND B, A OR B, B, or A + B,
depending on whether the function-select input lines Fg and F, contain C0, 01, 10, or
11 (binary), respectively.

The lower left-hand corner of our ALU contains a 2-bit decoder to generate
enable lines for the four operations, based on F and . The upper left-hand corner
has the logic to compute A AND B, A OR B, and B, but at most one of these results is
passed onto the final OR gate, depending on the enable lines coming out of the
decoder. Because exactly one of the decoder outputs will be 1, exactly one of the
four AND gates driving the OR gate will be enabled; the other three will output O,
independent of A and B.

The lower right-hand comer of the ALU contains a full adder for computing the
sum of A and B, including handling the carries, because it is likely that several of
these circuits will eventually be wired in parallel to perform full-word operations.
Chips like Fig. 3-20 are actually available and are known as bit slices. They allow
the computer designer to build an ALU of any desired width. Chips containing four
or eight slices on one chip are also available to simplify the design and reduce chip
count.

3.2.4. Clocks

In many digital circuits the order in which events happen is critical. Sometimes
one event must precede another, sometimes two events must occur simultaneously.
To allow designers to achieve the required timing relations, many digital circuits use
clocks to provide synchronization. A clock in this context is a circuit that emits a
series of pulses with a precise pulse width and precise interval between consecutive
pulses. The interval between corresponding edges of two consecutive pulses is called
the clock cycle time. Pulse frequencies are commonly between 1 and 100 MHz,
corresponding to clock cycles of 1000 nsec to 10 nsec. To achieve high accuracy, the
clock frequency is usually controlled by a crystal oscillator.

In a computer, many events may happen during a single clock cycle. If these
events must occur in a specific order, the clock cycle must be divided into subcycles.
A common way of providing finer resolution than the basic clock is to tap the primary
clock line and insert a circuit with a known delay in it, thus generating a secondary
clock signal that is phase-shifted from the primary, as shown in Fig. 3-21(a). The
timing diagram of Fig. 3-21(b) provides four time references for discrete events:

1. Rising edge of Cl
2. Falling edge of Cl
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Fig. 3-20. A 1-bit ALU.
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3. Rising edge of C2
4. Falling edge of C2
By tying different events to the various edges, the required sequencing can be

achieved. If more than four time references are needed within a clock cycle, more
secondary lines can be tapped from the primary, with different delays.

al— c1—|—| ['1 [
M1 .

c2

H

(a) (b)

I [ .
e
N

Fig. 3-21. (a) A clock. (b) The timing diagram for the clock. (c) Genera-
tion of an asymmetric clock.

In some circuits it is necessary to divide time into intervals rather than define
points in time. This effect can be easily achieved by causing some events to happen
when C1 is high and other events to happen when C2 is high. If more than two inter-
vals are needed, more clock lines can be provided or the high states of the two clocks
can be made to overlap partially in time. In the latter case four intervals can be dis-
tinguished: C1 AND C2, C1 AND C2, C1 AND C2, and C1 AND C2.

As an aside, it probably should be pointed out that Fig. 3-21(a)-(b) is really some-
thing of a simplification. Real clocks are symmetric, with time spent in the high state
equal to the time spent in the low state, as shown by A in Fig. 3-21(c). To generate
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an asymmetric pulse train, the basic clock is shifted using a delay circuit, as shown by
B in Fig.3-21(c). Finally, these two are ANDed together, to get C in Fig. 3-21(c). It
is this signal that is shown as C1 in Fig. 3-21(b). C2 can be generated by delaying
Cl.

3.3. MEMORY

An essential component of every computer is its memory. Without memory there
could be no computers as we now know them. Memory is used for storing both
instructions to be executed and data. In the following sections we will examine the
basic components of a memory system starting at the gate level to see how they work
and how they are combined to produce large memories.

3.3.1. Latches

To create a 1-bit memory, we need a circuit that somehow “remembers” previous
input values. Such a circuit can be constructed from two NOR gates, as illustrated in
Fig. 3-22(a). Analogous circuits can be built from NAND gates. We will not mention
these further, however, because they are conceptually identical to the NOR versions.

NOR

—|=|ojo]>»
—~O|=|O]|w

olo|e|—~

(a) (b) (c)

Fig. 3-22.(a) A NOR latch in state 0. (b) A NOR latch in state 1.
(¢) Truth table for NOR.

The circuit of Fig. 3-22(a) is called an SR latch. It has two inputs, S, for Setting
the latch, and R, for Resetting (i.e., clearing) it. It also has two outputs, Q and O,
which are complementary, as we w1ll see shortly. Unlike a combinational circuit, the
outputs of the latch are not uniquely determined by the current inputs.

To see how this comes about, let us assume that both S and R are 0, which they
are most of the time. For argument’s sake, let us further assume that @ = 0.
Because Q is fed back into the upper NOR gate, both of its inputs are 0, so its output,
0, is 1. The 1 is fed back into the lower gate, which then has inputs 1 and 0, yield-
ing @ = 0. This state is at least consistent and is depicted in Fig. 3-22(a).

Now let us imagine that Q is not O but 1, with R and § still 0. The upper gate
has inputs of 0 and 1, and an output, Q, of 0, which is fed back to the lower gate.
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This state, shown in Fig. 3-22(b), is also consistent. A state with both outputs equal
to 0 is inconsistent, because it forces both gates to have two Os as input, which, if
true, would produce 1, not 0, as output. Similarly, it is impossible to have both out-
puts equal to 1, because that would force the inputs to O and 1, which yields 0, not 1.
Our conclusion is simple: For R = § = 0, the latch has two stable states, which we
will refer to as 0 and 1, depending on Q.

Now let us examine the effect of the inputs on the state of the latch. Suppose
that S becomes 1 while 9 = 0. The inputs to the upper gate are then 1 and 0, forc-
ing the output to 0. This change makes both inputs to the lower gate 0, forcing the
output to 1. Thus setting S (i.e., making it 1) switches the state from O to 1. Setting
R in state O has no effect because the output of the lower gate is the same for inputs
of 10 and 11.

Using similar reasoning, it is easy to see that setting S in state 1 has no effect but
that setting R drives the latch to state 0. In summary, when S is turned on momen-
tarily, the latch ends up in state 1, regardless of what state it was previously in. Like-
wise, setting R forces the latch to state 0. The circuit “remembers” whether S or R
was last on. Using this property we can build computer memories.

Clocked SR Latches

It is often convenient to prevent the latch from changing state except at certain
specified times. To achieve this goal, we modify the basic circuit slightly, as shown
in Fig. 3-23, to get a clocked SR latch. This circuit has an additional input, the
clock, which is normally 0. With the clock O, both AND gates output O, independent
of § and R, and the latch does not change state. When the clock is 1, the effect of
the AND gates vanishes and the latch becomes sensitive to S and R. Despite its name,
the clock signal need not be driven by a clock. The terms enable and strobe are also
widely used to mean that the clock input is 1; that is, the circuit is sensitive to the
state of S and R.

C'Iock_n_ -_—

Fig. 3-23. A clocked SR latch.

Up until now we have carefully swept the problem of what happens when both §
and R are 1 under the rug. And for good reason: the circuit becomes nondeterministic
when both R and S finally return to 0. The only consistent state for § = R = 1 is
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Q = 0 = 0, but as soon as both inputs return to 0, the latch must jump to one of its
two stable states. If either input drops back to O before the other, the one remaining 1
longest wins, because when just one input is 1, it forces the state. If both inputs
return to O simultaneously (which is very unlikely), the latch jumps to one of its stable
states at random.

Clocked JK Latches

To prevent this ambiguity, we can modify the circuit again to get the clocked
JK latch of Fig. 3-24. Here the outputs have been fed back into the AND gates.
Because one of the outputs is always 0, setting both inputs to 1 only causes one of the
AND gates to put out a l—namely, the one attached to the output in 1 state. Let us
consider the effect of J = K = 1 on each of the stable states. In state 0, the upper
gate will be enabled and the lower one disabled, causing the latch to go to state 1. In
state 1, the lower gate will be enabled and the upper one disabled, causing the latch
to go to state 0. In both cases the latch switches state. The ambiguity has been
removed. The letters J and K are universally used to distinguish JK latches from SR
latches but they do not stand for anything in particular.

J = =
ﬂ—d
" [\ —
|/

Fig. 3-24. A clocked JK latch.

Clocked D Latches

Another way to resolve the SR latch’s ambiguity is to make sure that it cannot
occur. Figure 3-25 gives a latch circuit with only one input, D. Because the input to
the lower AND gate is always the complement of the input to the upper one, the prob-
lem of both inputs being 1 never arises. When D = 1 and the clock is 1, the latch is
driven into state logical 1. When D = 0 and the clock is 1, the latch is driven into
state logical 0. Put in other terms, when the clock is 1, the current value of D is sam-
pled and stored in the latch. This circuit, called a clocked D latch, is a true 1-bit
memory. The value stored is always available at Q. To load the current value of D
into the memory, a positive pulse is put on the clock line.
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Fig. 3-25. A clocked D latch.
3.3.2. Flip-Flops and Registers

In many circuits it is necessary to sample the value on a certain line at a particu-
lar instant in time and store it. In principle, one way to achieve this goal is to use a
clocked D latch with a very short pulse on the clock line around the time the sample
is to be made. In practice, generating very short pulses can be difficult, so a variation
on the latch circuit has been developed. In this variant, called a flip-flop, the state
transition does not occur when the clock is 1 but during the clock transition from 0 to
1 or from 1 to O instead. Thus the length of the clock pulse is unimportant, as long
as the transitions occur fast.

For emphasis, we will repeat the difference between a flip-flop and a latch. A
flip-flop is edge triggered, whereas a latch is level triggered. Be warned, however,
that in the literature these terms are often confused. Many authors use “flip-flop”
when they are referring to a latch, and vice versa.

The standard symbols for latches and flip-flops are shown in Fig. 3-26. Figure
3-26(a) is a latch whose state is loaded when the clock, CK, is 1, in contrast to
Fig. 3-26(b) which is a latch whose clock is normally 1 but which drops to 0 momen-
tarily to load the state from D. Figure 3-26(c) and (d) are flip-flops rather than
latches, which is indicated by the pointy symbol on the clock inputs. Figure 3-26(c)
changes state on the rising edge of the clock pulse (O to 1 transition), whereas Fig. 3-
26(d) changes state on the falling edge (1 to O transition). Many, but not all, latches
and flip-flops also have Q as an output, and some have two additional inputs Set or
Preset (force state to logical 1) and Reset or Clear (force state to logical 0). In addi-
tion to D flip-flops, JK flip-flops are also available.

Registers

Flip-flops are available in a variety of configurations. A simple one, containing
two independent D flip-flops with clear and preset signals, is illustrated in Fig. 3-
27(a). Although packaged together in the same 14-pin chip, the two flip-flops are
unrelated. A quite different arrangement is the octal flip-flop of Fig. 3-27(b). Here
the eight (hence the term “octal”) D flip-flops are not only missing the O and preset
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Fig. 3-26. D latches and flip-flops.

lines, but all the clock lines are ganged together and driven by pin 11. The flip-flops
themselves are of the Fig. 3-26(d) type, but the inversion bubbles on the flip-flops are
canceled by the inverter tied to pin 11, so the flip-flops are loaded on the rising transi-
tion. All eight clear signals are also ganged, so when pin 1 goes to 0, all the flip-
flops are forced to their O state. In case you are wondering why pin 11 is inverted at
the input and then inverted again at each CK signal, an input signal may not have
enough current to drive all eight flip-flops; the input inverter is really being used as an
amplifier.

While the obvious reason for ganging the clock and clear lines of Fig. 3-27(b) is
to save pins, in this configuration the chip is used in a different way from eight unre-
lated flip-flops. It is used as a single 8-bit register. Alternatively, two such chips can
be used in parallel to form a 16-bit register by tying their respective pins 1 and 11
together. We will look at registers and their uses more closely in Chap. 4.

For the time being, the interesting thing to note is how the scarcity of pins drives
chip design inexorably toward circuits with higher and higher gate-to-pin ratios. The
simple D latch of Fig. 3-25 requires five gates, so an octal latch chip analogous to
Fig. 3-27(b) needs 57 gates, including the eight inverters for CK and the eight invert-
ers for CLR. An edge-triggered flip-flop is more complex than a latch internally, so
Fig. 3-27(b) represents the equivalent of something like 100 gates, a far cry from the
simple SSI chips of Fig. 3-11. In the next section we will study a different internal
organization for memory chips, which allows a much higher gate-to-pin ratio.

3.3.3. Memory Organization

Although we have now progressed from the simple 1-bit memory of Fig. 3-25 to
the 8-bit memory of Fig. 3-27(b) we cannot continue this way due to lack of pins on
the chip. Each flip-flop requires two pins, D, and Q, in addition to the control pins
shared by all the flip-flops. To build large memories a different organization is
required.

What we need is a design in which the number of pins grows logarithmically
rather than linearly with the memory capacity. A widely used memory organization
that meets this criterion is shown in Fig. 3-28. This example illustrates a memory
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Fig. 3-27. (a) 7474 dual D flip-flop. (b) 74273 octal flip-flop.
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with four 3-bit words. Each operation reads or writes a full 3-bit word. While the
total memory capacity of 12 bits is hardly more than our octal flip-flop, it requires
fewer pins and most important, the design extends easily to large memories.

While the memory of Fig. 3-28 may look complicated at first, it is really quite
simple due to its regular structure. It has eight input lines and three output lines.
Three inputs are data: Iy, I;, and I; two are for the address: Ay and A;; and three
are for control: S for Chip Select, RD for distinguishing between read and write, and
OE for Output Enable. The three outputs are for data: Dy, D, and D,. In principle
this memory could be put into a 14-pin package, including power and ground versus
20 pins for the octal flip-flop.

To select this memory chip, external logic must set CS high and also set RD high
(logical 1) for read and low (logical 0) for write. The two address lines must be set to
indicate which of the four 3-bit words is to be read or written. For a read operation,
the data input lines are not used, but the word selected is placed on the data output
lines. For a write operation, the bits present on the data input lines are loaded into
the selected memory word; the data output lines are not used.

Now let us look at Fig. 3-28 closely to see how it works. The four word-select
AND gates at the left of the memory form a decoder. The input inverters have been
placed so that each gate is enabled (output is high) by a different address. Each gate
drives a word select line, from top to bottom for words 0, 1, 2, and 3. When the
chip has been selected for a write, the vertical line labeled CS - RD will be high, ena-
bling one of the four write gates, depending on which word select line is high. The
output of the write gate drives all the CK signals for the selected word, loading the
input data into the flip-flops for that word. A write is only done if CS is high and RD
is low and even then only the word selected by Ag and A, is written; the other words
are not changed.

Read is similar to write. The address decoding is exactly the same as for write.
But now the CS - RD line is low, so all the write gates are disabled and none of the
flip-flops are modified. Instead, the word select line that is chosen enables the AND
gates tied to the Q bits of the selected word. Thus one word outputs its data into the
four-input OR gates at the bottom of the figure, while the other three words output 0.
Consequently, the output of the OR gates is identical to the value stored in the word
selected. The three words not selected make no contribution to the output.

Although we could have designed a circuit in which the three OR gates were just
fed into the three output data lines, doing so sometimes causes problems. In particu-
lar, we have shown the data input lines and the data output lines as being different,
but in actual memories the same lines are used. If we had tied the OR gates to the
data output lines, the chip would try to output data, that is, force each line to a
specific value, even on writes, thus interfering with the input data. For this reason, it
is desirable to have a way to connect the OR gates to the data output lines on reads but
disconnect them completely on writes. What we need is an electronic switch that can
make or break a connection in a few nanoseconds.

Fortunately, such switches exist. Figure 3-29(a) shows the symbol for what is
called a noninverting buffer. It has a data input, a data output, and a control input.
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Fig. 3-28. Logic diagram for a 4 X 3 memory. Each row is one of the four
3-bit words. A read or write operation always reads or writes a complete
word.
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When the control input is high, the buffer acts like a wire, as shown in Fig. 3-29(b).
When the control input is low, the buffer acts like an open circuit, as shown in
Fig. 3-29(c); it is as though someone detached the data output from the rest of the cir-
cuit with a wirecutter. However, in contrast to the wirecutter approach, the connec-
tion can be subsequently restored in a few nanoseconds by just making the control sig-
nal high again.

Data Data
in out
Control

(a) (b) (¢) (d)

Fig. 3-29. (a) A noninverting buffer. (b) Effect of (a) when control is high.
(c) Effect of (a) when control is low. (d) An inverting buffer.

Figure 3-29(d) shows an inverting buffer, which acts like a normal inverter when
control is high and disconnects the output from the circuit when control is low. Both
kinds of buffers are tri-state devices, because they can output O, 1, or none of the
above (open circuit). Buffers also amplify signals, so they can drive many inputs
simultaneously. They are sometimes used in circuits for this reason, even when their
switching properties are not needed.

Getting back to the memory circuit, it should now be clear what the three nonin-
verting buffers on the data output lines are for. When CS, RD, and OE are all high, the
output enable signal is also high enabling the buffers and putting a word onto the out-
put lines. When any one of CS, RD, or OE is low, the data outputs are disconnected
from the rest of the circuit.

As an aside, in Chap. 2 we discussed how a memory appears from the outside—
namely, an MAR for the memory address and an MBR for the data. From Fig. 3-28
it is apparent that Ag and A, are taken from a 2-bit MAR, while the three data inputs
and three data outputs correspond to the MBR. Because memories usually have only
one MBR, the importance of disconnecting Do, D}, and D, from the MBR on writes
to memory to avoid interfering with Iy, I;, and I, should be obvious now.

3.3.4. Memory Properties

The nice thing about the memory of Fig. 3-28 is that it extends easily to larger
sizes. As we drew it, the memory is 4 X 3, that is, four words of 3 bits each. To
extend it to 4 X 8 we need only add five more columns of four flip-flops each, as
well as five more input lines and five more output lines. To go from4 X 3to 8 X 3
we must add four more rows of three flip-flops each, as well as an address line A».
With this kind of structure, the number of words in the memory should be a power of
2 for maximum efficiency, but the number of bits in a word can be anything.
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Because integrated circuit technology is well suited to making chips whose inter-
nal structure is a repetitive two-dimensional pattern, memory chips are an ideal appli-
cation for it. As the technology improves, the number of bits that can be put on a
chip keeps increasing, typically by a factor of 4 every 3 or 4 years. In the early
1970s, chips had 1K bits; in later years, they had 4K, 16K, 64K, 256K, and so on.
By 1990, chips with millions of bits may be commonplace. The larger chips do not
always render the smaller ones obsolete due to different trade-offs in capacity, speed,
power, price, and interfacing convenience.

For any given memory size, there are various ways of organizing the chip. Figure
3-30 shows two possible organizations for a 16K-bit chip, 2K X 8 and 16K X 1. Inthe
former, 11 address lines are needed to address the selected byte, and eight data lines are
needed for loading and storing data. In the latter, 14 address lines are needed to address
the selected bit, but only one line is needed for data in and one for data out. In both
cases lines are needed for distinguishing reads from writes and for chip select. The GE
line is Output Enable; when it is O the output is present, when it is 1 it is not present (i.e.,
the chip output is disconnected from the circuit). The WE line is for Write Enable. The
bars over OE, WE, and CS mean that the signal is enabled in the low voltage state (logical
0) rather than the high-voltage state (logical 1). This convention will be discussed in
more detail later.

Note that building a memory with a 16-bit MBR from 16K X 1 chips requires 16
chips in parallel and gives a total capacity of at least 32K bytes, whereas using
2K X 8 chips requires only two chips in parallel and allows memories as small as 4K
bytes.

The memories we have studied so far can all be read and written. Such memories
are called RAMs (Random Access Memories), which is a misnomer because all
memory chips are randomly accessible, but the term is well established. RAMs come
in two varieties, static and dynamic. Static RAMs are constructed internally using
circuits similar to our basic D latch. These memories have the property that their con-
tents are retained as long as the power is kept on: seconds, minutes, hours, even days.

Dynamic RAMs, in contrast, do not use latch-like circuits. Instead, a dynamic
RAM is an array of tiny capacitors, each of which can be charged or discharged,
allowing 0 and 1 to be stored. Because the electric charge tends to leak out, each bit
in a dynamic RAM must be refreshed every few milliseconds to prevent the data
from leaking away. Because external logic must take care of the refreshing, dynamic
RAMs require more complex interfacing than static ones, although in many applica-
tions this disadvantage is compensated for by their larger capacities. Some dynamic
RAMs have on-chip refresh logic, providing both high capacity and simple interfac-
ing. Such chips are said to be quasi-static.

RAMs are not the only kind of memory chips. In many applications, such as
toys, appliances, and cars, the program and some of the data must remain stored even
when the power is turned off. Furthermore, once installed, neither the program nor
the data are ever changed. These requirements have led to the development of ROMs
(Read-Only Memories), which cannot be changed or erased, intentionally or other-
wise. The data in a ROM are inserted during its manufacture, essentially by exposing
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Fig. 3-30. Two ways of organizing a 16K-bit memory chip.

a photosensitive material through a mask containing the desired bit pattern and then
etching away the exposed (or unexposed) surface. The only way to change the pro-
gram in a ROM is to replace the entire chip.

ROMs are much cheaper than RAMs when ordered in large volumes to defray the
cost of making the mask. However, they are inflexible, because they cannot be
changed after manufacture and the turnaround time between placing an order and
receiving the ROMs may be many weeks. To make it easier for companies to develop
new ROM-based products, the PROM (Programmable ROM) was invented. This chip
is like a ROM, except that it can be programmed (once) in the field, greatly reducing
turnaround time.

The next development in this line was the EPROM (Erasable PROM), which can
not only be field-programmed but also field-erased. When the quartz window in an
EPROM is exposed to a strong ultraviolet light for 15 minutes, all the bits are set to
1. If many changes are expected during the design cycle, EPROMs are far more
economical than PROMs because they can be reused.

Even better than the EPROM is the EEPROM (Electrically Erasable PROM),
also called an EAROM (Electrically Alterable ROM), which can be erased by apply-
ing pulses to it instead of requiring it to put in a special chamber for exposure to
ultraviolet light. EEPROMs differ from RAMs in that both writing a byte and erasing
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a byte take thousands of times longer, although access times for reading ROM:s,
PROMs, EPROMs, EEPROMs, and RAMs are comparable (a few hundred
nanoseconds at most).

3.4. MICROPROCESSORS AND MICROCOMPUTERS

Armed with information about SSI chips, MSI chips, and LSI memory chips, we
can now tackle the main topic of this chapter—microprocessors and microcomputers.
First, we will look at some general aspects of microprocessors as viewed from the
digital logic level, including pinout (what the signals on the various pins mean) and
buses. Then we will examine two popular microprocessors, the Zilog Z80 and the
Motorola MC68000 in considerable detail.

3.4.1. Microprocessor Chips

For the purposes of this book we will use the term “microprocessor” to mean any
CPU that is contained on a single chip and “microcomputer” to mean a system con-
taining a microprocessor, memory, and some I/O equipment. With this definition it is
clear that some microcomputers are more powerful than some minicomputers. Our
definition is based on packaging, which makes it appropriate for the digital logic level
we are now studying.

We have chosen to focus on CPUs contained on a single chip for a good reason:
their interface with the rest of the system is well defined. A typical microprocessor
chip has 40, 48, or 64 pins, through which all its communication with the outside
world must take place. By understanding the function of all the pins, we can leamn
how the CPU interacts with the memory and /O devices at the digital logic level.
Although the following material specifically relates to microprocessors, the basic
ideas, for example, how CPUs reference memory, how I/O devices are interfaced, and
so on, also hold for minicomputers and to some extent for mainframes, albeit in
slightly different form.

The pins on a microprocessor chip can be divided into three types: address, data,
and control. Every CPU has an address space that it can read and write, commonly
bytes numbered 0 to 2" — 1. Such a microprocessor needs n pins on which to
transmit addresses to memory.

It also needs some pins to send data to memory and receive data from memory.
Normally, the microprocessor will have as many data pins as it has bits in its word, in
order to read or write a word in one memory cycle. Thus a microprocessor with an
8-bit word, 8-bit registers, and so on, will need eight data pins, whereas a micropro-
cessor with a 16-bit word, 16-bit registers, and so on, usually has 16 data pins.
Although it makes little sense to have more data pins than the word length, some
microprocessors have only half as many pins as there are bits in a word. Conse-
quently, they need two memory cycles to read or write a word. Although this slows
down the machine, it also saves pins and makes the machine cheaper.
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The control pins regulate the flow and timing of data to and from the micropro-
cessor and have other miscellaneous uses. Their number and function vary consider-
ably among microprocessors. Some pins regulate memory access, others deal with
/O, and some are needed for power, ground, and clock signals. We will describe the
control pins in more detail below, after having described how the various components
of a microcomputer are interconnected.

3.4.2. Microcomputer Buses

The components of a microcomputer, the microprocessor, memory, and I/O con-
troller chips, are connected by a collection of parallel wires called a bus. The lines
(wires) in the bus can be classified as address, data, or control. They correspond
closely but not exactly, to the microprocessor’s pins. Several buses have been stand-
ardized by IEEE and other organizations to facilitate interconnection of processors,
memories, and other devices from different vendors (Boberg, 1980; Burr et al., 1979;
Elmquist et al., 1979; Gilbert, 1982).

Figure 3-31 illustrates a simple microcomputer with a 2K X 8 EPROM for the
program, a 2K X 8 RAM for data, and an /O chip. In this figure, the 16 address
lines (called the address bus), the 8 data lines (called the data bus), and the
(unspecified number of) control lines (called the control bus) are shaded to indicate
that more than one line is present.

8-bit data bus

16| 1 n 1 n 1 16
: Micro- | E 2K x 8 2K x 8 1/0
processor| 1 H EPROM 1 B RAM
2 H E 2 Vi
4 4 4 7
8 8 8 8

Control bus

Fig. 3-31. A microcomputer with EPROM, RAM, and an VO chip.

Another convention used in the figure is the short diagonal line with a number,
telling how many bits are meant. For example, the microprocessor is connected to all
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16 address lines, but the 2K EPROM only has 2048 bytes, so it only connects to 11
address lines, because 2048 = 2!!. Which of the 16 lines are used and how the vari-
ous chips are selected will be discussed later.

Communication between chips exhibits a master/slave relationship. One chip, the
master, initiates a request to the other, the slave. Sometimes the slave replies, some-
times it just carries out the request silently. At any instant, at most one chip can be
master, although many can be slaves. A typical bus transaction is the microprocessor,
as master, requesting a byte from the RAM, as slave.

When a device is neither master nor slave, it must not interfere with transactions
using the bus. In Fig. 3-28 we saw how using tri-state buffers on output lines could
allow the chip to detach itself when not selected. In general, each chip in Fig. 3-31
that can output a signal onto a bus line will have an internal tri-state buffer to release
the line when it is not being used, in order to allow other devices to use it. This pro-
cess is called floating the bus. If one device tries to output O onto a bus line and
another device tries to output a 1, one of the devices will burn out. Chips that OR
their values onto the bus rather than trying to force the bus to their values do exist
(open collector chips) but they have some drawbacks and are rarely used for micro-
computer buses. Note that only output lines need be tristatable; a chip is free to look
at its inputs all the time without causing conflicts. In Fig. 3-28, for example, the
memory may read the address lines even when it is not selected, because it does no
harm.

Just for the sake of completeness, we note that even if a device only reads a bus
line, it does have an effect because it draws some current from the line. The chip
driving the bus can output only a limited amount, which means that its fanout (the
number of chips that can simultaneously read the output) is limited. For 74xx series
TTL chips, the fanout is 10; for 74LSxx series it is 40; for MOS devices, such as
microprocessor chips, there may be enough current to drive several other MOS chips
but not enough to drive more than one or two standard 74xx TTL chips. High fanout
can be achieved by putting tri-state buffers on the output lines, because they not only
disconnect the chip when disabled but they normally provide enough current to drive
10 standard TTL chips when enabled.

Control Lines

When the microcomputer of Fig. 3-31 wants to read a byte from memory, it must
output some information onto the buses. It puts the address it needs on the address
bus and releases the data bus (using its tri-state buffers), but it must also indicate
somehow that it is requesting a memory read. How it makes this request depends on
the control lines available. One common arrangement is to have two control lines
READ and WRITE. By setting the appropriate line to 1, it can tell the memory what to
do.

Although we will study memory interfacing in detail later, for the time being we
just note that normally a microcomputer has a combinational circuit attached to the
address bus to determine which memory chip to select, based on the current address.
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For example, if the EPROM is positioned from 0 to 2K in the address space,
" addresses containing all zeros in the high-order S bits should select the EPROM.

Many memory chips react when chip select is low rather than when it is high. To
indicate that a signal is active (i.., enabled) low instead of high, by convention a bar
is drawn over its name. Thus a signal called READ is normally low (e.g., 0 to 1
volts), and goes high (e.g., 2 to 5 volts) to indicate that a read cycle is required. In
contrast, a signal called READ would normally be high, and would be driven low by
the microprocessor to initiate a read cycle. The choice between active high and active
low is made by the designers of the microprocessor.

To avoid confusion, we will often use the term asserted to mean that a signal is
in its active state, whatever that may be. Similarly, negated means that the signal is
in its inactive (normal) state. Thus for a microprocessor with a pin called READ we
would say: READ is asserted to start a memory cycle. For a different microprocessor
with a pin called READ, we would say: READ is asserted to start a memory cycle. For
the former machine, asserted means set high; for the latter it means set low.

An alternative design to having signals (i.e, microprocessor pins and bus lines)
called READ and WRITE is to have signals MEMREQ and RW. The former is asserted
when memory request is needed, and the latter is used to distinguish reads from
writes.

Numerous other control lines are conceivable. Rather than trying to enumerate
them in some abstract way, we have chosen to present two popular microprocessors,
the Zilog Z80 and the Motorola MC68000, in some detail. These machines differ in
many ways, and by the end of the discussion of both of them you should have a much
better idea of what control lines are needed in a bus and why.

3.4.3. The Z80 Microprocessor

The Z80 is a complete 8-bit CPU in a 40-pin package. It has 158 instructions and
can address 64K of memory. Its instructions are a superset of the Intel 8080
microprocessor, but the two chips are not pin compatible. We have chosen the Z80 as
our first example because it is simple, powerful, and widely used in innumerable
applications and products. Throughout our discussion we will use the term “Z80” to
mean not only the original Z80 but also the Z80A, Z80B, and so on, which are func-
tionally identical but faster.

Z80 Pinout

The Z80 has 16 address lines, 8 data lines, 13 control lines, power, ground, and
clock input, as shown in Fig. 3-32. Both the address lines and the data lines are
asserted high , but all the control signals are asserted low, as indicated by the bars.
All the address and data lines and some of the control lines can be floated to allow
other devices to become bus master. Figure 3-32 is a logical rather than a physical
pinout; the actual signals are not grouped together so conveniently.

The MREQ, TORQ, RD, WR, and WAIT lines are for reading and writing memory and
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Fig. 3-32. The Z80 address, data, and control signals. The arrows desig-
nate input, output, and bidirectional lines.

VO devices. To read from memory, the Z80 puts the desired address on the address
lines and then asserts both MREQ and RD. After waiting a certain period of time for
the memory to respond, the Z80 then strobes (loads) the byte in from the data lines.
A write consists of setting up both the address and data lines, then asserting both
MREQ and WR.

To read or write an I/O device, the same procedure is followed, except that JTORQ
is used instead of MREQ. Thus memory and the VO devices occupy two distinct
address spaces, with the choice between MREQ and TORQ indicating which one is being
referenced. Most memory chips have a chip select line that is asserted low, so MREQ
can be used to drive it, possibly ANDed with the output of an address comparator. By
wiring MREQ to the chip select lines of the memory chips and TORQ to the chip select
lines of the I/O chips, no conflict arises when the same address corresponds to both
memory and an I/O device.

The Z80 expects the memory to put the requested byte on the data lines within a
certain fixed time. However, the Z80 designers made a provision to allow the use of
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memories too slow to meet the basic requirements. These slow memories assert WAIT
after being selected and keep it asserted until they have placed the data on the bus.
The assertion of this signal tells the Z80 to just wait until it is negated.

In many microcomputers /O devices can also become bus master. When a
device other than the CPU is bus master, the CPU must refrain from using the bus—in
effect do nothing—until the other device is finished. To achieve the necessary syn-
chronization, the signals BUSRQ and BUSAK are provided. To request permission to
become bus master, an /O device asserts BUSRQ. When the CPU is finished with its
current cycle, it floats the address lines, data lines, and those control lines that an /O
device might need (MREQ, IORQ, RD, and WR) and then asserts BUSAK to grant permis-
sion to use the bus. Recognition and response to BUSRQ is done entirely in hardware;
the Z80 programmer is completely unaware of it. If multiple /O devices are compet-
ing for the bus, external arbitration logic is needed.

An VO device may need to signal the CPU, for example, to announce that a data
transfer has been completed. To do this, it only needs to assert INT, which causes a
program interrupt at the end of the current instruction, if interrupts are currently
enabled. NMI (NonMaskable Interrupt) can also be used for causing interrupts. How-
ever, unlike INT, it cannot be disabled in software. It is therefore typically used to
report errors or potentially disastrous external conditions.

RESET is an external signal used to reset the internal status of the CPU and make
it jump to location 0. It is normally used to start the microcomputer after the power
has come on, or to reboot after a crash. Typically, RESET is just connected to a button
on the front panel.

MI is output by the Z80 at the start of each instruction read. It is provided for
compatibility with the 8080, where it plays an important role, and to allow other chips
to distinguish between opcode reads and data reads, which have different properties.
(The opcode is the first byte of the instruction; it identifies the operation to be per-
formed.) In particular, opcode reads are longer than data reads to allow time for
dynamic memories to be refreshed. During the second half of an opcode read cycle,
the Z80 asserts RFSH and puts a 7-bit counter on the address lines to help keep track
of which part of the memory is due for refreshing.

Because the Z80 plays an important role in refreshing the dynamic RAMs, it
never stops, not even after a HALT instruction. Instead, it just keeps asserting RFSH
while waiting for an interrupt. After a HALT instruction has been executed, however,
the FALT line is asserted to tell the rest of the system that the CPU is “stopped” wait-
ing for an interrupt.

The three remaining lines are power, ground, and clock (®). The Z80 is powered
by a single 5-volt supply, and draws 1.5 watts. The clock is a 5-volt square wave at
any frequency up to some maximum (2.5, 4, or 6 MHz) depending on the chip ver-
sion. Because each instruction takes a specific number of clock cycles, the CPU
speed is directly proportional to the clock frequency. Unlike many microprocessors,
the Z80 has no lower limit on the clock frequency. Furthermore, successive clock
periods need not be equally long. The @ input can even be driven by a toggle switch
to allow a system designer to step through a program bus cycle by bus cycle.
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Z80 Memory Request Timing

When the Z80 needs to read a byte from memory, it puts the address of the byte
on the address lines and then asserts MREQ and RD, as mentioned above. In this sec-
tion we are going to look at the precise timing of the various signals in detail because
being able to read timing diagrams is essential to understanding how memory chips
and I/O chips are interfaced to microprocessors.

A typical Z80 instruction is LD A,7, which loads the constant 7 into a Z80 regis-
ter, the accumulator. The instruction occupies two bytes in memory, one for the
opcode and one for the constant (7) to be loaded. Figure 3-33 shows the basic timing
for this instruction. The instruction requires two machine cycles for its execution: one
to read the opcode byte and one to read the operand byte. The opcode read takes four
clock periods (which includes asserting signals for refreshing dynamic RAMs) and the
operand read takes three clock periods. If the clock frequency is, say, 4 MHz, each
clock period will be 250 nsec, so the full instruction execution will take 1750 nsec.
Note that the rising and falling edges of the clock have not been drawn straight up and
down, because no electrical signal can change in zero time.

~«—————0pcode fetch cycle——————1<«—0perand fetch cycle—

<—T,—>~<—T2—><—T3—>—<—T4—>-<——T1—>-<—T2—>T<——T3—->

?| Iy Uy Uy

Falling (trailing) edge of T,

Rising (leading) edge of T,
Fig. 3-33. Timing for LD A,7.

Figure 3-34(a) shows the operand read cycle of the load instruction in more
detail, although slightly simplified from that of a real Z80. The clock, address, data,
MREQ, and RD lines are all shown on the same time scale. The start of T, is defined
by the rising edge of the clock. Part way through T, the Z80 puts the address of the
byte it wants on the address lines, A to A;s. Because the address is not a single
value, like the clock, we cannot show it as a single line in the figure; instead, it is
shown as two lines, with a crossing at the time that the address changes. Further-
more, the shading prior to the crossing indicates that the shaded value is not impor-
tant. Using the same shading convention, we see that the contents of the data lines
are not significant until well into Tj.

After the address lines have had a chance to settle down to their new values,
MREQ and RD are asserted. Nothing happens during T,, to give the memory time to
decode the address and put the data on the bus. At the falling edge of T; the Z80
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- Operand read cycle >

Memory address to be re

Time —>»
(a)

Symbol | Parameter Min Max Unit
TaD Address output delay 110 nsec
TuL | Address stable prior to MREQ 60 nsec
Tw MREQ delay from falling edge of & in Ty 85 | nsec
ThL RD delay from falling edge of & in Ty 85 nsec
Tos Data setup time prior to falling edge of® | 50 nsec
Tux | MREQ delay from falling edge of ® in Ty 85 nsec
Tey | RD delay from falling edge of @ in T, 85 | nsec
Tpy | Data hold time from negation of RD 0 rsec

(b)
Fig. 3-34. (a) Z80 operand read timing. (b) Specification of some critical
times.

strobes the data lines, latching (i.e., storing) the value in an internal register. Having
read the data, the Z80 negates MREQ and RD. If need be, another memory cycle can
begin at the next rising edge of the clock.
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In the timing specification of Fig. 3-34(b), eight symbols that occur in the timing
diagram are further clarified. T,p, for example, is the time interval between the ris-
ing edge of the T, clock and the address lines being set. According to the timing
specification, Tap < 110 nsec. (For this example we assume a 250 nsec clock
period, with 10 nsec rise and fall times.) This means that the chip manufacturer
guarantees that during any operand read cycle, the Z80 will output the address to be
read within 110 nsec of the T, rising clock.

The timing specifications also require that the data be available on the data lines
at least 50 nsec before the falling edge of Ts, to give it time to settle down before the
Z80 strobes (i.c., reads) it in. The combination of the constraints on Tsp and Tpg
means that in the worst case, the memory will have only 250 + 250 + 125 - 110 - 50
= 465 nsec from the time the address appears until it must produce the data. If
memory cannot respond fast enough, it must assert WATT prior to the falling edge of
T, when WATT is strobed.

The timing specification further guarantees that the address will be set up at least
60 nsec prior to MREQ being asserted. This time can be important if MREQ drives chip
select on the memory chip because some memories require an address setup time prior
to chip select. Clearly, the microcomputer designer should not choose a memory chip
with a 75-nsec setup time.

The constraint on Ty and Ty, mean that MREQ and RD will both be asserted
within 85 nsec from the T, falling clock. In the worst case, the memory chip will
have only 250 + 250 - 85 - 50 = 365 nsec after the assertion of MREQ and RD to get
its data onto the bus. This constraint is in addition to the address constraint.

Ty and Tgy tell how long it takes MREQ and RD to be negated after the data have
been strobed in. Finally, Tpy tells how long the memory must hold the data on the
bus after RD has been negated. As far as the Z80 is concemned, the memory can
remove the data from the bus as soon as RD has been negated; on some other
microprocessors, the data must be kept stable for a little while after a request.

We would like to point out that Fig. 3-34 is a simplified version of the true. Z80
timing. In reality, 49 different critical times are specified (not just for read, how-
ever). Nevertheless, Fig. 3-34 gives a good flavor for microprocessor timing require-
ments. Figures like this one are part of every microprocessor product specification
and that of other chips as well.

3.4.4. The 68000 Microprocessor

As a second example of a microprocessor chip, we will now look at the Motorola
MC68000 (Stritter and Gunter, 1979), or just 68000 for short. By any measure, the
68000 is more powerful (and more expensive) than the Z80. It can address 16M bytes
of memory (versus 64K for the Z80), read and write data 16 bits at a time (versus 8
for the Z80) and is much faster. It also has many instructions that operate on 8-, 16-,
or 32-bit quantities (versus mostly 8-bit and a few 16-bit instructions for the Z80).
The 68000 is really a family of CPUs including the 68010, 68020, and so on, but the
differences between the members will not concern us here.
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In fact, from the programmer’s point of view, it can be argued that the 68000 is a
32-bit word machine because it has 32-bit registers and so many instructions to use
them. However, as seen from the digital logic level, it appears to be a 16-bit word
machine because it reads and writes memory in 16-bit units. (A good way to see if a
computer scientist is a hardware or software person is to ask if the 68000 is a 16-bit
machine or a 32-bit machine.) If one were to categorize machines as micros, minis, or
mainframes based on their architecture, the 68000 would be a large mini or a small
mainframe.

68000 Pinout

The 68000 has 23 address lines, 16 data lines, 20 control- lines, power (2 X),
ground (2 X), and clock, as shown in Fig. 3-35. Addresses are actually 24 bits but
because word addresses must be even, bit Ag is always 0, and is not output. The 16
data lines are normally used to read or write 16-bit words but provision has also been
made for reading and writing bytes. Reading and writing 32-bit quantities requires
two memory cycles. .

Memory reads and writes are done differently on the 68000 than on the Z80. To
read a word, the 68000 puts the address on the bus, sets RW (high for a read and low
for a write), and then asserts AS (Address Strobe). This scheme is more efficient than
the Z80's, because only two lines are needed (AS, and R'W), instead of three (MREQ,
RD, and WR). Unlike the Z80, the 68000 does not have a separate address space for
I/O devices, so there is no signal analogous to IORQ.

The UDS (Upper Data Strobe) and IDS (Lower Data Strobe) signals distinguish
byte operations from word operations. If only one of them is asserted, only the
corresponding byte is read or written. If both are asserted, both bytes (i.e., a full 16-
bit word) are read or written.

In addition to the differences with the Z80 just described, there is also a more
fundamental difference. On a read, the Z80 expects the memory to put the data on
the bus 50 nsec before the falling edge of T,, or failing to do so, to assert WAIT dur-
ing T,. Because memory transfers are closely tied to the clock they are called syn-
chronous. The 68000 has no such expectations. The memory can take as long as it
wants to. When it is finished, the memory just asserts BTACK to say it is done. Simi-
larly, on a write, the memory just asserts DTACK when it has latched the data. The
68000 is asynchronous. A system like the 68000 that asserts a signal and then waits
for another signal to be asserted as a reply is said to use handshaking.

The BR (Bus Request) line is used by I/O devices to request the bus. The BG (Bus
Grant) line is asserted by the 68000 to announce that the bus has indeed been floated.
This protocol is the same as on the Z80. A difference with the Z80, however, is the
presence of the BGACK line, which is asserted by the requesting device after it sees the
bus grant. In principle, a device could request and be granted the bus and then assert
BGACK. At this point BR and BG are available for another device to request and be
granted the bus while the previous device was still using it for transferring data. The
second device could not, of course, actually start using the bus until the first one indi-
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Fig. 3-35. The 68000 address, data and control signals. The arrows desig-
nate input, output, and bidirectional lines.

cated that it was finished by negating BGACK. By allowing the bus grant protocol to
run in parallel with data transfer, bus cycles are saved.

The three TPL pins are used to encode the priority of an /O device requesting an
interrupt. If the device has a higher priority than the CPU currently has, the interrupt
occurs; otherwise, it must wait. This technique is more flexible than on the Z80,
where interrupts are either enabled or disabled.
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The three FC lines are used by the 68000 to output certain status information. E,
VMA, and VPA are signals present on the M6800 microprocessor chip (a predecessor of
the 68000), and are provided here to allow the 68000 to use peripheral chips designed
for the M6800, which is synchronous, like the Z80.

BERR (Bus ERRor) is used to inform the 68000 that something is wrong, for
example, a device does not respond. If no such signal was available, an attempt to
read from nonexistent memory would cause the 68000 to hang forever waiting for
DTACK. Typically, an external timer asserts BERR if no response to a read or write
request is forthcoming within a reasonable interval. The Z80 does not need such pro-
tection because an attempt to read nonexistent memory will just cause it to strobe in
nonexistent data in T3 but not to hang.

RESET can be used to reset the CPU, as on the Z80 but it can also be asserted
under program control to reset I/O devices. HALT is also a bidirectional line. As an
output, it indicates that the 68000 has stopped, just as on the Z80. As an input, it
causes the CPU to stop after the current bus cycle, to allow programs to be run one
bus cycle at a time. On the Z80 single cycling is accomplished by slowing down the
clock, something the 68000 cannot tolerate.

Power, ground, and the clock serve the same function as on the Z80. The only
difference is that power and ground are each needed on two pins. If future versions
of the chip need two more pins, these two can always be reclaimed later.

3.5. INTERFACING

A microcomputer system consists of a microprocessor, some memory chips, and
some VO chips connected in such a way that they work together. We have already
studied memories and microprocessors in some detail. After a brief introduction to
/O chips, we will see how the pieces can be put together, concluding with an exami-
nation of a small but complete microcomputer.

3.5.1. VO Chips

Numerous /O chips are already available and new ones are being introduced all
the time. Common chips include UARTs, USARTs, CRT controllers, floppy disk
controllers, and PIOs. A UART (Universal Asynchronous Receiver Transmitter) is a
chip that can read a byte from the data bus and output it a bit at a time on a serial
line for a terminal, or input data from a terminal. UARTS usually allow speeds from
50 bps to 19.2 kbps; character widths from 5 to 8 bits; 1, 1.5, or 2 stop bits; and pro-
vide even, odd, or no parity, all under program control. USARTSs (Universal Syn-
chronous Asynchronous Receiver Transmitters) can handle synchronous transmission
using a variety of protocols as well as performing all the UART functions. As an
example of how /O chips work and are interfaced, we will now look in some detail at
parallel I/O.
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PIO Chips

A typical PIO (Parallel Input/Output) chip is the Intel 8255A, shown in Fig. 3-36.
It has 24 I/O lines that can interface to any TTL-compatible device, for example, key-
boards, switches, lights, printers, disk controllers, or paper tape readers. In a nut-
shell, the CPU program can write a 0 or 1 to any line, or read the input status of any
line, providing great flexibility. A small microprocessor-based system using a PIO
can often replace a complete board full of SSI or MSI chips.
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Fig. 3-36. An 8255A PIO chip.



SEC. 3.5 INTERFACING 107

Although the CPU can configure the 8255A in many ways by loading status regis-
ters within the chip, we will concentrate on some of the simpler modes of operation.
The simplest way of using the 8255A is as three independent 8-bit ports, A, B, and C.
Associated with each port is an 8-bit latch register. To set the lines on a port, the
CPU just writes an 8-bit number into the corresponding register, and the 8-bit number
appears on the output lines and stays there until the register is rewritten. To use a
port for input, the CPU just reads the corresponding register.

Other operating modes provide for handshaking with external devices. For exam-
ple, to output to a device that is not always ready to accept data, the 8255A can
present data on an output port and wait for the device to send a pulse back saying that
it has accepted the data and wants more. The necessary logic for latching such pulses
and making them available to the CPU is included in the 8255A but we will not con-
sider it further.

From the functional diagram of the 8255A we can see that in addition to 24 pins
for the three ports, it has eight lines that connect directly to the data bus, a chip select
line, read and write lines (that correspond exactly to the signals of the same name on
the Intel 8080 and Zilog Z80), two address lines, and a line for resetting the chip.
The two address lines select one of the four internal registers, corresponding to ports
A, B, C, and the control register, which has bits determining which ports are for input
and which for output, and other functions. Normally, the two address lines are con-
nected to the low-order bits of the address bus.

3.5.2. Address Decoding

Up until now we have been deliberately vague about how chip select is asserted
on the memory and I/O chips we have looked at. It is now time to look more care-
fully at how this is done. Let us consider a simple microcomputer consisting of a Z80
CPU, a 2K X 8 EPROM for the program, a 2K X 8 RAM for the data, and a PIO.
This four-chip (so far) system might be used as a prototype for the brain of a toy or
appliance. Once it went into production, the EPROM would normally be replaced by
a ROM.

The PIO can be selected in one of two ways, as a true /O device or as part of
memory. If we choose to use it as an I/O device, then we must select it using TORQ.
If we use the other approach, memory-mapped I/O, then we must assign it four bytes
of the address space for the three ports and the control register. The choice is some-
what arbitrary. We will choose memory-mapped I/O because it illustrates some issues
in address decoding.

The EPROM needs 2K of address space, the RAM also needs 2K of address
space, and the PIO needs 4 bytes. Because the Z80 address space is 64K, we must
make a choice about where to put the three devices. One possible choice is shown in
Fig. 3-37. The EPROM occupies addresses 000000 to 003777, the RAM occupies
addresses 100000 to 103777, and the PIO occupies the highest four bytes of the
address space, 177774 to 177777 (all addresses are in octal). From the programmer’s
point of view, it makes no difference which addresses are used; however, for
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interfacing it does matter. If we had chosen to address the PIO via the /O space, it
would not need any memory addresses (but it would need four I/O space addresses).

EPROM at address 0 RAM at address 100000 PIO at 177774

o |

1 i ] 1 ] ] 1 1 ] ! | l 1 ]
4K 8 12K 16K 20K 24K 28K 32K 36K 40K 44K 48K 52K 56K 60K 64K

Fig. 3-37. Location of the EPROM, RAM, and PIO in the Z80's 64K ad-
dress space. The upper addresses are in octal, the lower ones are in de-
cimal.

With the address assignments of Fig. 3-37, the EPROM should be selected by any
16-bit memory address of the form 00000xxxxxxxxxxx. In other words, any address
whose 5 high-order bits are all Os falls in the bottom 2K of memory, hence in the
EPROM. Thus the EPROM’s chip select could be wired to a 5-bit comparator one of
whose inputs was permanently wired to 00000.

A better way to achieve the same effect is to use a five-input OR gate, with the
five inputs attached to address lines Aj; to A;s. If and only if all five lines are 0 will
the output be 0, thus asserting TS (which is asserted low). Unfortunately, no five-
input OR gate exists in the standard SSI series. The closest we can come is an eight-
input NOR gate. By grounding three inputs and inverting the output we can neverthe-
less produce the correct signal, as shown in Fig. 3-38(a). By convention, unused
inputs are not shown in circuit diagrams.

The same principle can be used for the RAM. However, the RAM should
respond to binary addresses of the form 10000xxxxxxxxxxx, so an additional inverter
is needed as shown in the figure. The PIO address decoding is more complicated,
because it is selected by the four addresses of the form 11111111111111xx. A possi-
ble circuit that asserts TS only when the correct address appears on the address bus is
shown in the figure. It uses two eight-input NAND gates to feed an OR gate. To build
the address decoding logic of Fig. 3-38(a) using SSI requires six chips—the four
eight-input chips, an OR gate, and a chip with three inverters. The address decoding
requires more chips than the CPU, memory, and I/O device combined!

However, if the computer really consists of only the CPU, two memory chips,
and the PIO, we can use a trick to simplify greatly the address decoding. The trick is
based on the fact that all EPROM addresses, and only EPROM addresses, have a 0 in
the high-order bit, A;s. Therefore, we can just wire TS to A5 directly, as shown in
Fig. 3-38(b) At this point the decision to put the RAM at 100000 (octal) may seem
much less arbitrary. The RAM decoding can be done by noting that the only valid
addresses of the form 10xxxxxxxXxxxxxx are in the RAM, so 2 bits of decoding is
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sufficient. Similarly, any address starting with 11 must be a PIO address. The com-
plete decoding logic is now two NAND gates and an inverter. Because an inverter can
be made from a NAND gate by just tying the two inputs together, a single quad NAND
chip is now more than sufficient.

The address decoding logic of Fig. 3-38(b) is called partial address decoding,
because the full addresses are not used. It has the property that a read from addresses
004000, 010000, or 014000 will give the same result. In fact, every address in the
bottom half of the address space will select the EPROM. Because the extra addresses
are not used, no harm is done, but if one is designing a computer that may be
expanded in the future (an unlikely occurrence in a toy), partial decoding should be
avoided because it ties up too much address space.

Another common address decoding technique is to use a decoder chip, such as
that shown in Fig. 3-14. By connecting the three inputs to the three high-order
address lines, we get eight outputs, corresponding to addresses in the first 8K, second
8K, and so on. For a computer with eight RAMs, each 8K X 8, one such chip pro-
vides the complete decoding. For a computer with eight 2K X 8 memory chips, a
single decoder is also sufficient, provided that the memory chips are each located in
distinct 8K chunks of address space. (Remember our earlier remark that the position
of the memory and I/O chips within the address space matters.)

3.5.3. An Example Microcomputer

As the culmination of our study of the digital logic level, we will now combine
all the pieces to get a small but complete microcomputer. Qur six-chip system is
shown in Fig. 3-39. It consists of a Z80 CPU, a 2K X 8 EPROM, a 2K X 8 static
RAM, a PIO chip, a quad NAND gate chip for partial address decoding, the same as in
Fig. 3-38(b), and a three-input NAND gate for driving the PIO’s chip select pin. We
have already studied the Z80 (Fig. 3-32), the memory chips [Fig. 3-30(a)], and the
PIO (Fig. 3-36). All that is left to do is look at the interconnection. In fact, we have
even seen an outline of that in Fig. 3-31. (A slightly simpler version of the computer
using the 1/O space instead of memory mapping for the PIO is the subject of Prob.
26.)

Let us first look at the CPU. The eight data lines are fed to the other three LSI
chips in a straightforward way via the data bus, so we have not shown the detail here.
Thirteen of the address lines are also used. The other three lines, A;j; to A3, are not
used. Similarly, M1, JORQ, RFSH, HALT, and BUSAK are all output signals that are not
used, so no connection to them is needed. The four input signals that are not used,
INT, NMI, WAIT, and BUSRQ are wired high to keep them negated.

MREQ is used to enable the output lines on both memory chips. Note that the two
memory chips only generate output when both CS and OE are asserted. WR and RD are
needed for the cormresponding PIO signals, and WR is also needed for the RAM.
Because the EPROM cannot be written-into while sitting in the computer, it does not
need a signal to distinguish read from write.
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The RESET signal is wired to a button on the front panel to allow the microcom-
puter to be reset manually.

To make our microcomputer actually work, two more items are needed: a power
supply and a clock. Depending on the specific chips chosen, the microcomputer will
consume about 3.5 watts of power. For the clock, any square wave source up to the
maximum frequency of the Z80 chip chosen will do.

We have come a long way from the basic transistor inverter to a complete com-
puter system. Hopefully it is clear by now that there is nothing mysterious about how
a computer works. We have described the operation of static RAMs down to the gate
level. In the next chapter we will examine CPUs down to the gate level as well.

3.6. SUMMARY

Computers are constructed from integrated circuit chips containing tiny switching
elements called gates. The most common gates are AND, OR, NAND, NOR, and NOT.
Simple circuits can be built up by directly combining individual gates using SSI chips.

More complex circuits are constructed using standard MSI components such as
multiplexers, demultiplexers, encoders, decoders, shifters, and ALUs. Arbitrary
Boolean functions can be programmed using a PLA. If many Boolean functions are
needed, PLAs are much more efficient (i.e., require fewer chips), than using SSI
chips.

The components of (static) memories are latches and flip-flops, each of which can
store 1-bit of information. These can be combined linearly into octal latches and
flip-flops or logarithmically into full-scale word-oriented memories. Memories are
available as RAM, ROM, PROM, EPROM, and EEPROM. Static memories need not
be refreshed; they keep their values as long as the power remains on. Dynamic
memories, on the other hand, much be refreshed periodically to compensate for leak-
age from the little capacitors on the chip.

The components of a computer system are connected by buses. Most of the pins
on a typical microprocessor chip directly drive one bus line. The bus lines can be
divided into address, data, and control lines. The Z80 and 68000 were discussed as
examples, and a small but complete, Z80 system was given as an example and
described in detail. The Z80 system contained the microprocessor chip, an EPROM
chip for the program, a RAM chip for the data, and a PIO chip for interfacing with
the outside world. In addition, two SSI chips were needed for address decoding.

PROBLEMS

1. A logician drives into a drive-in restaurant and says, “I want a hamburger or a hot dog and
french fries.” The cook flunked out of sixth grade and doesn’t know (or care) whether
“and” has precedence over “or.” As far as he is concerned, one interpretation is as good
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10.

as the other. Which of the following cases are valid interpretations of the order? (Note
that in English “or” means “exclusive or.”)

a. Just a hamburger.

b. Just a hot dog.

c. Just french fries.

d. A hot dog and french fries.

€. A hamburger and french fries.

f. A hot dog and a hamburger.

g. All three.

h. Nothing—the logician goes hungry for being a wiseguy.

A missionary lost in Southern California stops at a fork in the road. He knows that two
motorcycle gangs inhabit the area, one of which always tells the truth and one of which
always lies. He wants to know which road leads to Disneyland. What question should he
ask?

There exist four Boolean functions of a single variable and 16 functions of two variables.
How many functions of three variables are there? Of n variables?

Use a truth table to show that P = (P AND Q) OR (P AND NOT Q).
Use de Morgan’s law to find the complement of AB.

Using the three-variable multiplexer chip of Fig. 3-13, implement a function whose output
is the parity of the inputs, that is, the output is 1 if and only if an odd number of inputs are
1.

Put on your thinking cap. The three-variable multiplexer chip of Fig. 3-13 is actually capa-
ble of computing an arbitrary function of four Boolean variables. Describe how, and as an
example, draw the logic diagram for the function that is O if the English word for the truth
table row has an even number of letters, 1 if it has an odd number of letters (e.g., 0000 =
zero = four letters = 0; 0111 = seven = five letters — 1; 1101 = thirteen = eight
letters — 0). Hint: If we call the fourth input variable D, the eight input lines may be
wired to V., ground, D, or D.

Draw the logic diagram of a 2-bit demultiplexer, a circuit whose single input line is steered
to one of the four output lines depending on the state of the two control lines.

Draw the logic diagram of a 2-bit encoder, a circuit with four input lines, exactly one of
which is high at any instant, and two output lines whose 2-bit binary value tells which
input is high.

Redraw the PLA of Fig. 3-16 in enough detail to show how the majority logic function of
Fig. 3-3 can be implemented. In particular, be sure to show which connections are present
in both matrices.
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What does this circuit do?

|

o

|

A common MSI chip is a 4-bit adder. Four of these chips can be hooked up to form a 16-
bit adder. How many pins would you expect the 4-bit adder chip to have? Why?

An n-bit adder can be constructed by cascading » full adders in series, with the carry into
stage i, C;, coming from the output of stage i — 1. The carry into stage 0, Cg, is 0. If
each stage takes T nsec to produce its sum and carry, the carry into stage i will not be valid
until /T nsec after the start of the addition. For large n the time required for the carry to
ripple through to the high-order stage may be unacceptably long. Design an adder that
works faster. Hinr: Each C; can be expressed in terms of the operand bits A; | and B; -
as well as the carry C; —;. Using this relation it is possible to express C; as a function of
the inputs to stages 0 to i — 1, so all the carries can be generated simultaneously.

If all the gates in Fig. 3-20 have a propagation delay of 10 nsec, and all other delays can
be ignored, what is the earliest time a circuit using this design can be sure of having a
valid output bit?

What is the quiescent state of the S and R inputs to an SR latch built of two NAND gates?

Given a JK flip-flop packaged in a chip, is it possible to convert it to a D flip-flop using
external logic? If so, how? If not, why not? What about the reverse, that is, converting a
D flip-flop into a JK one?

To help meet the payments on your new personal computer, you have taken up consulting
for fledgling SSI chip manufacturers. One of your clients is thinking about putting out a
chip containing four D flip-flops, each containing both Q and 0, on request of a potentially
important customer. The proposed design has all four clock signals ganged together, also
on request. Neither preset nor clear is present. Your assignment is to give a professional
evaluation of the design.

The circuit depicted below consists of four JK flip-flops, each triggered by the 1-to-O tran-
sition on its clock input. None of the J or K inputs are connected, which means that they
are all logical 1. The value stored in the circuit can be seen as a 4-bit number, ABCD.
The input line consists of rectangular pulses 1 msec wide, spaced 100 msec apart. If
ABCD is initially 0000, what will it be after 13 input pulses?
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The 4 X 3 memory of Fig. 3-28 uses 22 AND gates and three OR gates. If the circuit were
to be expanded to 256 X 8, how many of each would be needed?

As more and more memory is squeezed onto a single chip, the number of pins needed to
address it also increases. It is often inconvenient to have large numbers of address pins on
a chip. Devise a way to address 2" words of memory using fewer than » pins.

A finite-state machine has 2" possible states. At each clock pulse, it reads in a k-bit sym-
bol, emits a k-bit output symbol, and switches to a new state. The symbol emitted and the
new state depend on the current state and the input symbol. Describe how the machine can
be implemented using a ROM, and tell how big the ROM must be.

A computer with a 32-bit wide data bus uses 4K X 8 static RAM memory chips. What is
the smallest memory (in bytes) that this computer can have?

Referring to the timing diagram of Fig. 3-34, suppose that you slowed the clock down to a
period of 400 nsec instead of 250 nsec as shown but the timing constraints remained
unchanged. How much time would the memory have to get the data onto the bus after
MREQ was asserted, in the worst case?

The Z80's jump instruction occupies 3 bytes, one for the opcode and two for the address.
If the internal processing time within the CPU chip were zero, how long would the instruc-
tion take on a system with a 2.5-MHz clock?

In Fig. 3-31(b), Ty is specified to be at least 60 nsec. Can you envision a chip in which
it is negative? In other words, could the CPU assert MREQ before the address was stable?
Why or why not?

What changes must be made to the circuit of Fig. 3-39 to have the PIO sclected as
input/output ports 0 to 3, instead of as memory addresses in the top quadrant of memory?

Imagine that you have built the system of Fig. 3-39, programmed it to play tic-tac-toe and
lose, and have started selling it in volume to the incoming computer science freshman class
as an ego booster. Suddenly your marketing manager comes running in waving a computer
printout claiming that it is time to bring out a new version. You are too lazy to change the
hardware, so you decide the simplest change is to move the RAM within the address space.
To what address(es), if any, can you move it without invalidating the program?

Write a program to simulate the behavior of an m X n array of two-input NAND gates.
This circuit, contained on a chip, has j input pins and & output pins. The values of j, &k, m,
and n are compile-time parameters of the simulation. The program should start off by
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reading in a “wiring list,” each wire of which specifies an input and an output. An input
is either one of the j input pins or the output of some NAND gate. An output is either one
of the k output pins or an input to some NAND gate. Unused inputs are logical 1. After
reading in the wiring list, the program should print the output for each of the 2/ possible
inputs. Gate array chips like this one are widely used for putting custom circuits on a chip
because most of the work (depositing the gate array on the chip) is independent of the cir-
cuit to be implemented. Only the wiring is specific to each design.

Write a program to read in two arbitrary Boolean expressions and see if they represent the
same function.

Write a program to read in a collection of Boolean expressions and compute the 24 X 50
and 50 X 6 matrices needed to implement them with the PLA of Fig. 3-16. Print the
matrices on the line printer.





