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PREFACE

This book has been designed as a complete self-contained text for
learning programming, using the Z80. It can be used by a person who
has never programmed before, and should aiso be of value to anyone
using the Z80.

For the person who has already programmed, this book will teach
specific programming techniques using {or working around) the speci-
fic characteristics of the Z80. This text covers the elementary to inter-
mediate techniques required to start programming effectively.

This text aims at providing a true level of competence to the person
who wishes to program using this microprocessor. Naturally, no book
will effectively teach how to program, unless one actually practices.
However, it is hoped that this book will take the reader to the point
where he feels that he can start programming by himself and can solve
simple or even moderately complex problems using a microcomputer.

This book is based on the author’s experience in teaching more than
1000 persons how to program microcomputers. As a result, it is strongly
structured, Chapters normally go from the simple to the complex. For
readers who have already learned elementary programming, the intro-
ductory chapter may be skipped. For others who have never program-
med, the final sections of some chapters may require a second reading.
The book has been designed to take the reader systematically through
all the basic concepts and techniques required to build increasingly
complex programs. It is, therefore, strongly suggested that the ordering -
of the chapters be followed. In addition, for effective resuits, it is
important that the reader attempt to solve as many exercises as possible.
The difficulty within the exercises has been carefully graduated. They
are designed to verify that the material which has been presented is
really understood. Without doing the programming exercises, it will
not be possibie to realize the full vatue of this book as an educational
medium. Several of the exercises may require time, such as the multi-
plication exercise. However, by doing them, you will actually program
and fearn by doing. This is indispensable.

For those who have acquired a taste for programming when reaching
the end of this volume, a companion volume is planned: the Z80 Ap-
plications Book.

13



Other books in this series cover programming for other popular
MiCrOpProcessors.

For those who wish to develop their hardware knowledge, it is sug-
gested that the reference books From Chips to Systems: an Introduction
to Microprocessors (ref. C201A) and Microprocessor Interfacing
Techniques (ref. C207) be consulted.

The contents of this book have been checked carefully and are
believed to be reliable. However, inevitably, some typographical or
other errors will be found. The author will be grateful for any comments
by alert readers so that future editions may benefit from their experience,
Any other suggestions for umprovements, such as other programs
desired, developed, or found of value by readers, will be appreciated.

14



1
BASIC CONCEPTS

INTRODUCTION

This chapter will intreduce the basic concepts and definitions re-
lating to computer programming. The reader already familiar with
these concepts may want to glance quickly at the contents of this
chapter and then move on to Chapter 2. It is suggested, however,
that even the experienced reader look at the contents of this intro-
ductory chapter. Many significant concepts are presented here in-
cluding, for example, two's complement, BCD, and other represen-
tations. Some of these concepts may be new to the reader; others
may improve the knowledge and skills of experienced programmers.

WHAT IS PROGRAMMING?

Given a problem, one must first devise a solution. This solution,
expressed as a step-by-step procedure, is called an algorithm. An
algorithm is a step-by-step specification of the solution to a given
problem. It must ferminate in a finite number of steps. This
algorithm may be expressed in any language or symbolism. A sim-
pie exampie of an algorithm is:

1—insert key in the keyhole

2—turn key one full turn to the left
3—seize doorknob

4—turn doorknob left and push the door

15



PROGRAMMING THE Z80

At this point, if the algorithm is correct for the type of lock in-
volved, the door will open, This four-step procedure qualifies as an
algorithm for door opening,

Once a solution to a problem has been expressed in the form of
an algorithm, the algorithm must be executed by the computer.
Unfortunately, it is now a well-established fact that computers
cannot understand or execute ordinary spoken English (or any
other human languagel. The reason lies in the syntactic ambiguity
of all common human languages. Only a well-defined subset of
natural Janguage can be “understood” by the computer. This is
called a programming language.

Converting an algorithm into a sequence of instructions in a pro-
gramming language is called programming. To be more specific,
the actual translation phase of the algorithm into the program-
ming language is called coding. Programming really refers not just
to the coding but also to the overall design of the programs and
“data structures” which will implement the algorithm.

Effective programming requires not only understanding the
possible implementation techniques for standard algorithms, but
also the skillful use of all the computer hardware resources, such as
internal registers, memory, and peripheral devices, plus a creative
use of appropriate data structures. These techniques will be
covered in the next chapters.

Programming alse requires a strict documentation discipline, so
that the programs are understandable to others, as well as to the
author, Documentation must be both internal and external to the
program.

Internal program documentation refers to the comments placed
in the body of a program, which explain its operation.

External documentation refers to the design documents which
are separate from the program: written explanations, manuals,
and flowcharts,

FLOWCHARTING

One intermediate step is almost always used between the
algorithm and the program. It is called a flowchart, A flowchart is
simply a symbolic representation of the algorithm expressed as a
sequence of rectangles and diamonds containing the steps of the
algorithm. Rectangles are used for commands, or “executable
statements.”” Diamonds are used for tests such as: If information

16



BASIC CONCEPTS

X is true, then take action A, else B. Instead of presenting a formal
definition of flowcharts at this point, we will intreduce and discuss
flowcharts later on in the book when we present programs.
Flowcharting is a highly recommended intermediate step be-
tween the algorithm specification and the actual coding of the solu-
tion. Remarkably, it has been observed that perhaps 10% of the
programming population can write a program successfully with-
out having to flowchart. Unfortunately, it has also been cbserved
that 90% of the population believes it belongs to this 10%! The
result: 80% of these programs, on the average, will fail the first
time they are run on a computer. (These percentages are naturally
not meant to be accurate. In short, most novice programmers sel-
dom see the necessity of drawing a flowchart. This usually results
in “‘unclean’’ or erronecus programs. They must then spend a long
time testing and correcting their program (this is called the

STARY

READ TEMPERATURE SETTING "T°
ON THERMQSTAT BOX

1 1

READ ACTUAL ROOM TEMPERATURE "R”
FROM THERMOMETER OR OTHER SENSOR

YES

(ROOM
TOO0 HOTY)
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¥

HEATEROM |4 HEATER OFF

n

(OPTIONAL DELAY) (OPTIONAL DELAY)

Fig. 1.1: A Flowchart for Keeping Room Temperature Constant
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PROGRAMMING THE Z80

debugging phase). The discipline of flowcharting is therefore
highly recommended in all cases. It will require a small amount of
additional time prior to the coding, but will usually result in a clear
program which executes correctly and quickly. Once flowcharting
is well understood, a small percentage of programmers will be able
to perform this step mentally without having to do it on paper. Un-
fortunately, in such cases the programs that they write will usual-
[y be hard to understand for anybody else without the documenta-
tion provided by flowcharts. As a result, it is universally recom-
mended that flowcharting be used as a strict discipline for any
significant program. Many examples will be provided throughout
the book.

INFORMATION REPRESENTATION

All computers manipulate information in the form of numbers or
in the form of characters. Let us examine here the external and
internal representations of information in a computer.

INTERNAL REPRESENTATION OF INFORMATION

All information in a computer is stored as groups of bits. A bit
stands for a binary digit(*‘0’’ or ‘*1'’}. Because of the limitations
of conventional electronics, the only practical representation of infor-
mation uses two-state logic (the representation of the state ‘0" and
“1'. The two states of the circuits used in digital electronics
are generally *‘on”’ or ‘“‘off”’, and these are represented logi-
cally by the symbols “*0°" or ‘‘1’". Because these circuits are
used to implement “logical’”’ functions, they are called “'binary
logic.” As a result, virtually all information-processing today is
performed in binary format. In the case of microprocessors in
general, and of the Z80 in particular, these bits are structured in
groups of eight. A group of eight bits is called a byte. A group of
four bits is called a nibble.

Let us now examine how information is represented internally in
this binary format. Two entities must be represented inside the
computer. The first one is the program, which is a sequence of
instructions. The second one is thedata on which the program will
operate, which may include numbers or alphanumeric text, We will
discuss below three representations: program, numbers, and alpha-
numerics,

18



BASIC CONCEPTS

Program Representation

All instructions are represented internally as single or multiple
bytes. A so-called “'short instruction” is represented by a singile
byte. A longer instruction will be represented by two or more
bytes. Because the Z80 is an eight-bit microprocessor, it fetches
bytes successively from its memory. Therefore, a single-byte
instruction always has a potential for executing faster than a two-
or three-byte instruction. It will be seen later that this is an impor-
tant feature of the instruction set of any microprocessor and in
particular the Z80, where a special effort has been made to pro-
vide as many single-byte instructions as possible in order to im-
prove the efficiency of the program execution, However, the limita-
tion to 8 bits in length has resulted in important restrictions which
will be outlined. This is a classic example of the compromise be-
tween speed and flexibility in programming. The binary code used
to represent instructions is dictated by the manufacturer. The
Z80, like any other microprocessor, comes equipped with a fixed
instruction set. These instructions are defined by the manufac-
turer and are listed at the end of this book, with their code. Any
. program will be expressed as a sequence of these binary instruc-
tions. The Z80 instructions are presented i Chapter 4.

Representing Numeric Data

Representing numbers is not quite straightforward, and several
cases must be distinguished. We must first represent integers, then
signed numbers, i.e., positive and negative numbers, and finally we
must be able to represent decimal mumbers. Let us now address
these requirements and possible solutions.

Representing integers may be performed by using a direct
binary representation. The direct binary representation is simply
the representation of the decimal value of a number in the binary
system. In the binary system, the right-most bit represents 2 to
the power 0. The next one to the left represents 2 to the power 1,
the next represents 2 to the power 2, and the left-most bit
represents 2 to the power 7=128.

bbb, b.bsb.b.b,

represents
0,27 4+ b2° + by2% + b,2* + b,2* + b.2* + h,2' + h,2°

19



PROGRAMMING THE 280

The powers of 2 are:
2" =128,2°=64,2°=232,2°=16,2° =8, 2= 4,2' = 2,2 =

The binary representation is analogous to the decimal representa-
tion of numbers, where 123"’ represents:

1 X 100 = 100
+2x 10= 20
+3X 1= 3

== 123
Note that 100 = 10°% 10 = 10, 1 = 10°
In this “positional notation,”’ each digit represents a power of 10.

In the binary system, each binary digit or *‘bit"’ represents a power
of 2, instead of a power of 10 in the decimal system.

Exampie: **00001001" in binary represents:

11X 1=1 (29
0x 2=0 29
00X 4=0 (2%
1X 8=28 {29
00X 16=40 {29
00X 32=0 (2%
00X 64=0 {29
0 X128 =0 {27
in decimal: = §

Let us examine some more examples:

*10000001” represents:

11X 1= 1
O0x 2= 0
00X 4= 0
O0Xx 8= ¢
00X 16= ¢
00X 32= ¢
00X 64= 0
1 X 128 = 128
in decimal: = 129

*“10000001"" represents, therefore, the decimal number 129.

20



BASIC CONCEPTS

By examining the binary representation of numbers, you will
understand why bits are numbered from 0 to 7, going from right to
left. Bit 0 is “‘b,"" and corresponds to 2° Bit 1 is *‘b,” and cor-
responds to 2', and so on.

Decimal | Binary Decimal | Binary
0| 00000000 32 | 60106000
11 00000001 33 | 060100001
2 00000010 .

31 000600011 .

4 { 00000160 '

51 60000101 63 | 00111112
61 00000110 64 | 01000000
71 00000111 65 | 01000001
8 | 00001000 .

9| 00001001 .

16 | 00001010 127 1 01111111
11 | 00001011 128 | 10000000
12 | 00001100 129 110000001
13 | 00001101

14 | 00001110 .

156 { 00001111

16 | 00010000 ’

17 § 0600610001 *

. 254 111111110
31 | 00011111 255 | 11111111

Fig. 1.2: Decimal-Binary Table

The binary equivalents of the numbers from 0 to 255 are shown
in Fig. 1-2.

Exercise I.1: What is the decimal value of “11111100"?
8 e

"y fl
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Decimal to Binary

Conversely, let us compute the binary equivalent of “11”
decimal: s
11 +2=5 remains 1 =] (LSB)
5+2=2 remains | -1
22=] remams 0 —=0
1+2=0 remains 1 —e} (MSB)

The binary equivalent is 1011 (read right-most column from bot-
tom to topj.

The binary equivalent of a decimal number may be obtained by
dividing successively by 2 until a quotient of 0 is obtained.

Exercise 1.2: What is the binary for 2572

1 Exercise 1.3: Convert 19 to binary, then back to decimal
Operating on Binary Data

The arithmetic rules for binary numbers are straightforward.
The rules for addition are:

0+0= .0
0+1= 1
140=. 1
[+1=() O

where (1) denotes a ‘‘carry’’ of 1 (note that ‘10" -is the binary
equivalent of 2"’ decimal). Binary subtraction will be performed
by ‘‘adding the complement’’ and will be explained once we learn
how to represent negative numbers.

Example:
{2) 10
+{1 +01
=(3) 11

Addition is performed just like in decimal, by adding columns,
from right to left:

Adding the right-most column:

10
+01

0 + 1 = 1. No carry.}

22



BASIC CONCEPTS

Adding the next column:

10
+01

11 (1 + 0 =1. No carry.)

Exercise 1.4: Compute 5 -+ 10 in binary. Verify that the result is 15,

1

Some additional examples of binary addition: ! U)rc
eart bk
0010 {2) 0011 {3)
+0001 (1) 0001 (1}

=0011 {3) =0100 (4)

This last example illustrates the role of the carry.

Looking at the right-most bits: 1 + 1 = (1) 0
A carry of 1 is generated, which must be added to the next bits:

001 — column 0 has just been added
+000 —
4+ 1 (carry)

= {1)0— where (1) indicates a new
carry into column 2,

The final result is: 0100

Another example:

0111 (T}
40011+ (3}
1010 =(10}

In chis example, a carry is again generated, up to the left-most co-
lamn.

Exercise 1.5: Compute the result of:

1111
+0001

N
"":? Y
d

23



PROGRAMMING THE 280

Does the result hold in four bits?

With eight bits, it is therefore possible to represent directly the
numbers ‘00000000 to “11111111,” Le., 0" to “255". Two
obstacles should be visible immediately. First, we are only
representing positive numbers. Second, the magnitude of these
numbers is limited to 255 if we use only eight bits. Let us address
each of these problems in turn.

Signed Binary

In a signed binary representation, the left-most bit is used to in-
dicate the sign of the number. Traditionally, ‘0" is used to denote
a positive number while ““1" is used to denote a negative number,
Now *11111111" will represent —127, while “01111111" will
represent +127. We can now represent positive and negative
numbers, but we have reduced the maximum magnitude of these
numbers to 127,

Example: 0000 0001’ represents -+1 {the leading 0" is "'+,
followed by “000 0001"" = 1}.

“100G0 0001" is -1 (the leading “1" ig '*~"'),

Exercise 1.6: What 15 the representation of *'—8" in signed binary?
AR R YN e

Let us now address the magnitude problem: in order to represent
larger numbers, it will be necessary to use a larger number of bits.
For example, if we use sixteen bits (two bytes) to represent
numbers, we will be able to represent numbers from —32K to
+32K in signed binary (1K in computer jargon represents 1,024).
Bit 15 is used for the sign, and the remaining 15 bits (bit 14 to bit
{1} are used for the magnitude: 2'* = 32K. If this magnitude is still
too small, we will use 3 bytes or more. If we wish to represent large
integers, it will be necessary to use a larger number of bytes inter-
nally to represent them. This is why most simpie BASICs, and
other languages, provide only a limited precision for integers. This
way, they can use a shorter internal format for the numbers which
they manipulate. Better versions of BASIC, or of these other
languages, provide a larger number of significant decimal digits at
the expense of a large number of bytes for each number.

Now let us solve another problem, the one of speed efficiency.
We are going to attempt performing an addition in the signed

24



BASIC CONCEPTS

binary representation which we have introduced. Let us add **—5"
and 44 +7 L] ‘,

+7 is represented by 00000111
—5 Is represented by 10000101

The binary sum is: 10001100, or —12

This is not the correct result. The correct result should be +2. In
order to use this representation, special actions must be taken, de-
pending on the sign. This results in increased complexity and re-
duced performance. In other words, the binary addition of signed
numbers does not ‘work correctly.” This is annoying. Clearly, the
computer must not only represent information, but also perform
arithmetic on it.

The solution to this problem is called the two's complement
representation, which will be used instead of the signed binary
representation. In order to introduce two's complement let us first
introduce an intermediate step: one's complement.

One’s Complement

In the one's complement representation, all positive integers are
represented in their correct binary format. For example “43" 1s
represented as usual by 00000011. However, its complement ' —3"
is obtained by complementing every bit in the original representa-
tion. Each 0 is transformed into a 1 and each 1 is transformed into
a 0. In our example, the one’s complement representation of **—3"
will be 11111100.

Another example:

+2 is 00000010
—21is 11111101

Note that, in this representation, positive numbers start with a
“0” on the left, and negative ones with a 1"’ on the left.

Exercise 1.7: The representation of “+6" is “00000110". What is
the representation of 6" in one’s complement?

iy v8e
As a test, let us add minus 4 and plus 6:
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PROGRAMMING THE Z80

—4ig 11111011
+6 1s 00000110

the sum is: {1} 00000001 where (1) indicates a
carry

The ‘‘correct result’’ should be 2", or 00000010

Let us try again:

—3is 11111100
—214is 11111101

The sum is: {1} 11111001

or “-6,” pius a carry. The correct result should be “—.” The
representation of *“—5°" is 11111010. It did not work.

This representation does represent positive and negative
numbers. However the result of an ordinary addition does not
always come out “correctly.”” We will use still another representa-
tion, It is evolved from the one's complement and is called the
two’s complement representation.

Two's Complement Representation

In the two's complement representation, positive numbers are
still represented, as usual, in signed binary, just like in one’s com-
plement. The difference lies in the representation of negative
numbers. A negative number represented in two's complement is
obtained by first computing the one’s complement, and then ad-
ding one. Let us examine this in an example:

43 is represented in signed binary by 00000011, Its one's com-
plement representation is 11111100. The two's complement is ob-
tained by adding one. It is 11111101,

Let us try an addition;

{3) 00000011
+(5} -+00000101
=(8) =00001000

The result is correct.
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BASIC CONCEPTS

Let us try a subtraction:

{3 00000011
(—5) +11111011
=]11111110

Let us identify the result by computing the two's complement:

the one’s complement of 11111110 is 00000001
Adding1 4+ 1

therefore the two’s complement is 00000010 or +2
Qur result above, **11111110" represents *—2"". It is correct.
We have now tried addition and subtraction, and the resulis were correct

(ignoring the carry). It seems that two's complement works!

Exercise 1.8:  What is the two's complement representation of

12772 @iy iy
Exercise 1.9: What is the two’s complement representation of
—j28ve - 100¢ G&0 G .

Let us now add +4 and —3 (the subtraction is performed by add-
ing the two’'s complement):

+4 is 00000100
-3 is 11111101

The result is; {1} 00000001

if we ignore the carry, the result is 00000001, i.e., 1" in decimal.
This is the correct result. Without giving the complete mathe-
matical proof, let us simply state that this representation does
work. In two's compiement, it is possible to add or subtract signed
numbers regardless of the sign. Using the usual rules of binary addi-
tion, the result comes out correctly, including the sign. The carry
is ignored. This is a very significant advantage. If it were not the
case, one would have to correct the result for sign every time, caus-
ing a much slower addition or subtraction time.

For the sake of completeness, let us state that two's complement
is simply the most convenient representation to use for simpler
processors such as microprocessors. On complex processors, other
representations may be used. For example, one's complement may
be used, but it requires special circuitry to “‘correct the result.”
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From this point on, all signed integers will implicitly be represented
mternally in two’s complement notation. See Fig. 1.3 for a table of
two’s complement numbers.

Exercise 1.10;: What are the smallest and the largest numbers
which one may represent in two's complement notation, using onfy
one byte? VR R

Exercise 1.L11: Compute the two’s complement of 20. Then com-
pute the two’s complement of your result, Do you find 20 again?

The following examples wiii%qé’;ve to demonstrate the rules of two’s
complement. In particular, C denotes a possible carry {or borrow}
condition. (It is bit 8 of the result.)

V denotes a two's complement overflow, i.e., when the sign of the
result is changed “accidentally” because the numbers are too
large. It is an essentially internal carry from bit 6 into bit 7 {the
sign bit). This will be clarified below.

Let us now demonstrate the role of the carry *C'" and the overflow
- IV ' P=

The Carry C

Here is an example of a carry:

(128) 10000000
+{129) +10000001

{257) = {1} 00000001
where (1} indicates a carry.

The result requires a ninth bit (bit “8", since the right-most bit is
*0"). It is the carry bit,

If we assume that the carry is the ninth bit of the result, we
recognize the result as being 100000001 = 257.

However, the carry must be recognized and handled with care.
Inside the microprocessor, the registers used to hold information
are generally only eight-bit wide;When storing the result, only bits 0 to
7 will be preserved.

A carry, therefore, always requires special action: it must be
detected by special instructions, then processed. Processing the
carty means either storing it somewhere (with a special instruc-
tion), or ignoring it, or deciding that it is an error (if the largest
authorized result is “11111111").
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2’s complement 2’s complement
+ code - code
+127 OIFIETIL — 128 10000000
+126 OIEIELIO - 127 10000001
+125 OFEELIO] - 126 10000C10
- 125 10000011
+65 01000001 - 65 10111111
+ 64 01000000 — 64 11000600
+63 00111111 —-63 11000001
+33 00100001 -33 HIO1111]
+32 00100000 - 32 11100000
+31 Q0011111 - 31 11100001
+17 00010001 -17 11101111
+ 16 00010000 —I6 F1110000
+15 00001111 —15 11110001
+ 4 00001110 —id FET10010
+13 00001101 - 13 11110011
+12 00001100 -12 11110100
+ 11 0000101 - 11 11110101
+10 00001010 -10 11110110
+9 00001001 -9 11110111
+38 00001000 -8 11111000
+7 00000111 - 11100
+6 06000110 -6 11111010
+3 00000101 -5 1111011
+4 00000100 -4 11100
+3 00000011 -3 THTEIo
+2 (0000010 -2 HRSRRRLY
+1 00000001 -1 TEELLLT
+0 00000000

Fig. 1.3; 2’s Complement Table
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Querflow V

Here is an example of overflow:

bit 6
bit 7*’—‘%

01000000 (64)
+ 01000001 +(65)
=10000001 =(-127)

An internal carry has been generated from bit 6 into bit 7. This is
called an overflow.

The result is now negative, by accident.” This situation must
be detected, so that it can be corrected,

Let us examine another situation:

11111111 (=1

+11111111  +(—1}

=(1) 11111110 ={—2}
CaZry

In this case, an internal carry has been generated from bit 6 into
bit 7, and also from bit 7 into bit 8 (the formal “Carry” C we have
examined in the preceding section}. The rules of two's complement
arithmetic specify that this carry should be ignored. The result is
then correct.

This is because the carry from bit 6 into bit 7 did not change the
sign bit.

This is not an overflow condition. When operating on negative
numbers, the overflow is not simply a carry from bit 6 into bit 7.
Let us examine one more example.

11600000 {(—64)
+10111111 {(—65)

={1) 01111111 {+127)

carry

This time, there has been no internal carry from bit 6 into bit 7, but
there has been an external carry. The result is incorrect, as bit 7
has been changed. An overflow condition should be indicated.
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Overflow will occur in four situations:

1—adding large positive numbers

2-—adding large negative numbers

3—subtracting a large positive number from a large negative
number

4—subtracting a large negative number from a large positive
number,

Let us now improve our definition of the overflow:

Technically, the overflow indicator, a special bit reserved for this
purpose, and’called a “*flag,”” will be set when there is a carry from
bit 6 into bit 7 and no external carry, or else when there is no carry
from bit 6 into bit 7 but there is an external carry. This indicates
that bit 7, ie., the sign of the result, has been accidentally
changed. For the technically-minded reader, the overflow flag is
set by Exclusive ORing the carry-in and carrv-out of bit 7 (the sign
bit}. Practically every microprocessor is supplied with a special
overflow flag to automatically detect this coundition, which re-
quires corrective action.

Overflow indicates that the result of an addition or a subtraction
requires more bits than are available in the standard eight-bit
register used to contain the result.

The Carry and the Overflow

The carry and the overflow bits are called “flags.” They are pro-
vided in every microprocessor, and in the next chapter we will
learn to use them for effective programming. These two indicators
are located in a special register called the flags or “'status”
register. This register also contains additional indicators whose
function will be clarified in Chapter 4.

Ezxamples

Let us now illustrate the operation of the carry and the overflow
in actual examples. In each example, the symbol V denotes the
overflow, and T the carry.

If there has been no overflow, V = (. If there has been an
overflow, V = 1 (same for the carry C). Remember that the rules of
two's complement specify that the carry be ignored. (The
mathematical proof is not supplied here.)
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Positive-Positive

00000110  (+6}
+ 00001000 (+8)

= (0001110 (-+14) V0 C:0
{(CORRECT)
Positive-Positive with Overflow

01111111 {+127
+ 00000001 {-+1)

= 100000060 (—128) V:1 C:0
The above is invalid because an overflow has occurred.
{ERROR)

Positive-Negative {result positive}

00000100 (+4)
+ 11111110 {—2)

=(1)00000010 {+2} V:0 C:1 (disregard)
(CORRECT)
Positive-Negative {result negativej

00000010 (+2)
+ 11111100 (—4)

= 11111110 (-2} Vo C:0

{(CORRECT)
Negative-Negative
11111110 {(—2)
+ 11111100 {~4)
=(1}11111010 (—6) V:0 C:1 {disregard)
{CORRECT)

Negative-Negative with Overflow

10600001 (—127)
+ 11000010 (—862)

=(1101000011 67y Vi1 C:1
{(ERROR)}
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This time an “‘underflow’ has occurred, by adding two large
negative numbers. The result would be —189, which is too large to
reside in eight bits.

Exercise I.12: Complete the following additions. Indicate the
result, the carry C, the overflow V., and whether the result is correct
or not:

10111111 .} 11111010 ()
+11000001 1 +11111001 )
= V: C: = V: C:
O CORRECT U0 ERROR 0 CORRECT O ERROR
00010000 () 01111110 ()
+01000000 (...} +00101010 ()
= V: C: = V: C:
0 CORRECT O ERROR 0 CORRECT L ERROR

Exercise I.13: Can you show an example of overflow when adding a
positive and a negative number? Why?

Fixed Format Representation

Now we know how to represent signed integers. However, we
have not yet resolved the problem of magnitude. If we want to
represent larger integers, we will need several bytes. In order to
perform arithmetic operations efficiently, it is necessary to use a
fixed number of bytes rather than a variable one. Therefore, once
the number of bytes is chosen, the maximum magnitude of the
number which can be represented is fixed.

Exercise 1.14: What are the largest and the smallest numbers
which may be represented in two bytes using two’s complement?

The Magnitude Problem

When adding numbers we have restricted ourselves to eight bits
because the processor we will use operates internally on eight bits
at a time, However, this restricts us to the numbers in the range
—128 to +127. Clearly, this is not sufficient for many applications,

Multiple precision will be used to increase the number of digits
which can be represented. A two-, three-, or N-byte format may
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then be used. For example, let us examine a 16-bit, “‘double-pre-
cision” format:

00000000 00000000  is “'0"
00000000 00000001 is “17

01111111 11111111 is *32767"
11111111 11111111 is “—1"
11111111 11111110 is'*—2"

Exercise 1.15: What is the largest negative integer which can be
represented in a two’s complement triple-precision format?

However, this method will result in disadvantages. When adding
two numbers, for example, we will generally have to add them
eight bits at a time. This will be explained in Chapter 3 {Basic Pro-
gramming Techniquesi. It results in slower processing. Also, this
representation uses 16 bits for any number, even if it could be
represented with only eight bits. It is, therefore, common to use 16
or perhaps 32 bits, but seldom more.

Let us consider the following important point: whatever the
number of bits N chosen for the two’s complement representation,
it is fixed. If any result or intermediate computation should
generate a number requiring more than N bits, some bits will be
lost. The program normally retains the N left-most bits (the most
significant} and drops the low-order ones. This is called truncating
the result.

Here is an example in the decimal system, using a six digit
representation:

123456
X 1.2

246912
123456

=1481472

The result requires 7 digits! The 2" after the decimal point will be
dropped and the final result will be 148147, It has been truncated.
Usually, as long as the position of the decimal point is not lost, this
method is used to extend the range of the operations which may be
performed, at the expense of precision.

The problem is the same in binary. The details of a binary multi-
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plication will be shown in Chapter 4.

This fixed-format representation may cause a loss of precision,
but it may be sufficient for usual computations or mathematical
operations.

Unfortunately, in the case of accounting, no loss of precision is
tolerable. For example, if a customer rings up a large total on a
cash register, it would not be acceptable to have a five figure
amount to pay, which would be approximated to the dollar.
Another representation must be used wherever precision in the
result is essential. The solution normally used is BCD, or
binary-coded decimal,

BCD Representation

The principle used in representing numbers in BCD is to encode
each decirnal digit separately, and to use as many bits as necessary
to represent the complete number exactly. In order to encode each
of the digits from 0 through 9, four bits are necessary. Three bits
would only supply eight combinations, and can therefore not en-
code the ten digits. Four bits allow sixteen combinations and are
therefore sufficient to encode the digits *'0" through “9". It can
also be noted that six of the possible codes will not be used in the
BCD representation (see Fig. 1-4). This will result {ater on in a potential
problem during additions and subtractions, which we will have to solve.

BCD BCD
CODE SYMBOL CODE SYMBOL

0000 0 1000 8

0001 ] 1001 g

0010 2 1010 unused
0011 3 1011 unused
0100 4 1100 unused
0101 5 1101 unused
0110 6 1110 unused
0111 7 1111 unused

Fig. 1.4: BCD Table
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Since only four bits are needed to encode a BCD digit, two BCD digits
may be encoded in every byte. This is called *packed BCD."’

As an example, “'00000000" will be 00" in BCD. *'10011001"
will be '"'99",

A BCD code is read as follows:
0010 0001
BCD digit 2"
BCD digit 1" <
BCD number ““21”
Exercise 1.16: What 1s the BCD representation for 29?7 *'91'*?
Exercise 1,17: s V10100000 a valid BCD representation? Why?

As many bytes as necessary will be used to represent all BCD
digits. Typically, one or more nibbles will be used at the beginning
of the representation to indicate the total number of nibbles, i.e.,
the total number of BCD digits used. Another nibble or byte will
be used to denote the position of the decimal point. However, con-
ventions may vary.

Here is an example of a representation for multibyte BCD in-
tegers:

[ l 3 l + i 2 ] 2 ! I J(Sbytes)
é e e e
number l number *221"
of digits

fup to 255) sign

This represents +221
{The sign may be represented by 0000 for 4, and 0001 for —, for
example.}

Exercise 1.18: Using the same convention, represent “*—23123".
Shkow it in BCD format, as above, then in binary.

Exercise 1.19: Show the BCD for “222" and 111", then for the re-
sult of 222 X 111. (Compute the result by hand, then show it in the
above representation.)

The BCD representation can easily accommodate decimal
numbers,
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For example, +2.21 may be represented by:
digit3  digit2  digit |

L3 L2 | +{ 2 | 2 1
W

l l i 221

3 digits “"isonthe +

left of digit 2

The advantage of BCD is that it yields absolutely correct
results. Its disadvantage is that it uses a large amount of memory
and results in slow arithmetic operations. This is acceptable only
in an accounting environment and is normally not used in other
cases.

Exercise 1.20: How many bits are required to encode “8999" in
BCD? And in twe'’s complement?

We have now solved the problems associated with the represen-
tation of integers, signed integers and even large integers. We
have even already presented one possible method of representing
decimal numbers, with BCD representation. Let us now examine
the problem of representing decimal numbers in a fixed length for-
mat,

Floating-Point Representation

The basic principle is that decimal numbers must be represented
with a fixed format. In order not to waste bits, the representation
will normalize all the numbers.

For example, "0.000123" wastes three zeros on the left of the
number, which have no meaning except to indicate the position of
the decimal point. Normalizing this number results in .123 X 10,
123" is called a normalized mantissa, *=3" is called the expo-
nent. We have normalized this number by eliminating all the meaning-
fess zeros on the left of it and adjusting the exponent.

Let us consider another example;
22.1 is normalized as .221 x 10?

or M X 10F where M is the mantissa, and E is the exponent.
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It can be readily seen that a normalized number is characterized
by a mantissa less than 1 and greater or equal to .1 in all cases
where the number is not zero. In other words, this can be repre-
sented mathematically by:

A<M<lorl"<€M<CIO®
Similarly, in the binary representation:

21 M<2® (or .5<M<1)
Whgre M 1s the absolute value of the mantissa (disregarding the
signi.
For example:

111.01 is normalized as: . 11101 X 23,

The mantissa 1s 11101,

The exponent is 3.

Now that we have defined the principle of the representation,
let us examine the actual format. A typical floating-point represen-
tation appears below.

3 24 23 16 15 g 7 ¢

I
S EXP 5 M a4 N T &t 5 5 A
i

Fig. 1.5: Typical Floating-Point Representation

In the representation used in this example, four bytes are used
for a total of 32 bits. The first byte on the left of the illustration is
used to represent the exponent. Both the exponent and the man-
tissa will be represented in two's complement. As a result, the
maximum exponent will be — 128, *$” in Fig. 1-5 denotes the sign
bit.

Three bytes are used to represent the mantissa. Since the first
bit in the two's complement representation indicates the sign, this
feaves 23 bits for the representation of the magnitude of the man-
tissa.
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Exercise 1.21: How many decimal digits can the mantissa repre-
sent with the 23 bits?

This is only one example of a floating point representation. It is
possible to use only three bytes, or it is possible to use more. The
four-byte representation proposed above is just a common one
which represents a reasonable compromise in terms of accuracy,
magnitude of numbers, storage utilization, and efficiency in
arithmetic operation.

We have now explored the problems associated with the rep-
resentation of numbers and we know how to represent them in in-
teger form, with a sign, or in decimal form. Let us now examine
how to represent alphanumeric data internally.

Representing Alphanumeric Data

The representation of alphanumeric data, ie. characters, is com-
pletely straightforward: all characters are encoded in an eight-bit
code. Only two codes are in general use in the computer world, the
ASCII Code, and the EBCDIC Code. ASCII stands for ** American
Standard Code for Information Interchange,” and is universally
used in the world of microprocessors. EBCDIC is a variation of
ASCII used by IBM, and therefore not used in the microcomputer
world unless one interfaces to an IBM terminal.

Let us briefly examine the ASCII encoding, We must encode 26
letters of the alphabet for both upper and lower case, plus 10
numeric symbols, plus perhaps 20 additional special symbolis. This
can be easily accomplished with 7 bits, which allow 128 possible
codes. (See Fig.1-6.1 All characters are therefore encoded in 7 bits.
The eighth bit, when it is used, is the parity bit. Parity is a tech-
nique for verifying that the contents of a byte have not been ac-
cidentally changed. The number of 1's in the byte is counted and
the eighth bit is set to one if the count was odd, thus making the
total even. This is called even parity. One can also use odd parity,
Le. writing the eighth bit (the left-most} so that the total number of
1's in the byte is odd.

Example: let us compute the parity bit for **0010011" using even
parity. The number of 1's is 3. The parity bit must thereforebea 1
so that the total number of bits is 4, ie. even. The result is
10010011, where the leading 1 is the parity bit and 0010011 iden-
tifies the character.
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The table of 7-bit ASCIH codes is shown in Fig. 1-6. In practice, it
15 used *‘as is,”’ i.e, without parity, by adding a 0 in the left-most
position, or else with parity, by adding the appropriate extra bit on
the left.

Exercise 1.22: Compute the 8-bit representation of the digits 0"
through ‘9", using even parity. {This code will be used in applica-
tion examples of Chapter 8)

Exercise 1.23: Same for the letters “A’" through “F"

Exercise 1.24: Using a non-parity ASCII code (where the left-most
bit Is “0"), indicate the binary contents of the 4 characters below:

rlA s
L3 t’? ry
< f3 i
tfb L]

HEX __MsD 0 1 2 3 4 5 6 7
tsp | Birs {000 00t 016 011 100 101 110 111
0 0000 [ NUL DLE SPACE 0 @ P - p
1 0go1 | SOH  DC1 ! 1 A Q a g
2 0010 | STX  DG2 . 2 B8 R b r
3 got1 ETX  DC3 # 3 & § ¢ s
4 0100 | EOT DC4 S 4 D T d t
5 0101 | ENQ  NAK G 5 E U e u
6 0110 | ACK  SYN & & F v v
7 0111 BEL ETB ; 76 W g w
8 1000 BS  CGAN ( 8 H X h x
9 1001 HT EM ] 9 Py v
A 1010 LF suB * J Z i z
B 1011 VT ESC + . K f k [
C 1100 FF FS < L b
D 1101 CR GS - = M ] m i
E 1110 S0 RS : > N A N .
F 1111 S us / "0 &« o DEL

Fig. 1.6: ASCII Conversion Table

{see Appendix B for abbreviationsi

In specialized situations such as telecommunications, other
codings may be used such as error-correcting codes. However they
are beyond the scope of this book.
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We have examined the usual representations for both program
and data inside the computer. Let us now examine the possible ex-
ternal representations.

EXTERNAL REPRESENTATION OF INFORMATION

The external representation refers to the way information is pre-
sented to the user, i.e. generally to the programmer. Information
may be presented externally in essentially three formats: binary,
octal or hexadecimal and symbolic.

1. Binary

It has been seen that information is stored internally in bytes,
which are sequences of eight bits {0's or 1'sh. It I1s sometimes
desirable to display this internal information directly in its binary
format and this is called binary representation. One simple exam-
ple is provided by Light Emitting Diodes (LEDs) which are essen-
tially miniature lights, on the front panel of the microcomputer. In
the case of an eight-bit microprocessor, a front panel will typically
be equipped with eight LEDs to display the contents of any inter-
nal register. (A register is used to hold eight bits of information
and will be described in Chapter 2), A lighted LED indicates a one.
A zero is indicated by an LED which is not lighted. Such a binary
representation may be used for the fine debugging of a complex
program, especially if it involves inputfoutput, but is naturally
impractical at the human level. This Is because in most cases, one
likes to look at information in symbolic form. Thus 9" is much
easier to understand or remember than ''1001". More convenient
representations have been devised, which tmprove the person-
machine interface,

2 Octal and Hexadecimal

“Qctal” and "‘hexadecimal”’ encode respectively three and four
binary bits into a unique symbol. In the octal system, any
combination of three binary bits is represented by a number be-
tween 0 and 7.

*“Octal" 1s a format using three bits, where each combination of
three bits is represented by a symbol between 0 and T:
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binary | octal

000
001
010
011
100
101
110
111

=3 W e 3D O

Fig. 1.7: Octal Symbols

For example, 00 100 100" binary is represented by:
v v Y
G 4 4

or ‘044" in octal.

Another example: 11 111 11lis:

vy v ¥
3 7 1

or 377" in octal.
Conversely, the octal '211" represents:
010 001 o001
or 10001001 binary.

Octal has traditionally been used on older computers which were
employing various numbers of bits ranging from 8 to perhaps 64.
More recently, with the dominance of eight-bit microprocessors,
the eight-bit format has become the standard, and another more

practical representation is used. This is hexadecimal.

In the hexdecimal representation, a group of four bits is en-
coded as one hexadecimal digit. Hexadecimal digits are
represented by the symbols from 0 to 9, and by the letters A, B, C,
D, E, F. For example, *'0000" is represented by 07, "“0001" 1s
represented by 1”7 and “1111" is represented by the letter “F"

(see Fig. 1-8).
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DECIMAL BINARY HEX OCTAL
0 oooe 0 0
1 00013 1 1
2 0610 2 2
3 ooM 3 3
4 0100 4 4
5 0101 5 5
6 o110 6 &
7 o111 7 7
B8 1000 8 10
9 10 g 11
10 1010 A 12
11 1011 8 13
12 1100 C 14
13 1101 W 15
14 1110 E 16
15 1111 F 17

Fig. 1.8: Hexadecimal Codes
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Example: 1010 0001 in binary is represented by
S i

A 1 in hexadecimal.

Exercise 1.25: What is the hexadecimal representation of
“10101010¢°

Exercise 1.26: Conversely, what is the binary equivalent of “FA™
hexadecimal?

Exercise 1.27: What is the octal of “01000601"'?

Hexadecimal offers the advantage of encoding eight bits into on-
ly two digits. This is easier to visualize or memorize and faster to
type into a computer than its binary equivalent. Therefore, on
most new microcomputers, hexadecimal is the preferred method of
representation for groups of bits.

Naturally, whenever the information present in the memory has
a meaning, such as representing text or numbers, hexadecimal is
not convenient for representing the meaning of this information
when it is brought out for use by humans.

Svmbolic Representation

Symbolic representation refers to the external representation of
information in actual symbolic form. For example, decimal num-
bers are represented as decimal numbers, and not as sequences of
hexadecimal symbols or bits. Similarly, text is represented as
such. Naturally, symbolic representation is most practical to the
user. It is used whenever an appropriate display device is
available, such as a CRT display or a printer. {A CRT display is a
television-type screen used to display text or graphics.) Unfortu-
nately, in smaller systems such as one-board microcomputers, it is
uneconomical to provide such displays, and the user is restricted
to hexadecimal communication with the computer.

Summary of External Representations

Symbolic representation of information is the most desirable
since it is the most natural for a human user. However, it requires
an expensive inferface in the form of an alphanumeric keyhoard,
plus a printer or a CRT display. For this reason, it may not be
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available on the less expensive systerns. An alternative type of rep-
resentation is then used, and in this case hexadecimal is the domi-

nant representation. Only in rare cases relating to fine de-bugging
at the hardware or the software level is the binary representation
used. Binary directly displays the contents of registers of memory
in binary format.

{The utility of a direct binary display on a front panel has always
been the subject of a heated emotional controversy, which will not
be debated here.)

We have seen how to represent information internally and exter-
nally. We will now examine the actual microprocessor which will
manipulate this information.

Additional Exercises
Exercise 1,28: What is the advantage of two’s complement over
other representations used to represent signed numbers?

Exercise 1.29: How would you represent '1024"" in direct binary?
Signed binary? Two's complement?

Exercise 1,30; What is the V-bit? Should the programmer test it
after an addition or subtraction?

Exercise 1.31: Compute the two's complement of *'+16", “+17",
187, =167, 177, 1 —187

Exercise 1.32; Show the hexadecimal representation of the follow-
ing text, which has been stored internally in ASCII format, with
no parity: = "MESSAGE”.
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Z80 HARDWARE ORGANIZATION

INTRODUCTION

In order to program at an elementary level, it 15 not necessary to
understand in detail the internal structure of the processor that one is
using. However, in order to do efficient programming, such an
understanding is required. The purpose of this chapter is to present the
basic hardware concepts necessary for understanding the operation of
the Z80 system. The complete microcomputer system includes not only
the microprocessor unit (here the Z80), but also other components.
This chapter presents the Z80 proper, while the other devices {mainly
input/output) wiil be presented in a separate chapter {Chapter 7).

We will review here the basic architecture of the microcomputer
system, then study more closely the internal organization of the Z80.
We will examine, in particular, the various registers, We will then study
the program execution and sequencing mechanism. From a hardware
standpoint, this chapter is only a simplified presentation. The reader in-
terested in gaining detailed understanding is referred to our book ref.
C201 {"*Microprocessors,” by the same author).

The Z80 was designed as a replacement for the Intel 8080, and to of-
fer additional capabilities. A number of references will be made 1n this
chapter to the 8080 design.

SYSTEM ARCHITECTURE

The architecture of the microcomputer system appears in Figure 2.4,
The microprocessor unit (MPU), which will be a Z80 here, appears on
the left of the illustration, It implements the functions of a central-
processing unit (CPU) within one chip: it includes an grithmetic-logical
unit {ALU), plus its internal registers, and a control unit (CU), in
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charge of sequencing the system, Its operation will be explained 1n this
chapter.

Eo]

oD

ROM RAM PIC

j%fw 7Y IS

-3
T ACORISS DS >
Y

5 1~
< CONTROL Bus >

PORT A

AARLEY

by GND

Fig. 2.1: Standard Z80 System

The MPU creates three buses: an 8-bit bidirectional data bus, which
appears at the top of the illustration, a 16-bit unidirectional address
bus, and a control bus, which appears at the bottom of the illustration.
Let us describe the function of each of the buses.

The data bus carries the data being exchanged by the various ele-
ments of the system. Typically, it will carry data from the memory to
the MPU or from the MPU to the memory or from the MPU to an in-
put/output chip. (An input/output chip is 2 component in charge of
communicating with an external device.)

The address bus carries an address generated by the MPU, which will
select one internal register within one of the chips attached to the
system. This address specifies the source, or the destination, of the data
which will transit along the data bus.

The controf bus carries the various synchronization signals required
by the system.

Having described the purpose of buses, let us now connect the addi-
tional components required for a complete system.

Every MPU requires a precise timing reference, which is supplied by
a clock and a crystal. In most “*older’” microprocessors, the clock-oscil-
fator 1s external to the MPU and requires an extra chip. In most recent
microprocessors, the clock-oscillator is usually incorporated within the
MPU. The quartz crystal, however, because of its bulk, is always exter-
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nal to the system. The crystal and the clock appear on the left of the
MPU box in Figure 2.1,

Let us now turn our attention to the other elements of the system,
Going from left to right on the illustration, we distinguish:

The ROM is the read-only memory and contains the program for the
system. The advantage of the ROM memory is thal its contents are per-
manent and do not disappear whenever the system is turned off. The
ROM, therefore, always contains a boorstrap or a monitor program
(their function will be explained later) to permit initial system opera-
tion. In a process-control environment, nearly all the programs will
reside in ROM, as they will probably never be changed. In such a case,
the industrial user has to protect the system against power failures; pro-
grams must not be volatile. They must be in ROM,

However, in a hobbyist environment, or in a program-development
environment (when the programmer tests his program), most of the
programs will reside in RAM so that they can be easily changed. Later,
they may remain in RAM, or be transferred into ROM, if desired.
RAM, however, is volatile. Its contents are [ost when power is turned
off.

The RAM (random-access memory} is the read/write memory for the
system. In the case of a control system, the amount of RAM will
typically be small (for data only)., On the other hand, in a program-
development environment, the amount of RAM will be large, as it will
contain programs plus development software. All RAM contents must
be {oaded prior to use from an external device,

Finally the system will contain one or more interface chips so that it
may communicate with the external world. The most frequently used
interface chip is the PIO or paralle! input/output chip. It is the one
shown on the iHlustration. This P10, like all other chips in the system,
connects to all three buses and provides at least two 8-bit ports for
communication with the outside world. For more details on how an ac-
tual P10 works, refer to book €201 or, for specifics of the Z80 system,
refer to Chapter 7 (Input/Qutput Devices).

All the chips are connected to all three buses, including the control
bus,

The functional modules which have been described need not
necessarily reside on a single 181 chip. In fact, we could use combina-
tion chips, which may include both PIO and a limited amount of ROM
or RAM.

Still more components will be required to build a real system. In par-
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ticular, the buses usually need to be buffered. Also, decoding logic may
be used for the memory RAM chips, and, finally, some signals may
need 1o be amplified by drivers. These auxiliary circuits will not be
described here as they are not relevant (o programming. The reader in-
terested in specific assembly and interfacing technmques is referred to
book C207 ““*Microprocessor Interfacing Technigues.”

INSIDE A MICROPROCESSOR

The large majority of all microprocessor chips on the market today
implement the same architecture. This “‘standard’’ architecture will be
described here. It s shown in Figure 2.2, The modules of this standard
microprocessor will now be detailed, from right to left.

EXTERNAL DATA BUS
INTERNAL BUS ﬁ {8 BITS)

(
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L——i 8317 DATA
RE(.I?IST':RS SHIFTER
EXTERNAL
ADDRESS BUS

116 BiT5)

Fig. 2.2: “*Standard’’ Microprocessor Architecture

The control box on the right represents the control unit which syn-
chronizes the entire system. Its role will be clarified within the re-
mainder of this chapter.
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The ALU performs arithmetic and logic operations. A special
register equips one of the inputs of the ALU, the left input here. It is
called the accumulator. (Several accumulators may be provided.) The
accumulator may be referenced both as input and output (source and
destination) within the same instruction.

The ALU must also provide shift and rotare facilities.

A shift operation consists of moving the contents of a byte by one or
more positions to the feft or to the right. This is illustrated in Figure
2.3. Each bit has been moved to the left by one position. The details of
shifts and rotations will be presented in the next chapter.

SHIFT LEFT

LN DD DD L,

LT

ROTATE LEFT

L DD DD DY Y
( CARRY )

Note: Some Shift and Rotate instructions do not include the Carry.

Fig. 2.3: Shift and Rotate

The shifter may be on the ALU output, as illustrated in Figure 2.2, or
may be on the accumuliator input.

To the left of the ALU, the flags or status register appear. Their role
15 to store exceptional conditions within the microprocessor. The con-
tents of the flags register may be tested by specialized instructions, or
may be read on the internal data bus. A conditional instruction will
cause the execution of a new program, depending on the value of one of
these bits.

The role of the status bits in the Z80 will be examined later in this
chapter.
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Setting Flags

Most of the instructions executed by the processor will modify some
or all of the flags. It is important to always refer to the chart provided
by the manufacturer listing which bits will be modified by the instruc-
tions. This is essential in understanding the way a program is being ex-
ecuted. Such a chart for the Z80 15 shown 1n Figure 4-17.

The Registers

Let us look now at Figure 2.2. On the [eft of the illustration, the reg-
1sters of the microprocessor appear. Conceptually, one can distinguish
the general purpose registers and the address registers.

The General-Purpose Registers

General-purpose registers must be provided 1n order for the ALU to
manipulate data at high speed. Because of restrictions on the number of
bits which it is reasonable to provide within an instruction, the number
of (directly addressable) registers is usually limited to fewer than eight.
Each of these registers is a set of eight flip-flops, connected to the
bidirectional internal data bus. These eight bits can be transferred
simujtanecusly to or from the data bus. The implementation of these
registers in MOS flip-flops provides the fastest Jevel of memory
available, and their contents can be accessed within tens of
nanoseconds.

Internal registers are usually labelled from 0 to n. The role of these
registers is not defined in advance: they are said to be ‘‘general
purpose.”” They may contain any data used by the program.

These general-purpose registers will normally be used to store eight-
bit data. On some microprocessors, facilities exist to manipulate two of
these registers at a time. They are then called “‘register pairs.”” This ar-
rangement facilitates the storage of 16-bit quantities, whether data or
addresses.

The Address Registers

Address registers are [6-bit registers intended for the storage of ad-
dresses.. They are also often called data counters or pointers. They are
double registers, i.e.. two eight-bit registers. Their essential
characteristic is to be connected to the address bus. The address
registers create the address bus. The address bus appears on the left and
the bottom part of the illustration in Figure 2.4,
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The only way to Ioad the contents of these 16-bit registers is via the
data bus. Two transfers will be necessary along the data bus in order to
transfer 16 bits. In order to differentiate between the lower half and the
higher half of each register, they are usually labelled as L (low) or H
(high), denoting bits 0 through 7, and 8 through 15 respectively. This
label is used whenever it is necessary 10 differentiate the halves of these
registers. At least two address registers are present within most
microprocessors. “MUX" in Fig. 2.4 stands for multiplexer,

DATA BUS (8)
Hux
INDEX | REGISTER
o 16-8IT
STACK | POIMTER ADDRESS REGISTERS
PROGRAM | COUNTER

i mx |

ADDRESS BUS {16}

my

Fig. 2.4: The 16-bit Address Registers Create the Address Bus

Program Counter (PC)

The program counter must be present in any processor. It contamns
the address of the next instruction to be executed. The presence of the
program counter is indispensable and fundamental to program execu-
tion. The mechamsm of program execution and the automatic sequenc-
ing implemented with the program counter will be described in the next
section. Briefly, execution of a program is normally sequential. In
order to access the next instruction, it is necessary to bring it from the
memory into the microprocessor, The contents of the PC will be
deposited on the address bus, and transmitted towards the memory.
The memory will then read the contents specified by this address and
send back the corresponding word to the MPU. This 1s the instruction,
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In a few exceptional microprocessors, such as the two-chip F8, there is
no PC on the microprocessor. This does not mean that the system does
not have a program counter. The PC happens to be implemented direct-
ly on the memory chip, for reasons of efficiency.

Stack Pointer (SP)

The stack has not been introduced vet and will be described in the
next section. In most powerful, general-purpose microprocessors, the
stack is implemented in ‘‘software,” i.e., within the memory. In order
to keep track of the top of this stack within the memory, a 16-bit
register is dedicated to the stack pointer or SP. The SP contains the ad-
dress of the top of the stack within the memory. It will be shown that
the stack is indispensable for interrupts and for subroutines.

Index Register (IX)

Indexing is a memory-addressing facility which is not always pro-
vided in microprocessors. The various memory-addressing techniques
will be described in Chapter 5. Indexing is a facility for accessing blocks
of data in the memory with a single instruction. An index register will
typically contain a displacement which will be automatically added to a
base {or it might contain a base which would be added to a displace-
ment), In short, indexing is used to access any word within a block of
data.

The Stack

A stack is formally called an LIFO structure (last-in, first-out). A
stack is a set of registers, or memory locations, allocated to this data
structure, The essential characteristic of this structure is that it 1s a
chronological structure. The first element introduced into the stack is
always at the bottom of the stack. The element most recently deposited
in the stack is on the top of the stack. The analogy can be drawn with a
stack of plates on a restaurant counter. There is a hole in the counter
with a spring in the bottom. Plates are piled up in the hole. With this
organization, it is guaranteed that the plate which has been put first in
the stack (the oldest) is always at the bottom. The one that has been
placed most recently on the stack is the one which is on top of it. This
example also illustrates another characteristic of the stack. In normal
use, a stack is only accessible via two instructions: “‘push’’ and ‘“‘pop"’
(or “‘pull’’). The push operation results in depositing one element on
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top of the stack (two in the case of the Z80). The puil operation consists
of removing one element from the stack. In the case of a
microprocessor, it is the gaecumudator that will be deposited on top of
the stack. The pop will result in a transfer of the top element of the
stack into the accumulator. Other specialized instructions may exist 1o
transfer the top of the stack between other specialized registers, such as
the status register. The Z80 is more versatile than most in this respect.

The availability of a stack is required to implement three program-
ming facilities within the computer system: subroutines, interrupts, and
temporary data storage. The role of the stack during subroutines will be
explained in Chapter 3 (Basic Programming Techniques). The role of
the stack during interrupts will be explained in Chapter 6 {Input/Out-
put Techniques). Finally, the role of the stack in saving data at high
speed will be explained during specific application programs.

We will simply assume at this point that the stack is a required facility
in every computer system. A stack may be implemented in two ways:

1. A fixed number of registers may be provided within the micro-
processor itself. This is a “*hardware stack.” It has the advantage of
high speed. However, 1t has the disadvantage of a limited number of
registers.

2. Most general-purpose microprocessors choose another approach,
the software stack, in order not to resirict the stack to a very small
number of registers. This is the approach chosen in the Z80. In the soft-
ware approach, a dedicated register within the microprocessor, here
register SP, stores the stack pointer, i.e., the address of the top element
of the stack {or, sometimes, the address of the top element of the stack
plus one). The stack is then implemented as an area of memory. The
stack pointer will therefore require 16 bits to point anywhere in the
emory.

_MICROPROCESSOR 7 MEMORY ©
£ REGISTER |
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Fig. 2.5: The Two-Stack Manipulation Instructions
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The Instruction Execution Cycle

Let us refer now to Figure 2.6, The microprocessor unit appears on
the left, and the memory appears on the right. The memory chip may be
a ROM or a RAM, or any other chip which happens to contain
memory. The memory is used to store instructions and data. Here, we
will fetch one mstruction from the memory to illustrate the role of the
program counter. We assume that the program counter has valid con-
tents. It now holds a 16-bit address which is the address of the next in-
struction to fetch in the memory. Every processor proceeds in three
cycles:

{—fetch the next mnstruction
2—decode the instruction
3—execute the instruction

Ferch

L.et us now follow the sequence. In the first cycle, the contents of the
program counter are deposited on the address bus and gated to the
nemory (on the address bus). Simultaneously, a read signal may be
issued on the control bus of the system, if required. The memory will
receive the address. This address is used to specify one location within
the memory. Upon receiving the read signal, the memory will decode
the address 1t has received, through internal decoders, and will select
the location specified by the address. A few hundred nanoseconds later,
the memory will deposit the eight-bit data corresponding to the
specified address on its data bus. This eight-bit word is the instruction
that we want to fetch. In our illustration, this instruction will be
deposited the data bus on top of the MPU box.

Let us briefly summarize the sequencing: the contents of the program
counter are output on the address bus. A read signal is generated. The
memory cycles, and perhaps 300 nanoseconds later, the instruction at
the specified address is deposited on the data bus (assuming a single
byte instruction). The microprocessor then reads the data bus and
deposits its contents into a specialized internal register, the IR register.
The IR is the wistruction register: it is eight-bits wide and 1s used to con-
tain the instruction just fetched from the memory. The fetch cycle is
now completed. The 8 bits of the instruction are now physically in the
special internal register of the MPUJ, the IR register. The [R appears on
the left of Figure 2.7. It is not accessible to the programmer,
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Fig. 2.6: Feiehiﬁg an Instruction from the Memory

Decoding and Execution

Once the instruction is contained n IR, the control unit of the
microprocessor will decode the contents and will be able to generate the
correct sequence of internal and external signals for the execution of the
specified instruction. There is, therefore, a short decoding delay fol-
lowed by an execution phase, the length of which depends on the nature
of the instruction specified. Some nstructions will execute entirely
within the MPU. Other instructions will fetch or deposit data from or
into the memory, This is why the various instructions of the MPU re-
quire various lengths of time to execute. This duration is expressed as a
number of (clock) cycles. Refer to Chapter 4 for the number of
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Fig. 2.7: Automatic Sequencing
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cycles required by each instruction. Since various clock rates may be
used, speed of execution is normally expressed in number of cycles
rather than in number of nanoseconds.

EXTERNAL [NTERSAL DATA BUS

B VI I (N

ACCIMULATOR

A R1 Rn
REGISTERS

RESULT (BESTINATION) BUS
Fig. 2.8: Single-Bus Architecture

Fetching the Next Instruction

We have described how, using the program counter, an instruction
can be fetched from the memory. During the execution of a program,
instructions are fetched in sequence from the memory. An automatic
mechanism must therefore be provided to fetch instructions i se-
guence. This task is performed by a simple ncrementer attached to the
program counter. This is illustrated m Figure 2.7, Every time that the
contents of the program counter {at the bottom of the illustration) are
placed on the address bus, its contents will be incremented and written
back into the program counter. As an example, if the program counter
contained the value **0”’, the value **0”’ would be output onthe address
bus. Then the contents of the program counter would be incremented
and the value **1”” would be written back into the program counter. In
this way, the next time that the program counter is used, it is the in-
struction at address | that will be fetched. We have just implemented an
automatic mechanism for sequencing instructions.

It must be siressed that the above descriptions are simplified. In reali-
ty, some instructions may be two- or even three-bytes long, so that suc-
cessive bytes will be fetched in this manner from the memory. However,
the mechanism is identical. The program counter is used to fetch
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successive bytes of an instruction as well as to fetch successive instruc-
tions themselves. The program counter, together with its incrementer,
provides an automatic mechanism for pointing to successive memory
locations,
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Fig. 2.9: Execution of an Addition—R0 into ACC
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We will now execute an instruction within the MPU (see Figure 2.8).
A typical instruction wili be, for example: RO = RO + R1. This means:
“ADD the contents of RO and R1, and store the results in R0.” To per-
form this operation, the contents of RO will be read from register RO,
carried via the single bus to the feft input of the ALU, and stored in the
buffer register there. R1 will then be selected and its contents will be
read onto the bus, then transferred to the right input of the ALU. This
sequence is illustrated in Figures 2.9 and 2.10. At this point,
the right put of the ALU is conditioned by Rl, and the left
input of the ALU is conditioned by the buffer register, containing the
previous value of R0, The operation can be performed. The addition is
performed by the ALU, and the results appear on the ALU cutput, in
the lower right-hand corner of Fig. 2.11. The results will be deposited
on the single bus, and will be propagated back to R0O. This means, in
practice, that the input latch of RO will be enabled, so that data can be
written into it. Execution of the mstruction 1s now complete, The
results of the addition are in RO, }t should be noted that the contents of
R1 have not been modified by this operation. This 15 a general prin-
ciple: the contents of a register, or of any read/wrnite memory, are not
modified by a read operation,

The buffer register on the left input of the ALU was necessary in
order to memorize the contents of R0, so that the single bus could be
used again for another transfer. However, a problem remains,
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Fig. 2.11: Result Is Generated and Goes into RO
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The Critical Race Problem

The simple organization shown in Figure 2.8 will not function cor-
rectly,

Question: What 15 the timing problem?

Answer: The problem is that the result which will be propagated out
of the ALU will be deposited back on the single bus. It will not pro-
pagate just in the direction of RO, but along all of the bus, In particular,
it will recondition the right input of the ALU, changing the result coming
out of it a few nanoseconds later, This is a critical race., The output of
the ALU must be isolated from its input (see Figure 2.12).

Several solutions are possible which will isolate the input of the ALU
from the output. A buffer register must be used. The buffer register
could be placed on the output of the ALU, or on its input. It is usually
placed on the input of the ALU. Here it would be placed on its right in-
put. The buffering of the system is now sufficient for a correct opera-
tion. It will be shown later in this chapter that if the left register which
appears in this illustration is to be used as an accumulator (permitting
the use of one-byte long instructions), then the accumulator will require
a buffer too, as shown in Figure 2.13.
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Fig. 2.12: The Critical Race Problem
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¥Fig. 2.13: Two Buffers Are Reguired (Temp Registers)

INTERNAL ORGANIZATION OF THE Z80

The terms necessary in order to understand the internal elements of
the microprocessor have been defined. We will now examine in more
detail the Z80 itself, and describe its capabilities. The internal organiza-
tion of the Z80 is shown in Figure 2.14. This diagram presents a logical
description of the device, Additional interconnections may exist but are
not shown. Let us examine the diagram from right to left.

On the right part of the illustration, the arithmetic-logical unir {the
ALU} may be recognized by its characteristic **V’" shape. The accumu-
fator register, which has been described in the previous section, is iden-
tified as A on the right input path of the ALU. It has been shown in the
previous section that the accumulator should be equipped with a buffer
register. This 1s the register labeled ACT (temporary accumulator).
Here, the left input of the ALU is also equipped with a femporary
register, called TMP, The operation of the ALU will become clear in the
next section, where we will describe the execution of actual instructions.

The flags register iscalled** F**inthe Z80,and is shown on theright of the
accumulator register. The contents of the flags register are essentially
conditioned by the ALU, but it will be shown that some of its bits may
also be conditioned by other modules or events.

The accumulator and the flags registers are shown as double registers
iabelled respectively A, A’ and F, F'. This is because the Z80 is
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equipped internally with two sets of registers: A + F, and A" + F".
However, only one set of these registers may be used at any one time. A
special instruction is provided to exchange the contents of A and F with
A’ and F'. In order to simplify the explanations, only A and F will be
shown on most of the diagrams which follow. The reader should
remember that he has the option of switching to the alternate register
set A" and F’ if desired.

The role of each flag in the flags register will be described 11 Chapter
3 (Basic Programming Techniques).

A large block of registers s shown at the center of the illustration. On
top of the block of registers, two identical groups can be recognized.
Each one includes six registers labeled B, C, D, E, H, L. These are the
general-purpose eight-bit registers of the Z80. There are two peculiari-
ties of the Z80 with respect to the standard microprocessor which has
been described at the beginmng of this chapter,

First, the Z80 is equipped with rwo banks of registers, r.e., two iden-
tical groups of 6 registers. Only six registers may be used at any one
time. However, special instructions are provided to switch between the
two banks of registers. One bank, therefore, behaves as an internai
memory, while the other one behaves as a working set of internal
registers. The possible uses of this special facility will be described in
the next chapter.

Conceptually, it will be assumed, for the nme being, that there are
only six working registers, B, C, D, E, H, and L, and the second
register bank will temporarily be ignored, in order to avoid confusion,

The MUX symbol which appears above the memory bank is an ab-
breviation for mulriplexer, The data coming from the internal data bus
will be gated through the multiplexer to the selected register. However,
only one of these registers can be connected to the internal data bus at
any one {ime,

A second characteristic of these six registers, 1n addition to being
general-purpose eight-bit registers, is that they are equipped with a con-
nection {0 the address bus. This is why they have been grouped n
pairs. For example, the contents of B and C can be gated simultaneous-
ly onto the 16-bit address bus which appears at the bottom of the illustra-
tion. As a result, this group of 6 registers may be used to store either
eight-bit data or else 16-bit pointers for memory addressing.

The third group of registers, which appears below the two previous
ones 1n the middle of Figure 2.14, contains four “‘pure” address
registers. As in any microprocessor, we find the program counter Py
and the stack pointer (SP). Recall that the program counter contains
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the address of the next instruction to be executed.

The stack pointer points to the top of the stack in the memory. In the
case of the Z80, the stack pointer points to the last actual entry in the
stack, (In other microprocessors, the stack pointer points just above the
last entry.) Also, the stack grows “downmwards, i.e, towards the lower
addresses.

This means that the stack pointer must be decremented any time a
new word is pushed on the stack. Conversely, whenever a word is
removed {popped) from the stack, the stack pointer must be -
cremented by one. In the case of the Z80, the “*push” and *‘pop”
always involve rwo words at the same time, so that the contents of the
stack pointer will be decremented or incremented by two.

Looking at the remaining two registers of this group of four registers,
we find a new type of register which has not been described vet: two
index-registers, labeled 1X (Index Register X) and IY (Index Register
Y}. These two registers are equipped with a special adder shown as a
mtniature V-shaped ALU on the right of these registers in Figure 2.14,
A byte brought along the internal data bus may be added to the con-
tents of 1X or IY. This byte is called the displacement, when using an in-
dexed imstruction. Special instructions are provided which wili
automatically add this displacement to the contents of IX or 1Y and
generate an address. This is called indexing. It allows convenient access
to any sequential biock of data. This important facility will be des-
cribed in Chapter 5 on addressing techniques.

Finally, aspecial box labeled ¢ + 1’” appears below and to the left of the
block of registers. This is an increment/decrement. The contents of any
of the register pairs SP, PC, BC, DE, HL (the “*pure address’’ registers)
may be automatically incremented or decremented every time they depos-
it an address on the internal address bus. This is an essential facility for
implementing automated program loops which will be described in the
next section. Using this feature it will be possible to access successive
memory locations conveniently,

Let us move now to the left of the illustration, One register pair is
shown, 1solated on the left: [ and R. The I register 1s called the miterrupi-
page address register. [ts role will be described in the section on inter-
rupts of Chapter 6 (Input/Output Techniquesj. It 15 used only in a
special mode where an indirect call to a memory location is generated in
response to an interrupt. The | register is used to store the high-order
part of the indirect address. The lower part of the address is supplied by
the device which generated the interrupt.
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The R register is the memory-refresh register. 1t is provided to refresh
dynamic memories automatically. Such a register has traditionally been
located outside the microprocessor, since it is associated with the
dynamic memory. It s a convenient feature which minimizes the
amount of external hardware for some types of dynamic memories. It will
not be used here for any programming purposes, as it is essentially a
hardware feature (see reference C207 *‘Microprocessor Interfacing
Technigques” for a detailed description of memory refresh techniques).
However, it is possible to use it as a software clock, for example.

Let us move now to the far left of the illustration. There the control
section of the microprocessor is located. From top to bottom, we find
first the msiruction register IR, which will contain the instruction to be
executed. The IR register is totally distinct from the *‘I, R’' register pair
described above. The instruction is received from the memory via the
data bus, is transmitted along the internal data bus and is finally
deposited mto the instruction register. Below the instruction register ap-
pears the decoder which will send signals to the controller-sequencer
and cause the execution of the instruction within the microprocessor
and outside it. The conirol section generates and manages the control
bus which appears at the bottom part of the illustration.

The three buses managed or generated by the system, i.e., the data
bus, the address bus, and the control bus, propagate outside the
microprocessor through its pins. The external connections are shown
on the right-most part of the illustration. The buses are isolated from
the outside through buffers shown in Figure 2.14,

Ali the logical elements of the Z80 have now been described. It is not
essential to understand the detailed operation of the Z80 in order to
start writing programs. However, for the programmer who wishes to
write efficient codes, the speed of a program and its size will depend
upon the correct choice of registers as well as the correct choice of
techniques. To make a correct choice, it is necessary to understand how
instructions are executed within the microprocessor. We will therefore
examme here the execution of typical instructions inside the Z80 to
demonstrate the role and use of the internal registers and buses.
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PROGRAMMING THE Z80

INSTRUCTHON FORMATS

The Z80 mnstructions are listed in Chapter 4. Z80 Instructions may
be formated in one, two, three or four bytes, An nstruction specifies
the operation to be performed by the microprocessor. From a
simplified standpoint, every instrucfion may be represented as an op-
code followed by an optional literal or address field, comprising one or
two words. The opcoede field specifies the operation to be carried out.
In strict computer terminology, the opcode represents only those bits
which specify the operation to be performed. exclusive of the register
pointers that might be necessary. In the microprocessor world, it is con-
venient to call opcode the operation code itself, as well as any register
pointers which 1t might incorporate. This “‘generalized opcode’ must
reside in an eight-bit word for efficiency (this 1s the limiting factor on
the number of instructions available in a microprocessor}.

The B080 uses instructions which may be one, two, three, bytes long
{see Figure 2.15}, However, the Z80 is equipped with additional indexed
instructions, which require one more byte. In the case of the Z80, op-
codes are, in general, one byte long, except for special instructions
which require a two-byte opcode.

Some nstructions require that one byte of data follow the opcode. In
such a case, the instruction will be a two-byte mstruction, the second
byte of which is data (except for indexing, which adds an extra byte).

In other cases, the instruction might require the specification of an
address. An address requires 16 bits and, therefore, two bytes. In that
case, the instruction will be a three-byte or a four-byte instruction.

For each byte of the instruction, the control umt will have to perform
a memory fetch, which will require four clock cycles, The shorter the
instruction, the faster the execution.

A One-Word Instruction

One-word instructions are, in principle, fasiest and are favored by
the programmer. A typical such mstruction for the Z80 is:

LDr, 1

This instruction means: ‘“Transfer the contents of register r’ into r.”’
This is a typical “‘register-to-register’’ operation. Every microprocessor
must be equipped with such instructions, which allow the programmer
to transfer information from any of the machine’s registers into
another one. Instructions referencing special registers of the machine,
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Fig. 2.15 Typical Instruction Formats

such as the accumulator or other special-purpose registers, may have a
special opcode.

After execution of the above instruction, the contents of r will be
equal to the contents of r’. The contents of r’ will not have been
modified by the read operation.

Every instruction must be represented internally in a binary format.
The above representation “LD r,r’ 7 is symbolic or mnemonic. 1t is
called the assembly-fanguage representation of an instruction. It is
simply meant as a convenlent symbolic representation of the actual
binary encoding for that instruction. The binary code which will repre-
sent this instruction mside the memory is: 01 DD D SSS(bits0to 7).

This representation is still partially symbolic. Each of the letters S
and D stands for a binary bit. The three D’s, ‘D D D”’, represent the
three bits pointing to the destinarion register. Three bits allow selection
of one out of eight possible registers. The codes for these registers ap-
pear in Figure 2.16. For example, the code for register B is 00 0", the
code for register Cis **0 0 1", and so on.

Similarly, ‘S S S’* represents the three bits poimnting to the source
register. The convention here is that register r’ is the source, and that
register r is the destination. The placement of the bits in the binary
representation of an instruction is not meant for the convenience of the
programmer, but for the convenience of the control section of the
microprocessor, which must decode and execute the instruction. The
assembly-language representation, however, Is meant for the conve-
nience of the programmer. It could be argued that LD r,r’ should really
mean: ‘“Transfer contents of r into r’."’ However, the convention has
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PROGRAMMING THE Z80

been chosen in order to maintain compatibility with the binary
representation in this case. It is naturally arbitrary.

Exercise 2.1: Write below the inary code which will transfer the can-
tents of register C into register B. Consult Fig. 2.16 for the codes cor-
responding to C and B.

Another simple example of a one-word instruction is:

ADDA,r

This instruction will result in adding the contents of a specified
register (r) to the accumulator {A). Symbolically, this operation may be
represented by: A = A 4+ r. It can be verified in Chapter 4 that the
binary representation of this instruction is:

f00005S5

where 8 § S specifies the register to be added to the accumulator. Again,
the register codes appear in Figure 2.16.

Exercise 2.2: What is the binary code of the instruction which will add
the contents of register [ to the accumulator?

CODE REGISTER

caa
Gal
010
Gl
100
101 4t

£ 40 j- (MEMORY)
L1) 1A

- = e -

Fig. 2.16: The Register Codes

A Two-Word Instruction
ADD A, n
This simple two-word instruction will add the contents of the second

byte of the instruction to the accumulator. The contents of the second
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word of the instruction are said to be a “‘literal.”’ They are data and are
treated as eight bits without any particular significance. They could
happen to be a character or numerical data. This is irrelevant to the
operation. The code for this instruction is:

11000110 followed by the 8-bit byte “*n"’

This is an immediate operation. *‘Immediate,” in most programming
languages, means that the next word, or words, within the instruction
contains a piece of data which should not be inzerpreted (the way an op-
code 15). It means that the next one or two words are to be treated as a
literal,

The control unit is programmed to “‘know’” how many words each
instruction has. It will, therefore, always fetch and execute the right
number of words for each instruction. However, the longer the possible
number of words for the instruction, the more complex it is for the con-
trol unit to decode.

A Three-Word Instruction
LD A, (nn}

The instruction requires three words. It means: *‘Load the ac-
cumulator from the memory address specified in the next two bytes of
the instruction.”” Since addresses are [6-bits long, they require two
words. In binary, this instruction is represented by:

Q0111010 8 bits for the opcode
Low address: 8 bits for the lower part of the address
High address: 8 bits for the upper part of the address

EXECUTION OF INSTRUCTIONS WITHIN THE Z380

We have seen that all instructions are executed in three phases:
FETCH, DECODE, EXECUTE. We now need to introduce some
definitions. Each of these phases will require several clock cycles. The
ZB0 executes each phase in one or more logical cycles, called a
*‘machine cycle.”” The shortest machine cycle lasts three clock cycles.

Accessing the memory requires three cycles for any operands, four
clock cycles for the initial fetch. Since each instruction must be fetched
first from the memory, the fastest instruction wiil require four clock
cycles. Most instructions will require more.

Each machine cycle 15 labeled as M1, M2, etc., and will require three
or more clock cycles, or “*states,” labeled T1, T2, etc.
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The FETCH Phase

The FETCH phase of an instruction is implemented during the first
three states of machine cycle M1; they are called T1, T2, and T3. These
three states are common to all instructions of the microprocessor, as all
instructions must be fetched prior to execution. The FETCH
mechanism 15 the following:

T!: PCOUT

The first step is to present the address of the next instruction to the
memory. This address is contained in the program counter {(PC). As the-
first step of any instruction fetch, the contents of the PC are placed on
the address bus (see Figure 2.17). At this point, an address is presented
to the memory, and the memory address decoders will decode this ad-
dress in order to select the appropriate location within the memory.
Several hundred ns (a nanosecond is 107 second) will elapse before the
contents of the selected memory location become available on the out-

j@ oATA BYS

mramme

CONTRILLER

SEQUENCER

TO MEMORY

=

F2pRO0RESS BYS
Ld

COYTROL
S10HALS

Fig. 2.17: Instruction Fetch—(PC) Is Sent to the Memory
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put pins of the memory, which are connected to the data bus. It is standard
computer design to use the memory read time to perform an operation
within the microprocessor. This operation s the incrementation of the
program counter;

T2:PC = PC + |

While the memory is reading, the contents of the PC are incremented
by | (see Figure 2.18). At the end of state T2, the contents of the
memory are available and can be transferred within the micro-
Processor:

T3 : INST into IR

T n oA g

JLLLEITEEELEE T T T //////f/[/\//zjm DATA BuS

Vi
y

CONTRBLLER

SEQUEACER

]
6 |F
7 Phasess aus

} {ONTROL

STGRALS

Fig 2.18: PC Is Incremented

The DECODE and EXECUTE Phases
During state T3, the instruction which has been read out of the

memory 1s deposited on the data bus and transferred into the instruc-
tion register of the Z80, from which point it is decoded.
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Fig. 2.19: The Instruction Arrives from the Memory into IR

it should be noted that state T4 of M1 will always be required. Once
the instruction has been deposited into IR during T3, it is necessary to
decode and execute it, This will require at least one machine state, T4,

A few instructions require an extra state of M1 (state T3). It will be
skipped by the processor for most instructions. Whenever the execution
of an nstruction requires more than M1, i.e., M1, M2 or more c¢ycles,
the transition will be directly from state T4 of M1 into state T1 of M2.
Let us examine an example. The detailed internal sequencing for each
example is shown in the tables of Figure 2.27. As these tables have not been
released for the Z80, the 8080 tables are used instead. They provide an in-
depth understanding of instruction execution.

pD,C

This corresponds to MOV 1, 12 for the 8080. Refer to line | of Fig, 2.27.

By coincidence, the destination register in this example happens to be
named *“D*’, The transfer is illustrated in Figure 2,20,

This 1nstruction has been described in the previous section. It
transfers the contents of register C, denoted by **C”", mto register D,

The first three states of cycle M1 are used to fetch the instruction
from the memory. At the end of T3, the instruction i5 in IR, the In-
struction Register, from which point it can be decoded (see Figure 2.19).

During T4: (§ S S) & TMP,
The contents of C are deposited into TMP (See Figure 2.21).
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Durmg T5: (TMP} » DDD.
The contents of TMP are deposited into D. This is shown in Figure 2.22.

8] c
[ ooctoool [ 10001000 1
BEFGRE
Dig iC
[T Tooo0i009 | 50001000 j
AFTER

Fig. 2.20: Transferring C into D
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Fig. 2.21: The Contents of C Are Deposited into TMP
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Fig. 2.22: The Contents of TMP are Deposited into D

Execution of the instruction is now complete. The contents of
register C have been transferred into the specified destination register
D. This terminates execution of the instruction. The other machine
cycles M2, M3, M4, and M3 will not be necessary and execution s10ps
with MI.

It is possible to compute the duration of this instruction easily. The
duration of every state for the standard Z801s the duration of the clock:
500 ns. The duration of this instruction is the duration of five states, or
5 x 500 = 2500 ns = 2.5 us. With a 400 ns clock, 5 x 400 = 2000 ns

= 2,0 us.

Question: Why does this instruction require fwo states, T4 and T3,
in order to transfer the contents C mto D, rather than just one? It
transfers the contents of Cinto TMP, and then the contents of TMP -
to D. Wouldn'r ir be sunpler 1o transfer the contents of C o D direct-
Iy witiun a single state?

Answer: This 15 not possible because of the implementation chosen
for the internai registers. All the internal registers are, in fact, partof a
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single RAM, a read/write memory internal to the microprocessor chip.
Only one word may be addressed or selected at a time within an RAM
{sigle-port). For this reason, it 15 not possible to both read and write
into, or from, an RAM at two different locations. Two RAM cycles are
required. It becomes necessary first to read the data out of the register
RAM, and store it in a temporary register, TMP, then, to write it back
into the final destination register, here D, This is a design inadequacy.
However, this limitation is common to virtually all monolithic
microprocessors. A dual-port RAM would be required to solve the
problem. This limitation is not mntrinsic to microprocessors and it normally
does not exist 1n the case of bit-slice devices. It 1s a result of the constant
search for logic density on the chip and may be eliminated in the future.

Important Exercise:

At this point, it is highly recommended that the user review by him-
self the sequencing of this simple instruction before we proceed to more
complex ones. For this purpose, go back to Figure 2. [4. Assemble a few
small-sized “‘symbols’’ such as matches, paperclips, ete. Then move the
symbols on Figure 2.14 to simulate the flow of data from the registers
into the buses. For example, deposit a symbol into PC. T1 will move
the symbol contained in PC out on the address bus towards the
memory. Continue simulated execution in this fashion until you feel
comfortable with the transfers along the buses and between the
registers. At this point, you should be ready to proceed.

Progressively more complex instructions will now be studied:

ADD A, r

This instruction means: “‘Add the contents of register r {specified by
a binary code S S 5) to the accumulator {A), and deposit the result in
the accumulator.”” This is an implicit instruction. It is called implicit as
it does not explicitly reference a second register. The mstruction expli-
citly refers only to register r. It implies that the other register involved
in the operation is the accumulator. The accumulator, when used in
such an implicit instruction, 1s referenced both as source and destina-
tion. Data will be deposited in the accumulator as a result of this addi-
tion. The advantage of such an implicit instruction is that its complete
opcode is only eight bits in length. 1t requires only a three-bit register
field for the specification of r. This is a fast way to perform an addition
operation.

Other implicit instructions exist i the system which will reference
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other specialized registers. More complex examples of such implicit in-
structions are, for example, the PUSH and POP operations, which will
transfer information between the top of the stack and the accumulator,
and will at the same time update the stack pointer (SP), decrementing it
or incrementing it. They implicitly manipulate the SP register.

The execution of the ADD A, r mstruction will now be examined in
detail. This instruction will require two machine cycles, M1 and M2, As
usual, during the first three states of M1, the instruction is fetched from
the memory and deposited in the IR register. At the beginning of T4, it
is decoded and can be executed. It will be assumed here that register B is
added to the accumulator. The code for the nstruction will then be:
[ 0000000 (the code for register B is 0 0 0). The B08D equivalent is
ADD .

T4: (S S S) & TMP, (A} P ACT

](‘lj DATA BUS

E RO T
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Fig. 2.23: Two Transfers Occur Simultaneously

Two transfers will be executed simultaneously. First, the contents of
the specified source register (here B) are transferred into TMP, i.e., to
the right mput of the ALU (see Fig. 2.23). At the same time, the con-
tents of the accumulator are transferred to the temporary accumulator
{ACT). By inspecting Fig, 2.23, you will ascertain that those transfers
can occur in parallel. They use different paths within the system. The
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transfer from B to TMP uses the internal data bus. The transfer from
ACT uses a short internal path independent of this data bus. In order to
gain time, both transfers are done simultaneously. At this point, both
the feft and the right input of the ALU are correcily conditioned. The
teft input of the ALU is now conditioned by the accumulator contents,
and the right input of the ALU is conditioned by the contents of register
B. We are ready to perform the addition. We would normally expect to
see the addition take place during state TS of M 1. However, this state is
simply not used. The addition is not performed! We will enter machine
cycle M2. During state T1, nothing happens! It is only in state T2 of M2
that the addition takes place {refer to ADD r in Figure 2.27):

T2 of M2: (ACT) + (TMP) » A

The contents of ACT are added to the contents of TMP, and the
result is finally deposited in the accumulator. See Figure 2.24. The
operation is now compilete.

DATA ByS

CONYROLLER

mied few [ a
e fes |

2
SEQUENCER 58

®
Pe R
15
>

ADDRESS BUS

tnn ne vI

CONTREL
SHHALS

Fig. 2.24: End of ADD r

Question: Why was the completion of the addition deferred uniil
state T2 of machine cycle M2, rather than taking place during state T5
aof M1? (This is a difficuit question, which requires an understanding of
CPU design. However, the technigue involved is fundamental to clock-
synchronous CPU design. Try to see what happens.)
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Answer: This is a standard design ““trick’ used in most CPU’s. It is
called ‘‘fetch/execute overlap.” The basic tdea is the following: looking
back at Figure 2.23 it can be seen that the actual execution of the addi-
tion will only require the use of the ALU and of the data bus. In parti-
cular, it will not access the register RAM (register block). We (or the
control unit) know that the next three states which will be executed after
completion of any instruction will be T1, T2, T3 of machine cycle M1
of the next instruction. Looking back at the execution of these three
states, it can be seen that their execution will only require access 1o the
program counter {PC) and use of the address bus. Access to the pro-
gram counter will require access to the register RAM. (This explains
why the same trick could not be used in the instruction LD r,r7. It is
therefore possible to use simultaneously the shaded area in Figure 2.17
and the shaded area in Figure 2,24,

The data bus is used during state T1 of M| to carry status informa-
tion out. It cannot be used for the addition that we wish to perform.
For that reason, it becomes necessary to wait until state T2 before the
addition can be effectively carried out. This {s what occurred in the
chart: the addition is completed during state T2 of M2, The mechanism
has now been explained. The advantage of this approach should now be
clear. Let us assume that we had implemented a straightforward
scheme, and performed the addition during state T5 of machine cycle

RO,
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Fig. 2.25: FETCH-EXECUTE Overlap during T1-T2

MI1. The duration of the ADD instruction would have been 5 x 500 =
2500 ns. With the overlap approach which has been implemented, once
state T4 has been executed, the next instruction is initiated. In a manner
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that 1s invisible to this next instruction, the ““clever’’ control unit will
use state T2 to carry out the end of the addition. On the chart T2 is
shown as part of M2, Conceptually, M2 will be the second machine cy-
cle of the addition. In fact, this M2 will be overlapped, i.e., be identical
to machine cycle M1 of the next instruction. For the programmer, the
delay introduced by ADD will be only four states, i.e., 4 x 500 = 2000
ns, instead of 2500 ns using the “straightforward’ approach. The
speed improvement i1s 500 ns, or 20%!

The overlap technique is illustrated on Figure 2.25. It is used when-
ever possible to increase the apparent execution speed of the micropro-
cessor. Naturally, it it not possible to overlap mn all cases. Required
buses or facilities must be available without conflict. The control unit
““knows’’ whether an overlap is possible.

NOTES:

i. The tirst memaory oycle (A1) i3 abwavs an instruction
terch; the first {or oniy] byte, contzining the ap code, is
fetched during this cycle,

2. # the READY input frem memory is nat high during
TZof each memary cysie, the procesior vall anter 3 wait
state {TW} until READY is mempled as high.

3. States T4 and TS are present, as required, Jor opers-
tiony which are cempletely inzernai 10 the TPU. The con-
1ents of the internal bus during T4 end TS are available at
the data bus; this is dengred for 1etting purposes only. An
X" dencies that The state o prasant, but & only used for
tuch internal aperations as instruction decoding,

4, QOnty register pairsrp = 8§ iregisters 8 and Clar rp= D
fregistess O 2nd E} may be specified,

8. Thess states are skipped.

6. Memory read sub-cyclas; an instruction or dsta word
will be read.

7. Kemary write wh-oycls.

8 The READY signalis not tequired during the sesond
#nd Third sub-cycles (M2 and M3} The HOLD sgnatis
zeeepied dunng M2 and M3, The SYHED ugnal is not gene
rated during M2 and M3, Buting the execution of DAD,
M2 znd MJ are required for an inteensl register-pair add;
mamory 13 not referenced,

9. Theseselts of these arithmetic, logicat or rotate in-
RIGCHONE 378 no moved imo the scoumulater {AT untl
sizie T2 of the next instruction cycle. That i1, A is loaded
whilt the next ingruction is being fetched: this overfapping
of gpaeations ailows for faster processing.

10. # the value of the fzast signiticant 4-bits of the accusmu-

Isto: i3 greater thzn O ar if the suxiliaey carry it is 5e8, &

5 ggged %o the accumulater, i the value of the mast signifi-

cant &bits ol the actrmulatos 3 now greater than 3, o if
the carry hit is 101, 6 iy added to 1he mast significant
4-bits of the accurmitztar,

11, This represantt the first Jub-cytle (the instruction
fatch} of the next instruction cycle,

12. I the condition was mat, the cnignis of the regiter
pair WZ arz output on the address lines [Apsg) instead of
the antents of the program counter (PCY,

13. if the condition was not mel, sub-cycles M4 and M5
are skipped; the processar instsad procesds immediately to
tha instruction fesch {M1} of the nextinstructian cycle.
14, H the condition wes nat met, sub-cycies MZ and K13
are skipped: the processor insiead srocoeds immediataly 10
the mstruetion fetch (M of the next insiruction cycls,
15. Stack 7ead sub-cycle.

16. Stack write sub-cycie,

17, CONCHTION cee
N2 ~ notiee (2=0) el

2 —rerof2=1] o

NC — ne carry [CY « O} il

T - arylCY=1} on

PO — parstyodd (P @) 100

PE — parsty even [F = §) im

F - gluniS= 5 1o

M - minus (5= 1) 111

T8, 170 sub-cycle: the (/0 port's Bbit sstect cote i1 duplis
czted on addrexs lines 0-7 {Ag 7} and B15{Ag.5).

13, Quiput subi-eyele.

2, The processor will remain idle in the halt state unti

ar inlerrugt, # resel or 2 hald is accepted. When a held re-
quest s accepted, the £FU enters the hoid mode; after the
hold mode 1 Terminsicd, the proteises returms 1o The halt
state. After 3 reset is aceapted, the peocestor beqing execu-
tian at memory locaTion 2ero. Alter an winterrup! 15 accepied,
the proczesor executes the instruciion forced omo the dats
bus fusaally 2 restart imstroetion),
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Fig. 2.26: Intel Abbreviations
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Question: Would it be possible to go further using this scheme, and
to aiso use state T3 of M2 if we have to execute a longer instruction?

In order to clarify the internal sequencing mechanism, it 15 suggested
that you examine Figure 2.27, which shows the detailed instruction
execution for the 8080. The Z80 includes all 8080 instructions, and
more. The information presented in Figure 2.27 is not available for the
Z30. 1t is shown here for its educational value in understanding the in-
ternal operation of this microprocessor. The equivalence between Z80 and
8080 tnstructions is shown in Appendices F and G.

A more complex instruction will now be examined:

ADD A, (HL)

The opcode for this instruction is 10000110, This instruction means
“add to the accurnulator the contents of memory location (HL)."” The
memory location is specified through a rather strange system. It is the
memory location whose address is contained in registers H and L. This
instruction assumes that these two special registers (HL) have been
foaded with contents prior to executing the instruction. The 16-bit con-
tents of these registers will now specify the address in the memory
where data resides. This data will be added to the accumulator, and the
result will be left in the accumulator,

This instruction has a history. It has been supplied in order to pro-
vide compatibility between the early 8008, and its successor, the 8080.
The early 8008 was not equipped with a direct-memory addressing
capability! The procedure used to access the contents of the memory
was to load the two registers H and L, and then execute an instruction
referencing H and L. ADD A, (HL) is just such an instruction. 1t must
be stressed that the 8080 and the Z80 are not limited in the same way as
the 8008 in memory-addressing capability, They do have direct-memory
addressing. The facility for using the H and L registers becomes an
added advantage, not a drawback, as was the case with the 8008.

Let us now follow the execution of this instruction (it is called
ADD M for the 8080 and 1s the 16th instruction on Figure 2,27} States
T1, T2, and T3 of M1 will be used, as usual, to fefch the instruction.
During state T4, the contents of the accumulator are transferred to its
buffer register, ACT, and the left input of the ALU is conditioned.

Memory must be accessed in order to provide the second byte of data
which will be added to the accumulator. The address of this byte of
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data is contained in H and L. The contents of H and L will therefore
have to be transferred onto the address bus, where they will be gated to

the memory. Let usdo it.
]C::D DATA BUS

YR

INST. REG. b

Tw ]
DECCDER

3 A
CONTROLLER] D

NTROL 7
/H’»';r‘_‘;/,;’i/

SEQUENCER el

R4

ki
i
{

IU

[]
e 16 |F ] TO HEMORY
T T R AODRESS BUS

LONTRAL
v

SIGHALS

Fig. 2.28: Transfer Contents of HL to Address Bus

During machine cycle M2,weread: HL OUT.H and L are deposited on
the address bus, in the same way PC used to be deposited there n
previous instructions. As a remark, it has already been indicated
that during state T stafus 15 output on the data bus, but no use of
this will be made here. From a simplified standpoint, it will require two
states: one for the memory to read its data, and one for the data to
become available and transferred onto the right input of the ALU,
TMP,

Both inputs of the ALU are now conditioned. The situation is analo-
gous to the one we were in with the previous instruction ADDA, r: both
inpuis of the ALU are conditioned. We simply have to ADD as before.
A fetch/execute overlap technigue will be used, and, instead of exe-
cuting the addition within state T4 of M2, final execution is postponed
until state T2 of M3. It can be seen in Figure 2.27 that during T2 we in-
deed have: ACT + TMP-»A, The addition is finally performed, the
contents of ACT are added to TMP, and the result deposited into the
accumulator A.
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Question: What is the apparent execution time (to the programmer} for
this instruction? Using a 2.5 Mhz clock, is it 3.6 us? 2.8 us?

Another more complex instruction will now be examined which is a
direct-memory addressing instruction using two nvisible W and Z
registers:

LD A, (nn)

The opcode is 00111010. The 8080 equivalent s LDA addr. As usual,
states T1, T2, T3 of M1 will be used to fetch the instruction from the
memory. T4 is used, but no visible result can be described. During state
T4, the instruction is in fact decoded. The control unit then finds out
that it has to feteh the next two bytes of this instruction in order to ob-
tain the address from which the accumulator will be loaded. The effect
of this instruction is to {oad the accumulator from the memory contents
whose address 15 specified in bytes 2 and 3 of the instruction. Note that
state T4 is necessary to decode the instruction. It could be considered a
waste of time since only part of the state i1s necessary to do the
decoding. It 1s. However, this is the philosophy of clock-synchonous
logic, Because mucromnstructions are used internally to perform the
decoding and execution, this is the penalty that has to be paid in return
for the advantages of microprogramming. The structure of this instruc-
tion appears in Figure 2.29.

i DA (B1) :0PCODE

N+l (B2) [16-BIT
|- ADDRESS

w2 (B3 1ADDRESS

Fig. 2.29: LD A, (ADDRESS) Is a 3-Word Instruction

The next two bytes of instruction will now be fetched. They will
specify an address {see Figure 2.30).
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00000010
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Fig. 2,30: Before Execution of LD A
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0: 601131018

L 00000014

2 0090100080,
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0000111
[booo0000Q000050: 1 "N
PC 1 0000411
REGISTERS MEMORY

Fig. 2.31: After Execution of LD A

|

{hex)
WA (3A)
002 (02)
(HEX)  (10)

The effect of the instruction 1s shown in Figures 2.30 and 2.31 above,
Two special registers are available to the controf umt within the Z80
{but not to the programmer). They are *‘W’” and “Z’’, and are shown

in Figure 2,28,
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Second Muachine Cycle M2: As usual, the first 2 states, T1 and T2, are
used to fetch the contents of memory location PC, During T2, the pro-
gram counter, PC, 1s incremented. Sometime by the end of T2, data be-
comes available from the memory, and appears on the data bus. By the
end of T3, the word which has been fetched from memory address PC
(B2, second byte of the instruction} is available on the data bus. [t must
now be stored in a temporary register. It 1s deposited into Z: B2 & Z
(see Figure 2.32).

BZ - 7
T —
Z
el 7
%r
%) 27
z B3
pC
W ——
T DIRESS DECODER
780 — 280 MEMORY

Fig. 2.32: Second Byte of Instruction Goes into Z

Machine Cycle M3: Again, PC is deposited on the address bus, incre-
mented, and finally the third byte, B3, is read from the memory and de-
posited into register W of the microprocessor. At this point, i.e., by the
end of state T3 of M3, registers W and Z inside the microprocessor con-
tain B2 and B3, i.e., the complete 16-bit address which was originally
contatned in the two words following the instruction in the memory.
Execution can now be completed. W and Z contain an address. This ad-
dress will have to be sent to the memory, 1n order to extract the data.
This is done in the next memory cycle:

Machine Cycle M4: This ume, W and Z are output on the address bus.
The 16-bit address is sent to the memory, and by the end of state T2,
data corresponding to the contents of the specified memory location
becomes available. It is finally deposited in A at the end of state T3.
This terminates execution of this instruction.

88



ZB0 HARDWARE ORGANIZATION

This illustrates the use of an immediate mstruction. This instruction
required three bytes in order to store a two-byte explicit address. This
instruction also required four memory cycles, as it needed to go to the
memory three times in order to extract the three bytes of this three-
word instruction, plus one more memory access in order to fetch the
data specified by the address. It is 2 {ong instruction. However, 1t 15 also
a basic one for loading the accumulator with specified contents residing
at a known memory location, [t can be noted that this instruction re-
quires the use of W and Z registers.

Question: Could this instruction have used other registers than W, Z
within the system?

Answer: No. If this instruction had used other registers, for example
the H and L registers, it would have modified their contents. After ex-
ecution of this instruction, the contents of H and L. would have been
fost. It is always assumed in a program that an instruction will not
modify any registers other than those it is explicitly using. An instruc-
tion loading the accurnulator should not destroy the contents of any
other register. For this reason, it becomes necessary to supply the extra
two registers, W and Z, for the internal use of the control unit.

Question: Would it be possible to use PC instead of W and Z?

Answer: Positively not. This would be suicidal. The reader should ana-
lyze this.

One more type of instruction will be studied now: a branch or jump
instruction, which modifies the sequence in which instructions are
executed within the program. So far, we have assumed that instructions
were executed sequentially. Instructions exist which allow the pro-
grammer to jump out of sequence to another instruction within the
program. or in practical terms, to jump to another area of the memory
contfaining the program, or to another address. One such instruction is:

JP nn

This instruction appears on Line 18 of Figure 2.27' as *“JMP addr.”
its execution will be described by following the horizontal line
of the Table. This is again a three-word instruction. The first word
is the opcode, and contains 11000011, The next two words contain the
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16-bit address, to which the jump will be made. Conceptually, the ef-
fect of this instruction is to replace the contents of the program counter
with the 16 bits following the “JUMP" opcode. In practice, a some-
what different approach will be implemented, for reasons of efficiency.

As before, the first three states of M1 correspond to the mstruction-
fetch. During state T4 the instruction 1s decoded and no other event is
recorded {X). The next two machine cycles are used to fetch bytes B2
and B3 of the instruction. During M2, B2 is fetched and deposited into
internal register Z. The next two steps will be implemented by the pro-
cessor during the next instruction-fetch, as was the case already with the
addition. They will be executed instead of the usual steps for T1 and T2
of the next instruction. Let us look at them,

The next two steps will be: WZ OQUT and (WZ) + | » PC. In other
words, the contents of WZ will be used instead of the contents of PC
during the next nstruction-fetch, The control unit will have recorded
the fact that a jump was being executed and will execute the beginning
of the next instruction differently.

The effect of these two extra states is the following:

The address placed on the address bus of the system will be the ad-
dress contained in W and Z. In other words, the next instruction will be
fetched from the address that was contained in W and Z. This is effec-
tively a jurp. In addition, the contents of WZ will be incremented by |
and deposited i the program counter, so that the next mnstruction will
be fetched correctly by using PC as usual. The effect is therefore cor-
rect.

‘Question: Why have we not loaded the contents of PC directly? Why
use the intermediate Wand Z registers?

Answer: It is not possible to use PC. If we had loaded the lower part
of PC (PCL) with B2, instead of using Z, we would have destroyed PC!
It would then have become impossible to fetch B3.

Question: Would 1t be possible to use just Z, instead of Wand Z?

Answer: Yes, but it wouid be slower. We could have joaded Z with
B2, then fetched B3, and deposited it into the high order half of PC
{PCH). However, it would then have become necessary to transfer Z in-
to PCL, before using the contents of PC. This would slow down the
process. For this reason, both W and Z should be used. Further, and in
order to save time, W and Z are not transferred into PC. They are
directly gated to the address bus in order to fetch the next instruction.
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Understanding this point is crucial to the understanding of efficient ex-
ecution of instructions within the microprocessor,

Question: (For the alert and informed reader only). Whar happens
in the case of an interrupt at the end of M3? (If instruction execution is
suspended at this point, the program counter points to the instruction
following the jump, and the jump address, contained in W and Z, will
be lost.}

The answer is left as an interesting exercise for the alert reader.

The detailed descriptions we have presented for the execution of
typical instructions should clarify the role of the registers and of
the internal buses. A second reading of the preceding section may
help in gaining a detailed understanding of the internal operation
of the Z80.

CLocK $ ——a s
AQ
30 lo 40 ADDRESS
BUS { BUSRG ] 25 and BUS
CONTROL  |BUSAR —i 23 o5 A
NAAL el 17
WNT — 1
MPU WAIT i 24
CONTROL ) HATT ~a—o 18
RESET ——] 26 710 15 DO DATA
{except 11} 07 BUS
PAREC ] 19
M —.—
MEMORY | (T o] 20
AND 70 —
kKD --t— 2}
CONTROL Wi ‘ 22
RESH ] 28
29 11
GND + 5V
FOWER
Fig. 2.33: Z80 MPU Pinout
The Z80 Chip

For completeness, the signals of the Z80 microprocessor chip will be
examined here. It is not indispensable to understand the functions of
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the Z80 signals in order to be able to program it. The reader who is not
interested in the details of hardware may therefore skip this section.
The pinout of the Z80 appears on Fig. 2.33. On the right side of the
illustration, the address bus and the data bus perform their usual roie,
as described at the beginning of this chapter, We will describe here the
function of the signals on the control bus. They are shown on the left of
Figure 2,33,

The control signals have been partitioned i four groups. They will
be described, going from the top of Figure 2.33 towards the bottom.

The clock input 15 §. The 280 incorporates the clock oscillator within
the microprocessor chip. Only a 330-ohm pull-up resistor is necessary
externally. It is connected to the Q mput and to 5 volts. However, at 4
MHz, an external clock driver 1s required.

The two bus-control signals, BUSRQ and BUSAK, are used to dis-
connect the Z80 from its busses. They are mainly used by the DMA, but
could also be used by another processor in the system. BUSRQ is the
bus-request signal. It is issued to the Z80. In response, the ZBO will place
its address bus, data bus, and tristate output control signals in the high-
impedance state, at the end of the current machine cyclie. BUSAK 1s the
acknowiedge signal issued by the Z80 once the busses have been placed
in the high-impedance state.

Six Z80 control signals are related to its internal status or to its se-
quencing:

INT and NMI are the two interrupt signals. INT is the usual interrupt
request. Interrupts will be described in Chapter 6. A number of in-
put/output devices may be connected to the INT interrupt line. When-
ever an interrupt request is present on this line, and when the internal
interrupt enable flip-flop (IFF) is enabled, the Z80 will accept the inter-
rupt (provided the BUSRQ is not active). It will then generate an
acknowledge signal: IORQ (issued during the M1 state). The rest of the
sequence of events is described in Chapter 6.

NMI is the non-maskabie interrupt. It is always accepted by the Z80,
and it forces the Z80 to jump to location 0066 hexadecimal. It too is
described in Chapter 6. (It also assumes that BUSRQ is not active.)

WAIT is a signal used to synchronize the Z80 with slow memory or
input/output devices. When active, this signal indicates that the
memory or the device is not yet ready for the data transfer. The Z30
CPU will then enter a special wait state until the WAIT signal becomes
mactive. It will then resume normal sequencing,

HALT is the acknowledge signal supplied by the Z80 after it has ex-
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ecuted the HALT instruction. In this state, the Z80 waits for an exter-
nal interrupt and keeps executing NOPs to continually refresh memory.

RESET is the signal which usually initializes the MPU. It sets the
program counter, register { and R to 0", It disables the interrupt
enable flip-flop and sets the interrupt mode to “*0”". It is normaily used
after power is applied to the board,

Memory and 1/0 Confrol

Six memory and 1/0 control signals are generated by the Z80. They are:
MREQ is the memory request signal. It indicates that the address pres-
ent on the address bus is valid. A read or write operation can then be
performed on the memory.

M1 is machine cycle i, This cycle corresponds to the fetch cycle of an
instruction.

IORQ 15 the input/output request. It indicates that the I/0Q address
present on bits 0-7 of the address bus is valid. An 170 read or write
operation can then be carried out. IORQ 15 also generated together with
M1 when the Z80 acknowledges an interrupt. This information may be
used by external chips to place the interrupt response vector on the data
bus. (Normal I/0 operations never occur during the M1 state, The
combination IORQ plus M1 indicates an interrupt-acknowledge situa-
tion.)

RD is the read signal.* It indicates the Z80 is ready to read the con-
tents of the data bus into an internal register. It can be used by any ex-
ternal chip, whether memory or 170, to deposit data onto the data bus.

WR is the write signal.* It indicates that the data bus holds valid
data, ready to be written into the specified device,

RFSH is the refresh signal. When RFSH 1s active, the lower seven
bits of the address bus contain a refresh address for dynamic rnemories.
The MREQ signal is then used to perform the refresh by reading the
memory.

HARDWARE SUMMARY

This completes our description of the internal organization of the
Z80. The exact hardware details of the Z80 are not important here.
However, the role of each of the registers is important and should be
fully understood before proceeding to the next chapters. The actual in-
structions available on the Z80 will now be introduced, and basic pro-
gramming techniques for the Z80 will be presented.

*used in conjunction with MREQ or IOREQ,
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3
BASIC PROGRAMMING
TECHNIQUES

INTRODUCTION

The purpose of this chapter is to present the basic techniques neces-
sary in order to write a program using the Z80. This chapter will intro-
duce new concepts such as register management, loops, and sub-
routines. it will focus on programming techmques using only the mnter-
nal ZBO resources, i.e., the registers. Actual programs will be de-
veloped, such as arithmetic programs. These programs will serve to il-
lustrate the various concepts presented so far and will use actual in-
structions. Thus, it will be seen how instructions may be used to
manipulate the information between the memory and the MPU, as well
as to manipulate information within the MPU itself. The next chapter
will then discuss in complete detail the instructions available on the Z80.
Chapter 5 will present Addressing Techniques, and Chapter 6 will pre-
sent the techniques available for manipulaimg information outside the
Z80: the input/Qutput Technigues.

In this chapter, we will essentially learn by ““doing.”” By examining
programs of increasing complexity, we will learn the role of the various
instructions, of the registers, and we will apply the concepts developed
so far. However, one important concept will not be presented here; it is
the concept of addressing techniques. Because of its apparent complexi-
1y, 1t will be presented separately in Chapter 5.

Let us immediately start writing some programs for the Z80. We will
start with arithmetic programs. The “programmer’s model”’ of the Z80
registers 1s shown in Figure 3.0.
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MAIN SET ALTERNATE SEY
A F B ,
() {accumylator) {flags) A F
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REGISTERS
(300) H L (101} H i

t [
{interrupt vecior] {mem refresh)

I
X INDEX
ty REGISTERS
5P
{stack ponrer)
s

{program counter}

Fig. 3.0: The Z89 Registers

ARITHMETIC PROGRAMS

Arithmetic programs include addition, subtraction, muitiplication,
and division. The programs presented here will operate on integers.
These integers may be positive binary integers or may be expressed in
two’s complement notation, in which case the left-most bit is the sign
bit {see Chapter | for a description of the two’s complement notation),

8-Bit Addition

We will add two 8-bit operands called OP1 and OP2, respectively
stored at memory address ADR1, and ADR2. The sum will be called
RES and will be stored at memory address ADR3. This is illustrated in
Figure 3. 1. The program which will perform this addition 15 the follow-
ing:

Instructions Comments
LD A, {ADRI) LOAD OPLINTO A
LD HL,{(ADR?2) LOAD ADDRESS OF OP2 INTO HL
ADD A, (HL) ADD QP2 TO OP1
LD (ADR3), A SAVE RESULT RES AT ADR3
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MEMORY

A A e NV

ADR} i OP1 {FIRST OPERAND)
ADRZ ———— i OP2 {SECOND QPERAND)
ADR3 ———— RES (RESULT;

Fig. 3.1: Eight-Bit Addition RES = OP1 + OP2

This is our first program. The instructions are listed on the Ieft and
comments appear on the right. Let us now examine the program. Itisa
four-nstruction program. Each line is called an instruction and 1s ex-
pressed here in symbolic form. Each such instruction will be translated
by the assembler program into one, two, three or four binary bytes, We
will not concern ourseives here with the translation and will only look at
the symbolic representation.

The first line specifies loading the contents of ADRI into the accu-
mulator A. Referring to Figure 3.1, the contents of ADRI are the first
operand, ‘“OP1’’. This first instruction therefore results in transferring
OP1 from the memory into the accumulator. This is shown in Figure
3.2. “ADRI1" is a symbolic representation for the actual 16-bit address
in the memory. Somewhere else in the program, the ADRI symbol will
be defined. It could, for examplie, be defined as being equal to the ad-
dress 100",

This load instruction will result in a read operation from address 100
(see Figure 3.2), the contents of which will be transferred along the data
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280 MEMORY

. DALA BUS
SIS 2 R

1
E
00 I
f
H

(ADRY)

ADGRESS BUS

Fig. 3.2: LD A, (ADR1): OP1is I oaded from Memory

bus and deposited inside the accumulator. You will recall from the pre-
vious chapter that arithmetic and logical operations operate on the
accumulator as one of the source operands. {Refer to the previous
chapter for more details.) Since we wish to add the two values OP1 and
OP2 together, we must first load OP1 into the accumulator, Then, we
will be able to add the contents of the accumulator, i.e., add OPI to
OP2. The right-most field of this instruction is called a conmment field.
It is ignored by the assembler program at translation time, but 15 pro-
vided for program readability. In order to understand what the pro-
gram does, it is of paramount importance to use good comments. This
is called documenting a progran.

Here the comment is self-explanatory: the value of OPl, which is
located at address ADRI, 1s loaded into the accumulator A.

The result of this first instruction is illustrated by Figure 3.2. The
second instruction of our program is:

LD HL, (ADR2)

it specifies: ““Load from (ADR2) into registers H and L.”" In order
to read the second operand, OP2, from the memory, we must first place
its address into a register pair of the Z80, such as H and 1.. Then, we
can add the contents of the memory location whose address is in H and
L to the accumulator.

ADD A, (HL}

Referring to Figure 3.1, the contents of memory location ADRZ are
OP2, our second operand, The contents of the accumulator are now
OP1, our first operand. As a result of the execution of this instruction,
QP2 will be feiched from the memory and added to0 OPI, This s il-
lustrated in Figure 3.3
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DATA BUL

(e 0¥2 } .

ADRZ

(ADR 2}

ADDRESS BUS

Fig. 3.3: ADD A, (HL)

The sum will be deposited in the accumulator. The reader will
remember that, in the case of the Z80, the results of the arithmetic oper-
ation are deposited back into the accumulator. In other processors, it
may be possibie to deposit these results in other registers, or back into
the memory,

The sum of OP! and OP2 15 now contained 1n the accumulator, To
complete our program, we simply have to transfer the contents of the
accumulator into memory location ADR3, in order to store the results
at the specified location. Tius 1s performed by the fourth instruction of
our program:

LD (ADR3), A

This instruction loads the contents of A into the specified address
ADR3. The effect of this final instruction 1s illustrated by Figure 3.4,

280 FALAACRY
D W
""" 1
GATA BUS i
i
i1
1
a AL : [
g I
H 1
<
ADRS CORES.T
(ABR3

ADDRESS Buh

Fig. 3.4: LD{ADR3), A (Save Accumuiator in Memory)
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Before execution of the ADD operation, the accumulator contained
QP (see Figure 3.3). After the addition, a new result has been written
into the accumulator. It is “OP1 + OP2"", Recall that the contents of
any register within the microprocessor, as well as any memory location,
rernain the same after a read operation has been performed on this
register. In other words, reading the contents of a register or memory
location does not change its contents, It is only, and exclusively, a wrire
operation into this register location that will change its contents. In this
example, the contents of memory locations ADRI and ADR2 remain
unchanged throughout the program. However, after the ADD instruc-
tion, the contents of the accumulator will have been modified, because
the output of the ALU has been written into the accumulator. The
previous contents of A are then lost.

Actual numerical addresses may be used instead of ADRI1, ADR2,
and ADR3. In order to keep symbolic addresses, it will be necessary to
use so-called **pseudo-instructions’ which specify the value of these
symbolic addresses, so that the assembly program may, during transla-
tron, substitute the actual physical addresses. Such pseudo-instructions
could be, for example:

ADRI1 = 100H
ADR2 = 120H
ADR3 = 200H

Exercise 3.1: Now close this book. Refer only to the list of instructions
at the end of the book. Write a program which will add two numbers
stored ar memory locations LOCI and LOC?2. Deposit the results at
memory location LOC3. Then, compare your program to the one
above,

16-Bit Addition

An 8-bit addition will only allow the addition of 8-bit numbers, 1.e.,
numbers between 0 and 2535, if absolute binary is used. For most prac-
tical applications it is necessary to add numbers having 16 bits or more,
i.e., to use multiple precision. We will here present examples of arith-
metic on 16-bit numbers, They can be readily extended to 24, 32 bits or
more {(always multiples of 8 bits}. We will assume that the first operand
is stored at memory locations ADRI1 and ADRI-I. Since OP1is a 16-bit
number this ime, it will require two 8-bit memory locations. Similarly,
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OP2 will be stored at ADR2 and ADR2-1. The resull 1s 10 be deposited
al memory addresses ADR3 and ADR3I-1. This 1s iHustrated m gure
3.5. H mdicates the high hall (bits 8 through 15}, while I mdicates the
low half (bis O through Th

MEMBAT

ADR? - 3 {OPH
ADRY [OP1 R

ADRI -1 (OP2H

ADRF {OP21L
ADR3~ 1 {RESH
ABRI (RESX

Fig. 3.5: 16-Bit Addition—The Operands

The logic of the program is exactly like the previous one. First, the
lower half of the two operands will be added, since the microprocessor
can only add on 8 bits at a time. Any carry generated by the addition of
these iow order bytes will automatically be stored in the internal carry
bit (*“‘C™"). Then, the high order half of the two operands will be added
together along with any carry, and the result will be saved n the
memory. The program appears below:

LD A,{ADRD LOAD LOW HALF OF OP!

LD HL, ADR2 ADDRESS OF LOW HALF OF OP2
ADD A, (HL), ADD OP1 AND OP2 LOW

LD (ADR3), A STORE RESULT, LOW

LD A, (ADRI-1} LOAD HIGH HALF OF OP1

DEC HL ADDRESS OF HIGH HALF OF OP2
ADC A, (HL) (OP! + OP2) HIGH + CARRY

LD (ADR3-1),A STORE RESULT, HIGH
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The first four instructions of this program are identical to the ones
used for the 8-bit addition in the previous section. They result in adding
the least significant halves (bits 0-7) of OP1 and QP2. The sum, called
“RES” 15 stored at memory location ADR3 (see Figure 3.5).

Automatically, whenever an addition 1s performed, any resulting
carry {whether ““0’" or *‘1”"} 15 saved in the carry bit C of the flags
register (register F). If the two numbers do generate a carry, then the C
bit will be equal to **1"* (it will be set). If the two 8-bit numbers do not
generate any carry, the value of the carry bit will be “*0°",

The next four instructions of the program are essentially like those
used in the previous 8-bit addition program. This time they add
together the most significant half (or high half, i.e., bits 8-15) of OPI
and OP2, plus any carry, and store the result at address ADR3-1.

After execution of this B-instruction program, the 16-bit resuit 1s
stored at memory locations ADR3 and ADR3-1, asspecified. Note,
however, that there 15 one difference between the second half of this
program and the first half, The “ADD" wmstruction which has been
used is not the same as in the first half. In the first half of this program
(the 3rd instruction}, we had used the **ADD’’ instructon. This instruc-
tion adds the two operands, regardless of the carry. in the second half,
we use the ““ADC"’ instruction, which adds the two operands together,
plus any carry that may have been generated. This is necessary in order
to obtain the correct result. The addition imitially performed on the low
operands may result in a carry. Such a possible carry must be taken into
account in the second half of the addition.

The question which comes naturally then is: what if the addition of
the high half of the operands also results in a carry? There are two pos-
sibilities: the first one is (o assume that this is an error. This program is
then designed to work Tor results of oniy up to 16 bits, but not 17, The
other one is to include additional instructions to test explicitly for the
possibility of 4 carry at the end of this program. This i1s a choice which
the programmer must make, the first of many choices.

Note: we have assumed here that the high part of the operand is
stored “‘on top of”’ the lower part, i.e., at the Jower memory address.
This need not necessarily be the case. In fact, addresses are stored by
the Z80 in the reverse manner: the iow part is first saved in the memory,
and the hugh part 15 saved in the next memory location. In order to use a
common convennion for both addresses and data, it 1s recommended
that data also be kept with the low part on top of the fugh part. This is
illustrated 1n Figure 3.6.
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MEMCARY
Apgt {OFtiL
ADR1 4+ 1 {OP1H
ADRZ or2L
ADRZ+ {OP2iH
ADR3 {RESH
ADRY + 3 IRESH

Fig. 3.6: Storing Operands in Reverse Order

When operating on multibyte operand, it is important to keep in mind
two essential conventions:

—the order in which data is stored in the memory.
—where data pointers are pointing: low byte or high byte.
Exercises 3.2 and 3.3 are designed to clarify this point.

Exercise 3.2: Rewrite the 16-bu addinon program above with the
memory layout indicated in Figure 3.6.

Exercise 3.3: Assume now that ADRI does not powni 1o the lower half
of OPI (us in Figures 3.5 or 3.6}, but points to the higher part of OPI.

This is illustrated in Figure 3.7. Again, write the corresponding pro-
gram.
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MEMORY

ADRI | (OP1L
— ADR! (OP1)H
ADRZ-\ (oP2)L
— ADR2 (OP2)H
ADRI-Y (RESL
— ADRI (RESH

Fig. 3.7: Pointing to the High Byte

It is the programmer, i.e., you, who must decide how (o store 16-bit
numbers (i.e., low part or high part first) and also whether your address
references point to the lower or to the higher half of such numbers. This
is another choice which you will learn 10 make when designing
algorithms or data structures.

The programs presented above are traditional programs, using the
accumulator. We will now present an alternative program for the 16-bit
addition that does not use the accumulator, but instead uses some of
the special 16-bit instructions available on the Z80. Operands will be
assumed to be stored as indicated in Figure 3.5. The program is:

LD HL, (ADRI) LOAD HL WITH OPI
LD BC, (ADR2) LOAD BC WITH OP2
ADD HL, BC ADD 16 BITS

LD (ADR3), HL STORE RES INTO ADR3

Note how much shorter this program is, compared to our previous ver-
sion. It is more *‘elegant.”” In g limited manner, the Z80 allows registers
H and L to be used as a 16-bit accumulator.
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Exercise 3.4: Using the 16-bit instructions which have just been intro-
duced, write an addition program for 32-bit operands, assuming that
operands are stored as shown in Figure 3.8. (The answer appears
below.)

Answer :

LD HL, (ADRI)
LD BC, (ADR2)
ADD HL, BC

LD (ADR3)

LD HL, (ADRI+2)
LD BC, (ADR2+2)
ADC HL, BC

LD (ADR3+2)

MEMORY

ADRI +3 HIGH
OPR1

ADRI LOW
HIGH

OPR2

ADR2 LOW
HIGH

RES

ADR3 LOW

Fig. 3.8: A 32-Bit Addition
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Now that we have learned to perform a binary addition, let us turn to
subtraction.

Subtracting 16-Bit Numbers

Doing an 8-bit subtract would be too simple. Let us keep it as an ex-
ercise and directly perform a 16-bit subtract. As usual, our two num-
bers, OP1 and OP2, are stored at addresses ADRI and ADR2. The
memory layout will be assumed to be that of Figure 3.6. In order to

subtract, we will use a subtract operation (SBC) instead of an add
operation (ADD).

Exercise 3.5: Now write a subtraction program.

The program appears below. The data paths are shown in Figure 3.9.

LD HL, (ADRI) OP1 INTO HL
LD DE, (ADR2) OP2 INTO DE
AND A CLEAR CARRY
SBC HL, DE OPI1 — OP2

LD (ADR3), HL RES INTO ADR3

The program is essentially like the one developed for 16-bit addition.
However, the Z80 instruction-set has two types of additions on double
registers: ADD and ADC, but only one type of subtraction: SBC.

As aresult, two changes can be noted.
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MEMORY
H 5
[OP1H or
i oM ADR}
{OP1H ADRI + |

Fig. 3.9: 16-Bit Load — LD HL, (ADRI)

A first change is the use of SBC instead of ADD.

The other change is the **AND A" instruction, used to clear the carry
flag prior to the subtraction, This instruction does not modify the value
of A.

This precaution is necessary because the Z80 is equipped with two
modes of addition, with and without carry on the H and L register, but
with only one mode of subtraction, the SBC mnstruction of “subiract
with carry’’ when operating on the HL register pair. Because SBC auto-
matically takes into acceount the value of the carry bit, it musi beset io 0
prior to starting the subtraction. This is the role of the “"AND A’ in-
struction.

Exercise 3.6: Rewrite the subtraction program  withiowl using [he
specialized 16-011 instruction.
Exercise 3.7: Write the subtract program for 8-hit operands.

It must be remembered that in the case of two’s complement aritiime-
tie, the final value of the carry flag has no meaming. [f an overflow con-
dition has occurred as a result of the subtraction, then the overflow bu
{bit VY of the ilags regisier will have been set. {t can then be tested.
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The examples just presented are simple binary additions or subtrac-
tions. However, another type of arithmetic may be necessary; it 1s BCD
arithmetic.

BCD ARITHMETIC
8-Bit BCD Addition

The concept of BCD arithmetie has been presented in Chapter {. Let
us recall its features, It is essentially used for business applications
where 11 15 imperative o retain every significant digit in a result. In the
BCD notation, a 4-bit nibble is used to store one dectmal digit (0
through 9. As a result, every 8-bit byle may store two BCD digits,
{This 1s called packed BCD). Let us now add two bytes each containing
two BCD digits.

In order to identify the problems, let us try some numeric examples
first.

Let us add “01”” and “*02"";

01"’ is represented by: 0000 0001
02" is represented by: 0000 0010

The resuit is: 0000 0011

This is the BCD representation for **03"". (I¥ you feel unsure of the
BCD equivalent, refer to the conversion tabie at the end of the book.}
Everything worked very simply in this case. Let us now try another ex-
ample.

‘08" is represented by 0000 1000
*03" 1s represented by 0000 0011

Exercise 3.8: Compuie the sum of the 1wo numbers above in the BCD
representation, What do you obtain? (answer follows)

if you obtamn **0000 1011°°, you have computed the bwrary sum of 8
and 3, You have indeed obtained 11 1n binary. Unfortunately, *10611"
is an iflegal code in BCD. You should obtain the BCD representation of
117, i.e., 0001 00O1!

The probiem stems from the fact that the BCD representation uses
only the first ten combinations of 4 digits in order to encode the decimal
symbols 0 through 9. The remaiming six possible combinations of 4
digits are unused, and the illegal **1011"" is one such combination. In
other words, whenever the sum of two BCD digits is greater than 9,
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then one must add 6 to the result in order to skip over the 6 unused

codes.
Add the binary representation of ‘6" to 1011:

1011 (illegal binary result)
+ 0110 (+6}

The result is: 0001 0001

This 1s, indeed, **11"" in the BCD notation! We now have the correct
result.

This example illustrates one of the basic difficulties of the BCD
mode. One must compensate for the six missing codes. A special -
struction, “*DAA”, called “‘decimal adjust,’” must be used to adjust the
result of the binary addition. {Add 6 if the result is greater than 9.)

The next problem is illustrated by the same example. In our example,
the carry will be generated from the lower BCD digit (the right-most
one} into the lefi-most one. This internal carry must be taken into ac-
count and added to the second BCD digit. The addition instruction
takes care of this automatically. However, it s often convenient to
detect this mnternal carry from bit 3 to bit 4 (the *‘*hatf-carry’"). The H
tlag is provided for this purpaose,

As an example, here 1s a program to add the BCD numbers **11°" and
“22':

LD A, 1IH LOAD LITERAL BCD *11°
ADD A 22H ADD LITERAL BCD 22
DAA DECIMAL ADJUST RESULT
LD (ADR), A STORE RESULT

In this program, we are using a new symbol “H”", The “H"* sign
within the operand field of the instruction specifies that the data it
follows 1s expressed in hexadecimal notation. The hexadecimal and the
BCD representations for digits *'0’" through **9’" are identical. Here we
wish 10 add the literals (or constants} **11"" and *‘22°". The result 13
stored at the address ADR. When the operand is specified as part of the
instruction, as it is in the above example, this is called innmediate ad-
dressing. (The various addressing modes will be discussed in detail in
Chapter 5. Storing the result at a specified address, such as LD (ADR), A
15 called absolute addressing when ADR represents a 16-bit address.
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MEMORY

ADR
{RESULT} {ADR)

Fig. 3.10: Storing BCD Digits

This program is analogous to the 8-bit binary addition, but uses a
new mstruction: ““DAA’. Let us illustrate its role in an example. We
will first add 11’ and *'22" in BCD:

00010001 (1D
+ 00100010 (22)

= 00110011 (3%
\-\p’\‘w

3 3
The result is correct, using the rules of binary addition.
Let us now add *“*22"" and *'39"’, by using the rules of binary addi-

tion: 001G00I0  (22)
+ 00111001 (39)

='01011011

" . -
5 7
“10i1" is an illegul BCD code. This is because BCD uses only the

first 10 binary codes, and *‘skips over’ the next 6. We must do the
same, i.e. add 6 to the result:

01011081 (binary resuln)
+ 0110 (&)
= 01100001 (61)

e S e
6 I

This is the correct BCD result.
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Exercise 3.9: Could we move the DAA instruction in the program after
the msiruciion LD (ADR), A?

BCD Subtraction

BCD subtraction 1s, in appearance, complex. In order to periorm a
BCD subtraction, one must add the ten’s complement of the number,
just as one adds the two's complement of a number to perform a binary
sublract. The ien’s complement s obtained by computing the comple-
ment 109, then adding ‘1", This requires typically three to four opera-
tons on a standard microprocessor. However, the Z80 is equipped with
a powerlul DAA nstruction which simplifies the program.

The DAA instruction automatically adjusts the value of the result in
the accumulator, depending on the value of the C, H and N flags before
DAA, 1o the correct value, (See the next chapter for more details on
DAA

16-Bit BCD Addition

16-bit addition is performed just as simply as in the binary case. The
program for such an addition appears below:

LD A, (ADRD LOAD {OPIN L INTO A

LD HL,(ADR2) LOAD ADRZ INTO HL

ADD A, (HL) {OP1 + OP2) LOW

DAA DECIMAL ADJUST

LD (ADR3}, A STORE (RESULT)} LOW

LD A,(ADRI + 11 LD{(OPDHHINTO A

INC HL POINT TO ADR2Z + |

ADC A, (HLy (OPlI + OP2YHIGH + CARRY
DAA DECIMAL ADIJUST

LD (ADR3 + 1),A STORE (RESULTY HIGH

Packed BCD Subtract

Elementary BCD addition and subtraction have been described.
However, 1 actual practice, BCD numbers include any number of
bytes. As a simplified example of a packed BCD subtract, we will
assume that the two numbers N1 and N2 include the same number of
BCD bytes. The number of bytes is called COUNT. The register and
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memory allocation is shown in Figure 3.11. The program appears
below:

BCDPAK LD B, COUNT

LD DE. N2
LD HI, NI
AND A CLEAR CARRY
MINUS LD A, (DE) N2 BYTE
SBC A, (HL; N2 - NI
DAA
LD  (HL) A STORE RESULT
INC DE
INC HL
DINZ MINUS DEC B, LOOP UNTIL B = 0.
B COUNT
i E N N2
o NZ o
: COUNT
1 i
[ r‘il

Y

N3

Fig. 3.11: Packed BCD Subfract: N1-«— N2 - N1

N1 and N2 represent the addresses where the BCD numbers are stored.
These addresses will be loaded in register pairs DE and HL:

BCDPAK LD B, COUNT
LD DE, N2
LD HL, NI
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Then, in anticipation of the first subtraction, the carry bit must be
cleared. It has been pointed out that the carry bit can be cleared in a
number of equivalent ways. Here, for example, we use:

AND A
The first byte of N2 15 loaded into the accumulator, then the first byte
of N1 is subtracted from it. The DAA instruction is then used, to obtan
the correct BCD value:

MINUS LD A, (DE)

SBC A, (HL)
DAA
The result is then stored into NI:
LD (HLj, A
Finally, the pointers to the current byte are incremented:
INC DE
INC HL

The counter is decremented and the subtraction loop is executed until it
reaches the value 0™

DINZ MINUS

The DINZ mmstruction is a special Z80 instruction which decrements
register B and jumps if 1t 15 not zero, in a single instruction,

Exercise 3. 10 Compare the program above 1o the one for the 16-bi
binary addirion. What 1s the difference?

Exercise 3.F1: Can you exchange the roles of DE and HL? (Hint: Be
careful with SBC.}

Exercise 3,12: Write the subtraction program for a 16-bit BCD.

BCD Flags

In BCD mode, the carry flag set as the result of an addition indicates
the fact that the result is larger than 99. This is not like the two's com-
plement situation, since BCD digits are represented in true binary. Con-
versely, the presence of the carry flag after a subtraction indicates a
borrow,

Enstruction Types

We have now used two types of microprocessor instructions. We
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have used LD, which loads the accumulator from the memory address,
or stores sty contents at the specitied address, This is a data rransfer in-
struction.

Next, we have used arilfimetic instrucuons, such as APD, SUB,
ADC and SBC. They perform addition and subtraction operations.
Meore ALY insiructtons will be introduced soon in this chapter,

Still other types ol wstructions are available within the micropro-
cessor which we have not used yet, They are in parucular “jump’’ in-
structions, which will modify the order in which the program 1s being
executed. This new type of instruction will be introduced 1n our next ex-
ample. Note that jump instructions are often called **branch™ for con-
ditionai siuations, t.e. instances where there is a logical chowee i the
program. The “‘branch™ derives its name from the analogy to a iree,
and implies a fork 1n the representation of the program.

MULTIPLICATION

Let us now examine a more complex artthmetic problem: the mult-
plication of binary numbers. In order to introduce the algorithm for a
binary multiplication, let us start by examning a usual decimal multi-
plication: We will multiply 12 by 23.

12 (Multiplicand)
x 23 (Multiplier)

36 (Partial Product)
+ 24

= 276 {Final Result)

The multiplication 1s performed by multiplying the right-most digit of
the multiplier by the multiplicand, i.e., “3”" x ‘“12”’. The partial prod-
uct is “*36°". Then one multiplies the next digit of the multiplier, t.e.,
Y2V, by 127 24" s then added to the partial product.

But there 15 one more operation: 24 is offset (o the left by one posi-
tion. We will say that 24 is shifted left by one position. Equivalently, we
could have said that the partial product {36) had been shifted one posi-
tion fo the right before adding.

The two numbers, correctly shifted, are then added and the sum is
276. This is simple. The binary multiplication 15 performed in exactly
the same way.
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Let us look at an example. We will multiply 5 x 3:

(3} 101 (MPD}
3 x 0l1 (MPR)
01 (PP}
101
000

{(15) 0111 (RES)

In order to perform the multiplication, we operate exactly as we did
above. The formal representation of this aigorithm appears in Figure
3-12. It 15-a flowchart for the algorithm, our first flowchart. Let us ex-
amine 1t more closely.

i

SET RESULT JO ZERO

Y

RESULT =
RESULT <+ MPD

T

\EFT SHIFT {1} MPD
OR RIGHT SHIFT {1} RES

!

MEXT L58 (MPR}

DOMNE FOR 8 BITS?

YES

DONE

Fig. 3.12: The Basic Multiplication Algorithm—Flowchart

‘ This flowchart is a symbolic representation of the aigorithm we have
just presented. Every rectangle represents an order to be carried out. It
will be translated into one or more program instructions. Every
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diamond-shaped symbol represents a test being performed. This will be
a branching point in the program. If the test succeeds, we will branch to
a specified location. If the test does not succeed, we will branch to
another tocation. The concept of branching will be explained later, in
the program itself. The reader should now examine this flowchart and
ascertain that it does indeed exactly represent the algorithm which has
been presented. Note that there is an arrow coming out of the last dia-
mond at the bottom of the flowchart, back to the first diamond on top.
This is because the same portion of the flowchart wiil be executed eight
times, once for every bit of the multiplier. Such a situation, where ex-
ecution will restart at the same point, is called a program loop for ob-
vious reasons.

Exercise 3.13: Multiply 4" by 7" 11 binary, using the flowchart, and
verify that you obtain *28°". If you do not, try again. It is only if you
abtain the correct result that you are ready ro translate this flowchart
Into a program.

8-By-8 Multiplication

Let us now translate this flowchart into a program for the Z80. The
complete program appears in Figure 3.13. We are going 1o study it in
detail. As you will recall from Chapter 1, programming consists here of
translating the flowchart of Figure 3.12 mnto the program of Figure
3.13. Each of the boxes 11 the flowchart will be translated by one or
maore instructions.

it 15 assumed that MPR and MPD aiready have a value,

MPY8 LD BC,(MPRADY LOAD MULTIPLIER INTQ C

LD B.8 B IS BIT COUNTER

LD DE,(MPDAD) LOAD MULTIPLICAND INTO E

LD D0 CLEARD

LD HL,0 SET RESULTTO 0
MULT SRL C SHIFT MULTIPLIER BIT INTO

CARRY

JR NC, NOADD TEST CARRY

ADD HL,DE ADD MPD TO RESULT
NOADD SLA E SHIFT MPD LEFT

RL D SAVE BITIND

DEC B DECREMENT SHIFT COUNTER

JP NZ, MULT DO IT AGAIN IF COUNTER # 0
LD (RESAD), HL STORE RESULT

Fig. 3.13: 8 x 8 Multiplication Program

115



PROGRAMMING THE Z80

The first box of the flowchart is an initialization box. It is necessary
to set a number of registers or memory locations to *‘0”’, as this pro-
gram will require their use. The registers which will be used by the
multiplication program appear in Figure 3.14.

(MPRAD)

LI

MPD (MPDAD)

LMY

RES (RESAD)
[ (RESULT)

Fig 3.14: 8 x 8 Multiplication—The Registers

Three register pairs of the Z80 are used for the multiplication pro-
gram. The 8-bit multiplier is assumed to reside at memory address
MPRAD. The multiplicand MPD is assumed to reside at memory ad-
dress MPDAD. The multiplier and the multiplicand respectively will be
loaded into registers C and E (see Figure 3.14). Register B will be used
as a counter.

Registers D and E will hold the multiplicand as it is shifted left one
bit at a time.

Note that, even though only C and E need to be loaded initially, a 16-
bit load must be used, so that B and D will also be loaded from memory,
and will have to be reset respectively to “‘8”" and to “‘0”".
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Finally, the results of an 8-bit by 8-bit multiplication may require up
to 16 bits. This s because 2* x 2* = 2'. Two registers must therefore
be reserved for the result. They are registers H and L, as indicated on
Figure 3.14.

The first step 15 to load registers B, €, and E with the appropriate
contents, and to nitialize the result (the partial product) to the value
“0" as specified by the flowchart of Figure 3.12. This 15 accomplished
by the tollowing instructions:

MPY88 LD BC, (MPRAD)

LD B8

LD DE, (MPDAD}
LD D, 0

LD HL, ©

The first three instructions respectively load MPR into the register par
BC, the value “8" into register B, and MPD into the register pair DE.
Since MPR and MPD are 8-bit words, they are, in fact, loaded into
registers C and E respectively, while the next words in the memory after
MPR and MPD get loaded into B and D. This is shown in Figure 3,13
and 3.16. The next instruction will zero the contents of D.

in this muliiplication program, the muluplicand will be shified left
before being added (o the result (remember that, optionally, 1t 15 pos-
sible to shift the result right instead, as indicated in the fourth box of
the flowchart of Figure 3.12). The muluplicand MPD will be shifted in-
to register D at each step. This register D must therefore be imtialized to
the value *‘0"". This is accomplished by the fourth instruction. Finally,
the fifth instruction sets the contents of registers H and L to 01n a singie
instruction.

MEMORY

|

Fig. 3.15: LD BC, (MPRAD)
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MEMORY

MPDAD

Fig. 3.16: LD DE, (MPDAD)

Referring back to the flowchart of Figure 3.12, the next step is to test
the least significant bit (the right-most bityof the multiplier MPR. If this
bil isa **1”", then the value of MPD must be added to the partial result,
otherwise it will not be added. This 1s accomplished by the next three in-
structions:

MULT SRL C
JR NC, NOADD
ADD HL, DE

The first problem we must solve is how to test the least significant bit of
the multiplier, contained in register C. We could here use the BIT in-
struction of the Z80, which allows testing any bit in any register. How-
ever, in this case, we would like to construct a program as simple as
possible, using a loop. Il we were using the BIT instruction here, we
would first test bit 0, then later test bit [, and so on until we reached bit
7. This wouid require a different instruction every time, and a simple
loop could not be used. In order to shorten the length of the program,
we must use a different instruction. Here we are using a shifr instruc-
tion,

Note: There 15 a way to use the BIT instruction and a loop, but this
would require the program to modify iself, a practice we will avoid.
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SRL is a new type of operation within the arithemetic and logical
unit, It stands for “‘shift right logical.”’ A logical shift to the right is
characterized by the fact tnat a‘“‘0’’ comes into bit position 7. This can
be contrasted to an arithemtic shift to the right, where the bit coming
into position 7 is identical to the previous value of bit 7. The different
types of shift operations will be described in the next chapter. The
effect of the SRL C instruction is illustrated in Figure 3.14 by an arrow
coming out of register C and into the square used to designate the carry
bit (also called *‘C’’). At this point, the right-most bit of the MPR will
be in the carry bit C, where it can be tested.

The next instruction, *“‘JR NC, NOADD”, is a jump operation. It
means ‘‘jump on no carry”’ (NC) to the address (the label) NOADD. If
the contents of the carry bit are *‘0"" (no carry), then the program will
jump to the address NOADD. If the contents of C are “‘1"" (the carry
bit is set), then no branch will occur, and the next sequential instruction
will be executed, i.e., the instruction “*ADD HL, DE"" will be executed.

This instruction specifies that the contents of D and E be added to H
and L, with the result in H and L. Since E contains the multiplicand
MPD (see Figure 3.14), this adds the multiplicand to the partial result.

At this point, regardless of whether MPD has been added to the
result or not, the multiplicand must be shifted left (this is the fourth box
in the flowchart of Figure 3.12). This is accomplished by:

NOADD SLA E

SLA stands for ‘‘shift left arithmetic.”" It has just been explained above
that there are two types of shift operations, a logical shift and an arith-
metic shift. This is the arithmetic one. In the case of a left shift, an SLA
specifies that the bit coming into the right part of the register (the least
significant bit) be a **0"’ (just as in the case of an SRL before).

As an example, let us assume that the initial contents of register E
were 00001001, After the SLA instruction, the contents of E will be
00010010. And the contents of the carry bit will be 0.

However, looking back at Figure 3.14, we really want to shift the
most significant bit (called the MSB) of E directly into D (this is il-
lustrated by the arrow on the illustration coming from E into D).
However, there is no instruction which will shift a double register such
as D and E in one operation. Once the contents of E have been shifted,
the left-most bit has “‘fallen into’’ the carry bit. We must collect this bit
from the carry bit and shift it into register D. This is accomplished by
the next instruction:

RL D
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RL is still another type of shift operation. It stands for “‘rotate left.””
In a roration operation, as opposed to a s/1ift operation, this bit comng
into the register 15 the contents of the carry bit C (see Figure 3.17). This
is exactly what we want. The contents of the carry bit C are loaded into
the right-most part of D, and we have effectively transferred the left-

most bit of E.
This sequence of two wstructions 15 illustrated in Figure 3.18. It can

be seen that the bit marked by an X in the most significant position of E
will first be transferred into the carry bit, then into the least significant
position of D. Effectively, it will have been shifted from E into D.

At this point, referring back to the flowchart of Figure 3.12, we must
point to the next bit of MPR and check for the eighth bit. This is ac-
complished by decrementing the byte counter, contained in register B
(see Figure 3.14). The register is decremented by:

DEC B
This is a decrement instruction, which has the obvious effect.

Finally, we must check whether the counter has decremented to the
value zero, This 1s accomplished by checking the value of the Z bit. The
reader will recall that the Z (zero) flag indicates whether the previous
arithmetic operation (such as a DEC operation) has produced a zero
result. However, note that DEC HL, DEC BC, DEC DE, DEC IX,
DEC SP do not affect the Z flag. If the counter is not 0", the opera-
tion is not finished, and we must execuie this program loop again. This
is accompiished by the next instruction;

1P NZ MULT SHIFT LEFT

/MMM NN MDA,

( CARRY

ROTATE LEFT

L (DD DD D DD -

( CARRY

Fig. 3.17: Shift and Rotate
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Fig. 3.18: Shifting from E into D

This 1s a jump instruction which specifies that whenever the Z bit s
not set (NZ stands for non-zero), a jump occurs to location MULT. This
is the program loop, which will be executed repeatedly until B decre-
ments to the value 0. Whenever B decrements to the value 0, the Z bit
will be set, and the JP NZ instruction will fail, This will result in the
next sequential instruction being executed, namely:

LD (RESAD), HL

This instruction merely saves the contents of H and L, 1.e., the result of
the multiplication, at address RESAD, the address specified for the
result. Note that this instruction will transfer the contents of both regis-
ters H and L into two consecutive memory locations, corresponding to
addresses RESAD and RESAD + 1. It saves 16 bits at a time.

Exercise 3. I4: Could you write the same multiplication program using
the BIT instruction (described in the next chapter) instead aof the SRL C
instruction? What would be the disadvantage?

Let us now improve the program, if possible:

Exercise 3.15: Can JR be subsrituted for JP at the end of the program?
If so, what is the advantage?

Exercise 3.16: Can you use DJNZ to shorten the end af the program?
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Exercise 3.17: Examine the two nstructions: LD D, QO and LD HL, 0at
the beginning of the program. Can you substitute:

XOR A

LD D A
LD H, A
LD L A

If 5o, what 15 the impact on size (mwunber of byres) and speed?

Note that, 1n most cases, the program that we have just developed
will be a subroutine and the final instruction in the subroutine will be
RET (return). The subroutine mechamsm will be explained later in this
chapter.

Important Self-Test

This is the first significant program we have encountered so far. it in-
cludes many different types of instructions, including transfer instruc-
tions {LD), anthmetic operations {ADD), logical operations (SRL.,
SLA, RL), and jump operations (JR, IP). It also implements a pro-
gram loop, n which the lower seven instructions, starting at address
MULT, are executed repeatedly. In order to understand programming,
it 1s essential Lo understand the operation of such a program 1n com-
plete detail. The program 1s much longer than the previous simple arith-
metic programs we have developed so far, and it should be studied 1n
detail. An mmportant exercise will now be proposed. The reader 1s
strongly urged to do this exercise completely and correctly before pro-
ceeding. This will be the only real proof that the concepts presented so
far have been understood. If a correct result is obtained, it will mean
that you have really understood the mechanism by which nstructions
manipulate information in the microprocessor, transfer it between the
memory and the registers, and process it. 1f you do not obiain the cor-
rect result, or if you do not do this exercse, 1t is likely that you will ex-
perience difficulties later in writing programs yourself. Learning to pro-
gram requires personal practice. Please pause now, take a piece of
paper, or use the illustration of Figure 3.19, and do the following exer-
cise:

Exercise 3.18: Every time that a program is written, it should be verified
by hand, in order 10 ascertamn thar its results will be correct, We are go-
ing (o do just that: the goal of this exercise is to fill in the rable of Figure
3.19 completely and accurately.
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LABEL [INSTRUCTION| B C C b t H L

(CARRY)

Fig. 3.19: Form for Multiplication Exercise

You may want to write directly on Figure 3.19 or make a copy of it.
You must determine the contents of every relevant register in the Z80
after the execution of each tnstruction in the program, from beginning
to end. All the registers used by the program of Figure 3.13 are shown
in Figure 3.19, From left to right, they are registers B and C, the carry
C, registers D and E, and, finally, registers M and L. On the left part of
this illustration, fill in the label, if applicable, and then the instructions
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being executed. On the night of the instruction, fill in the contents of
each regisier after execution of the instruction. Whenever the contents
of a register are not known (indefinite}, you may use dashes to repre-
sent its contents, Let us start filling in this table together. You will then
have to fill it out by yourself until the end. The first line appears below:

LABEL [INSTRUCTION| B C C D E H i

MPY88 § LD BC,{0200}} 00 | 03 - .- - “u 1 omm

Fig. 3.20: Multiplication: After One Instruction

We will assume here that we are multiplying 3" (MPR) by *5"
(MPD).

The first instruction to be executed ts ‘LD BC, (MPRAD)”’. The
contents of memory location MPRAD is loaded into registers B and C,
{t has been assumed that MPR 1s equal to 3, i.e., “*00000011"". After ex-
ecution of this instruction, the contents of register C have been set to
37 WNote that ths instruction will also result in loading register B with
whatever followed MPR in the memory. However, the next instruciion
in the program will 1ake care of this by loading register B with ‘8", as
shown in Figure 3.21. Note that, at this point, the contents of Dand E
and H and L are still undefined, and this is indicated by dashes. The LD
instruction does not condition the carry bit, so that the contents of the
carry bit C are undefined. This 15 also indicated by a dash.

LABEL 1INSTRUCTION| B C cC D E H L

MPY88 | LDBC,(0200)] 00 | 03 - “- we mm | wm

LD B, 08 08 03 ~ "= - an |

Fig. 3.21: Multiplication: After Two Instructions

The situation after the execution of the first five instructions of the
program {just before the MULT) is shown in Figure 3.22.
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LABEL [INSTRUCTION| 8 C C D E H L
MPYB8 | LDBC,{0200)] 0O 03 - - -- == f ==
tDB,0B 08 03 - - - “=f ==

LD DE,{0202); 08 03 - a0 05 - ="
DD, 00 08 | 03 ~ 00 05 i Bt
LD HL,0000 08 03 - Q0 g5 | 00 00

Fig. 3.22: Multiplication: After Five Instructions

The SRIL. instruction will perform a logical shift right, and the right-
most bit of MPR will fall into the carry bit. You can see in Figure 3.23
that the contents of MPR after the shift is ““0000 0001"", The carry bit C
is now set to *“1’’, The other registers are unchanged by this operation.
Please continue to fill out the chart by yourself,

A second iteration is shown at the end of this chapter in Fig. 3.41,

LABEL |INSTRUCTION| B C C D E H L
mpysg | LD BC,(0200)] 00 | O3 - - “- .-} o=
b B,0o8 08 | 03 - . “- il S
LDDE, (0202} 0B | 03 - 00 05 il B
DD, 00 08 | 03 - 00 05 i e
LD HL.0000 08 | 03 - 00 05 | 00 | 0O
MULT SRLC og ¢ 01 i 00 05 | 00 | OO
JRNC, 0114 | 08 | O1 1 00 05 { 007 00
ADD HL.DE 08 | O1 o (4] 05 [ 00} 05
NOADD | SLAE o8 | O 0 00 OA | 00 | 05
RLD 08 |1 O 0 0o OA | 00 ¢ 05
DECB 07 1 O o] 00 0A L 00| G5
JPNZ,010F g7 | 01 0 00 CA | 00 05

Fig. 3.23: One Pass Through The Loop.
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A complete listing showing the contents of all the Z80 registers and
the flags is shown in Fig. 3.39 at the end of this chapter for the complete
multiplication. A hex or decimal listing 1s shown in Fig. 3.40.

Programming Alternatives

The program that we have just developed could have been written.in
many other ways. As a general rule, every programmer can usually find
ways to modify, and often improve, a program. For example, we have
shifted the multiplicand left before adding. It would have been mathe-
matically equivalent to shift the result one position to the right before
adding it to the multiplicand. As a matter of fact, this is an interesting
exercise!

Exercise 3,19: Write an 8 x 8 multiplication program using the same
algorithm, but shifting the result one position to the right instead of
shifting the multiplicand by one position to the left. Compare it to the
previous program, and determine whether this different approach
would be faster or slower than the preceding one. The speeds of the Z80
instructions are given in the next chapter.

Improved Multiplication Program

The program that we have just developed is a straightforward trans-
lation of the algorithm to code. However, effective prograniming re-
quires close attention to detail, and the length of the program can often
be reduced or its execution speed can be improved. We are now going to
study alternatives designed to improve this basic program.

Step 1

A first possible improvement lies in the better utilization of the Z80
instruction set. The second-to-last instruction as well as the preceding
one can be replaced by a single instruction:

DINZ LOOP

This 15 a special Z80 *“*autornated jump’’ which decrements the B register
and branches to a specified location if it is not **0’*, To be absolutely
correct, the instruction 1s not completely identical to the previous pair

DECB
JP NZ, MULT
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for it specifies a displacement, and one can only jump within the range
of — 126 to + 129. However, we must here jump to a location which is
only a few bytes away, and this improvement is legitimate. The
resulting program is shown in Figure 3.24 below:

MPY88B LD DE, (MPDAD)
LD BC, (MPRAD)

LD B, 8 BIT COUNTER
LD HL, 0

MULT  SRL C
JR NC, NOADD

ADD HIL., DE
NOADD SLA E

RL D

DINZ MULT

LD (RESAD), HL

RET

Fig. 3.24: Improved Multiply, Step 1
Step 2

in order to improve this multiplication program further, we will
observe thal three different shift operations are used in the initial pro-
gram of Figure 3.13. The multiplier is shifted right, then the multipli-
cand MPD is shifted left, in two operations, by first shifting register E
left, then rotating register D to the left. This is time-consuming. A stan-
dard programming ‘‘trick’” used in the case of multiplication is based
on the following observation: every time that the multiplier is shifted by
one bit position, another bit position becomes available in the muln-
plier register. For example, assuming that the multiplier shifts right (in
the previous example}, a bit position becomes available on the left.
Simultaneously, it can be observed that the first partial product {or
“‘result’’) will use, at most, 9 bits. If a single register had been allocated
to the result in the beginning of the program, we could then use the bit
position that has been vacated by the multiplier to store the ninth bit of
the resuit.

After the next shift of the MPR, the size of the partial product will be
increased by just one bit again. in other words, a single register can be
reserved intially for the partial product, and the nt positions which are
being freed by the multiplier can then be used as the MPR 15 being
shifted. In order to improve the program, we are therefore going to
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assign MPR and RES to a register pair. ldeally, they should be shifted
together in a single operation. Unfortunately, the Z80 shifts only 8-bit
registers at a time. Like most other 8-bit microprocessors, it has no in-
struction that allows shifting 16 bits at a time.

However, another trick can be used. The Z80 (like the B080) is
equipped with spectal 16-bit add instructions that we have already used.
Provided that the multiplier and the result are stored in the register pair
H and L, we can use the instruction:

ADD HL, HL

which adds the contents of H and L to itself. Adding a number to
itself 15 doubling it. Poubling a number in the binary system 1s equiva-
lent to a left shift. We have just obtained a 16-bit shift in a single n-
struction. Unfortunately, the shift occurs to the left when we would like
1t to occur to the right. This is not a problem.

Conceptually, the MPR can be shifted either left or right. We have
used a right shift algorithm because this is the one which is used in or-
dinary addition. However, it does not necessarily need to be so. The
addition operation is commutative, and the order can be reversed: shif-
ting the MPR to the left is just as valid.

In order to take advantage of this simulated 16-bit shift, we will have
to shift the MPR to the left. Therefore, the MPR will reside in register
H and the result in register L. The resulting register configuration is
shown in Figure 3.25.

B[ COUNTER ]
E
D 0 MPD
L
H— MPR <—— RES

Fig. 3.25: Registers for Improved Multiply
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The rest of the program is essentially wdentical to the previous one,
The resulting program appears below:

MULSEBC LD HL, (MPRAD-I

LD L. 0
LD DE, (MPDAD)
LD D, 0
LD B, 8 COUNTER
MULT ADD Hi., HL SHIFT LEFT
JR NC, NOADD

ADD HL, DE
NOADD DINZ MULT

LD {RESAD), HL

RET

Fig. 3.26: Improved Multiply, Step 2

When comparing this program Lo the previous one, i can be seen that
the length of the muluplication loop {(the number of instructions be-
tween MULT and the jump) has been reduced. This program has been
written in fewer mstructions and this will usually result in faster execu-
ton. This shows Lthe advantage of selecting the correct registers to con-
tain the information,

A straightforward design will generally result 1n a program that
works, It will not result 1n a program that is opimized. 1t 1s therefore
important to understand and use the available registers and instructions
in the best possible way. These examples illustrate a ratsonal approach
to register selection and nstruction selection for maximum efficiency.

Exercise 3.20: Compute the speed of a nudtiplication operation using
tius last program. Assume that g branch will oceur i 50% of the cases.
Look up the number of cycles requured by every instruction n the mndex
section. Assume a clock rate of 2 MHzZ fone cyele = 2 us).

Exercise 3.21: Note that here we have used the register parr D and E o
contain the muitiplicand. How would the above program be chaniged {f
we had used the register pair B and C insreadd? (Hine: this would re-
quire a modification at the end,)

Exercise 3.22; Wiy did we have to bother zeromg regisier D wihen
loading MPD into E?

Finally, let us address a detail which may look irritating to the pro-
grammer who is not yet familiar with the Z80. The reader will have
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noticed that, 1n order to load MPD into E from the memory, we had to
load both registers D and E at the same time from a memory address.
This is because, unless the address is contained in registers H and L,
there is no way to fetch a single byte directly and load it into register E.
This is 2 feature carried over from the early 8008, which had no direct
addressing mode. The feature was carried forward into the 8080, with
some improvements, and improved still further in the Z80, where it is
possible to fetch 16 bits directly from a given memory address (but not
8 bits - except toward register A),

Now, having solved this possible mystery, let us execute a more
complex multiplication.

A 16 X 16 Multiplication

In order to put our newly acquired skills to a test, we will multiply
two 16-bit numbers. However, we will assume that the result requires
only 16 bits, so that it can be contained in one of the register pairs.

The result, as in our first multiplication example, is contained in
registers H and L (see Figure 3.27). The multiplicand MPD is contained
in registers D and E,

B <
A
COUNTER MPR, HIGH
MPR, 1OW

Fig. 3.27: 16 X 16 Multiply—The Registers
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[t would be tempting to deposit a muluplier o register B and C,
However, if we want 1o take advantage of the DINZ instruction,
register B must be allocated to the counter. As a result, half of the
multiplier will be in register C, and the other half in register A (see
Figure 3.27). The muluplication program appears below:

MULt6 LD A, (MPRAD + 1) MPR, HIGH

LD C. A
LD A, (MPRAD) MPR, LOW
LD B, 16 COUNTER
LD DE. (MPDAD) MPD
LD HL, 0
MULT SRL C RIGHT SHIFT MPR,
HIGH
RRA ROTATE RIGHT MPR,
LOW
IR NC, NOADD TEST CARRY
ADD HL, DE ADD MPD TO RESULT
NOADD EX DE, HL
ADD HL, HL DOUBLE — SHIFT MPD
LEFT
EX DE, HL
DINZ MULT
RET

Fig. 3.28: 16 X 16 Multiplication Program

The program s analogous to those we have developed before. The
first six instructions (from label MUL 16 to label MULT) perform the
mitialization of registers with the appropriate contents. One complica-
tion is introduced here by the fact that the itwo halves of MPR must be
loaded in separate operations. It 1s assumed that MPRAD points to the
low part of the MPR in the memory, followed i the nexi sequential
memory location by the high part. (Note that the reverse convention
can be used.) Once the high part of MPR has been read into A, 11 must
be transferred into C:

LD A, (MPRAD + 1)
LD C, A

Finally, the low part of MPR can be read directly into the accumulator:

LD A, (MPRAD}
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The rest of the registers, B, D, E, H, and L are initalized as usual:

LD B, 16
LD DE, (MPDAD)
LD HL, 0

A 16-bit shift must be performed on the multiplier. it requires two
separate shift or rotate operations on registers C and A:

MULT SRL C
RRA

After the 16-bit shift, the right-most bit of the MPR, i.e., the LSB, is
contained in the carry bit C where it can be tested:

JR NC, NOADD

As usual, the multiplicand is not added to the result if the carry bit 1s
“0°’, and is added to the result if the carry bit is **I"";

ADD HL, DE

Next, the multipiicand MPD must be shifted by one position to the left.

However, the Z80 does not have an instruction which will shift the
contents of register D and E simultaneously to the left by one but posi-
tion, and it can also not add the contents of D and E to itself. The con-
tents of D and E will therefore first be transferred into H and L, then
doubled, and transferred back to D and E. This is accomplished by the
next three mstructions:

NOADD EX DE, HL
ADD HL, HL
EX DE, HL

Finally, the counter B is decremented and a jump occurs to the begin-
ning of theloop as long as it does not decrement to “°0":

DINZ MULT

As usual, it is possible to consider other register allocanions which may
{or may not) result in shorter codes:

Exercise 3.23: Load the muluplier into registers B and C. Place the
counter in A. Write the corresponding multiplication program and

discuss the advantages or disadvantages of this register allocation,
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Lxercise 3.24: Referring to the grigingl 16-bit nudtiplication program
of Figure 3.28, can you propose a way 1o shift the MPD, coniained in
registers D and E, without trangferring 1t mto registers H and L?

Exercise 3.25: Wrue a [6-by-16 muluplication progrum wiluch derects
the fact that the result has more than 16 bits. This s a stple improve-
went of owr basie progrann,

Ixercise 3.26; Write a 16-by-16 muluplication program wah a 32-bit
result. The suggested register altocation appears in Figure 3,29,
Remember that the mitial result after the first additton ur the loop will
require only [6 bus, and that the multplier will free one bit for cach
subsequent Heration,

T
B MPD ¢
1
I
D MPR £
1 RESULT
AFTER
MLILTIPUCATION
H RES

Fig. 3.29: 16 x 16 Multiply with 32-Bit Resuit

Let us now examine the last usual arithmetic operation, the division.

BINARY DIVISION

The algorithm for binary division 15 analogous to the one which has
been used for the multiplication. The divisor 1s successively subiracted
from the high order bits of the dividend, After each subtraction, the
result is used instead of the initial dividend. The value of the quotient 15
simultaneously ncreased by [ every time. Eventually, the result of the
subtraction is negative. This is called an overdraw. One must then
restore the partial result by adding the divisor back to it. Naturally, the
quotient must be simultaneously decremented by 1. Quouent and divi-
dend are then shifted by one bit posiiton to the left and the algonthm is
repeated. The flow-chart is shown in Figure 3.30.

The method just described is called the resioring method. A vananon
of this method which yields an improved speed ol execution is called the
non-restoring method.
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INITIALIZE
QUOTIENT = 0
SHIFTCOUNEER = 4

SHIFT LEFT
DIVIDEND
(WiTH B LEADING 01}
AND QUOTIENT

i

TRIAL SUBTRACT:
{ECT (DIVIDEND)-DIVISOR

YES
BORROW?
NG

[GUOTIENT = QUOTIENT +1 Aggsgg'?gﬂﬁ
l i
I

COUNTER = COUNTER— |

NO

YES
END (REMAINDER IN LEFT (DIviDEND)

Fig. 3.30: 8-Bit Binary Division Flowchar(

8 | counrer €
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H | DIVIDEND/QUOTIENT
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Fig, 3.31: 16/8 Division—The Registers
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16-by-8 Division

As an example, lel us here examne a [6-by-8 division, which will
yield an 8-bit quotient and an 8-bit remainder dividend. The register
allocation 1s shown in Figure 3.31.

The program appears below:

DIVIGR LD A (DVSAD) LOAD DIVISOR
LD D, A INTO D
LD E, O
LD HL,(DVDAD) LOAD 16-BIT DIVIDEND
LD B,8 INITIALIZE COUNTER
DIV XOR A CLEAR C BIT
SBC HL, DE DIVIDEND — DIVISOR
INC HL QUOTIENT = QUOTIENT + 1
iP P, NOADD TEST IF REMAINDER
POSITIVE
ADD Hi, DE RESTORE IF NECESSARY
DEC HL QUOTIENT = QUOTIENT -~ |
NOADD ADD HL,HL SHIFT DIVIDEND LEFT
DINZ DIV LOOP UNTIL B =0
RET

Fig. 3.32: 16/8 Division Program

The first five instructions in the programload the divisor and the divi-
dend respectively into the appropriate registers. They also initialize the
counter, 1n register B, to the value 8, Note agamn that register B is a pre-
ferred location for a counter if the specialized Z80 instruction DINZ is
10 be used:

DIVI68 LD A, (DVSAD)

LD D, A
LD E. 0
LD HL, (bVDhaD)
LD B, 8

Next, the divisor is subtracted from the dividend. Since an SBC in-
struction must be used (there is no 16-but subtract without carry}, the
carry must be set to the value ‘0" before subtracting. This can be ac-
complished in a number of ways. The carry can be cleared by perform-
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ing instructions such as:

XOR A
AND A
OR A

Here, an XOR is used:

DIV XOR A
The subtraction can then be performed:
SBC HL, DE

It is anticipated that the subtraction will be successful, 1.e., that the re-
mainder will be positive. This is called the *‘trial subtract” step (refer to
the flowchart of Figure 3.30). The quotient is therefore incremented by
one. If the subtraction has in fact failed (i.e., if the remainder is
negative), the quotient will have to be decremented by one later on:

INC HL
The resuit of the subtraction is then tested:
P P, NOADD

If the remainder 1s positive or zero, the subtraction has been successful,
and 11 15 not necessary to store it. The program jumps to address
NOADD. Otherwise, the current dividend must be restored to its
previous value, by adding the divisor back to it, and the guotient must
be decremented by one. This 1s performed by the next instructions:

ADD HL, DE
DEC HL

Finally, the resulting dividend 15 shifted left, in anticipation of the
next trial subtract operation. Finally, the B counter is decremented and
tested for the value “*07". As fong as B is not zero, this loop 1s executed:

NOADD ADD HL, HL
DINZ DIV
RET

Exercise 3.27: Verify the operation of this division program by hand,
by filling out the table of Figure 3.33, as in Exercise 3.18 for the multi-
plication. Note that the contents of D need not be entered on the form
of Figure 3.33, since they are never modified.
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LABEL

INSTRUCTION

Fig. 3.33: Form for Division Program

8-Bit Division

The following program uses a restoring method, and leaves a com-
plemented quotient in A_ It divides 8 bits by 8 bits (unsigned).

E IS DIVIDEND

C IS DIVISOR

A IS QUOTIENT
B IS REMAINDER

DIVEs

LOOPSS

XOR
LD
RL

RLA
SuUB
JR
ADD
DINZ
LD
LD
RLA
CPL
RET

A
B, 8
E

C
NC,$+3
A, C
LOOP88
B, A

A E

CLEAR ACCUMULATOR
LOOP COUNTER

ROTATE CY INTO ACC-
DIVIDEND

CY WILL BE OFF

TRIAL SUBTRACT DIVISOR
SUBTRACT OK

RESTORE ACCUM, SET CY

PUT REMAINDER IN B
GET QUOTIENT
SHIFT IN LAST RESULT BIT

COMPLEMENT BITS

Note: the 37" symbol in the sixth instruction represents the value of the
program counier.
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Non Restoring Division

The following program performs a 16-bit by 15-bit integer division,
using a non-restoring technique. 1X points to the dividend, 1Y to the
divisor (not zero). (see Figure 3.34.}.

A DVD,HI !

B[ counter || DWDLO |c
D | DIVISOR |E
H REM L
IX DVD ADDRESS

Iy DVS ADDR

Fig. 3.34: Non-Restoring Division—The Registers

Register B is used as a counter, initially set to 16.
A and C contain the dividend.
D and E contain the divisor.
H and L contain the result.
The 16-bit dividend is shifted left by:
RIL. C
RLA
The remainder is shifted left by:
ADC HIL, HL.
The final quotient is left in B, C, with the remainder in HL. The
program follows.
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TRIALSB

NULL

PTV

RESTOR

NGV
DONE

LD
LD
LD
LD
LD
OR

IR

LD
LD
LD
RL

RLA
ADC

SBC
CCF
JR

DINZ
JP
RL

RLA
ADC
AND
ADC
JR
iR
DINZ
RL
RLA
ADD
LD
RET

BASIC PROGRAMMING TECHNIQUES

B {IX + I}

C. (IX)

DY + 1)

E, (Y}

A, D

E {(DIVISOR) HIGH OR
(DIVISOR) LOW

Z,ERROR CHECK FOR DIVISOR =
ZERO

A B GET (DVD) HI

HL.G CLEAR RESULT

B, 16 COUNTER

C ROTATE RESULT + ACC
LEFT

Hi., HL LEFT SHIFT. NEVER SETS
CARRY.

HL, DE MINUS DIVISOR
RESULT BIT

NC, NGV ACCUMULATOR
NEGATIVE?

TRIAILSB COUNTER ZERQO?

DONE

C ROTATE RESULT + ACC
LEFT

HL, HL AS ABOVE

A

HL, DE RESTORE BY ADDING DVSR

C, PTV RESULT POSITIVE

Z,NULL RESULT ZERO
RESTOR COUNTER ZERO?

C SHIFT IN RESULT BIT
HL, DE CORRECT REMAINDER
B.A QUOTIENT ISIN B, C
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Exercise 3.28: Compare the previous prograi to the following one, us-
ing a resioring technigue:

DIVIDEND IN AC
DIVISOR IN DE
QUOTIENT IN AC
REMAINDER IN HL

DiVI6 I.D FHL,0 CLEAR ACCUMULATOR
LD B, 16 SET COUNTER

LOOPl6 RL C ROT ACC-RESULT LEFT
RLA
ADC HL,HL LEFT SHIFT
SBC HL,DE TRIAL SUBTRACT DIVISOR
IR NC,§ + 3 SUB WAS OK
ADD HL,DE RESTORE ACCUM
CCF CALC RESULT BIT
DINZ LOGPI6 COUNTER NOT ZERO
RL C SHIFT IN LAST RESULT BIT
RLA
RET

Note: The symbol **$7’ means “‘current location’” (eighth mstruction).

LOGICAL OPERATHONS

The other class of instructions which ¢an be executed by the ALU in-
stde the microprocessor is the set of fogreal instructions. They include:
AND, OR and exclusive OR {XOR}. In addition, one can also include
here the shift and rotate operations which have already been utilized,
and the comparison mstruction, called CP for the Z80. The individual
use of AND, OR, XOR, will be described in Chapter 4 on the instruc-
tion set.

Let us now develop a brief program which will check whether a given
memory location called LOC contains the value **0"°, the value *‘1’', or
something else.

The program will introduce the comparison instruction, and perform
a series of logical tests. Depending on the result of the comparison, one
program segment or another will be executed.
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The program appears below:

LD A (LOO) READ CHARACTER IN

LOC
CP  00H COMPARE TO ZERO
JP Z,ZERO ISIT A0?
CcP  (0IH COMPARE TO ONE
JP 2, ONE
NONEFOUND ...
ZERO
ONE

The first instruction: “LD A, (LOCY’ reads the contents of memory
location LOC, and ioads it into the accumulator. Thss is the character
we want to test. It s compared to the value 0 by the following instruc-
tion:

cP 0oH

This instruction compares the contents of the accumulator to the hex-
adecimal value “*00”’, i.e., the bit pattern ‘0000 0000". This compari-
son instruction will set the Z bit in the flags register to the value ', if
it succeeds. This bit can then be tested by the next instruction:

iP Z, ZERO

The jump instruction tests the value of the Z bit, If the comparison suc-
ceeds, the Z bit has been set to one, and the jump will succeed. The pro-
gram will then jump to the address ZERO. If the test fails, then the next
sequential instruction will be executed:

CP 01H

Similarly, the following jump instruction will branch to location ONE
if the comparison succeeds. If none of the comparisons succeed, then
the instruction at location NONEFOUND will be executed.

JP Z, ONE
NONEFOUND ...

141



PROGRAMMING THE 280

This program was ntroduced to demonstrale the value of the com-
parison tnstruction followed by a jump. This vombination will be used
in many of the following programs.

Fxercise 3.29: Refer 1o the definition of the LD A, (LOCYHinstruction m
the next chapter. Exaimmme the effect of this wistruciion on the flags, if
any. Is the second instruction of this program necessary (CP 00H)?

Exercise 3.30: Wrue the program wiuch will read the contents of
meory location 24" and branch to an address catled " STAR i there
was a ¥ o memory location 24, The bu patrern for a %" i binary
notation will be asswined (o be represented by V001GI010".

INSTRUCTION SUMMARY

We have now studied most of the smportant mstructions of the Z§0
by using them. We have transierred values between the memory and the
registers. We have pertormed anthmetic and logical operations on such
data. We have tested it, and depending on the results of these tests,
have executed various portions of the program. In particular, special
“automated”’ Z80 instructions such as DINZ have been used to shorten
programs. Other automated instructions; LDDR, CPIR, INIR will be
introduced throughout the remainder of this book.

Full use has been made of special Z80 fewtures, such as 16-bat register
instructions 10 stmplify the programs, and the reader should be careful
not 1o use these programs on an 8080: they have been optimized tor the
Z80.

We have also mtroduced a structure called a loop. Another impor-
tant programming structure will be introduced now: the subroutine.

SUBROUTINES

In concept, a subroutine 15 sumply a block of mstructions which has
been given a name by the programmer. From a practical standpoint, a
subroutine must start with a special instruction called a subroutiie
decleration, which identifies it as such for the assembler. It is also ter-
minated by another special instruction called a return. Let us first il
lustrate the use of a subroutine in a program in order to demonstrate its
vilue. Then, we will examine how 1t is actually implemented.
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Mk PROGKAM

SUBRGUI

1
Cagg up "_*"““—-;E— o
- I
Pl ols
[ o Ji—

LAl SuB b e m e b s AEIURN

Fig. 3.35: Subroutine Calls

The use ol a subrounne s illustrated in Figure 3.35. The mamn pro-
gram appears on the lelt of the lustration. The subroutine 1s shown
symbolically on the right. Let us examine the subroutine mechanism.
The lines of the main program are executed successively until a new in-
struction “'CALL SUB" s met. This speuial instruction s the
sufrroutine cafl and resulis in a transfer {o the subroutine. This means
that the next mmstruction to be executed afier the CALL SUB 1s the first
instruction within the subroutine. This 1s lustirated by arrow 1 on the
iliustration.

Then, the subprogram within the subrouline cxecutes just like any
other program. We will assume that the subroutine does not contain
any other cails. The fast instruction of this subroutine is a RETURN.
This 15 a special mstruction which will cause a return to the main pro-
gram. The next instrucuon (o be executed after the RETURN 15 the one
following the CALL SURB in the main program. This 1s illustrated by ar-
row 3 on the illustration. Program coxecution contnues then, as il-
fustrated by arrow 4,

In the body of the main program g second CALL SUB appears. A
new fransfer occurs, shown by arrow 5. This means that the body of the
subroutne is again executed following the CALL SUB nstruction,

Whenever the RETURN within the subroutine 15 encountered, a
reiurit occurs 1o the msiruction following the CALL SUB in question.
This 1s #lustrated by arrow 7. Following the return (o the main pro-
gram, program execulton proceeds normally, as illusirated by arrow 8.

The effect of the 1wo speaal instrucnions CALL SUB and RETURN
shouid now be clear, What s the value ol the subroutine mechanism?

The essenual value of the subroutine is that it can be called from any
number of poinis in the mam program, and used repeatedly without
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rewrimg . A first advantage is that this approach saves memory
space, since there 1s no need 10 rewrite the subroutine every fime. A se-
cond advantage is that the programmer can design a specific subroutine
only once and then use it repeatedly. This 1s a significant simplification
1 program design.

Ixercise 3.31: What is the man disadvantage of a subroutine? (Answer
follows.}

The disadvantage of the subroutinie should be clear just by examinmg
the flow of execution between the main program and the subrouline. A
SUbFOUl]!}Q i’esulls ina S/()H’C’n" execufion, simnce exira instruciions must
be exceuted: the CALL SUB and the RETURN.

Impicmentation of the Subroutine Mechanism

We will examune here how the two special instructions, CALL SUB
and RETURN, are implemented nternally within the processor. The
etfect of the CALL SUB instruction 1s 1o cause the next instruction (o
beletched at a new address. You will remember (or else read Chapter
[ agam } that the address of the next insiruction o be execuled ina
computer 15 contamed in the program counter (PC). This means that
the effect of the CALL SUB is to substiitute new contents in register PC.
Its effect 15 1o load the start address ol the subroutine m the program
counter. s that really sufficien:?

To answer this question, let us consider the other instruction which
has 1o be implemented: the RETURN. The RETURN must cause, as its
name indicates, a return to the instruction that follows the CALL SUB.
This 1s possible only if the address of this instruction has been preserved
somewhere. This address happens to be the value ol the program
counter at the time that the CALL SUB was encountered. This is
because the program counter is automatically incremented every {ime i
15 used (read Chapter | again). This 1s precisely the address (hat we want
Lo preserve, so that we can later perform the RETURN.

The next problem is: where can we save this return address? This ad-
dress must be saved 1n a location where it is guaranteed that it will not
be erased.

However, let us now consider the following situation, illustrated by
Figure 3.36. In thisexample, subroutine | contains a call to SUB2. Qur
mecharusm should work in this case as well. Naturally, there might even
be more than two subroutines, say N *‘nested”’ calls. Whenever a new
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CALL 15 encountered, the mechanism must therefore again store the
program counter. This implies that we need at least 2N memory loca-
tions for this mechanism, Addinonally, we will need to return from
SUBZ first and SUBI next. In other words, we need a structure which
cun preserve the chronological ordering in which addresses have been
saved,

The structure has a name and has already been introduced. 1t is the
stack. Figure 3.38 shows the actual contents of the stack during suc-
cessive subroutine calls. Let us look at the main program first. At ad-
dress 1030, the [irst call is encountered: CALL SUBIL. We will assume
that, in this mucroprocessor, the subroutine call uses 3 bytes (RST is an
exception). The next sequential address 15 therefore not 101", but
1037, The CALL instruction uses addresses **1007", *“1017", *102".
Because the control unit of the Z80 **knows"’ that 1t 1s a 3-byte instruc-
tion, the value of the program counter, when the call has been com-
pletely decoded, will be *“103". The effect of the call will be to load the
value *280" in the program counter. 280" is the starting address of
SUBI.

l

Canm LX)

2

§
—

4
.

Hiyre

Fig. 3.36: Nested Calls

We are now ready to demonstrate the effect of the RETURN instruc-
tien and the correct operation of our stack mechanism. Execution pro-
ceeds within SUB2 until the RETURN instruction is encountered at
nme 3, The effect of the RETURN nstruction is simply to pop the top
of the stack into the program counter. In other words, the program
counter is restored to its value prior to the entry into the subroutine.
The top of the stack in our example is **303"". Figure 3.38 shows that, at
ume 3, value **303’" has been removed from the stack and has been put
back nto the program counter. As a result, instruction execution pro-
ceeds from address ‘303", Attime 4, the RETURN of SUBI is encoun-
tered. The value on top of the stack is **103"". It is popped and is in-
stalled in the program counter. As a result, program execution will pro-
ceed from location **103”" on within the main program. This s, indeed,

i45



PROGRAMMING THE Z80

the effect that we wanted. Figure 3.38 shows that at time 4 the stack is
again empty, The mechamsm works.

The subroutine call mechanism works up to the maximum dimension
of the stack. This is why early microprocessors which had a 4- or
8-register stack were essenbially limited to 4 or 8 levels of subroutine
calls.

Note that, on Figures 3.36 and 3.37, the subroutines have been
shown to the right of the main program. This is only for the clarity of
the diagram. In reality, the subroutines are typed by the user as regular
instructions of the program. On a sheet of paper, when producing the
listing of the complete program, the subroutines may be at the begin-
mng of the text, in its middle, or at the end. This is why they are pre-
ceded by a subroutine declaration: they must be identified. The special
instructions tell the assemblier that what follows should be treated as a
subroutine. Such assembler directives will be discussed in Chapter 10.

ADDRESS ANy
Lied] CALLSUB1 @
193 (SUB 1}
80
@ o0 (sua 2t
0. CAILSUE 2
0¥
REIURN [ U—
. @ [PU—
@ RETURM

Fig, 3.37: The Subroutine Calls

stack: | ame (D) | e (@) | ime @) | Time (@)

103 W03 13

303

Fig, 3.38: Stack vs. Time
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280 Subroutines

The basic concepts relating to subroutines have now been presented.
It has been shown that the stack is required in order to implement this
mechanism. The Z80 is equipped with a 16-bit stack-pointer register.
The stack can therefore reside anywhere within the memory and may
have up to 64K (1K = 1024} bytes, assuming they are available for that
purpose. In practice, the start address for the stack, as well as its max-
imum dimension, will be defined by the programmer before writing his
program. A memory area will then be reserved for the stack.

The subroutine-call instruction, i the case of the Z80, is called
CALL, and comes n two vers:ons; the direct or unconditional call,
such as CALL ADDRESS, 1s the one we have already described. In ad-
dition, the Z80 is equipped with a conditional call instruction which will
call a subroutine if a condition is met. For example: CALL NZ, SUBI
will result in a call to subroutine 1 if the Z flag is zero at the time of the
test, This is a powerful facility, since many subroutine calls are
conditional, t.e., occur only if some specific condition 15 met.

CALL CC, NN 15 executed only if the condinion specified by “*CC™
is true. CC is a set of three bits (bits 3, 4, and 5 of the opcode) which
may specify up to eight conditions. They correspond respectively to the
four flags 2", “*C”, “P/V’", 8" seing either zero or non-zero.

Similarly, two types of return instructions are provided: RET and
RET CC.

RET 1s the basic return instruction. It occupies one byte, and causes
the top two bytes of the stack to be re-instatled 1n the program counter,
1t is unconditional,

RET CC has the same effect except that it is executed only if the con-
dinions specified by CC are true. The condition bits are the same as for
the CALL instruction just described.

Additionally, two specialized types of return are available which are
used to terminate interrupt routines: RETI, RETN. They are described
in the section on the Z80 instructions as well as in the section on inter-
rupts,

Finally, one more specialized instruction 1s provided which is analo-
gous to a subroutine call, but allows the program to branch to only one
of eight starting locations located in page zero. This is the RST P in-
struction. This is a cne-byte nstruction which automatically preserves
the program counter in the stack, and causes a branch to the address
specified by the three-bit P field. The P field corresponds to bits 3, 4
and 5 of the insrtuction, multiplied by eight.
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In other words, if bits 3, 4, 5 are ““000°’, the jump will occur to loca-
1ion Q0H. If these bits are ‘001", the branch will occur 1o O8BH, ct¢. up
to 111, which will cause a branch to location 38H. The RST instruction
is very efficient in terms of speed since it is a single-byte instruction.
However, it can jump to only eight locations, in page 0. Additionally,
these addresses in page 0 are only eight bytes apart. This instruction is a
carry-over from the 8080 and was extensively used for interrupts. This
will be described in the interrupt section. However, this instruction may
be used for any other purpose by the programmer, and should be con-
sidered as a possible specialized subroutine call.

Subroutine Examples

Most of the programs that we have developed and are going to
develop would usually be written as subroutines. For example, the
multiplication program is likely to be used by many areas of the pro-
gram. in order to facilitate and clarify program development, it 15
therefore conventent to define a subroutine whose name would be, for
example, MULT. At the end of this subroutine we would simply add
the nstruction RET,

Exercise 3.32: [f MULT 1s used as a subroutine, would it “‘damage’
any internal flags or registers?

Recursion

Recursion is a word used to mdicate that a subroutine is calling itself.
If you have understood the implementation mechanism, you should
now be able to answer the following question:

Exercise 3.33: Is 1r legal to let a subroutine call itself? (In other words,
will everything work even if a subroutine calls itself?) If you are noi
sure, draw the stack and fill it with the successive addresses. Then, look
at the registers and memory (see Exercise 3.18) and determune if a pro-
blem exists,

Interrupts will be discussed in the mput/output chapter (Chapter 6).
All returns except returns from interrupts are one-byte instructions; all
calls are 3-byte instructions (except RST).

Exercise 3.34: Look at the execution times of the CALL and the RET
instructions in the next chapter. Why 1s the return from a subroutine so
much faster than the CALL? (Hint: if the answer is not obvious, look
again at the stack nnplementation of the subroutine mechanism, and
analyze the internal operations that must be performed,)
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Subroutine Parameters

When calling a subroutine, one normally expects the subroutine to
work on some data. For example, in the case of multiplication, one
wants to transmit two numbers to the subroutine which will perform
the multiplication. We saw in the case of the multiplication routine that
this subroutine expected to find the multiplier and the multiplicand in
given memory locations. This illustrates one method of passing para-
meters: through memory. Two other techniques are used, so that we
have three ways of passing parameters.

I—through registers
2—through memory
3—through the stack

Registers can be used to pass parameters. This is an advantageous
solution, provided that registers are available, since one does not need
to use a fixed memory location: the subroutine remains memory-inde-
pendent. If a fixed memory location is used, any other user of the sub-
routine must be very careful that he uses the same convention and that
the memory location is indeed available (look at Exercise 3.19 above).
This is why, in many cases, a block of memory locations is reserved
simply to pass parameters among various subroutines.

Using memory has the advantage of greater flexibility (more data),
but results in poorer performance and also in tying the subroutine to a
given memory area.

Depositing parameters in the stack has the same advantage as using
registers: it is memory-independent. The subroutine simply knows that
it is supposed to receive, say, two parameters which are stored on top of
the stack. Naturally, it has disadvantages: it clutters the stack with data
and, therefore, reduces the number of possible levels of subroutine
calls. It also significantly complicates the use of the stack, and may re-
quire multiple stacks.

The choice is up to the programmer. In general, one wishes to remain
independent from actual memory locations as long as possible.

If registers are not available, a possible solution is the stack. How-
ever, if a large quantity of information should be passed to a sub-
routine, this information may have to reside directly in the memory. An
elegant way around the problem of passing a block of data is simply to
transmit a pointer to the information. A pointer is the address of the
beginning of the block. A pointer can be transmitted in a register, or in
the stack (two-stack locations can be used to store a 16-bit address), or
in a given memory location(s).
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Finally, if neither of the two solutions is applicable, then an agree-
ment may be made with the subroutine that the data will be at some
fixed memory location (the ‘‘mail-box"").

Exercise 3.35: Which of the three methods above is best for recursion?

Subroutine Library

There is a strong advantage to structuring portions of a program into
identifiable subroutines: they can be debugged independently and can
have a mnemonic name. Provided that they will be used in other areas
of the program, they become shareable, and one can thus build a
library of useful subroutines. However, there is no general panacea in
computer programming. Using subroutines systematically for any
group of instructions that can be grouped by function may also result in
poor efficiency. The alert programmer will have to weigh the advan-
tages against the disadvantages.

SUMMARY

This chapter has presented the way information is manipulated inside
the Z80 by instructions. Increasingly complex algorithms have been in-
troduced and translated into programs. The main types of instructions
have been used and explained.

Important structures such as loops, stacks and subroutines, have
been defined.

You should now have acquired a basic understanding of program-
ming, and of the major techniques used in standard applications. Let
us study the instructions available.
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A=CGO
AT=00
A=00
AT=00
n=00
AT =00
A=(Q0
AT=00

A=00-

A7 =00
A=00
A7=00
A=00
a’=00
A=00
A’ =00
A=00
A7 =00
A=00
A’ =00
A=00
4’ =00
A=00
A’=00
A=00
A’=00
A=00
A’ =00
A=00
AY=00
A=
A7 =00
A=00
A7 =00
£=00
A7 =00
A=00
A’=00
A=00
‘=00
A=00
A’=00
A=00
AT=00
A=00
Ar=00
A=00
A'=00
A=00
A’ =00
#=00
A’ =00
A=00
A’ =00
A=00
"’ =00
A=00
AT=00

BC=0000C
B/ =03000
BC=0003
B’ =000C
BC=0803
B =0000
BC=0BO3
B =0000
BC=0803

£ =0000
BRLC=08B03
B’ =0000
BC=0BO1
n'=0000
BC=0BO1
Br=00CC
BC=0801
B =000
EC=0801
B =0000
BL=0801
B’ =0000
BO=0701
B =0000
BE=0701
B =0000
BC=Q7G0
B’ =0000
BC=0700
R*=0000
RC=0700
B =0000
BC=G700
B’ =0000
HE=0700
B’ =0000
BE=0400
B/ =000
BE=0660
B/ =00G0
HO=0600
R/=0000
KC=0400
BT =0000
BL=G400
B’ =0000
BC=0&00
B’ =0000
BL=0500
R =00G00
BC=0300
B’ =0000
BO=0500
I =0000
HC=0500
B =0000
BC=0T00
120000
BL=0500
e =0000
BC=0400
B #0000
BC=(GAa00
B*=0000

LE={000
120000
nE=0000
0 =0000
DE=0000
D =0000
DE=C00S
I =G000
DE=000%
0 =0000
DE=000S
0’ =0000
DE=0005
I =00G0
DE=000S

=000
DE=0005
0/ =0000
NE=000A
0 =G000
DE=000A
§/=¢000
DE=0C0A
D’ =0000
BE=0004
N =0000
DE=000A
D’ =0000
DE=000#4&
N*=0000
DE=0004
0°=0000
DE=0014
0 =0000
DE=GO1A
1 =G000
DE=G014
0 =0000
DE=0014
I =0060
DE=0014
I =0000
NE=0014
17 =0000
DE=0028
[’ =¢00¢
DE=G0O28
0’ =6000
DE=000RE
07 =0000
DE=0029
0 =0000
DE=0028
07 =G000
DE=0028
' =0G00
BE=0050
1/ =0000
BE=0050
[+ =000
KE=0050
It =0000
NE=0050
D/ =0000
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HL=0000
K’ =0000
HL=00006
Hr=G000
HL=0000
H =000
HL=0000
H =0000
HL=0000
H=0000
HL=0000
HY=0000
HEL.=CG000

*=0000
HL=0000
H =0000
HL=0002
HI =000
HL=G00%
H'=0000
HL=0005
H=0000
HL=0005
H*=0000
HEL=00G0%
H*=0000
HL=000%

‘=0000
HL=D0CE
H/ =000C
HL=00C0F
H =0000
HL=CCOF
H =0000Q
HE=00Q0F
H/=0000
HE =QGOF
H=0000
HL=00GF
H"=0000
HL=000F
H"=0000
HL.=000F
H =000
HL=0COF
H’'=0000
HL=000F
H =G000
HL=C00F
H"=0000
HEL=0CGOF
H=00300
HL=000F
H =0000
HL=000F
H=0G00
HEL=000F
M7 =0000
HL=000F
H=0009
HL =000
H =0000
HL=000F
H =0000

S5=0300
X=0000
S=0306
X=0000
5=0300
X=0000
8=0300
X=0000
5=0300
%=0000
5=0300
X=0000
5=0300
X=0000
520300
X=00G0
§=0300
X=0000
§=0300
X=0000
§=0300
X=000Q0
5=0300
X=0000
5=0300
X=000G0
5=0300
X=0000
5=036G0
X=0000
§=0300
X=0000
§=0300
X=0¢000
520300
K=G000
§=0100
X=0000
5=0300
%=0000
S=0300
X=00C0
5x0300
X=0000
5=0300
K=0000
S=0300
X=3000
S=G300
X=00G00
5=0300
X=0000
S=0300
X=0000
5=0300
X=0G00
5=0300
X=0000
5=0300
X=0000
§=0300
X=0000
§=0300
X=0000

P=0100
T=0000
F=0104
Y=0000
F=0104
Y=0000
P=G10A
Y=0000
F=010C
T=0000
F=010Ff
Y=0004
P=0111
Y=0G30
P=0113
Y=004G0
P=0114
Y=000¢
F=0114
¥Y=0000
F=0118
¥=0000
F=0119
Y=0C00
e=03i0F
Y=000¢
F=0111
Y=0000
P=0£13
Y=0000
F=0114
Y=G000
F=0114
¥Y=0000
P=0118
Y=0G000
=GL1Y
Y=0G00
E=016F
Y=00CC0
F=04114
Y=0C00
F=Q1ii4
¥=0000
F=0114
¥=0000
F=0118
Y=0000
F=GLL?
Y=00G00
=008
Y=0000
F=0111
¥=0000
F=01ia
Y =0000
F=0114
Y=0040
F=0118
¥=0000
F=QL1Y
¥=0004
F=310F
¥=0000

01007
1=00
g104ar
I=00
01067
1=00
010A"
I=00
016C”
I=00
010F"
I=00
0111”
I=00
0113
I=00
0114°
1=00
01167
1=00
0118
1200
o119+
1=00
010F ¢
I=00
011L"
1=00
0113"
1=00
0114r
I=00
01:6°
I=00
0118’
I=00
01197
1=00
010F '
1=00
0111°
1=00
oLL4”
I=00
0116°
I=00
0118°
1=00
oLee”
1=00
910F '
1=00
0111”
1=00
gLia
I=00
01157
I=00
01187
1=00
0119
1=00
010F*
T=00

Ln
0
in
Lu
(W]
SRL
JR
ALID

5LA

DEC

JF

4R
ALE
SLA
RL
DEC

JF

JR
Sl.ny
RL

DEC

SRL
JR
S
RL
DEC
JF

SRL.

Fig, 3.39: Multiplication: A Complete Trace
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A=GO
a7 =060
A=OC
A’ =00
A=00
#’ =00
A=00
1=00
A=00
a7 =00
#=00
A’ =00
A=00
" =00
A=00
A’ =00
A=00
ATS00
a=00
A’ =00
A=00
A7 =00
A=GO
2 =00
A=00
A =00
A=00
&7=00
A=Q0
AT=00
A=Q0
A’=00
A=00
=00
A=OD
Ar=00
A=00
A =00
A=00
A7=00
A=00
AT=00
A=00
a’=00
A=00
A’ =00
A=00
A°=00
A=00
A7 =00

Fig.

REC=0400
B =000C¢
BC=0400
1 =0000
DC=0400
B’ =0000
BC=0400
B =0000
BE=0300
B =00G00
BL=0G300
B =0000
BC=0300
B =0000C
BRC=0300
B =000G0
BC=0300
E=0000
RC=0300
B =00G0
BE=02G0
B! =0000
AC=0200
B/=00G0¢
BE=0200
R =0GO0
HC=02200
B =00G0
RO=0200
B’ =03000
BL=0200
#=0000
BL=0100
B'=0600
EBC=G100
B =0000
HC=0100
B/=0000
ne=0160
B =0G00
BL=0100
B =0000
BC=01C0
B'=0000
BL=0000
B=0000
BC=0000
B =0000
RC=000C
B =0000

DE=005C
07 =0000
BE=0050
#=0000
NE=00AC
r=00C0
DE=CG0AQ
=0Q00
LE=00RO
N7 =000¢
BE=00A0
n’ =400
DE=G0A0
0 =H000
DE=00A0
nr=0000
DE=00A0
0=6e00
DE=(140
n'=000¢
LE=014C
Lr=0000
NE=0140
I =5000
NE=03%40
' =006G0
DE=(140
L7 =0000
TE=0180¢
[e=0000
DE=(280
[ =0000
BE=0280
L7 =006GG
LE=02BO
07 =0000
NE=0280
L/=000Q0
DE=028¢
L =0000
TE=0200
" =0000
LE=0500
N =5000
DE=0500C
L'=0000C
DE=0500
I’ =¢0o00
DE=0500
L°=000C

HL=000F
H ={Q00
HL =0 0GF
137 =0000
HL=000F
H"=000G0
HL=000F
H=0000
HL=000F
H =0000
HL=Q0GF
H’'=0000
HL=000F
H=0000
BL=000F
HT =00006
HL =0GCGOF
H'=0C00
HL=000F
H =0000
HL=00CF
H'=0060
HL=000F
H'=4000
HL=0D0F
H =00G0
HL=00GF
H =0000
HL=000F
H'=0040
HL=000F
H =3000
HL=000F
H"=000¢
RL.=000F
H*=00G00
Hi.=C00F
H'=¢000
HL=00CF
H =000
HL=000F
H’'=0000
HL=000F
H 20000
HL={00F
H*'=0000
HL=000F
H =0000
BL=000F
H"=000G

5=030C
X=0000
S=0300
X=0000
5=0300
X=0000
S=0300
X=0000
=0300¢
X=0060
§=0300
X=0000
S5=0300
X=0000
5=0300
X=000C
§=0300
X=0000
S=0300
X=0000
S=0300
X=0GC0
5=0300
X=000C
S=030C
X=00C0
5=0300
X=0000
S=0300
X=0CH0
5=0300
X=0000
S=0300
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S=0300
X=0G00
5=0300
X=G000
5=030¢
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§=0300
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x=0006G

P=0111
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FP=0114
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F=010F
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F=0114
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F=0116
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¥=0000
F=0119
¥=0000
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F=0114
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F=0118
Y=0000
F=0119
¥=0000
F=0110
Y=0000
F=011F
Y=0000
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I=00
Gl14-
I=00
01167
I=00
o118’
I=00
Oi19r
I=00
0108
I=0¢
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=00
¢il14
I=00
QL14’
I1=00
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I=00
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=00
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=00
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0114’
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01iC”
I=00
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3.39: Multiplication: A Complete Trace (continued)
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ANSWERS TO EXERCISE 3.18 (MULTIPLICATION}:

CRORENCO CROS 280 ASSIHBLER wveraion 02,149 ERCLEFH A S

2000 0601 aRe alooH

{02002 0G0 HPRAD oL 02GoeH

{0202) QG033 HPEAD bL Q2024

{0764) oR04 RESAD e 02641

Qoosn i

Q106  ERAR00QO2 Q004 HPADD Lit O (HPRATD FLOAD HULTIPLIER INIOQ ©
clo4s  Q&0B 0007 Lh f.8 FiCOFS BTV CORUNTER
G106 EBSREOZOT G608 Lh QI {HF DG FLOAD MUTIFLICARE THTC E
{10a 1400 Go0? Ly e FCLEAR I
G1oC 210600 [oi0 Ll HL»Q FRET REGULT T o
Q10F  CR37 eh1: MuLY SRL o IGHIFT MULYTFLIER BIT IHTOQ CARKY
91ir 3001 LRt Ji HEC rHOADD FTEST EARKY
G113 19 6G13 At HL » BE FOLD HPO Y0 RESLLT
a1ia  CB22 G014 NOADD SLi E TSHIFT MFD LEFT
9Iis LCBI2 20in RL D FEAUE BIT IN U
Q1i3 0T 0016 g i SHEEREAEHT SHIFT COUNTER
Q117 CI0F0i 0017 Jr HZsHULT s 71 AGATE IF COOUTER 1. O
O1iC 320402 4010 Lo (RESGND T AL FOTURE RESUL
dLiF (00D Q017 END
Errors 3

Fig. 3.40: The Multiplication Program (Hex)

LABEL |INSTRUCTION} B | C | € | D | E | H | L
00 oo} o |00 0cofooloo

MP488 | LDBC,(0200| 00 | 03 | o | 00 { o0 | 0O | 0O
LD B,08 08 | 03| 0o |00 | 00 |00/ OO
LDDE,(0202) | 08 { 03 | o | o0 | 05 | 00 | 0O
tDD, 00 08 103 | o |00 05| 00] 00
LDHLO000 | 08 | 03 | 0 oo | 05 | 00| 00

MULT  { SRLC 08 |0 | 1 foo| 050000
JRNCO114 {08 01 | 1 foo| o5 | 00| oo
ADDHLDE |08 | o1 | o | oo | 05| a0l os

NOADD | SLAE 8 |01 { o |00 0A|OO]O5
RLD 08 o1 { o | 00| 0A| 00| 05

DEC B 07 {01 | o | 00| OA| 0O} 05
JPNZOIOF {07 |01 | o {00 | 0A| 00| 05

MULT [ SRLC 07 {00 | 1 {00 | OA| OO | 05
JRNCOM4 | 07 |00 | 1 {00 | 0A| 00| 05
ADDHLDE | 07 | 00 | 0 | 00 | OA | GO | OF

NOADD | SLA E 07 |00 | o {00 | 14| 00| OF
RL D 07 {00 | o |00} 14| 00| oF

DEC B 06 100 | 0 | 0 | 14 | 00| OF
JPNZOIOF | 06 {00 | 0 | 00 | 14 | 00| OF

Fig. 3.41: Two Herations Through the Loop
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4
THE Z80 INSTRUCTION SET

INTRODUCTION

This chapter will first analyze the various classes of instructions
which should be available in a general-purpose computer. It will then
analyze one by one all of the instructions available for the Z80, and ex-
plain in detail their purpose and the manner in which they affect flags
or can be used in conjunction with various addressing modes, A de-
tailed discussion of addressing techniques will be presented in Chapter
5.

CLASSES OF INSTRUCTIONS

Instructions may be classified in many ways, and there 15 no stan-
dard. We will here distinguish five main categories of instructions:

|—data transfers
2—data processing
3—test and branch
4—input/output
5—control

Let us now examine each of these classes of instructions in turm,

Data Transfers

Data transfer instructions will transfer data between registers, or be-
tween a register and memory, or between a register and an input/output
device. Specialized transfer instructions may exist for registers which
play a specific role. For example, push and pPOp operations
are provided for efficient stack operation, They will move a word of
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data berween the top of the stack and the accumulator in a single in-
struction, while automatically updating the stack-pointer register,

Data Processing

Data processing instructions fail into five general categories:

[—arithmetic operations (such as plus/minus)

2—bit manipuiation (set and reset}

3—increment and decrement

4—Ilogical operations (such as AND, OR, exclusive OR)
5-—skew and shift operations (such as shift, rotate)

It should be noted that, for efficient data processing, it is desirable to
have powerful arithmetic instructions, such as multiply and divide.
Unfortunately, they are not available on most microprocessors. 1t 1s
aiso desirable to have powerful shift and skew instructions, such as
shift n bits, or a nibble exchange, where the right half and the feft half
of the byte are exchanged. These are also usually unavailabie on most
MICTOProcessors.

Before exammming the actual Z80 instructions, let us recall the dif-
ference between a shiff and a rofarion. The shift will move the contents
of a register or a memory location by ene bit focation to the left or to
the right. The bt falling out of the register will go into the carry bi.
The bit coming mn on the other side will be a **0°” except in the case of an
“arithmetic shift right,”” where the MSB will be duplicated.

In tne case of a rotation, the bit coming out still goes in the carry.
However, the bit coming in 1s the previous value which was in the carry
bit. This corresponds to a 9-bit rotation, It 1s often desirable (o have a
irue 8-bit rotation where the bit coming in on one side is the one falling
from the other side. This is notprovided on most microprocessors
but 15 available on the Z80 (see Figure4.1).

Finally, when shifting a word to the right, 1t 15 convenient to have one
more type of shift, called a sign extension or an “‘arithmetic shift
nght.” When doing operations on two's complement numbers, parti-
cularly when implementing floating-point routines, it is often necessary
to shift a negative number to the right. When shifting a two’s comple-
ment number to the right, the bit which must come in on the left side
should be a “*I"" {the sign should get repeated as many times as needed
by the successtve shifts). This is the arithmetic shift right.

155



PROGRAMMING THE 280

SHIFT LEFT

LN DN DN DYDY DN DN

( CARRY

ROTATE LEFT

L DN DD D DN Y

Uy

Fig. 4.1: Shift and Rotate

Test and Jump

The test mnstructions will test bits in the specified register for 0" or
1”7, or combinations, At a minimum, it must be possible to test the
flags register. It is, therefore, desirable to have as many flags as pos-
sible in this register. In addition, it is convenient to be able to test for
cornbinations of such bits with a single instruction. Finally, i1 is
desirable to be able to test any bir position in any register, and to test
the value of a register compared to the value of any other register
{(greater than, less than, equal). Microprocessor test instructions are
usually limited to testing single bits of the {lags register. The Z80, how-
ever, offers better facilities than most.

The jump instructions that may be available generally fali into
three categories:

{-—~the jump, which specifies a full [6-bit address

2—the relative jump, which often is resiricted to an 8-bit displace-
ment field

3-~the call, which is used with subroutines
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1t is convenient to have two- or even three-way jumps, depending, for
example, on whether the result of a comparison is “*greater than,”’ *‘less
than,” or “equal.” It is also convenient to have skip operations, which
will jump forward or backwards by a few instructions. However, a
“skip’ is equivalent to a “‘jump.’” Finally, in most loops, there is
usually a decrement or increment operation .at the end, followed by a
test-and-branch. The availability of a single-instruction increment/
decrement plus test-and-branch is, therefore, a significant advan-
tage for efficient loop implementation. This i1s not available in most
microprocessors. Only simple branches, combined with simple tests,are
avatlable. This, naturally, complicates programming and reduces effi-
ciency. In the case of the Z80, a “*decrement and jump’’ instruction is
available. However, it only tests a specific register (B) for zero.

Input/Qutput

Input/output instructions are specialized instructions for the hand-
ling of input/output devices. In practice, a majority of the 8-bit micro-
processors use memory-mapped 1/0: input/output devices are con-
nected to the address bus just like memory chips, and addressed as
such. They appear to the programmer as memory locations. All
memory-type operations normally require 3 bytes and are, therefore,
slow, For efficient input/output handling in such an environment, it 1s
desirable to have a short addressing mechanism available so that 1/0
devices whose handling speed is crucial may reside in page 0. However,
if page 0 addressing is available, 1t is usually used for RAM memory,
which prevents us effective use for input/output devices. The
Z80, like the 8080, 1s equipped with specialized [/O instructions, As a
result, in the case of the Z80, the designer may use either method: in-
put/output devices may be addressed as memory devices, or else as in-
put/output devices, using the /0O structions.

They will be described later in this chapter.

Conatrol Instructicas

Control instructions supply synchronization signals and may suspend
or interrupt a program. They can also function as a break or a simu-
lated interrupt. (Interrupts will be described in Chapter 6 on In-
put/Qutput Techniques.j
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THE Z80 INSTRUCTION SET

Introduction

The Z80 microprocessor was designed to be a replacement for the
8080, and to offer additional capabilities. As a result of this design
philosophy, the 280 offers all the instructions of the 8080, plus addi-
tional instructions. In view of the limited number of bits available in an
8-bit opcode, one may wonder how the designers of the Z80 succeeded
in implementing many additional ones. They did so by using a few
unused 8080 opcodes and by adding an additional byte to the opcode
for indexed operations. This 1s why some of the Z80 instructions oc-
cupy up to five byies in the memory.

It 1s important to remember that any program can be writlen in many
different ways. A thorough knowledge and understanding of the in-
struction set 15 indispensable for achieving efficient programming.
However, when learning how to program, it is not essential to write op-
timezed programs. During a first reading of thus chapter, it 1s therefore
umimporiant to remember all the various instructions. It 1s important to
remember the categories of instructions and to study typical examples.
Then, when writing programs, the reader should consult the Z80
instruction-set description, and select the instructions best suited to his
needs. The various instructions of the Z80 will therefore be reviewed in
this section with the intent of simplifying them and grouping them in
logical categories. The reader interested in exploring the capabilities of
the various instructions is referred 10 the individual descriptions of the
instructions.

We will now examine the capabilities provided by the Z80 in terms of
the five classes of instructions which have been defined at the beginning
of this chapter.

Data Transfer Instructions

Data transfer instructions on the Z80 may be classified in four
categories: 8-bit transfers, 16-bit transfers, stack operations, and
block transfers. Let us examine them.

Eight-Bit Data Transfers

All eight-bit data transfers are accomplished by load instructions.
The format is:

LD destination, source
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For example, the accumulator A may be loaded from register B by
using the instructions:

LD AB

Direct transfers may be accomplished between any two of the
working registers (ABCDEHL).

In order to load any of the working registers, except for the accu-
mulator, from a memory location, the address of this memory loca-
tion must first be loaded into the H-L register pair.

For example, in order to foad register C from memory location 1234,
register H and L. will first have to be loaded with the value *“1234", (A
load instruction gperating on {6 bits will be used. This is described in
the following section.)

Then, the instruction LD C, (HL) will be used and will accomplish
the desired result.

The accumulator is an exception. it can be loaded directly from any
specified memory location. This is called the extended addressing
mode. For example, in order to load the accumulator with the contents
of memory location 1234, the following instruction will be used:

LD A, {(1234H) {(Note theuse of *‘(}’ to denote ‘‘contents of.”"}
The instruction will be stored in the memory as follows:

address PC 3A {opcode)
PC 4+ 1:34 (low order half of the address)
PC + 2:12 (high order half of the address)

Mote that the address is stored in “‘reverse order’ in the instruction
itself:

[ 3A | lowaddr [ high addr |

All the working registers may also be loaded with any specified eight-bit
value, or “‘literal,”’ contained in the second byte of the instruction (this
1s called wmmediate addressing). An exampie is:

LDE, 1Z2H

which loads register E with the value 12 hexadecimal.
In the memory, the instruction appears as:

PC: IE {opcode)
PC + 1112 (literal operand)
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As a result of this instruction, the immediate operand, or literal value
will be contained in register E.

The indexed addressing mode is also available for loading register
contents, and will be fully described in the next chapter on addressing
techniques. Other miscellaneous possibilities exist for loading specific
registers, and a table listing all the possibilities is shown in Figure 4.2
( tables supplied by Zilog, Inc.}. The grey areas show instructions
common with the 80B0A.,

SOURCE
EXT.
i Y- 11].] REQ INDIRECT. IRDEXED. 1ADOR| saaE,
X v Y + )i frnd L)
SRR ETRE B
a o | s e i | v
5T § sF ¢ Eh
o0 | fo R
L] % 6 L
¢ ) Ch
oo | fp :
c 4 4 o
k1 4 SR
op | fo L
RecisTER | O 5 | s B
4 4 m
oo | fo
£ 5€ | 3 w
ki k] A
ap | fo
® % | 6 e
hd t )
oo | FD T
L B | €E 28
e L] ]
§ [ L
i "
%
SiReo
£ womeey | 0
el B b
L
oo | oo| oo | ooi B0} op | BD T
st n 1| o QN " 18 3
HDERED 2 2 2 2 4 ¢ 2 2
tp | F0 | Fm | fO | FO ] fD | fo i3
[T n L T 7| B " ¥ 9
1 o “ & ! -
X1, ADDR | fand
1 D
&7
LD
] EQ
F

Fig. 4.2: Eight-Bit Load Group—‘LD’

16-Bit Data Transfers

Basically, any of the 16-bit register pairs, BC, DE, HL, 8P, IX, 1Y,
may be loaded with a literal [6-bit operand, or from a specified
memory address (extended addressing), or from the top of the stack,
i.e., from the address contained in SP. Conversely, the contents of these
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register pairs may be stored in the same manner at a specified memory
address or on top of the stack. Additionally, the SP register may be
loaded from HL, IX, and IY. This facilitates creating muitipie stacks,
The register pair AF may also be pushed on top of the stack.

The table listing all the possibilities is shown in Figure 4.3. The stack
push and pop operations are included as parts of the 16-bit data
transfers. All stack operations transfer the contents of a register pair to
or from the stack. Note that there are no single push and pop instruc-
tions for saving individual eight-bit registers.

SOURCE

im. | EXT. | REG,
REGISTER EXT. } ADDAR.}INDIA,
AF BC DE | HL &p 74 4 nn Innl | ISP
AF
B
A DE
E
G
; HL
DESTINATION I
£
R | g oo
Fg
1X
1y
ext o7
ason,| ! n
1
PUSH »| FEG. | i5P} falal Fo
INSTRUCTEONS IND, £5 23]
MOTE: The Push & Pop lestructioar adjuit *

the 5P xfter svazy exscution POP
INSTRUCTIONS

Fig. 4.3: 16-Bit Load Group—'LD’, ‘PUSH’ and ‘POP’

A double-byte push or pop is always executed on a register pair: AF,
BC, DE, HL, IX, IY (see the bottom row and right-most column in
Figure: 4.3).

When operating on AF, BC, DE, HL, a single-byte 1s required for the

instruction, resulting in good efficiency. For example, assume that the¥
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stack pointer SP contains the value “*0100"". The foilowing instruc-
tion is executed:

PUSH AF

When pushing the contents of the register pair on the stack, the stack
pointer SP is first decremented, then the contents of register A are de-
posited on top of the stack. Then the SP 15 decremented again, and the
contents of F are deposited on the stack. At the end of the stack trans-
fer, SP points to the top element of the stack, which in our example
is the value of F.

it is important {o remember that, in the case of the Z80, the SP
points to the rop of the stack and the SP is decremented whenever a
register pair is pushed. Other conventions are often used in other pro-
cessors, and this may be a source of confusion.

IMPLIED ADDRESSING
aF | BC.DE &HL | HL | X 1%
AF 08
BC,
DE
iMPLIED] & o8
HL
DE BB
REG. | (sP} ez | oo | fD
INDIR, S0 Es E3

Fig. 4.4: Exchanges ‘EX’ and ‘EXX’

Exchange Instructions

Additionally, a specialized mnemonic EX has been reserved for ex-
change operations. EX is not a sumple data transfer, but a dual data
transfer. It actually changes the contents of rwo specified locations. EX
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may be used to exchange the top of the stack with HL, IX, 1Y and also
to swap the contents of DE and HL and AF and AF' (remember that
AF’ stands for the other AF register pair available in the Z80).
Finally, a special EXX instruction is available to exchange the con-
tents of BC, DE, HL with the contents of the corresponding registers in
the second register bank of the Z80.
The possible exchanges are summarized in Figure 4.4.

SOURCE
REG,
NDIR.
{HL})
=) ‘1.01" — Load {(DE)}-w—{HL}
AD Ine HEL & DE, Dee BC
ED ‘LOIR," — Load (DE}-a—(HL}
£a Ba Ine HL 8 DE, Dec BG, Repeat untif BC = 0
DESTINATION ;?VD&'R. {DE}
ED ‘'LDD’ — Load {DE)-s—[HL}
Ag Dec HE & DE. Dec BC
ED ‘LDDR’ — Load (DEe—{(HL}
B& Dec HL & DE, Dec BC, Repeatuntit BC =0

Reg HE  pomts to source
Reg DE  pomnts to destination
Reg BC s byte counter

Fig. 4.5: Block Transfer Group

Block Transfer Instructions

Block transfer instructions are instructions which will result in the
transfer of a block of data rather than a single or double byte. Block
transfer instructions are more complex for the manufacturer to imple-
ment than most instructions and are usually not provided on micropro-
cessors. They are convenient for programming, and may improve the
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performance of a program, especially during input/output operation,
Their use and advantages will be demonstrated throughout this book.
Some automatic block transfer instructions are available in the case of
the Z80. They use specific conventions.

All block transfer mstructions require the use of three pairs of
registers: BC, DE, HL:

BC is used as a 16-bit counter. This means that up to 2'* = 64K bytes
may be moved automatically. HL is used as the source pointer. It may
point anywhere in the memory. DE is used as the destination pointer
and may point anywhere in the memory.

Four block transfer instructions are provided:
L.DD, LDDR, LDI, LDIR

All of them decrement the counter register BC with each transfer, Two
of them decrement the pointer registers DE and HL, 1.DD and LDDR,
while the two others increment DE and HL, LDI and LDIR. For each
of these two groups of nstructions, the letter R at the end of the
mnemontc tndicates an automatic repeat. Let us examine these instruc-
tions.

LD{ stands for ‘‘load and increment.’” it transfers one byte from the
memory location pointed to by H and L to the destination in the
memory pointed to by D and E. It also decrements BC. It will automati-
cally increment H and L and D and E so that all register pairs are pro-
perly conditioned to perform the next byte transfer whenever required.

LDIR stands for “‘load increment and repeat,” l.e., execute LDI
repeatedly until the counter registers BC reach the value “*0°". It is used
to move a continuous block of data automatically from one memory
area to another,

LDD and LDDR operate 1n the same way except that the address
pointer 1s decremented rather than incremented. The transfer therefore
starts at the fughest address in the block instead of the lowest. The ef-
fect of the four instructions is summarized in Figure 4.5.

Similar automated instructions are available for CP (compare) and
are summarized in Figure 4.6,

Data Processing Instructions
Arithmeric

Two main arithmetic operations are provided: addition and subtrac-
tion. They have been used extensively in the previous chapter. There are
two types of addition, with and without carry, ADC and ADD respec-
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SEARCH
LOCATION
REG.
INDIR.
HL)
ED ‘CPY"
Al Ine HEL, Dec BC
£D ‘CPIR’, Ing HL, Dec BC
21 repeat until BC = @ er find match
£D ek Ht
a8 CPO” Deg HL & BC
ED ‘CPDOR' Dec HL & BC
BG Ruepaatunmil BC = 0 o find maich

Hi ponts to iocation in memaory
1o be compared with accumulator
contents

8¢ is byte counter

Fig. 4.6: Block Search Group

tively. Similarly, two types of subtraction are provided with and
without carry. They are SBC and SUB.

Additionally, three special instructions are provided; DAA, CPL,
and NEG. The Decimal Adjust Accumulator instruction DAA has been
used to implement BCD operations. It 15 normally used for each BCD
add or subtract. Two complementation instructions also are available.
CPL will compute the one’s complement of the accumulator, and NEG
will negate the accumulator 1nto its complement format{two’s comple-
ment).

All the previous instructions operate on eight-bit data. 16-bit opera-
tions are more restricted. ADD, ADC, and SBC are available on
specific registers, as described in Figure 4.8,

Finally, increment and decrement instructions are available which
operate on all the registers, both in an eight-bit and a 16-bit format.
They are listed in Figure 4.7 (eight-bit operations) and 4.8 (16-bit opera-
tions).
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SOURCE
REG.
AEGISTER ADDRESSING INDIA.|  INDEXED  |IMMED,
A -} c 3] E H L tHL) [ UX+) ] tires)| =n
: G oo (FD el
‘aADD’ 87 B a8t 82. 183 B84 BS 88 86 a6 -
N . . . [55+] Fb .
ADDwCARRY | BF 88| 88 - BA BB} BC [:1s] 8E BE 213 cE
‘ARC . I S L ) id d n
ot FD .
SUBTRACT o8 |98 96 e
'suB’ . 4 d L
.- oo 4]
§UB w CARRY CgB ) 9K 9E
“58C° 24 d
s .-l oD £0
AND’ A8 As AB
Sl d d
R B2 FDO
HOR* AE: ] AE AE
e L [H
oo FO
‘oR’ B6 56
g d
5] Fi
COMPARE ] BE BE
P’ i g
oe Fo
INCREMENT 34 34
1N d
j2le] FD
DECREMENT a5 m
‘DEC @

Fig. 4.7: Eight-Bit Arithmetic and Logic

Note that, in general, all arithmetic operations modify some of the
flags. Their effect is fully described in the instruction descriptions later
in this chapter. However, it is important to note that the INC and DEC
instructions which operate on register pairs do not modify any of the flags.

This detail is important to keep in mind. This means that if you incre-
ment or decrement one of the register pairs to the value “0', the Z-bit
n the flags register F will not be set. The value of the register must be
explicitly tested for the value *0°" in the program.

Also, it is important to remember that the instructions ADC and SBC
always affect all the flags. This does not mean that all the flags will
necessarily be different after their execution. However, they might.
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SOURCE
Bc | DE | HL | sp X 1y
HL | 09 19 28 38
5 | apD X oo | oo Do | DD
= 09 19 39 29
<
=
= iy 0 | FD FD FD
2 09 19 39 2
(=]
ADDWITHCARRY AND | HL | ED | ED | ED | ED
SETFLAGS ‘ADC 46 | A | BA | 7A
SUBWITHCARAYAND { HL | ED | 8D | €0 | ED
SET FLAGS  ‘SBC 42 52 82 | 72
INCREMENT  “INC' ic] 13 23 | 33 | DD FD
23 23
DECREMENT 'DEGC’ 08 1B 28 { 38 | DD FD
28 28
Fig. 4.8: Sixteen-Bit Arithmetic and Logic
Logical

Three logical operations are provided: AND, OR (inclusive) and
XOR (exclusive), plus a comparison 1nstruction CP. They all operate
exclusively on eight-bit data. Let us exarne them in turn. (A table list-
ing all the possibilities and operation codes for these instructions is part
of Figure4.7.)

AND

Each logical operation is characterized by a trutht rable, which ex-
presses the logical value of the result in function of the inputs. The
truth table for AND appears below:
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0ANDO =0 AND | 0 | 1
OANDI =0

IANDO=0 & | 0 10 9
IANDI = | i 0 I

The AND operation 1s characterized by the fact that the output is
1" only if both inputs are “*1*'. In other words, if one of the inputs is
“0°, it is guaranteed that the result 1s ‘0", This feature is used to zero
a bit position in a word. This is called *‘masking.”

One of the important uses of the AND instruction is to clear or
“‘mask out”’ one or more specified bit positions in a word. Assume for
example that we want to zero the right-most four-bit positions in a
word. This will be performed by the following program:

LD A, WORD WORD CONTAINS ‘10101010’
AND 11110000B ‘11110000° IS MASK

Let us assume that WORD 15 equal to ‘10101010°. The resuit of this
program is to leave the value *10100000° in the accumulator. “B” is
used to indicate a binary value, b

Exercise 4.1; Write a three-line program which will zero bits I and 6 of
WORD.

Exercise 4.2: What happens with a MASK = ‘11111111'%
OR

This instruction 15 the inclusive OR operation. It is characterized by
the following truth table:

OORO =0 orR [ ¢ |
OOR 1 = |

{1ORO =1 0 0 !
10R1 = I | | :

The logical OR is characterized by the fact that if one of the operands
is **1"7, then the result is aiways ‘*1"’. The obvious use of OR is to set
any bit in a word to *‘1°".

Let us set the right-most four bits of WORD to 1's. The program is:

LD A, WORD
OR A, 00001111B
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Let us assume that WORD did contain *10101010". The final value of
the accumulator will be *10101111°.

Exercise 4.3: What would happen if we were to use the Instruction
OR 10101111 B?

Exercise 4.4: What is the effect of ORing with *"FF°" hexadecimal?

XOR

XOR stands for “‘exclusive OR."” The exclusive OR differs from the
inclusive OR that we have just described in one respect: the result is
“1" only if cne, and only one, of the operands is equal to **1”°. If both
operands are equal to **1", the normal OR would give a *1"’ result.
The exclusive OR gives a ‘0" resuit. The truth table is:

0 XOR 0 =0 xor] o0 | i
OXOR I = |

I1XORo=1 o | O O} 1
{ XOR1 = 0 1 | 1] o

The exclusive OR is used for comparisons. If any bit is different, the
exclusive OR of two words will be non-zero. In addition, in the case of
the Z80, the exclusive OR may be used to complement a word, since
there 1s no complement instruction on anything but the accumulator,
This is done by performing the XOR of a word with all ones. The pro-
gram appears below:

LD r, WORD
XOR, 11111111 B
ILDr, A

“F"

where designates the register.

Let us assume that WORD contained *“10101010"’. The final value of
the register will be ““01010101”". You can verify that this is the comple-
ment of the original value.

XOR can be used to advantage as a “*bit toggle.”’

Exercise 4.5: What is the effect of XOR using a register with “00" hex-
adecimal?

Skew Operations {Shift and Rotate)

Let us first differentiate between the shift and the rotate operations,
which are illustrated in Figure 4.9. In a shift operation, the contents of
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the register are shifted to the left or to the right by one bit position. The
bit which falls out of the register goes nto the carry bit C, and the bit
which comes 1n is zero. This was explained in the previous section.

SHIFT LEFT

P AN A AN U R A R R S

( CARRY

ROTATE LEFY
!_ e AR D Yy L
Id

CARRY )
[

-

Fig. 4.9: Shift and Retate

One exception exists: it 15 the shift-right-arithmetic, When perform-
ing operations on negative numbers in the {wo’s complement format,
the left-most bit is the sign bit. In the case of negative numbers it 15
“1"', When dividing a negative number by “*2”" by shifting it to the
right, it should remain negative, i.e., the left-most bit should remain a
1", This i1s performed automatically by the SRA instruction or Shift
Right Arithmetic. In this arithmetic shift right, the bit which comes in
on the left is identical to the sign bit. 1tis “*0" if the left-most bit was a
“0"", and *“1"" if the left-most bit was a “1"". This is illustrated on the
right of Figure 4,10, which shows all the possible shift and rotate opera-
tions,

Rotations

A rotation differs from a shift by the fact that the bit coming into the
register is the one which will fall from either the other end of the
register or the carry bit. Two types of rotations are supplied in the case
of the Z80: an eight-bit rotation and a nine-bit rotation.

The nine-bit rotation is iltustrated in Figure 4.11. For example, in the
case of a right rotation, the eight bits of the register are shifted right by
one bit position. The bit which falls off the nght part of the register
goes, as usual, into the carry bit. At this time the bit which comes in on
the left end of the register is the previous value of the carry bit (before it
is overwritten with the bit falling out.) in mathematics this is called a
nine-bit rotation since the eight bits of the register plus the minth bit (the
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carry bit) are rotated to the right by one bit position. Conversely, the
left rotation accomplishes the same result in the opposite direction.

LS 1 £ o 1 ] ML) T wE I v A ) —— g m"uh;:—u.
T
L= [ (13 i< s s x |2 (=] 1] tx LIST R o ]
L Koyt Drndm
we | o ] o alalalalals,a wcal w
= L TR o o o 2] £ k]
Bt @ o
S5 b
L PRSI o | ex | oo b ca | a | er i mal W
wm|n nof o E3 B M N
S ater
e wlalalalajalia ola ;5: ?5 rea | 1w A
rglan T
on sl ol | il e ] cofen {8 | en Mu:‘:’_
ST EL ] E O B L) % A 1 et
i
RLFY o [s] [%:3 £=3 SI (1) ir (_! :l a ey
w ) 7 oz | 7§ st a 1 J—— [irp—
T
LI ca (3] ox e (4} (=] o [~ = <%
* = L ia a x » o ‘;, ‘l oty
¥ A g
e 1 :
rmes
o [ I ST RN C ey
b b T -
B
L=
Fig. 4.10: Rotates and Shifts
7 REGISTER [¢] C
- — b
RIGHT [
7 REGISTER [ C
!
—
LEFT i ;
L

Fig. 4.11: Nine-Bit Rotation

The eight-bit rotation operates in a similar way. Bit 0 1s copied into
bit seven, or else bit seven is copled into bit 0, depending on the direc-
tion of the rotation. In addition, the bit coming out of the register is
also copied in the carry bit. This is illustrated by Figure 4.12.

C
7 ;
RIGHT

C
L 7 o} f
LEFT !

Fig. 4.12: Eight-Bit Rotation
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Special Digit Instructions

Two special digit-rotate instructions are provided to facilitate BCD
arithmetic. The result is a four-bit rotation between two digits con-
tained in the memory location pointed to by the HL registers and one
digit in the lower half of the accumulator. This 15 illustrated by Figure

4,13,

MEMORY

/\/’\/_

RIGHT: ‘ ¥ - - &

H ADDRESS 1 b e

MEMORY

LEFE: ? € Q- P=
i

Fig. 4.13: Digit Rotaie Instructions (Rotate Decimal)

Bit Manripulation

It has been shown above how the logical operations may be used to
set or reset bits or groups of bits in specific registers. However, it is con-
venient to set or reset any bit in any register or memory location with a
single instruction. This facility requires a considerable number of op-
codes and is therefore usually not provided on most microprocessors.
However, the Z80 is equipped with extensive bit-manipulation
facilities. They are shown in Figure 4.14. This table also includes the
test instructions which will be described only in the next section,

Two special instructions are also available for operating on the carry
flag. They are CCF (Complement Carry Flag) and SCF (Set Carry
Flag). They are shown in Figure 4.15.

Test and Jump

Since testing operations rely heavily on the use of the flags register,
we will here describe in detail the role of each of the flags. The contents
of the flags register appear in Figure 4.16.
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Fig. 4.14: Bit Manipulation Group

173



PROGRAMMING THE Z80

Decimal Adjust Ace. ‘DAA’ 27
Complement Acg, 'GPE’ 2F
Negate Ace, ‘NEG’ ED
12's complement} 44

Complerment Carry Flag, 'CCF’ |- 3F

Sot Carry Flag, 'SCF’ a7

Fig. 4.15; General-Purpose AF Operations

7 6 5 4 3 2 | [t}
5 Z - H — PV N C
mm n n

Fig. 4.16: The Flags Register

C 15 the carry, N is add or subtract, P/V is parity or overflow, H is half
carry, Z is zero, 5 1s sign. Bits 3 and 5 of the flags register are not used
(““="). The two flags H and N are used for BCD arithmetic and cannot
be tested. The other four flags (C, P/V, Z, S) can be tested in conjunc-
tion with conditional jump or call instructions.

The role of each flag will now be described.

Carry (C)

In the case of nearly all microprocessors, and of the Z80 in par-
ticular, the carry bit assumes a dual role. First, it is used to indicate
whether an addition or subtraction operation has resulted in a carry (or
borrow). Secondly, it is used as a ninth bit in the case of shift and rotate
operations. Using a single bit to perform both roles facilitates some
operations, such as a multiplication operation. This should be clear
from the explanation of the multiplication which has been presented in
the previous chapter,
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When learning to use the carry bit, it is important to remember that
all arithmetic operations will either set it or reset it, depending on the
result of the instructions. Similarly, all shift and rotation operations use
the carry bit and will either set it or reset it, depending on the value of
the it which comes out of the register.

In the case of logical instructions (AND, OR, XOR), the carry bit
will always be reset. They may be used to zero the carry explicitly.

Instructions which affect the carry bit are: ADD A,s; ADC As;
SUB s; SBC A,s; CP 5; NEG; AND s; OR s; XOR s; ADD DD, ss; ADC
HL,ss; SBC HL,ss; RLA; RLCA; RRA; RRCA; RL m: RLC m: RR m;
RRC m; SLA m; SRA m: SRL m: DDA SCF; CCF; NEGs:

Subtract (N}

This flag is normally not used by the programmer, and 1s used by the
Z80 itself during BCD operations. The reader will remember from the
previous chapter that, following a BCD add or subtract, a DAA
{Decimal Adjust Accumulator) instruction is executed to obtain the
valid BCI) results. However, the “‘adjustment’’ operation is different
after an addition and after a subtraction. The DAA therefore executes
differently depending on the vaiue of the N flag, The N flag is set to
*0’" after an addition and is set to a **1"’ after a subtraction.

The symbol used for this flag, **N’’, may be confusing to program-
mers who have used other processors, since it may be mistaken for the
sign bit, It is an internal operation sign bit.

Nisset to “0" by: ADD A,s; ADC As;ANDs; ORs: XOR sy INCs;
ADD DD, ss; ADC HL,ss; RLA; RLCA; RRA; RRCA; RL m; RLCm;
RR m; RRCm; SLA m; SRA m; SRL m; RLD; RRD; SCF; CCF; IN 1,
(C); LDIL; LDD: LDIR; LDDR; LD A, I; LD A, R; BIT b, s,

Nissetto “1” by: SUBs; SBC A,s; CP s; NEG; DEC m; SBC HL, sst
CPL; INI; IND: OQUTL; OUTD; INIR; INDR; OTIR; OTDR: CPL
CPIR; CPD; CPDR.

Parity/Overflow (P/V}
" The parity/overflow flag performs two different functions. Specific
instructions will set or reset this flag depending on the parity of the
result; parity is determined by counting the total number of ones in the
result, If this number is odd, the parity bit will be set to **0"’ (odd pari-
ty). If it i1s even, the parity bit will be set to *‘1"" {even parity}. Parity is
maost frequently used on blocks of characters (usually in the ASCII for-
mat). The parity bit 1s an additional bit which is added to the seven-bit
code representing the character, in order to verify the integrity of data
which has been stored in a memory device. For example, if one bit in
the code representing the character has been changed by accident, due
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to a malfunction in the memory device (such as a disk or RAM
memory), or during transmussion, then the total number of ones in the
seven-bit code will have been changed, By checking the parity bit, the
discrepancy will be detected, and an error will be flagged. In particular,
the flag is used with logical and rotate instructions. Also, naturally,
during an input operation from an 1/Q device, the parnity flag will in-
dicate the parity of the data being read.

For the reader familiar with the Intel 8080, note that the parity flag in
the 8080 is used exciusively as such. In the case of the Z80, it is used for
several additional functions. This flag should therefore be handled with
care when going from one of the microprocessors to the other.

In the case of the Z80, the second essential use of this flag 1s as an
overflow flag {not available in the 8080). The overflow flag has been de-
scribed in Chapter I, when the two’s complement notation was intro-
duced. It detects the fact that, during an addition or subtraction, the
sign of the result 15“‘accidentally’’changed due to the overflow of the
result into the sign bit. {Recall that, using an eight-bit representation,
the largest positive number is + 127, and the smallest negative number
i$ — 128 in two's complement.)

Finally, this bit is also used, in the case of the Z80, for two unrelated
functions.

During the block transfer instructions (LDD, LDDR, LDI, LDIR),
and during the search instructions (CPD, CPDR, CPi, CPIR), this flag
is used to detect whether the counter register B has attained the value
“0". With decrementing instructions, this flag is reset to 0’ if the
byte counter register pair is *“0°’. When incrementing, it is reset if BC —
I = 0 at the beginning of the instruction, i.e., if BC will be decremented

to *‘0’* by the instruction.
Finally, when executing the two special instructions LD AT and LD

A.R, the P/V flag reflects the value of the interrupt enable flip-flop
(IFF2). This feature can be used to preserve or test this value.

The P flag 1s affected by: AND s: OR s; XOR s; RL m; RLCm; RR m;
RRC m; SLA m: SRA m; SRL m: RLD; RRD; DAA; INT1,(C).

The V flag is affected by: ADD A.5; ADC A ,5;SUBs: SBCA5;CPs:
NEG; INCs; DEC m; ADC HL,ss; SBC HL,ss.

It 15 also used by: LDIR; LDDR (set te ““‘0°"); LDI; LDD: CPI:
CPIR; CPD; CPDR.

The Half-Carry Flag (H)

7 The half-carry flag indicates a possible carry from bit 3 into bit 4 dur-
ing an arithmetic operation. In other words, it represents the carry from
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the low-order nibble (group of 4 bits) into the high order one. Clearly, it
is primarily used for BCD operations. In particular, it is used internally
within the microprocessor by the Decimal Adjust Accumulator (DAA)
instruction in order to adjust the result to its correct value.

This flag will be set during an addition when there is a carry from bit
3 to bit 4 and reset when there is no carry. Conversely, during a subtract
aperation, it will be set if there is a borrow from bit 4 to bit 3, and reset
if there is no borrow.

The flag will be conditioned by addition, subtraction, increment,
decrement, comparisons, and logical operations.

Instructions which affect the H bit are: ADD A,r ; ADD A,5; SUBs;
SBC As; CP s; NEG: AND s; OR s; XOR s; INC s; DEC m; RLA;
RLCA; RRA; RRCA; RL m; RLC m; RR m; RRC m; SLA m; SR m;
SRL m; RLD; RRD; DAA; CPL,; SCF; INr(C); L.DI; LLD; LDIR;
LDDR; LD A: LD Ar; BIT b.r.

Note that the H bit is randomly affected by the 16-bit add and sub-
tract instructions, and by block input and output instructions,

Zero (£}

The Z flag is used to indicate whether the value of a byte which has
been computed, or is being transferred, is zero. It is also used with com-
parison instructions to ndicate a match, and for other miscellaneous
functions.

In the case of an operation resuiting in a zero result, or of a data
transfer, the Z bit is set to *‘1"” whenever the byte 15 zero. Z is reset to
0 otherwise.

In the case of comparison instructions, the Z bit 15 set to ‘1" when-
gver the comparison succeeds and to ‘0" otherwise,

Additionally,inthe case of the Z80, it is used for three more functions:
it is used with the BIT instruction to indicate the value of a bit being
tested. It is sef to ““17 if the specified bit is ‘*0"" and reset otherwise.

With the special ‘‘block input-output instructions” (INI, IND,
OUTIL, OQUTD), the Z flagissetif D — | = 0, and reset otherwise; it is
set if the byte counter will decrement to **0"" (INIR, INDR, OTIR,
OTDR).

Finally, with the special instructions IN 1,{C), the Z flag is set to ‘1"’
to indicate that the input byte has the value “0"".

In summary, the following instructions condition the value of the Z
bit: ADD A.5; ADC A,s5;SUB s5; SBC A,s; CP s; NEG; AND s; OR s
XOR s; INC s5; DEC m; ADC HL, ss; SBC HL,ss; RL m; RLC m;
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RR m; RRC m; SLA m; SRA m; SRL m; RLD; RRD; DAA; IN 1,{C)k
INI; IND; OUTI; OUTD:; INIR; INDR; OTIR; OTDR; CPI; CPIR;
CPD; CPDR;LDA,I; LD A, R; BITb,s; NEGs.

Usual instructions which do not affect the Z bit are: ADD DD, ss:
RLA; RLCA; RRA: RRCA: CPL; SCF; CCF: LDI; LDD; LDIR;
LDDR; INC DD; DEC DD.

Sign (S)

This flag reflects the value of the most significant bit of a result or of
a byte being transferred (bit seven). In two's complement notation, the
most significant bit is used to represent the sign. *‘0”’ indicates a posi-
tive number and a ‘1" indicates a negative number. As a result, bit
seven is called the sign bit,

In the case of most microprocessors, the sign bit plays an important
role when communicating with input/output devices. Most micropro-
cessors are not equipped with a BIT instruction for testing the contents
of any bits in a register or the memory. As a result, the sign bit is usual-
ly the most convenient bit to test. When examining the status of an in-
put/output device, reading the status register will automatically condi-
tion the sign bit, which will be set to the value of bit seven of the status
register. It can then be tested conveniently by the program. This 1s why
the status register of most input/output chips connected to micropro-
cessor systems have their most important indicator {usually ready/not
ready) in bit position seven.

A special BIT instruction is provided in the case of the Z80.
However, in order to test a memory location {which may be the address
of an 170 status register), the address must first be loaded into registers
iX, IY or HL. There is no bit instruction provided to test a specified
memory address directly (i.e., no direct addressing mode for this in-
struction). The value of positioning an input/output ready flag in bit
position seven, therefore, remains intact, even in the case of the Z80.

Finally, the sign flag is used by the special instruction IN, (C) to in-
dicate the sign of the data being read.

Instructions which affect the sign bit are: ADD A,s; SUB s; SBC A.s:
CP s; NEG: AND s: OR 5; XOR s; INC 5: DEC m; ADC HL, ss; SBC
HL, ss; RL m: RLCm; RRm; RRCm; SLAm; SRAm; SRLm; RLD;
RRD; DAA; IN r,{C); CPR; CPIR; CPD; CPDR: LD AL LD A1
NEG.
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Summary of the Flags

The flag bits are used to automatically detect special conditions with-
in the ALU of the microprocessor. They can be convemently tested by
specialized instructions, so that specific action can be taken in response
to the condition detected. It is important to understand the role of the
various indicators available, since most decisions taken within the pro-
gram will be taken in function of these flag bits. All jumps executed
within a program will jump to specified locations depending on the
status of these flags. The only exception involves the interrupt
mechanism, which will be described in the chapter on input/output and
may cause jumping to specific locations whenever a hardware signal is
received on specialized pins of the Z80.

At this point, it is only necessary to remember the main function of
each of these bits. When programming, the reader can refer to the de-
scription of the instruction later in this chapter to verify the effect of
every instruction of the various flags. Most flags can be ignored most of
the time, and the reader who is not yet familiar with them should not
feel intimidated by their apparent complexity. Their use will become
clearer as we examine more application programs.

A summary of the six flags and the way they are set or reset by the
various instructions is shown in Figure 4,17.

The Jump Instructions

A branch instruction is an instruction which causes a forced bran-
ching to a specified program address, It changes the normal flow of
execution of the program from a sequential mode into one where a dif-
ferent segment of the program is suddenly executed, Jumps may be
conditional or unconditional. An unconditional jump is one in which
the branching occurs to a specific address, regardless of any other con-
dition.

A conditional jump is one which occurs to a specific address only if
one or more conditions are met. This is the type of jump instruction
used to make decisions based upon data or computed resuits.

In order to explain the conditional jump instructions, 1t is necessary
to understand the role of the flags register, since all branching decisions
are based upon these flags. This was the purpose of the preceding sec-
tion. We can now examine in more detail the jump instructions pro-
vided by the Z80.

Two main types of jump instructions are provided: jump instructions
within the main program (they are called *‘jumps’’), and the special
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INSTRUCTION clz|%isinin COMMENTS
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RLD. ARD s« jpPJij0{Q Rotate digit left and right
oAA i [ O L B Decimal adhust accamulator
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Fig. 4.17: Summary of Flag Operation
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type of branch instructions used to jump to a subroutine and to return
from it (*‘call’” and *‘return’’), As a result of any jump instruction, the
program counter PC will be reloaded with a new address, and the usual
program execution will resume from this point on, The full power of
the various jump instructions can be understood only in the context of
the various addressing modes provided by the microprocessor. This
part of the discussion will be deferred until the next chapter, where the
addressing modes are discussed. We will only consider here the other
aspects of these instructions.

Jumps may be unconditional (branching to a specified memory ad-
dress} or eise conditional. in the case of a conditional jump, one of four
flag bits may be tested, They are the Z, C, P/V, and S flags. Each of
them may be tested for the value 0" or 17,

The corresponding abbreviations are:

Z =zero(Z = 1)

NZ = nonzero (Z = 0)
C =carry (C = 1)
NC= no carry (C =0}
PO = odd parity

PE = even parity

P = positive (§ = )
M = minus 8 = 1)

;

In addition, a special combination instruction is available in the Z80
which will decrement the B register and jump to a specified memory ad-
dress as long as it is not zero. This is a powerful instruction used to ter-
minate a loop, and it has already been used several times in the previous
chapter: it is the DINZ instruction.

Similarly, the CALL and the RET (return) instructions may be condi-
tional or unconditional, They test the same flags as the branch instruc-
tion which we have already described.

The availability of conditional branches is a powerful resource in a
computer and is generaliy not provided on other eight-bit micropro-
cessors, It improves the efficiency of programs by implementing in a
single instruction what requires two instructions otherwise.

Finally, two special return instructions have been provided in the case
of interrupt routines. They are RETI and RETN. They will be described
in the section of Chapter 6 on interrupts.

The addressing modes and the opcodes for the various branches
available are shown in Figure 4.18.
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CONDITION
UN- HOK ON  [PARITY |PARITY ] SIGN 2IGH REG
conp. | CARRY| casry| ZiAo | ZERO |even [oob NEG rOs 20
c3 DA [+F] CA c2 EA EZ FA £2
Jusp FRMIMED, on n o n n n n n a n
XY, n n n n n n n a n
Jumr JRY BELATIVE | PQrs 18 ki) a3 i 20
&2 e? ¥ 2 L
JuMp g {HLE EG
JUMP R R/EG, 1 a]s]
tNDHA, E9
HMP g i) FQ
£3
[=3) oc D4 oo 4 £ E4 24 Fil
"CALL" IMMED. an n " n n n # Ll a [
EXT. n n ] 3 n n n o #
DECREMENT B,
JUMP IF NON RELATIVE | Pl 19
ZEAD RINZ' +2
RETUAN REGISTER | (5P} =] oce oo | es co ta EQ B F@
‘RET" INDIR, [5Pe ¥}
RETURN FROM ; HEG, sr) ED
INY "RETF INDIR. ISP+11] 40
RETUAN FROM
NON MaskasLe | REC. (sP1 ED
INT ‘RETN NDIR, (5PH1} ] a5

Fig. 4.18: Jump Instructions

A detailed discussion of the various addressing modes is presented
in Chapter 5.
By examining Figure 4.18, it becomes apparent that many ad-
dressing modes are restricted. For exampie, the absolute jump JPnn

can test four flags, while JR can only test two flags.

Mote an important observation: JR tends to be nsed whenever
possible as it is shorter than JP (one less byte) and facilitates program
relocation. However, JR and JP are not interchangeable: JR cannot
test the parity or the sign flags.
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One more type of specialized branch is available; this is the restartor
RST instruction. It is a one-byte instruction which allows jumping to
any one of eight starting addresses at the low end of the memory. Its
starting addresses are, in decimal, 0. 8, 16, 24, 32, 40, 48 and 56. Itis a
powerful instruction because it is implemented in a single byte. It pro-
vides a fast branch, and for this reason is used essentially to respond to
interrupts. However, it is also available to the programmer for other

uses. A summary of the opcodes for this instruction is shown in Figure
4,19,

oP
CODE
0000, ‘AST O
0008, ‘RET &'
5 | %% "RST 16
L
L
A ne1gy, ‘AST 24°
D
D
g | 0020, ‘RST 32
5
s
0028, 'AST 40°
0030, '‘RST 48*
oe3g, ‘AST 56

H indicates o hexldecimal number.

Fig. 4.19: Restart Group

Input/Output Instructions

Input/output techniques will be described in detail in Chapter 6.
Simply, input/output devices may be addressed in two ways: as
memory locations, using any one of the instructions that have already
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been described, or using specific input/ocutpul instructions. Usual
memory addressing instructions use three bytes: one byte for the op-
code and two bytes for the address. As a result, they are slow to ex-
ecute, since they require three memory accesses. The main purpose of
specialized input/output instructions 1s to provide shorter and,
therefore faster, instructions. However, input/output instructions have
two disadvantages,

First, they “‘waste' several of the precious few opcodes available
{since usually only 8§ bits are used to supply all opcodes necessary for a
micreprocessor}. Secondly, they require the generation of one or more
specialized input/output signals, and therefore ‘‘waste’’ one or more of
the few pins available in the microprocessor. The number of pins is
usually limited to 40. Because of these possible disadvantages, specific
mput/output instructions are not provided on most mMicroprocessors.
They are, however, provided on the oniginal 8080 (the first powerful
eight-nt general-purpose microprocessor tntroduced) and on the Z80,
which we know is compatible with the 8080.

The advantage of input/output instructions is to execute faster by re-
quiring only two bytes. However, a similar result can be obtained by
supplying a special addressing mode called *‘page 0°' addressing, where
the address 1s limited to a field of eight bits. This solution 15 often
chosen 1n other microprocessors.

The twe basic input/output instructions are IN and OUT. They
transfer either the contents of the specified 1/0 locations into any of
the working registers or the contents of the register into the /0 device.
They are naturally two bytes long. The first byte is reserved for the op-
code, the second byte of the instruction forms the low part of the ad-
dress, The accumulator is used to supply the upper part of the address.
It is therefore possible to select one of the 64K devices. However, this
requires that the accumulator be loaded with the appropriate contents
every time, and this may slow the execution.

In the register-inpur mode, whose format is IN r, (C), the register
pair B and C is used as a pointer to the 1/0 device. The contents of B
are placed on the high-order part of the address bus., The contents of
the specified I/0 device are then loaded into the register designated by
r.

The same applies to the QUT instruction.

Additionally, the Z80 provides a register-indirect mode, plus four
specialized block-transfer instructions for input and output.

The four block-transfer instructions on input are: INI, INIR
(repeated IND), IND and INDR (repeated IND), Similarly, on output,
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they are: QUTI, OTIR, OUTD, and OTDR.

In this automated block transfer, the register pair H and L is used as
a destination pointer. Register C is used as the /0O device selector {(one
out of 256 devices). In the case of the output instruction, H and L point
to the source. Register B is used as a counter and can be incremented
or decremented. The corresponding instructions on input are INI
when incrementing and IND when decrementing.

INI g an automated single-byte transfer. Register C sefects the input
device. A byte 1s read from the device and is transferred to the memory
address pointed to by H and L. H and L are then incremented by 1, and
the counter B is decremented by 1.

INIR is the same instruction, automated. It is executed repeatedly
until the counter decrements to *‘0”’, Thus, up to 256 bytes may be
transferred automatically. Note that to achieve a total transfer of exact-
ly 256, register B should be set to the value **0°’ prior to executing this
instruction. »

The opcodes for the input and output instructions are summarized in
Figures 4.20 and 4.21.

Control Instructions

Control instructions are instructions which modify the operating
mode of the CPU or manipuiate its internal status information, Seven
such instructions are provided.

The NOP instruction is a no-operation instruction which does
nothing for one cycle, It is typically used either to introduce 2 deliberate
delay (4 states = 2 microseconds with a 2MHz clock), or to fill the gaps
created in a program during the debugging phase. In order to facilitate
program debugging, the opcode for the NOP is traditionally all 0's.
This is because, at execution time, the memory is often cleared, i.e., all
0’s. Executing NOP’'s is guaranteed to cause no damage and will not
stop the program executlon.

The HALT instruction is used in conjunction with nterrupts or a
reset. It actually suspends the operation of the CPU. The CPU will then
resume operation whenever either an interrupt or a reset signal 1s re-
ceived. In this mode, the CPU keeps executing NOP’s. A halt is often
placed at the end of programs during the debugging phase, as there 15
usually nothing else to be done by the main program. The program
must then be explicitly restarted.

Two specialized instructions are used to disable and enable the inter-
nal interrupt flag. They are El and DI. Interrupts will be described in
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SOURCE
REG.
REGISTER HD.
A ] [ D E H L 1HE
Immend (ol | D3
out
ReG. i o) | sp i En | Eo i gp | ED | ED | €p
IND. 79 | 4 ) 51 g | el &0
YUTH -~ QUTPUT nea. | @ £
inc HL, Decb 156, A3
‘OTIA’ - OUTPUT, IncHL. | REG. ] t2) £D
Dec B, REPEAT IF B#0 14D, 83 BLOCK
> QUTPUT
OUTD — QFFPUT REG. | 1ot €0 COMMANDS
Drc L&Y IND. AB
‘OTGA' «» OUTPUT, Dec KL | REG. | (©1 ic
& B, AEPEAT IF B0 ND. &8
——
PGRT
CESTINATION
ADDAESS
Fig. 4.20: Output Group
SOURCE
PORT ADDRESS
MMED ] REG.
WOIR
in} ict
A e 1 0
n ki
i} £
W
]
€
¢ |e £
it
Thrut I G
D o w
a e
H
H E £0
!
INPUT H #
DESTINATICN L €0
&0
L £0
-]
I = RPUT & 1:]
Ing bi, O 3 AT
ANIR — IMFP g HL, [3:]
Dwc B, REFEAT IF G20 B2
bkl S 5 BLOCK INPUT
TRt & £0 COMMANDS
Ouc HL, Ouc AL
HNGAT - RPUT D o ED
s 8, AEPEAT 1F Bog Y

Fig. 4.21: Input Group
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Chapter 6. The interrupt flag is used to authorize or not authorize the
interruption of a program. To prevent interrupts from occurring during
any specific portion of a program, the interrupt flip-flop (flag) may be
disabled by this instruction. It will be used in Chapter 6. These in-
structions are shown in Figure 4.22.

‘NOP’
‘HALT'
DISABLE INT (D8}’

ENABLE INT "{EI}

SET INY MODE O ED

Mo 45 | 8080AMODE
ST 0 | caLLTo LocATION o038,
-
SET INT MODE 2 ED | INDIRECT CALL USING REGISTER
™Mz BE | |AND8BITS FROM INTERRUPTING
DEVICE AS A POINTER,

Fig. 4.22: Miscellaneous CPU Conirol

Finally, three mnterrupt modes are provided in the Z80, (Only one is
available on the 8080). Interrupt mode 0 is the 8080 mode, interrupt 1 is
a call to location 038H, and interrupt mode 2 1s an indirect call which
uses the contents of the special register I, plus 8 bits provided by the in-
terrupting device as a pointer to the memory location whose contents
are the address of the interrupt routine, These modes will be explained
in Chapter 6.
which will also be explained in Chapter 6. They are the IRQ and the
NMI pins.
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SUMMARY

The five categories of instructions available on the Z80 have now
been described. The details on individual instructions are supplied in
the following section of the book. It is not necessary to understand the
role of each instruction in order to start to program. The knowledge of
a few essential instructions of each type is sufficient at the beginning.
However, as you begin to write programs by vourself, you should learn
about all the instructions of the Z80 if you want to write good pro-
grams. Naturally, at the beginning, efficiency is not important, and this
ts why most mstructions can be jgnored.

One important aspect has not yet been described. This 1s the set of
addressing techniques implemented on the Z80 to facilitate the retrieval
of data within the memory space. These addressing techniques will be
studied in the next chapter.
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THE Z80 INSTRUCTIONS: INDIVIDUAL DESCRIPTION

ABBREVIATIONS
FLAG ON OFF
Carry C(carry) NC (no carry)
Sign M (minus) P (plus)
Zero Z (zero} NZ (non zero)
Parity PE (even) PO {odd)

® changed functionally according to operation

Q flag 15 set to zero

I flag is set to one

? flag is set randomiy by operation

X special case, see accompanying note on that page

bit positions 3 and 5 are always random

189




PROGRAMMING THE Z80

ADCA,

Function:

Format:

190

8

(HL)

(IX + d)

1y + d)

Add accumulator and specified operand with
carry,

A—A+s+ C

simayber, n, (HLL(X + d), or (IY + d)

[Tl =]
HM D[ To] oyet:cE

i T T t t{ajyteZ: immediate
ofofojrfr]]o]

[rei!ilollj byte I: DD

(o]

E

0{1!:‘1’0! byte 2: 8E

byte 3: offset value

byte 1: FD

byte 2: BE

ol
B
3k

L L3 Ll

byte 3: offset value

r may be any one of:

A - 111 E - 011
B - 000 H - 100
C - 001 L - 101
D - 010
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Description: The operand s and the carry flag C from the status
register are added to the accumulator, and the
resuit is stored in the accumulator. s 1s defined in
the description of the similar ADD instructions.

Data Flow:

A

8

D E ALY [ |
H +C

Timing: usec
5 M cycles: | Tstates: | @ 2 MHz:
r i 4 2
n 2 7 15
(ML} 2 7 3.5
(IiX + ) 5 19 9.5
(1Y + d) 5 19 9.5

Addressing Mode:

Byte Codes:

Flags:

Example:

M

CE
1A

T —
OBJECY CODE

r: implicit; n: immediate; (HLY: indirect; (IX +
d), Y + d): indexed.

ADC Ar - A 8 C D E H L

[aplsalavla,migalacl&ﬂ

H PAO N C

(e[e] Te] Je[Cl®]

ADC A, A

Before: After:

Al o | w1 [f A0k
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ADC HL, ss

Add with carry HL and register pair ss.

Function: HL - HL +ss + C
Format:
‘|f|i’|'oi|i|,0||! byte i: ED
Lol ls s ]efrfef by
Description. The contents of the HL register pair are added to
the contents of the specified register pair, and then
the contents of the carry flag are added. The final
result is stored back in HL. ss may be any one of:
BC - 00 HL - 10
DE — 01 Sp - 11
Data Flow: |
A g \/
B C
D E ALU
L [_HV//// I +

se|

—

Timing:

Addressing Mode:

Byte Codes:

192

4 M cycles; 15 T states: 75 usec @ 2 MHz

Implicit.

BC DE HL spP

58!
o [ o]



Flogs:

Example:

ED

SA,

OBJECT
CODE

THE Z80 INSTRUCTION SET

H pAO N C

CORUROE0

H is set if there is a carry from bit 1 1.

ADC HL, DE

Before: After:

[ a I Tl

o 329 E 3293 E
OF18 L H . aans

I
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ADD A, (HL) Add accumulator with indirectly addressed
memory {ocation (HL).
Function: A+~ A + (HL)
Format:
L lofofofol ] fof 86
Description. The contents of the accumulator are added to the
contents of the memory location addressed by the
HIL. register pair. The result 1s stored in the ac-
cumulator.
Data Flow:
A %
B c
P £ ]
H ‘L'i MEMORY
Tinung: 2 M cycles; 7 T states: 3.5 usec @ 2 MHz

Addressing Mode:

Flags:

194

Indirect.

s 1z H PAIN C
le/e| e [®/C[e]




THE Z80 INSTRUCTION SET

Example: ADD A, (HL)
Before: After:
A A
Hi 9620 T 9620 B
56 9620 B1 9620 81
CBJECT CODE
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ADD A, (IX + d) Add accumulator with indexed addressed
memory location (IX + d)

Function: A=A+ ({IX +d)

Format:

[illTDLllllI}GJT} byte i: DD
[1]eJolofo[«]s]0] byte2:86

[ H 1 1 E

d L : tj byte 3. offset value

1 [l L 1

Description: The contents of the accumulator are added 1o the
contents of the memory location addressed by the
contents of the IX register plus the immediate off-
set value. The result is stored in the accumulator.

Data Flow:

DATA |

R

L TN
ADD
%[ — _
d
/\‘_/
Timing: 5 M cycles; 19 T states: 9.5 usec @ 2 MHz
Addressing Mode: Indexed.
Flags: 5 ¢ H PAY N ¢

ele] o @ Ole]
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Example; ADD A (IX + 3)
Before: After:
Al ] ATl
x| aBs1 ] X[ 0B ]
oo 08s1 04 oB6l 04
85 0B4&2 B2 GBs2 B2
03 0B63 a6 0BS3 36
{8&4 21 0Bs&4 21
TN
OBJECT CODE ’_\-/ /\*/
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ADD A, IY + d)

Function:

Format:

Description:

Data Flow:

Add accumulator with indexed addressed
memory focation (1Y -+ d)

A« A+ (1Y +d)

L[l fr]ije]l} byel:FD

|z|o|0|o|0|tls|0i byte 2: 86

1

rI : : %’ TS i byte 3: offset value

The contents of the accumulator are added to the
contents of the memory location addressed by the
contents of the I'Y register plus the given offset
value. The result is stored in the accumulator.

A L |~
e 5 |

I O wm >

C
E ALY
L +

|

Timing:

Addressing Mode:

Flags:

198

X

5 M cycles; 19 T states; 9.5 usec @ 2 MHz

Indexed.

H PABN C

o[e] o] Je[Cle]




Example:

T —

FD

5]

01

VT

OBJECT
CODE

THE Z80 INSTRUCTION SET

ADD A, (}Y +1)

Before: After:
Al s ] Y 1Y
%] 0028 | x| 0028
N /\
0028 08 028 06
002C %A 002C FA
/—_\\_'_‘ /-\__
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ADDA,n Add accumulator with immediate data n.
Function: A< A +n
Format:
||||10ioio|iiilolbytel:C6
[ L A A A B l byte 2: immediate
i | h | 1 i 1 L data
Description: The contents of the accumulator are added to the
contents of the memory location immediately
following the op code. The result 1s stored 1n the
accumuiator.
Data Flow: {L
A m
8 C
b £ ALU
H L +
MEMORY
Timing: 2 M cycles; 7 T states: 3.5 usec @ 2 MHz

Addressing Mode:

Flags:

Example:

T —

Cé
£2

]
OBJECT CODE

200

Immediate.

H PPN C

'#]e[ o] [eCfe)

ADD A, E2
Before: After:
A A



THE Z80 INSTRUCTION SET

ADDA,r Add accumulator with register r.

Function: A+*A+r

Format: I
Lfefofofof—r

Description: The contents of the accumulator are added with

the contents of the specified register. The result 1s
placed in the accumulator. r may be any one of:

A - 111 E - 011
B - 000 H - 100
C - 001 L - 11
D - 010

Data Flow: {L :

A <— \/

B c

D E ALY

H L +
Timing: i M cycle; 4 T states: 2 usec @ 2 MHz.

Addressing Mode: Implicit.

Byte Codes: I

A 8 C & E H L
]B?!BO’BI‘SZIEB[BA’;!

H @ N C

Flags: A
ole] o] [®[OC]0]
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Example:;

T

&0

b —
OBJECT COBE

202

ADD A, B

Before:

After:

i



THE Z80 INSTRUCTION SET

ADD HL,ss Add HL and register pair ss.

Function: HIL = HL + ss
Format: ,
[ojofs;sf fofof]
Description: The contents of the specified register pair are

added to the contents of the HL register pair and
the result is stored in HL. ss may be any one of:

BC ~ 00 HL — 10
DE - 01 SP - 11
Data Flow:
A
B o
D E AU
i, H v +
spi |
Timing: 3 M cyeles; 11 T states: 5.5 usec @ 2 MHz
Addressing Mode: lmplicit,
Byte Codes: S§: 8C _DE HL SP
BREE
Flags: 5 Z H PIV N C
LT [ T-1 1 oe

C is set by carry from bit 15, reset otherwise,
Hisset by a carry from bit 11
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Example: ADD HIL, HL

Before:

(T—— W] 08t

=

29

OBJECT
COoBE

204

After:

WO T



THE Z80 INSTRUCTION SET

ADDIX, r Add IX with register pair rr.

Function: IX<IX +rr

Format:
L lelefrfrf o] Joyte1: DD
Lolol -, [rfofof ]bye2

Description: The contents of the IX register are added to the

contents of the specified register pair and the
result is stored back in 1X. rr may be anyone of:

BC — 00 IX - 10
PE - 01 SP - 11
Data Flow: {} F
A
i3
i o E ALU
H L +
x| !é
sef ]
Timing: 4 M cycles; 15 T states: 7.5 usec @ 2 MHz

Addressing Mode: Implicit.

Byre Codes: rr: BGC DE _IX SP

o5 [w]n[=[v]
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Flags:

Example:

DD

39

OBECT
CODE

206

5 Z H PV N C
L] | Ole]

H is set by carry out of bit 11,
Cis set by carry from bit 15.

2

ADD IX,SP

Before: After:
1] 0000 |
sPi 3021 I s 3021 !




THE Z80 INSTRUCTION SET

ADDIY, r Add IY and register pair rr.
Function: I¥ = IV 4+ 11
Format:

Lol bf o] ]byte1: FD

Colol T oo Jome

Description: The contents of the 1Y register are added to the
contents of the specified register pair and the
result is stored back in IY. rr may be any one of:

BC — 00 Iy — 10
DE - 01 SP - 11
Datg Flow: {} F
A
{B c
i D E ALU
H L +
|
Timing: 4 M cycles; 15 T states: 7.5 usec @ 2 MHz

Addressing Mode: Implicit,

Byte Codes: TT; BC DE IY sP

G CIEIEIE)

07



PROGRAMMING THE Z80

Flags:

Example:

FD

19

OBRJECT
CCDE

208

(TTTI [oe)

H is set by carry out of bit 11.
C is set by carry out of bit 15.

ADD 1Y, DE
Before: After:
] 5122 e pf 6122 e
gl 3051 | N e
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AND s Logical AND accumulator with operand s.

Function: A< AAs

Format: s may ber, n, (HL), IX + d), or (IY + d)
rolofifof ol

Ul‘lilol byte 1: E6

no o] o]
7 T byte 2: immediate
L | data

HL) [ o] oo [1]o] as6

(IX + d) |;|1[o|1|.]1|011| byte 1: DD
Lfo] i Jelo]rT1]o] byte2: A6
| ———d——— ;byteii:offsetvaiue

ay +dy ||l ili]o] ] bytel: FD

|s|o|s!o[o]1‘a‘e] byte 2: A6

| : : , ‘% , : [ byte 3: offset value
r may be any one of:

A — 111 E - 011

B - 000 H - 100

C - 001 L - 101

D - 010
Description: The accumulator and the specified operand are

{ogically ‘and’ed and the result is stored in the ac-
cumulator. s is defined in the description of the
similar ADD instructions.
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Uy ]
M\/

Data Flow:

A
B C
D E ALU [ 5
H L N
Tinung: usec
s M cycles: | T states: | @ 2 MHz:
T { 4 2
n 2 7 3.5
(HL) 2 7 is
(IX + d) h] 19 9.5
Iy + dy 5 19 9.5

Addressing Mode: r: implicit; n: immediate; (HL): indirect; (IX +
dy, (IY + d): indexed.

Byte Codes: AND r «a 8 L
!A71A0|A1|A2|A3fA4|Asi

Flags: 5 Z H ®Bv N cC
efe] || [@|O[O]
Example; AND 4B
Before: After:
A AT
— N,
£6
48
CBJECT
CODE
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BIT b, (HL) Test bit b of indirectly addressed memory location

{(HL)
Function: Z + (HL}y
Formai:
l-l]l‘ﬂlﬂai ‘{Jli ]% l by{el:CB.
T ¥
Lo b= v Jo byte2
Description: The specified bit of the memory location address-
ed by the contents of the HL register pair is tested
and the Z flag is set according to the result. b may
be any one of:
0 — 000 4 ~ 100
1 — 001 5 -1
2 -~ 010 6 — 110
3 - 011 7 111
Data Flow: F 1
A A %
8 C
o E ALY
A t ] b
Tirmung: 3 M cycles; 12 T states; 6 usec @ 2 MHz

Addressing Mode: 1Indirect.

Flags:

pv N C

o T[]

S
2

211
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Byte Codes:

Example:

TN~

cB
5E

T — ]
OBJECT CODE

212

b: it 1 2 3 4 5 6 7
CB—]AL‘)!45?56]55]6&[6EI76]7EJ

BIT 3, (HL)
Before: After:
[ w Jr V570 *
H{ 6AA42 e wl bA4Z it
/_\._____ /\___
sA42 05 5442 05
,\——_——‘ '/_\4—-'




THE Z80 INSTRUCTION SET

BIT b, {IX + d) Test bit b of indexed addressed memory location

(IX + d)
Function: Z ~— (X + d)b
Formar:
[1{|le||||‘|ioiil byte 1: DD
[T ]olol i Jofi]i] byte2:CB
l : : z 3 j : : | byte 3: offset value
ol [—e—=[ [ ]o] byred
Description: The specified bit of the memory location address-
ed by the contents of the [X register plus the given
offset value is tested and the Z flag 1s set according
to the result, b may be any one of:
0 - 000 5 — 16!
[ - 001 6 — 110
2 - 010 7 - 111
31— 011
4 — 100
Data Flow: ! ;:
A 7 DATA
3 ¢
o E ALl
H L J ]
1% | + T
BIT
;
b
]
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Timing: 5 M cycles: 20 T states: 10 usec @ 2 MHz

Addressing Mode: Indexed.

B C d - b: 2 | 2 J 4 5 b 7
pee Codes DD-CB.d- fdéléﬁ lsalsE |66le I% l?E i

Flags: sz H PV N C
lef [« {+]o] |
Example: BIT 6. (IX + 0
Before: After:
¢ JF N
x| AATT | x| AAT ]
/\._ e T
DD AATL 42 AATY 42
CB b /"‘\_‘_‘_w_‘
0
76
e —
OBJECT CODE
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BIT b, (IY + d) Test bit b of the indexed addressed memory loca-
tion (IY + d)

Function: Z «~ (1Y + dy

B s o D EA KN A R T
[Tl o] oz ca
————d—————| byte 3: offset value
Lol t[—go—=f i1 ]o] byed

Description: The specified bit of the memory location ad-

dressed by the contents of the IY register plus the
given offset value is tested and the Z flag 15 set ac-
cording to the result. b may be any one of:

0 — 000 4 — 100
i — 001 5 — 101
2-010 6 — 110
3 - 011 7 - 111

Data Flow: F-
A 77 N/ / e

B
D ALU

— m o

]
L
e
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Timing: 5 M cycles; 20 T states: 10 usec @ 2 MHz

Addressing Mode: Indexed.

Byte Codes: b o+ 2 3 4 5 6 7
o-cad- | 46| €[ 56 ]se [es e |76 | 75 |

Flags: 5 Z H PV N C
(@ [ ] Jelo] |
Example: BIT 0, (Y + D)
Before: After:
R
iy FF12 | FF12
o FF12 &1 FF12 61
cs FF13 82 FF13 B2
: —~ —~
T~ ]
OBJECT CODE
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BIT b,r

Function:

Format:

Description:

Data Flow;

THE Z80 INSTRUCTION SET

Test bit b of register r.

Z <1y

l:]i!oloi:ioiilil byte 1: CB

{oii_i[ L Er: ibytez

[ T B

The specified bit of the given register is tested and
the zero flag 1s set according to the resuits. band r
may be any one of:

b: 0 — 000 4 - 100
} - 001 5 — 101
2 - 010 6 — 110
3 -011 7 - 111

r A — 1l E - 011
B — 000 H - 100
C — 001 L -~ 101
b - 010

F?F

\

ALY

L o wm P

— m oo

Timing.

Addressing Mode:

2 M cycies; 8 T states; 4 usec @ 2 MHz

implicit.
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Byte Codes: b: eA B C D E H L
CB O |47 40| 4142 | 43144 |45

SFi 58|59 5A; 58| 5C15D

[}

4 {67160 61| 626364165
5 |6F |68 69| 6A| 4B 6C| D
& {77707 172173174 |75

PV N C

o] |

Flags:

:

o[ T

Example: BIT 4, B

Before: After:
/‘“\_____

B o | [[Ta Jr B[ &

CB
60

T — ]
OBJECT CODE
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CALL cc,pgq

Function:

Format:

Description:

THE Z80 INSTRUCTION SET

Call subroutine on condition.

if cc true: (SP ~ I ~ PChighs (SP - 2) <
Hecfalser PC ~ PC + 3

1]

% byte 2: address,
| low order
i byie 3: address,
high order

:
l

I
—— L
i
i
!

i
!

llloio byte |
—
T H i
i I t

If the condition is met, the contents of the pro-
gram counter are pushed onto the stack as de-
scribed for the PUSH instructions. Then, the con-
tents of the memory location immediately follow-
ing the opcode are loaded to the low order of the
PC and the contents of the second memory loca-
tion after the the opcode are {oaded nto the high
order half of the PC. The next instruction fetched
will be from this new address. If the condition is
not met, the address pq is 1gnored and the follow-
ing instruction is executed, cc may be any one of:

NZ — 000 PO — 100
Z - 001 PE ~ 101
NC - 010 P - 100
C - 0l M - 111

An RET instruction ¢an be used at the end of the
subroutine being called to restore the PC,
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Data Flow:

Timing:

Addressing Mode;

Byte Codes:

Flags:

220

I O w

- m

;j

CONTROL

LOGIC

LI

S

%////
_

CCoNZ.Z NC C PO PE P M

M_cc]miocisa 1ec}u [rc]-ar

PV N

c

[T

usec
M cycles: | T states: | @ 2 MHz
condition
true: 5 i7 8.5
condition
not true; 3 10 5
Immediate.

} T (no effect)




Example:

T —

ce
42
50

T — )
OBJECT CODE

THE ZB80 INSTRUCTION SET

CALL Z, Bo42
Before: After:
&= %
P ] 080} | el okca
se | BB12 Iose| BB12 !
/\_ /\__ﬂ
8810 8F BB1O BF
8811 04 BB11 04
BB12 32 BB12 32
T — e
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CALL pg Call subroutine at location pq.

Function: (SP — 1)+ PChjgp; (SP — 2) = PCjgy; SP <SP
- 2; PC = pq

Format.

*Iiloli i byte 1: cD CBS
: : : E byte 2: address, fow order

El..m_..Lm.h_L.-LWP' ; byte 3: address, high order

Description: The contents of the program counter are pushed
onto the stack as described for the PUSH instruc-
tions. The contents of the memory locaticn im-
mediately following the opcode are then loaded in-
to the low order half of the PC and the contents of
the second memory location after the opcode are
loaded 1n the high order half of the PC. The next
instruction will be fetched from this new address.

o b 23 o fossiid

Data Flow:
B
P
l
$Uidii
Timing: 5 M cycles; 17 T states: 8.5 usec @ 2 MHz

Addressing Mode: Immediate,
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Flags: 5 7 H PV N C
Ll L1 ] moeffecn
Example: CALL 40B!
Before: After:
P | AAAD | el s
se | 0814 | sl e
T T~
ED 0812 ";A 0812 W
1 0B13 1 0BI3L AA
40 oB14]  F4 ogaj
] b — ]
OBJECT CODE
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CCF Complement carry flag.
Function: C ~C
Format:

lefofe i de]i]efe]ar
Description: The carry flag is complemented.

Data Flow: - ]\/[

A o e
B c
D £ ALY
H L
Timing: { M cycle; 4 T states: 2 usec @ 2 MHz
Addressing Mode: Implicit. .
Flags: 5.2 H_ PN C
RERERRRE0)
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CPs Compare operand s to accumulator.
Function; A~ 5
Format: s:may ber, n, {HL)}, (IX + d), or (fY + d).
NN
no [defefofe] o fi]e] FE
I AL S . I byte 2: immediate
e data

) [Tl [ ]s] byeet: B

ax+dy [ ]]os [+ ]r]o]r] byet:DD

|||Ol(l%|%1|ll1ol bytez:BE
I : : : ‘:‘ : : l byte 3: offset value
avy+d [efo[o]be]e]o]¢] bytet:FD

is}ol;[:hiilslal byte 2: BE

[ ‘ ; : ‘:f I byte 3. offset value
r may be any one of:

A - 111 E — 011

B — 000 H - 100

C - 001 L - 101

D - 010
Description: The specified operand is subtracted from the ac-

cumulator, and the result is discarded. s is defined
in the description of the similar ADD instructions.
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Data Flow: u
A F
B c
D £ ALU § s §
H L — :
Timing: usec
5! M cycles: | Tstates: (@ 2 MHz:
r i 4 2
n 2 7 3.5
(HL) 2 7 3.3
(IX + d) 5 19 9.5
Y + d) 5 19 9.5
Addressing Modes: r: implicit; n: immediate; (HL): indirect;
(IX + d), (1Y + d): indexed
Byte Codes: CP = m A B €C D E H
IBF IBB lB? lBAlBB IBC lBDI
Flags: 5 2 H PAB N C
olel (o (@ '@
Example: CP (HL)
Before: After:
Al 96 ] 3 P A 96 b s AF
H| B203 Jo 4 B203 It
8E 8203 42 8203 42
CRIECT T T
CODE
L ]
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CPD

Function:

Format:

Description:

Data Flow:

Timuing:

Addressing Mode;

Fi lags :

THE 280 INSTRUCTION SET

Compare with decrement.

— [HL]; HL ~—HL — I; BC «——BC |

Llllli|0ltlllﬂ_yl byte {: ED
ll}ﬂl slaﬂiﬂah] byte2: A9

The contents of the memory location addressed by
the HL register pair are subtracted from the con-
tents of the accumulator and the result 1s discarded.
Then both the HL register pair and the BC register
pair are decremented.

J
7 \/ (ona
S —

WU il

4 M cycles; 16 T states: 8 usec @ 2 MHz

indirect.

[_ol x] |.] ix [ ] Reset if BC 0 after execution; set otherwise
=l

Setif A = [HL)]
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Example:

/—__\

ED
AZ

/_-\,
OBJECT CODE

228

B&BS

CPD

Before;

26 1 06

Jth4

B&6BS

L

[ W]

—

After:

. 5
B R ac

W s

86B5

T T
A
L ]




THE 280 INSTRUCTION SET

CPDR Block compare with decrement.

Function: A —j[HL]; HL=— HL — 1; BC—BC—I;
Repeat until BC = 0or A = [HL]

Format;

Lldefol il fol e byer:ED

Lol ]l i]e]o] ] bye2:m9

Description: The contents of the memory location addressed by
the HL register pair are subtracted from the con-
tents of the accumulator and the result is discard-
ed. Then both the BC register pair and the HL
register pair are decremented. If BC # Oand A
[HL], the program counter is decremented by two
and the instruction is re-executed.

Data Flow:;

DATA

B c

.
Y

H L

]

Timing: BC == 0 or A = [HL}]: 4 M cycles; 16 T states:
8 usec @ 2 MHz
BC # 0 and A # [HL]: 5 M cycles; 21 T states:
10.5 usec @ 2 MHz

Reset if BC = 0 after
execution; set otherwise

(Setif A = [HL]

Flags: BV N C

Ol To T[T
T
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Example:

T,

ED
BY

P e
OBJECT CORE

230

A
B

H

&OFE
SCFF
6100

98 /ﬁ;ﬂ/////
//// sy

N

CPDR
Before: After:
9A ] F
0oo2 c 8
[ &100 b
T — T —
08 SOFE 08
o S0FF o0
2A 6100 2A
/——"'\..._ /—uw—._\'
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CPl Compare with increment,
Function: A — [HL]; BL-—HL + |; BC ~—BC~|
Format:

Ll ool [ [ol ] byte:ED
l'LO['IDlﬂGiOI l] byte 2: Al

Description: The contents of the memory location addressed by
the HL register pair are subtracted from the con-
tents of the accumutator and the result 1s discarded,
The HL register pair is incremented and the BC
register pair is decremented,

Data Flow:
A
B \/ (" oaa ]
[ ALU
H —{ - L
Tinung: 4 M cycles; 16 T states: 8 usec @ 2 MHz

Addressing Mode: indirect,

Flags:

H P/AVIN C

s z
Reset if BC = 0 after execution set otherwise
@ x [ X1
SLIISL LT = 6 250
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Example; CPI
Before: After:

A o 7
B 0510 c B 7////’//%@3@%’///

2
_..—1
B8

i 8689 v W et )\
T — /_\1 T
ED sego| 9B 8689 [ o8
Al T b T

)
OBJECT CODE
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CPIR

Function:

Description:

Data Flow:

THE Z80 INSTRUCTION SET

Block compare with increment.

A — [HL}; HL=— HL + 1: BC ~—BC —I;
Repeat untit BC = Oor A = [HL}

(Lol e lt] byet:ED

[i]of ] ]o]o]o]+] byte2:B1

The contents of the memory location addressed by
the HL register pair are subtracted from the con-
tents of the accumulator and the result is discarded.
Then the HL register pair is incremented and the
BC register pair is decremented. If BC # 0 and A
= [HL}, then the program counter is decremented
by 2 and the instruction is re-executed.

B

H

Timing:

Addressing Mode:

Y, ia 1 o
. F \/ DATA
T L

R - —

BC = 0or A = [HL} : 4 M cycles; 16 T states:
8 usec @ 2 MHz

BC # 0Oand A # [HL]:5M cycles; 21 T states:
10.5 usec @ 2 MHz

indirect.
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Flags:

S L a TS ;..R ¢if BC = Oaft tion; set otherwise
[ﬂ?i l.i l 1 _1 i {S;Sff;& > {HL}a er eXecution, set o Wi
Example: CPIR

Before: After:
% | Al Va7
B 951 s
Hi 0398 I WL
T T T —
ED 0398 28, 0398 2A
B 039C 53 039C 98

] 0390 06 0395 06

OBJECT COBE p— L
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CPL

Function:

Format:

Description:

Data Flow:

fiming:

Addressing Mode:;

Flags:

Example:

2F

QBJECT
CODE

THE ZB0 INSTRUCTION SET

Complement accumulator.

A~A

Lefol Jol [e] ] ] or

The contents of the accumulator are com-
plemented, or inverted, and the result is stored
back in the accumulator (one’s complement).

I

ALY

I & o
m

I M cycle; 4 T states; 2 usec @ 2 MHz

Implicit.

s 2 H PN N C
HEEDEEDR
CPL

Before: After:

AL ] AL
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DAA Decimal adjust accumulator.
Function: See below.
Format:
Lofof fofof frfri2r
Description: The instruction conditionally adds “*6"’ to the right

and/or left nibble of the accumulator, based on the
status register, for BCD conversion after arithmetic

operations.
value of value of | # added | C after

N C | high nibble | H | low nibbie to A execution

0 0 0-9 0 0-9 00 0
(ADD, | O 0-8 t) A-F 06 0
ADC, | 0 0-9 1 0-3 06 0
INC) | O A-F 0 0-9 60 1

0 9-F 0 A-F 66 i
0 A-F 1 0-3 66 {
i 0-2 0 0-9 60 |
1 0-2 0 A-F 66 1
I 0-3 { 0-3 66 {

1 0 0-9 0 0-9 (o 0
(SUB, |0 0-8 1 6-F FA 0
SBC, i 7-F O 0-9 AC i
DEC, |1 6-F i 6-F 9A 1
NEG)

Data Flow:
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Timing:

Addressing Mode:

Flags:

Example:

27

CBJECT
CODE

THE ZBO INSTRUCTION SET

i M cycle; 4 T states; 2 usec @ 2 MHz

Implicit.

AV N C

DONONORD

DAA

Before:

After:

Al B2

L e a5
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DPECm Decrement operand m.
Function: m+m-— |
Format: m: may ber, (HL), (IX+4), (IY+d)

rolofofe] o] ]

o [efo e o] ] 3

ax + @ [T[o] ][]} byee1:DD
ol el Te] ] ove2:3s
| e d ——————| byte 3: offset value
ay + & [T Te]] ey t:
oloftjijobs|0]| 1} byte2; 35
|[+—————d —————| byte 3: offset vaiue

r may be any one of:

A - 111 E - 011
B - 000 H - 100
C-001 L-10
D - 010
Description: The contents of the location addressed by the

specific operand are decremented and stored back
at that location.mis defined in the description of
the similar INC instructions.

Data Flow:
Al
: -\ V
D £ AU - M
H L -1
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Tinung:

Addressing Mode:

Byte Codes:

Fiags:

Example:

oD

OBJECT
CODE

THE Z80 iNS\TRUCTION SET

usec
m: M cyoles: | T swates: @ 2 MHZz:
r | 4 2
(HL) 3 1 5.5
(IX + d) & 23 [L.3
(IY + ) 6 23 11.5

roamplicits (HLY: indirect; (IX + d), (IY + dY:in-

L

dexed.

DEC FP A B C D E H
[30{05[00||5l!0|25[20j

s 7 H PAD N C

o/o] [of [@ | |

DEC C

Before: After:

I = Vi
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DEC rr Decrement register pair tr.,
Function: e — 1
Format: -
Lotoferefifoli]1]
Description.. The contents of the specified register pair are

decremented and the result is stored back in the
register pair. rr may be any one of:

BC - 00 HL - 10
DE - 01 SP - 11
Data Flow:
)
A
g \/
D E ALY
H -1
s¢] i
Timing: I M cycle; 6 T states; 3 usec @ 2 MHz

Addressing Mode: Implicit.

Byte Codes: Tr: BC DE HL 5P

oo re] ze =]
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Flags: s 2 H BV N C

L l I [ [ I 1 f ] (no effect).
Example: DEC BC
Before: After:
s 3811 GOy ks

ag

OBJECT CODE
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DECIX Decrement 1X.
Function: IX=-IX -1
Fi N
ormt {r nlei } T}elifbytel:DD
Fokoi r[n! s}a] f J I beteZ:ZB
Description: The contents of the IX register are decremented

and the result is stored back in IX,

Data Flow:
A
B
D
H
11X
Timing: 2 M cycles; 10 T states; 5 usec @ 2 MHz

Addressing Modes: Implicit.

Flags: 5 7 H PNV N €
(T T T LT ] wosiea.
Example: DEC IX
Before: After:
(T 4] 6114 | XY AeNa
pD
28
W‘\b_

OBJECT CODE
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DEC 1Y

Function.

Format:

Description:

Data Flow:

Tinung:

Addressing Mode:

Flags:

Example:

T~

Fo
28

v
GBJECT CODE

THE Z80 INSTRUCTION SET

Decrement 1Y.

IY <= 1Y ~ |

kq‘zli}iilil]ﬁ‘llbytEIZFD

oLl o[ To 7] ovie 228

The contents of the IY register are decremented
and the result is stored back in 1Y.

T v o P
rH
r
=
=

2 M cycies; 10 T states: 5 usec @ 2 MHz

Implicit.

5_ 2 H PV N C

T T T T T 1T moeffecn.
DEC 1Y

Before: After:
Y[ -
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DI Disable interrupts.

Function: IFF <= 0

Formai:
Dl i fele]i]i] M3

Description: The interrupt flip-flops are reset, thereby disabling
all maskable interrupts. It is reenabled by an EI
instruction.

Tinung: 1 M cycle; 4 T states; 2 usec @ 2 MHz

Addressing Mode: Tmplicit.

Flags: sz M PN N C

LI LT T T thoeffecd.
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3 ALY AL o2

DINZ e Decrement B and jump e relative on no zero.

Function: B«B ~1:ifB#0:PC+~PC + ¢

Formart:
|0lolc}| i [o[e’o]ol byte 1: 10
| : : ' 9;2 : . : i byte 2: offset value

Description: The B register is decremented. If the result is not
zero, the immediate offset value is added to the
program counter using two’s complement
arithmetic so as to enable both forward and
backward jumps. The offset value is added to the
value of PC -+ 2 {after the jump). As a result, the
effective offset is -126 to 129 bytes. The as-
sembier automatically subtracts from the source
offset value to generate the hex code.

Data Flow:

: / BINZ

Timing:

cordrol
LOGH,

B # 0: 3 M cycles; 13 T states; 6.5 usec @ 2 MHz.
B = 0: 2 M cycles; 8 T states; 4 usec @ 2 MHz

Addressing Modes: Immediate.
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Flags:

Example:

/‘*‘\\__‘

10
Fo

P ]
OBJECT CODE

246

5 Z H PV N ¢

| l | I‘I I l i |(r10€ffect)

DINZ % — 5 (§ = current PC)

Before: After:
e v
oc 00E1 | el



El

Function:

Format:

Description:

Tinung:

Addressing Mode:

Flags:

Example:

THE ZB8Q INSTRUCTION SET

Enable interrupts.

IFF <= |

The interrupt flip-flops are set, thereby enabling
maskable interrupts after the execution of the in-
struction following the El instruction. In the mean-
time maskable interrupts are disabled.

1 M cycle; 4 T states; 2 usec @ 2 MHz
Implicit.

5 Z H pY N C

[ l | } | { I ] !(noeffect).

A usual sequence at the end of an interrupt routine is:
El

RETI

The maskable interrupt 15 re-enabled following
completion of RETI,
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EX AF, AF’

Function:

Format:

Description:

Data Flow:

Timing:

Exchange accumulator and flags with alternate
registers.

AF-awAF

Lefofefef i fofofofos

The contents of the accumuiator and status
register are exchanged with the contents of the
alternate accumulator and status register.

T g9 w

C g c
E o E'
L HY U

i M cyele; 4 T states; 2 usec @ 2 MHz

Addressing Mode: Implicit,

Flags:

Example:

08

CBJECT CODE
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[e[e[ole[e]e e]o]

EX AF. AF'

Before: After:

A{_ 04 | 81 | Al 90 T aas o ]F

Al s 1 sa lp oA o4 [ B R




EX DE, HL

Function:

Format:

Description:

Data Flow:

Timing:

Addressing Mode:

Flags:

Example:

AN

2]

/\/

OBJECT COCE

I O m P

THE Z80 INSTRUCTION SET

Exchange the HL and DE registers.

DE - HL

Ll fefofifofrfr]

EB

The contents of the register pairs DE and HL are

exchanged.

R e
=i

I M cycle; 4 T states: 2 usec @ 2 MHz

Implicit.
5. 2 H BV N C
1 ! ] [ l E ‘ l |(noeffect).
EX DE, HL
Before: After:
AdES E o G804
2604 L H A4ES
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EX (SP), HL  Exchange HL wiih top of stack.

Function: Spy—L; (8P + I+ H
Format: (]l i]o]ofeli]i] B3
Description: The contents of the L register are exchanged with

the contents of the memory location addressed by
the stack pointer. The contents of the H register
are exchanged with the contents of the memory
location immediately following the one addressed
by the stack pointer,

Data Flow:
] c
) E
H 7
i
SPI }—_‘t \/
Tinung: 5 M cycles; 19 T states; 9.5 usec @ 2 MHz

Addressing Mode: Indirect.

Flags: 5 7 H PPV NG
l ! I l l I 1 ] I {no effect).
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Example:

e

E3

T —
OBJECT CODE

Hi

5P|

B40?
B40A

THE Z80 INSTRUCTION SET

EX (5P), HL
Before: Alfter
82790 v N A
B4GY | sp| B409 ]
N~
aF B840 Wm
oF B40AT 82 )
] |
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EX (SP),IX Exchange IX with top of stack.

Function: (8P} =*IXjow; (SP + 1) > 1Xppp
Formatr;

{uiu[oi|||||le||] byte |: DD

I || 11 ||0}o|e|l|l] byte 2: E3
Description: The contents of the low order of the IX register

are exchanged with the contents of the memory
location addressed by the stack pointer. The con-
tents of the high order of the IX register are ex-
changed with the contents of the memory jocation
immediately following the one addressed by the
stack pointer.

Data Flow:
A
8 c
D E
H L
X |
spy
Timing: 6 M cycles; 23 T states; 11.5 usec @ 2 MHz

Addressing Mode: Indirect.

Flags: 5 Z H PNV N €

| i | ! ] I [ l‘] (no effect}.
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Example:

TN

a3}
E3

—~_J

OBJECT COBE

THE Z80 INSTRUCTION SET

EX (SP), IX

Before: After:
1% 9234 Ix] 0168 .
spl 0402 SPl 0402

/\/

Q402 6B
G403 Gl

0402
0403; 92
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EX (SP). 1Y Exchange 1Y with top of stack.

Function: (SP) = 1Yjowi (SP + 1) ** [Ypjgh

Format:

|!lil§|!ii|ti01%—l byte I: FD

I'l‘!‘|°|°|°|'|'l byte 2: E3

Description: The contents of the low order of the 1Y register
are exchanged with the contents of the memory
focation addressed by the stack pointer. The con-
tents of the high order of the 1Y register are ex-
changed with the contents of the memory location
immediately following the one addressed by the
stack pointer,

Data Flow:

A

8 c

D E

M L

| I !

[
3 DATA

f)pl' ’—i ,‘\/

Tinung: 6 M cycles; 23 T states; 11,5 usec @ 2 MHz

Addressing Mode: Indirect.

Flags:
5 7 H PN N C

| f ! I ] | | | ] (no effect).
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Example: EX (5P, 1Y
Before: After:
Iy | BFO3 |
5p | 6211 |
/\_/ /_\_/
FD 5211 90 s
£3 6212 4D 62121
.
OBJECT CODE
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PROGRAMMING THE 280

EXX

Function:

Format!

Description:

Data Flow:

Timing:

Exchange alternate registers.

BC <~ BC"; DE «~DE% HL <—HL

Leffolfefofo] ] po

The contents of the general purpose registers are
exchanged with the contents of the corresponding
alternate registers.

Addressing Mode:

Flags:

Example:

T ~—
D%

|

OBJECT
CODE

256

I M cycle; 4 T states; 2 usec @ 2 MHz

Implicit.

sz H PV N C

LI [ [ ] ] moeffect.
EXX

Before: After:

A 04 28 F A 04 28
8 kL) 2 C B BC o0
D 54 02 E D093 Do
H Fl DO L H {50 4F €3
Al aF 24, Ft Al aF 24
B BC 23] ¢t 39 26
pi 93 0o Bt 54 02
M 4F E3 oH F1 00 .-

~ m ™M 7

F
Ct

e

L§

FI

Al
B! ST SERE T beN R ol
B e s T R
| — Y TH



HALT

Function:

Format:

Description:

Timing:

Addressing Mode:

Flags:

THE Z80 INSTRUCTION SET

Halt CPU.,
CPU suspended.
Lol fefefele]e]e] 76

CPU suspends operation and executes NOP's so
as to continue memory refresh cycles, until in-
terrupt or reset is received.

| M cycle; 4 T states; 2usec @ 2 MHz + inde-
finite Nop's.

implicit.

5 Z H PV N C
I l | | | | I l | (no effect).
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IMO Set interrupt mode Q condition.
Function: Internal interrupt control.
Format:
[n|.[»}o|xt|!elll byte 1: ED
|o||,e{9|et|l|{e{ byte 2: 46
Description: Sets interrupt mode 0. In this condition, the in-

terrupting device may insert one instruction onto
the data bus for execution, the first byte of which
must occur during the interrupt acknowledge cycle.

Timing: 2 M cycle: 8 T states; 4 usec @ 2 MHz

Addressing Mode: Implicit,

Flags: s_Z H PAY N C
I | l ! I I | f | {no effect}.
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M1 Set interrupt mode 1 condition.

Function: Internal interrupt control.

o Lol [olr] bwe s:Ep
(T Te [T Te] w256

Description: Sets interrupt mode 1. A RST 0038H instruction

will be executed when an interrupt occurs.

Data Flow: 00 38
PC
SR, woas [T
[ l | ROUTINE
(at time of interrupt)
. T
PCH
PCL
f\_____
STACK
Tinung: 2 M cycles; 8 T states; 4 usec @ 2 MHz
Addressing Mode: lmplicit.
F[ags_' 5 Z H py N C
(T TT1TT 1] ostn.
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IM2

Function:

Format:

Description:

Timing:
Addressing Mode:

Flags:

260

Set interrupt mode 2 condition.

Internal interrupt control.

|lti!1{0|l|i|(}lll byte I: ED

L [ [ [ [o] byte2se

Set interrupt mode 2. When an interrupt occurs,
one byte of data must be provided by the peripheral
which 1s used as the low order of an address. The
high order of this vector addressis taken from the
contents of the I register. This points to a second
address stored in memory,which is loaded into the
program counter and begins execution,

2 M cycles; 8 T states; 4 usec @ 2 MHz

Implicit.

sz H PV N C
Ii'll’lll(ﬂOEﬁecf)




IN r, (©)

Funcrion;

Formuat:

Descriprion:

Datg Flow:

Tinnng:

Addressing Mode:

Byre Codes:

THE Z80 INSTRUCTION SET

Load regisier r from port{C)

r+—{C)

monook

iol‘]bylei:ED
Lol ] ole]

0 o|bytez

The peripheral device addressed by the contents of
the C register s read and the result is loaded into
the specified register.

C provides bits AQ to A7 of the address bus.

B provides bits A8 to Al135.

PORT

X o w
1

I S

T}

r may be any one of:

A - 11l E - 011
B -~ 000 H - 100
C - 0ot L - 101
D - 0i0

3 M cycles; 12 T states; 6 usec @ 2 MHz

External.

EH i
EDl 78| 40! 48]50!58‘60]68]
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Flags: S Z o H BV N C
o[®] |6 [®[c] |
It is important to note that INA, (N} does not have
any effect on the flags, while IN r, {C) does.
Example: IN D, C)
Before: After:
(T~ c R e
?; o] o0 | [ en \rorr Of6R77ZZ1 [ e JpoRT
A5 AS
v —

QBJECT CODE
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IN A, (N)

Function:

Formai:

Description:

Data Flow:

Tinung:

T o w>

Addressing Mode:

Flags:

Example:

DB
B2

o —
OBJECT CODE

THE Z80 INSTRUCTION SET

Load accumulator from input port N,

'[{’i *I ‘]bytel:DB
; i : ]byte 2: port address

The peripheral device N 15 read and the result is
loaded into the accumulator.

The literal N is placed on lines AQ to A7 of the
address bus. A supplies bits A8 to Al15.

I/ /—\‘-u—-—'
= N
E ! ed N
t PORY —

3 M cycles; 11 T states; 5.5 usec @ 2 MHz

f/\_..,. A I

External.
CTTTITTITT] ot
IN A, (B2}
Before: After:
.

L L r lrort AR Pom

B2
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INCr Increment register r.
Function: r=r+1
Format On=z=nnn
Description: The contents of the specified register are in-
cremented. r may be any one of:
A~ 111 E - 011
B - (00 H - 100
C — 001 L — 101
D - Q10

Data Flow: ) i ;

A

B

D £ ALY
Timing: I M cycle; 4 T states: 2 usec @ 2 MHz

Addressing Mode: Implicit.

Byre Codes: " A B C D E H
|3c|04|0c|14|1c]24[2c|

Flags: A H PO N _C
lele| |e [@O] |
Example: INC D
Before: After:
~ —
ORJECT
CODE
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INC ¥ Increment register pair rr.
Function:; ror + |
Formar:
Islo r‘s'%0i0|I|¥|
i
Description: The contents of the specified register pair are in-

cremented and the result is stored back in the
register pair. rr may be any one of:

BC - 00 HL - 10
DE - 01 SP - 11

Data Flow:

J
\/

ALU
+

I O o P
(x4}

sl |

Timng: I M cycle; 6 T states; 3 usec @ 2 MHz

Addressing Mode: Implicit.

Byte Codes: IT; BC DE HL SP

w[[o]]
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Fi : 5 Z H PV N C
- [T TTT1TTI] et

Example: INC HL

Before: After:

— H] 0814 L

23

QBJECT
CODE

266
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INC (HL) Increment indirectly addressed memory location
(HL».

Function: {(HL) - (HL} + 1{

Format:
ool ol e]o]

Description: The contents of the memory location addressed by

the HL register pair are incremented and stored
back at that [ocation.

Dara Flow:
A
B c 7.
D E AW
H { ‘} +1 '
Timing: 3 M cycles; 11 T states; 5.5 usec @ 2 MHz

Addressing Mode: Indirect.

Flags: 5 z H PAY N C
®/®] o [@[O[ ]
Example: INC (HL)
Before: After:
M 0681 e H 0681 L
/‘\M /\\__,
34 0681 38 08B\ 737
L ]
OBJECT
CODE
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INC (IX + d) Increment indexed addressed memory location
(X + d).
Funcrion: (X + )= {dXx +d) + |
Format:
!Tl|lo§|lu|r}olnﬂbytei:DD
[olo| 1] ‘IOI ¢|o|o] byte 2: 34
r: ‘ ' c‘f ' ' ‘J byte 3: offset value
Descriprion: The contents of the memory location addressed by
the contents of the IX register plus the given offset
value are incremented and stored back at that
location.
Data Flow:
A
8 C
D E
H L
X B
Timing: 6 M cycles; 23 T states; 11.5 usec @ 2 MHz
Addressing Mode: Indexed.
Flags: H PP N C

268
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Example: INC (IX + 2)
Before: After:
x| 0381 | ix | 038!
ob 03B 81 o381 81
34 0382 85 0382 B5
02 0383 89 o337 ek
] ]
OBJECT
CODE
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INC (@AY + d) Increment indexed addressed memory location (IY

+ d).
Function. (IY +y (Y + d) + 1
Format:
Ll lele]efo]s] oyersrp
[o|o||{|[e]1|e|ci byte 2: 34
E—— % T | byte 3: offset value
Description. The contents of the memory location addressed by
the contents of the I'Y register plus the given offset
value are incremented and stored back at that
location,
Data Flow:
Al
B
D E
H L
1|
d
—
Timing: 6 M cycles; 23 T states; 11.5 usec @ 2 MHz

Addressing Mode: Indexed,

Flags:

@]e] e Jo[o |
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Example:

FD

34

OBJECT
CODE

INC (Y +0)

Before:

vy 060

0601 51
0602 BC

THE Z80 INSTRUCTION SET

| 060! ]

GG01
0602
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INC IX Increment IX.

Function: IX < IX + |

o [ Te T bvee 1: o0
ofoltJofofof [ r|oye2 23

Description: The contents of the IX register are incremented

and the result 15 stored back in IX.

Data Flow:
8 c
¥ f
=< ——— |
Timing: 2 M cycles; 10 T states; 5 usec @ 2 MHz

Addressing Mode: lmplicit.

Flags: 5 7 " P N C

{ | l | I l I ! l {no effect},
Example: INC IX

Before: After:

. %[ B1E0 1 s

oh
23

OBJECT COBE
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INC 1Y Increment 1Y
Function: IY < 1Y + 1
e (T o] byee 1
oo T e o] T bvee 2 2
Description: The contents of the 1Y register are incremented

and the result is stored back in IY.

Data Flow: < L
A
8 C \/
D E ALU
H L + 4
|
Timing: 2 M cycles; 10 T states; 5 usec @ 2 MHz

Addressing Mode: Implicit.

. 5 2 H PV N C
Flags: | i { ; ! ‘ ! | { (no effect).
Example: INC 1Y
Before: After:
T~ [ 3681 | W
FD

23

b~
OBJECTY CQDE
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IND Input with decrement.
Function: (HLy = (C; B+« B — [; HL < HL ~ |
Format:
|€ a|;ioIs|uiD[!betel:ED
I': u‘ 1 |a|i|o]i|o] byte 2: AA
Description: The peripheral device addressed by the C register
is read and the result is loaded into the memory
location addressed by the HL register pair. The B
register and the HL register pair are then each
decremented.
Data Flow:
DATA
PORT
Timing: 4 M cycles; 16 T states: 8 usec @ 2 MHz
Addressing Mode: External,
Flags: 5 H] PV NG

i u Set if B = 0 after execution

el |
L

214

Reset otherwise




Example:

T~

£D
Al

v —
QBJECT CODE

THE Z80 INSTRUCTION SET

IND

Before: After:

sl & | 8 |c sJ7AS77 B c
Hi 0684 . &1

& Jeom
85 B5
s [ ™
04BA 00 wsBa 7967
—_ L~
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INDR Block input with decrement.
Function: (HL) <~ (C; B+~ B -~ | HL < HL ~ |
Repeat until B = 0
Format:
LD ol [lol ] byesiED
Ltlofrfrfrfefrjo] bye2:Ba
Description. The peripheral device addressed by the C register
is read and the resuit is loaded into the memory
location addressed by the HL register pair. Then
the B register and the HL register pair are
decremented. If B is not zero, the program
counter 1s decremented by 2 and the instruction is
re-executed.
Data Flow,
A
BP.COUNTER 7} C
D E
H*L
Timuing: B = 0:4 M cycles: 16 T states; § usec @ 2 MHz.

B = 0:5 M cycles; 21 T states; 10.5 usec @ 2 MHz.

Addressing Mode: External

Flags: 5z H PVN G
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Example: INDR

Before: After:

Bl o | s |c 8% s ic
H] 09F2 \v Wl 0w

56 56
0 oSEF  6A 05EF
oA 09F0) £3 osFop
0F1 48 WF 7 ////’M
e aoF2 7
OBJECT CODE ooF2l  vA




PROGRAMMING THE Z80

INI Input with increment.
Function: (HLy~{C); B~ B ~ {; HL «- HL + 1
Format:

Lol elof el efol Joyer:ED
Llofifofofo] [o]bye2: a2

Description: The peripheral device addressed by the C register
is read and the result is loaded into the memory
{ocation addressed by the HL register pair. The B
register is decremented and the HL register pair is
incremented.

The contents of C are placed on the low half of the
address bus. The contents of B are placed on the
high haif. I/0 selection is generally made by C,
L.e., by A0 to A7. B is a byte counter.

Dara Flow.-
DATA
PORT
FTiming: 4 M cycles; 16 T states; 8 usec @ 2 MHz
Addressing Mode: External.
Flags: PV N C

s 1z H
HEBDREDE

Z 1s set if B = 0 after execution,
Reset otherwise
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Example:

T

ED
A2

T~
OBJECT CODE

THE Z80 INSTRUCTION SET

INI

» Before: After:

T T SEEE
H PSIE: v M A
pon*f

2%

T~
A2 09 ANZ Eee 0]
o —
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INIR

Function:

Format:

Description:

Dara Flow:

Tinung:

Addressing Mode:

Flags:

280

B counter

Block input with increment.

{(HL1— {C); B+~ B — I; HL < HL + [; Repeat
uptil B = 0

The peripheral device addressed by the C register
is read and the resull is loaded into the memory
location addressed by the HL register pair. The B
register is decremented and the HL register pair is
incremented. If Bis not zero, the program counter
15 decremented by 2 and the mstruction is re-
execuled.

%)

B = 0:4 M cycles; 16 T states; 8 used @ 2 MHz.
B #0: 5 M cycles; 21 T states; 10,5 usec @ 2 MHz.

External.




Example:

T
£D
B2

/‘\——o‘
OBJECT CODE

THE Z80 INSTRUCTION SET

INIR

Before: Afler:

377 IR &7 R
Ml 9145 . R

9145
A6
F1A7
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4P cc,pg Jump on condition to location pq.
Function: if ce true: PC < pg
Format: —
(1 ] f I-—lwcc«;m-—-‘ o] I I ‘0 | byte |
| e R R S I byte 2: address,
I 3 1 ? F 1 I fow order
l T T J byte 3: address,
TR T A T I hgh order
Description: If the specified condition 15 true, the two-byte ad-

dress immediately following the opcode will be
loaded 1into the program counter with the first byte
following the opcode being toaded into the low
order of the PC. If the condition is not met, the
address is ignored. c¢c may be any one of:

NZ — 000 no zero
Z — 001 ZETO
NC - 010 no carry
C - 011 carry
PO - 100 parity odd
PE - 101 parity even
P - 110 plus
M — 111 minus
Data Flow: {}
A i T
CONTROL
8 c LOGIC P CC
o 2 A R - q
H L oI p
/‘\..._____

PC
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Timing:

Addressing Mode:

Byte Codes.

Flags:

Exaniple:

T

DA
24
38

T
OBIECT CODE

THE 280 INSTRUCTION SET

3 M cycles; 10 T states; 5 usec @ 2 MHz

Immediate.

NZ Z NC C PO PE P M

[cz]calo2 Joa]e2 [ea]r2 [ea

Alter:

E

5 Z H PAY N C
[ l I ] ; ] I i l(no effect)
JP C, 3B24
Before:
.
Pl 0032 |
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JP pq

Funcrion:

Formai:

Description:

Data Flow:

Tinung:
Addressing Mode:

Flags:

Example:

(T~

C3
25
30

ORJECT CODE

284

Jump to location pq.

PC < pg

L] Jofofo]ol ]1] bytel:C3 4%
[T T 1 byte 2: address,
Y } low order
L 1 byte 3: address,
T ST | high order

The contents of the memory location immediately
following the opcode are loaded into the low order
half of the program counter and the contents of
the second memory location immediately follow-
Ing the opcode are loaded into the high order of
the program counter. The next mstruction will be
fetched from this new address.

T~

Jp

3 M cycles; 10 T states; 5 usec @ 2 MHz

Immediate.
f { f l f f % f ](No effect)
JP 3025
Before: After:
PC| 5500 | o



THE ZBG INSTRUCTION SET

JP (HL) Jump 10 HL.
Funcnion: BC — HL
Formai:
[T e e s
Descriprion: The contents of the HL regisler pair are loaded in-

i0 the program counter. The next instruction is
fetched from this new address.

Data Flow:

C
£
L

o e < - 3

&

Titnng. i M cycle; 4 T states; 2 usec @ 2 MHz

Addressing Mode:  1mplicit.

CTTTTTT L] oettean
Example: JP(HL)
Before: After:
— o T (O TR
£

Peq 800! | el

OBJECT CODE
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JP (IX)

Function:

Format:

Description;

Data Flow:

Timing:

Jump to IX.

PC « IX

[T T Is]] byer:op
Pl [ folifofo]i] byie2:E9

The contents of the IX register are foaded into the
program counter. The next instruction is fetched
from this new address.

I W W >
g

X

i l I
VRV
)

2 M cycles; 8 T states; 4 usec @ 2 MHz

Addressing Mode: Implicit.

Flags:

Example:

S

DD
£9

b — ]
OBJECT CODE

286

5. Z H B N C

LT LT T T T Jwoettea.

P IX)

Before: After:
X { 80F 1 b BOF) ]
el B4n | < T




JP (1Y)

Funetion:

Formai:

Descriptron:

Data Flow:

Tinnng:

Addressing Mode:

Flags:

Example:

T

FD
£9

v
GBJECT CODE

THE Z80 INSTRUCTION SET

Jump to Y.
PC - 1Y

byte i: FD
byte 2: E9

The contents of the 1Y register are moved nio the
program counter. The next mstruction will be fet-
ched from this new address.

2 M cycles; 8 T stales; 4 usec @ 2 MHz

implicit.
s Z H P/Y N C
{ I l I E ‘ [ , f {no effect).
P v
Before: Afler;
1| AAdB || AALB |
?CL E410 g 2C m
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JR ec,e

Function:

Format:

Description:

Data Flow:

Jump e relative on condition.

if cc true, PC < PC + ¢

lelelu!c:c‘ohio]bytei

f T I 1 T I i !
3 i 1 ! i 3 H

} byte 2: offset value

If the specified condition is met, the given offset
value is added to the program counter using twoe's
complement arithmetic so as to enable both for-
ward and backward jumps. The offset value is
added to the value of PC + 2 (after the jump). As
a result, the effective offset is -126 to +129 bytes.
The assembler automatically subtracts 2 from the
source offset value to generate the hex code. If the
condition is not met, the offset value is ignored
and instruction execution continues in sequence,
cc may any one of:

NZ - 00 NC - 10
Z — 01 Cc -1

T —

A

8
a]
H

=~ m T ™

b oIt

Tinung:

288

L=

CONTROL 1 !
LOGIC Jl 1
i

Hsec

M cycles; | Tstates: | @ 2 MHz:

condition
met: 3 12 6

condition
not met:

E o]
~1

i.5




THE Z80 INSTRUCTION SET

Addressing Mode: Relative.

Byte Codes: e NZ Z NC C
([ ][]
Flags: 5 2 H PV N C
L | L | L | l | | (noeffect).
Example: JR ONC, 5 -3 % = current PC
Before: After:
[ oo ir [ o ¢
T~ oC 8000 | R
o
8
]
OBJECT CODE
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JRe Jump e relative.
Function: PC<PC + ¢
Fornat: ]0|G¥0tt|ilosﬂlﬂ]bytel:IS
{ : : : 8;2 : : : ji byte 2: offset value

The given offset value is added to the program

Description: ] : ;
counter using two’s complement arithmetic so asto
enable both forward and backward jumps. The off-
set value is added to the value of PC + 2 (after the
jump). As a result, the effective offset is -126 to
+ 129 bytes. The assembler automatically subtracts
2 from the source offset vaiue to generate the hex
code.
Data Flow.
A /'\___
g IR
b E ALU e-2
A ; : /-\-.._._—
e
Timing: 3 M cycles; 12 T states: 6 usec @ 2 MHz

Addressing Mode: Relative.

Flags: s Z H PV N
I l ‘ l I l { ] }(noeffect)

Example: JR D4
Before: After:
(T P | Bloo [
;g (This is a backwards jump,)
)
OBJECT CODE
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LD dd, (an)

Function:

Format:

Description.

Data Flow:

THE Z80 INSTRUCTION SET

Load register pair dd from memory locations ad-
dressed by nn.

ddjow < (nn); ddpjgp < (nn +1)

l;’;iu|o|nlxIO[!]by[eE:ED

¥
0

]o];ld;d];;ﬂ};E%LbyteZ

; R mm s Ebyie?y:address,
o ¢ low order

tl 1 : {

f T T T T T 7 T l byie 4: addfess.
L high order

The contents of the memory location addressed by
the memory locations immediately following the
opcode are iocaded into the jow order of the
specified register pair. The contents of the
memory location immediately following the one
previously loaded are then loaded into the
high order of the register pair. The low order byte
of the nn address immediately follows the opcode.
dd may be any one of:

BC - 00 HL - 10
DE - 01 SP -~ 11
TN
]
A T
8 c SR
D £ SELL I
H L /\/
5Py Z ]
‘m—.’”‘\?’ /—\/
ﬁ Y
-’-‘\_/
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Timing.

6 M cycles; 20 T states: 10 usec @ 2 MHz

Addressing Made: Direct.

Byte Codes:

Flags:

Example:

ED
58
21

OBJECT CODE

292

dd: BC DE HL SP

- {48 se eo} 7e]

5 z H PV NOC

r] | 1—i ] ] [W(noeffect}

LD DE, (5021)

Before: After:

| DBE2 le o i e

5021 P4 5021 F4
5022 30 5022 30

(
g



LD dd, nn

Function:

Format:

Description:

Data Flow:

Tiring:

Addressing Mode:

Byte Codes:

Flags:

THE Z80 INSTRUCTION SET

Load register pair ad with immediate dara nn.

dd = nn

[elofe s Jofofe[i] bye:
L

I ;byteZ: immediate
t 1. | i data, low order

T \ byte 3: immediate
Ll data, high order

1
n
]

T 1
N T

b 21—

The contents of the two memory locations im-
mediately following the opcode are loaded into the
specified register pair. The lower order byte of the
data occurs immediately after the opcode. dd may
be any one of:

BC -~ 00 HL - 10
DE - 01 SP -~ il

X O mw >
— m &
RS

S?J ’_\/

3 M cycles; 10 T states; 5 usec @ 2 MHz

Immediate.

dd: BC DE HL SP

s Z H P N C

l 1 1 l 1 l [ j ](noeffect)
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Example: LD DE, 4131

Before: After:

TN o TTwes e oEEZEERnEE

13
3t
41

OBJECT CODE

294



THE Z80 INSTRUCTION 3ET

IDr,n Load register r with immediate data n.
Function. r+<n
Formar: —
Lolof—=——l [t ]e]byet
l : : ! ? : : : lbyte 2: immediate data
Description: The contents of the memory location immediately

following the opcode location are loaded into the
specified register. r may be any one of:

A - 111 E — 01t
B - 000 H - 100
C - 00! L — 101
D - 010
Data Flow: (T
A
8 c 1)
D E <~—- il
H ¢ o~
Tinung: 2 M cycles; 7 T states; 3.5 usec @ 2 MHz

Addressing Mode: Immediate.

Byte Codes: T"a 8 € D & H &

I3EI06|GE|16|25|26 25]

Flags: s zZ H PAY N C

| l l l ’ | ! I l {no effect).
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Example: LD C, 38
Before: After:
(T o 1 <V
®
—

OBJECT CODE
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LD,

Function:

Format:

Description;

Data Flow:

Tirming:

Addressing Mode:

Byte Codes:

Flags:

THE Z80 INSTRUCTION SET

Load register r from register r’,

The contents of the specified source register are
loaded into the specified destination register. r and
" may be any one of;

A — 111 E — 011
B - 000 H - 100
C - 001 L - 101
D - 010

A

B C{ —

D £

H L

e S Sy

t

I M cycle; 4 T states; 2 usec @ 2 MHz

Implicit.

A B C D E H L (souree)

wrlraivo|vai7Bl7ciD
47140 41 [ 42143 (44| 45
AF{ 4B [ 49 [4A] 4B | aC ]| 4D
57150051 |52]53]54]55
st | sa)59]5a] 58] 5] 5D
67| 60|61 Tezlea]ed]es
GF 168149 | oA 6B | 6C| 6D

‘ | ‘ I I ] l | l (no effect).

297



PROGRAMMING THE Z80

Example: LD H, A
Before: After:
T Al BC | Al e ]
&7 ]
OBJECT CODE
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LD (BC), A Load tndirectly addressed memory location (BC)
from the accumulator.

Function: (BOY < A
Format: — :
;G;e__clc}!e%c[e }cl 02
Description: The contents of the accumulator are loaded into

the memory location addressed by the conients of
the BC register pair,

Data Flow:
A
8 C
0 ] ]
H L 2
DATA
Timing: 2 M cycles; 7 T states; 3.5 usec @ 2 MHz
Addressing Mode: Indirect.
Flags: s 1 H PVN_C
LD L L L[] toeffeen.
Example: LD (BCL A
Before: After:
3F % A 3F
B 4109 - 409 C
/\/ /\./
02 4109 1€ 009 22

(OBJECT CODE
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LD (DE), A

Function:

Format:

Description:

Data Flow!

Timing:

Addressing Mode.

Flags:

Example:

OBJECT CODE

300

A

o

G3v2

X W om >

l.oad indirectly addressed memory location (DE)
from the accumulator.

DEY— A
Ioie[oillo{olt le]l?.

The contents of the accumulator are loaded into
the memory iocation addressed by the contents of
the DE register pair.

. S
g

2 M cycles; 7 T states; 3.5 usec @ 2 MHz

Indirect.

5 Z H PV N C
[TTTTTTT] et
LD (DE) A

Before: After:

Al B ]

{ 0392 [e D] 0392 E

0392

Y
—~_/




THE Z80 INSTRUCTION SET

EDHL),n Load immediate data n into the indirectly ad-
dressed memory location (HL}.

Function: (HL} +n

Format:

Lofol i Tifel i To]bye 1: 36

;" TITT8 TTTTTUrTT ) byte 20 immediate
I T T E T T | data
Description: The contents of the memory location immediately

following the opecode are loaded into the memory
location indirectly addressed by the HL data

pointer
/—\\\-__.
Data Flow: . 5
8 mn
D
H
Timing: 3 M cycles; 10 T states; 5 usec @ 2 MHz

Addressing Mode: Immediate/indirect.

Flags: sz H PV N C

! l | ] | ! | ] l (no effect}.
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Example: LD (HL), 5A
Before: After:
H| A342 it H A342
/\__ ’/_\\_._,.
s MA342 pisl A342 WM
54 | |
e

OBJECT Cope
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LD #HL),r

Function;

Format:

Description:

Data Flow:

Timing:

Addressing Mode:

Byte Codes:

THE Z80 INSTRUCTION SET

Load indirectly addressed memory location (HL)
from register r.

{(HL) <

Lol el fol—=]

The contents of the specified register are loaded
ito the memory [ocation addressed by the HL
register pair. r may be any one of:

A - 111 E — 0il
B - 000 H - 100
C - 001 L - 101
D - 010

A

B c

D E DATA

H | IR

2 M cycles; 7T states; 3.5 usec @ 2 MHz
Indirect.

A B C D E H L
|77l7o]71i72%?3i74|7s|
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Flags:

Example:

T

70

T —
OBJECT CODE

Jo4

s

s Z H PV N C
LI T T T T L[] moeffen.
LD (HL), B
Before: After:
o[ ]
| 501 L Hy cs0n
T~

2A C501
b — ]

L



THE ZBC INSTRUCTION SET

LDr, (X + d) Load register r indirect from indexed memory
focation {(IX + d)

Functron. r={X +
Format:
Illllolcl|1llel|§ byte |: DD
|o|x!—-——:vr-%—--!1§|lol byte 2
I ; ML A/ S l byte 3: offset value
Description. The contents of the memory location addressed by

the IX index register plus the given offset value,
are loaded into the specified register. r may be any

one of:
A — 111 E — 011
B - 000 H -~ 100
C — 001 L — 101
D~ 010
DATA
Data Flow:
ala oW, N ) /-\-‘_‘_w-—}
8 C } o~
D E
M L } o
X ; d
b
Timing. 5 M cycies; 19 T states; 9.5 usec @ 2 MHz

Addressing Mode: Indexed.

Byre Codes:

m A B € D E H i
€>D~|7E‘4614El56¥5€ibﬁ16?l“d
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F[ﬁ'gs: 5 Z 8] Py N C
[TTTTITT] oere
Example: LD E (X + 5
Before: After:
[os e AT
xi 3020 | x| 3070 i
Do 3020 2A 3020 28
SE
05
] 3095 15 3025 5
OBIECT CODE ] ¢
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LDr, (Y + d)

THE Z80 INSTRUCTION SET

Load register r indirect from indexed memory
location (IY + d)

Function: r+~ {1y + d)
Format:
Iillilill'I'IOI'lbyzei:FD '
o] ==l 11 o] byte2
j , : ‘:‘ : : : ‘ byte 3: offset value
Description: The contents of the memory location addressed by
the 1Y index register plus the given offset value,
are loaded into the specified register. r may be any
one of:
A - 111 E - 011
B - 000 H - 100
C - 0 L - 101
D - 010
N~
DATA
Data Flow:
ata Flow A /\“".-l
& c T
D E
#H L + LD
1y } d
]
Timing. 5 M cycles, 19 T states; 9.5 usec @ 2 MHz

Addressing Mode:

Indexed.
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Byte Codes:

Flags:

Example:

T~

FD

7E
02

]

OBJECT CODE

308

A B C D E H L
FD—|7E'4614!3]56[5&:'66]615]-5

s z H PV N C

I ] 1 I | | | l ](noeffect}.

LD A (Y + 2

Before: After:
A "B,
i BOOS | ] BOOS
/\« T~
BOGS 61 8005 61
BOO7 Fs 8007 i
/\__A /-\___




THE Z80 INSTRUCTION SET

LD X + d). n  Load indexed addressed memory location (IX +
d) with immediate data n.

Function: {(IX + dy+n
Format:
|:| i|0!il|l||0!||byteE:DD
o] o 1] |]o! 1| 1] o] byte 2: 36
[ : : : <:i ' I I —é byte 3: offset value
! RSN N S A | byte 4: immediate
bttt data
Description: The contents of the memory location immediately

following the offset are transferred into the
memory location addressed by the contents of the
index register plus the given offset value.

Data Flow;

DATA
A
D E
H L /\
%1 10
d
T — ]
Timmng: 5 M cycles; 19 T states; 9.5 usec @ 2 MHz
Addressing Mode: Indexed/immediate.
Flags: 5 Z H PV N C
[TTTTT 1] toeten
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Example: LD (IX + 4), FF

Before: After:

x[ B109 ] X[ B109

DD B109 &0 B109 &0

36

04

FF B10D 4 BIOD@
o~ b e

OBJECT CODE
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LD (IY + d), n Load indexed addressed memory location (1Y +
d) with immediate data n.

Function: (IY + d)=n
Format:
[J]llllllll!lollj byte 1: FD
IOIOI]|‘IOII|']cLI byte 2: 36
[-JI : : c:l { { U byte 3: offset value
| Y 0 0oL byte 4: immediate
] [ Y | | J data
Description: The contents of the memory location immediately
following the offset are transferred into the me-
mory location addressed by the contents of the
index register plus the given offset value.
Data Flow: i
a { D
B ‘ -
D .
H ) 2
v [
%
Timing: 5 M cycles; 19 T states; 9.5 usec @ 2 MHz

Addressing Mode: Indexed/immediate,

Flags: S 2

H

PV

N C

[TTTTTTT] imoeffeco.
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Example: LD dy + 3), BA

Before: After:

FY | 9190 | v o160

TN N N

ED 0100 0z 0100 p2
36 62 62
03 aF OF

BA 0103 04 0103 %

GHIECT CODE
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LD (X + d)r

THE Z80 INSTRUCTION SET

L.oad indexed addressed memory location (IX +
d) from register r.

Function: (IX + d)=r
Format:
} ;i ||ei |l|[ llelll byte 1:DD
Lofi [ [ fol—r——] bye2
l I ' ' d : j ] I | byte 3: offset value
Descriprion; The contents of specified register are foaded into
the memory location addressed by the contents of
the index register plus the given offset value, r may
be any one of:
A — 111 E - 011
B - 000 H - 100
C — 001 L - 101
D - 010
Deta Fi 7
ata Flow:
weo P~
: c] —~
o (3
H L ) LD
X } d
/—\_,____/
Timing: 5 M cycles; 19 T states; 9.5 usec @ 2 MHz
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Addressing Mode: Indexed.

Byte Codes: rr A B € D E H &
DD-!??I?G!?]ln'?a‘?dl?sl—d

Flags: 5 Z H PAVN C
HENER 1 | | (no effect).
Example: LD (IX + 1), C
Before: After:
(e Jc &
1X 4462 ; lX] P I
/\___ /—‘-\\_—
be 4462 $D
71 4463 oF
o1 ]
/—\_.___'
OBJECT CODE
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LD Y + d),r Load indexed addressed memory location (IY +
d) from register r.

Function: (IY + dYy~r
Formai:

i§|§l‘|'l']']G{'% byte 1: FD

[e] 'l ' | ! i OI"_%"“:""I byte 2

% . , C:* , ; : l byte 3: offset value
Description: The contents of the specified register are loaded

into the memory location addressed by the con-
tents of the index register plus the given offset
value, r may be any one of:

A — 111 E - 011
B - 000 H - 100
C - 001 L - 101
B - 010

S

Vs
Data Flow:

o m P
2]

Tining: 5 M cycles; 19 T states; 9.5 usec @ 2 MHz
Addressing Mode:  Indexed.

Byte Codes: rm A B C D E H L

?D-]??l?Oi?l |72]73 |74 lﬂ-d
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Flags:

Example:

T~

FD
77

03

b |

OBJECT CODE

316

5 Z H PV N

LI ] ‘ i | f I_l{noeffect).

LD (Y + 3), A

Before: After:
AL 3] N
v aB4 1 v 5ABA
5AB4 2 3A84 21

SABY S5A SART
/\_,_,—



THE Z80 INSTRUCTION SET

LD A, (nn) Load accumulator from the memory location
{nn).

Function: A < {(nn}

Format:

Q

T | byte 2: address, low

Gi‘IOI byte 1: 3A
;
1

T
H
1
1

KK
H i
3 !
¥ T
] H

! order byte
‘j byte 3: address, high
— order byte
Description: The contents of the memory location addressed by

the contents of the 2 memory locations immediate-
ly following the opcode are loaded into the ac-
cumulator. The low byte of the address occurs im-
mediately after the opcode.

Data Flow: N
"N DATA
8 C 3
D £ ~
H L
/\._4
LD
n
143
/_\/
Timing: 4 M cycles; 13 T states; 6.5 usec @ 2 MHz

Addressing Mode: Direct.
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Flags:

Example:

3A

01

33

OBJECT CODE

Ji8

5z H BAYN C
! I ] } ; f J ] } (no effect).
LD A, (3301
Before: After:

al oa ] N

Nl

3301 B 3301 25




LD (nn), A

Function:

Format:

Description;

Data Flow:

Timing:

Addressing Mode:

o e B+« B

THE Z80 INSTRUCTION SET

Load directly addressed memory location (nn)
from accumulator.

{nn) < A
o] o] ;I;lo‘aimlﬂlbyteiﬂz
N T T O byte 2: address, low
l LTI I order
l P DT T byte 3: address, high
T T S T order

The contents of the accumulator are loaded into
the memory location addressed by the contents of
the memory locations immediately following the
opcode. The low byte of the address immediately
follows the opcode.

A

__:C‘J>

diiR¢

4 M cycles; 13 T states; 6.5 usec @ 2 MHz

Direct.
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Flags: 5z H PV N C
1 ! l | l i 1 ]](noeffect)

Example: LD (03211L A

Before: After:

H

/\/ /\/
az 0321 08 0321 72 =
2
a3 TN

OBJECT CoDE
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LD (nn),dd

Function:

Format:

Descriptions:

Data Flow:

THE Z80 INSTRUCTION SET

Load memory locations addressed by nn from
register parr rr,

(nn) <ddjgy; (nn + 1) <ddpigh

T TeT Lo ] byee 1 ED

Iei1|d:a1o]o|i||]by£e2

{ 1T 17 T —71— byte 3: address,
Lod 1031} low order

T |by£e 4: address,
ST s T ' high order

The contents of the low order of the specified
register pair are loaded into the memory location
addressed by the memory locations immediately
following the opcode. The contents of the high
order of the register pair are loaded into the
memory location immediately following the one
loaded from the low order. The low order of the
nn address occurs immediately after the opcode.dd
may be anyone of:

BC - 00 HL -~ 10
DE — 01 Sp ~ 11
TN
A LD
A c ad
D £ n e
H n
5P| i N
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Tirming: 6 M cycles: 20 T states; 10 usec @ 2 MHz
Addressing Mode: Direct.

Byte Codes: dd: BC DE HL 5¢

@ [a[=[ 4]

Flags: sz H Y N ©
i I ! l T [ I l ] (no effect).
Example: LD (040B), BC
Before: After:
B[ 022) o8 022t
T (e (o
£D 0408 06 0408127

43 040C AB oac g

0B

04 TN

OBJECT
cobE
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LD (nn), HL

Function:

Format.

Description:

Daa Flow:

Tinmung:

Addressing Mode:

THE Z80 INSTRUCTION SET

Load the memory locations addressed by nn from
HL.

(nn} - L;{nn + 1)~ H

iuiﬂ%iolololi]0]bytel:22

i A e i I byte 2: address,
T 4_} low order
[ byte 3: address,
L_J_.Mx__f,,,,l JRUS FE S high OE'dEI'

The contents of the L register are [oaded into the
memory location addressed by the memory loca-
tions immediately following the opcode. The con-
tents of the H register are lpaded into the memory
location wmmediately following the [ocation
foaded from the L register. The low order of the
1 address occurs immediately after the opcode.

TN

LD

T O = >
g

T .

5 M cycles; 16 T states; 8 usec @ 2 MHz

Direct.
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Flags:

Example:

22

B9

40

CBJECT
CQODE

324

5 Z H Y NOC

L] | [ [ l i ] }(noeffect).

LD (40B%), HL

Before: After:

WL moa oW me

A N

4089 20 4089 44
40BA QF 408A 30

Y 2 N




LD (nn), IX

Function;

Formai:

Description:

Data Flow:

Timing:

Addressing Mode:

THE Z80 INSTRUCTION SET

Load memory locations addressed by nn from 1X,

(nn) < [Xjgy: (nn + 1} < [Xpjph

1 if[@!lllll GI‘Ibytei DD

[ofo[x[ olaiafo}bytezzfﬁ

— S byte 3: address,
A T low order

A B } byte 4: address,
high order

=

i i A 1 L i ] 1

The contents of the low order of the [X register
are foaded into the memory location addressed by
the contents of the memory location immediately
following the opcode. The contents of the high
order of the IX register are loaded into the
memory location immediately following the one
loaded from the low order. The low order of the
nn address occurs immediately after the op code.

N
[Ea]
A —
B C n
D E n
H

6 M cycles; 20 T states; 10 usec @ 2 MHz

Direct.
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Flags: s 7 H PV N C
’ I i { T Tﬁ] {no effect).
Example: LD (012B), IX
Before: Alfter:
x[ 7 Todns 3 0404
/\/ /'\_/
oD olz8 D3 0128 08
22 012C oA 012C (77047
28
o /"‘\_/ /\_/

QBJECT
CODE
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LD (am), 1Y Load memory locations addressed by nn from 1Y,
Function: (ap} = gy (nn + 1) = [Yhigh
Format: .

lii i;ill{l]qlgll]byteI:FD

ool l5_|°|0'f‘?{° | byte 2: 22

i T A t 1 T | byi{! 3 address,
1 [ S S N | | low order
[T T I byte 4: address,
{ L 1 L : I L ! h]gh order
Description: The contents of the low order of the I'Y register are

loaded mto the memory location addressed by the
contents of the memory locations immediately
following the opcode. The contents of the high
order of the IY register are loaded into the
memory location immediately following the one
loaded from the low order. The low order of the
nn address occurs immediately after the opcode.

/‘\/

Data Flow:
D
A [T —
B c n R
D E n
M
Iy |
Tinung: 6 M cycles; 20 T states; 10 usec @ 2 MHz

Addressing Mode: Direct.
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Flags: 5 2 H PV N C
LI TP T T moeffeen
Examiple: LD (BD04), 1Y
Before: After:
| D204 1wl om0

N N

D 8004 A5
22 BDO05 94
04

BD TN
/\—)

OBJECT CODE
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LD A, (BO)

Funcrion:

Format:

Description.

Data Flow:

Tinung:

THE Z80 INSTRUCTION SET

Load accumulator from the memory location in-
direcily addressed by the BC register pair.

A = (BO)

[olefolof Jo]i[o] 0a

The contents of the memory location addressed
by the contents of the BC register pair are loaded
into the accumulator.

DATA

Tow>»

f
T A
[I——

Y

/\/

2 M cycles; 7 T states; 3.5 usec @ 2 MHz

Addressing Mode: [ndirect.

Flags:

Example:

N

OA

—~__

OBJECT CODE

P/V N C

‘S‘ZT iHl 1 (i 5 (no effect).

LD A, (BO

Before: After:

Al as | { AE .
¢ B 2201 c

=] 3201
Kyiny] 41 3201 41
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1D A, (DE) Load the accumulator from the memory location
indirectly addressed by the DE register pair.
Function: A~ (DE}
Format:
[efofef [ folifo]in
Description; The contents of the memory location addressed by
the contents of the DE register pair are lpaded into
the accumulator.
Data Flow: '
AT AN
B8 C DATA _j
) R ——
B 3 T —
Tirmung: 2 M cycles; 7 T states; 3.5 usec @ 2 MHz
Addressing Mode: Indirect.
Flags: 5 Z H P/Y N C
L [ ] L ] ] i ] ] (Ne effect).
Example: LD A, (DE}
Before: After:
A Sy
3] 6051 EY £051 £
1A &051 09 6051 o9
/_\-___‘ v

/-\-_«,_"
OBJECT CODE
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LD Al

Function:

Format:

Description:

Data Flow:

Tinung:

Addressing Mode:

Flags.

Example:

ED
57

QBJECT CODE

THE Z80 INSTRUCTION SET

Load accumulator from interrupt vector register |,

L‘L'['_L"J lrlel ] byte r: ED
Lol fefifol [T ] bye2:s7

The contents of the interrupt vector register are
loaded into the accumulator,

2 M cycles; 9 T states; 4.5 usec @ 2 MHz

Implicit.

s 7 H PV N C

elel O] I:ME? t}o;;; contents
LD Al ‘

Before: After:

SR ENEY . IR
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LD 1ILA Load Interrupt Vector register { from the ac-
cumulator. :

Function: I~ A

Format; i‘l'|‘|°|'!'|°|*]byiel:ED
|0][Io|a}ci§ [ || byte2:47

Description: The contents of the accumulator are loaded into

the Interrupt Vector register.

Data Flow:

ol L - i
[a]

!

Timng: 2 M cycles; 9 T states; 4.5 usec @ 2 MHz
Addressing Mode: Implicit.

Flags: 5 1 M BV N C
l i | l | I | IJ(noeffect}

Example; LD LA
Before: After;
TN Al e [ o2 Al e
D

47

OBJECT CODE
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Lfl) AR Load accumulator from Memory Refresh register
R.
Funcnion: A+ R
Formar:
[a} a! IIOIIIIIO’TJ byte i: E»
Lul r]Oi |[ ||||l]I | byte 2: 5F
Descriprion: The contents of the Memory Refresh register are

ioaded into the accumulator,

Dara Flow:

N
B C
D £
H i
R
Tirmung: 2 M cycles; 9 T states; 4.5 usec @ 2 MHz

Addressing Mode;  Implicit.

Flags.' 5 27 H PV N

(@[®] [O] [x[o] ]
A set 10 contents af [FF2

Example: LD AR

Before: After:

N Ai & R | AFZRZAR A

OBIECT Cope
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LD HL,{(nn) Load HL register from memory locations addres-

sed by nn.
Function; L@ H+{n+ D
Format:
[a!o|lioI| lot( }o} byte 1: 2A
[ L R I byte 2: address, low
1 L 1 L { t i order
( LS S S —l byte 3: address, high
: i H 1 i 1 ! O!‘dﬁ!"

Description: The contents of the memory focation addressed by
the memory locations immediately after the op-
code are {oaded into the L register. The contents
of the memory location after the one loaded into
the L register are loaded into the H register. The
low byte of the nn address occurs immediately
after the opcode.

/\/

Data Flow: i

A n
B
b E r\/
H t
ﬁ N
| X
1 v
’\/
Tinung: 3 M cycles, 16 T states; 8 usec @ 2 MHz

Addressing Mode:  Direct.

Flags: s £ H PAYN C

{ l i | { I 1 1 [{noeffect)
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Example: LD HL, 0024y

Before: Alter:

L 2A ] 0024 -
I 0025
00

OBUECT CODE
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LD IX, nn Load IX register with immediate data nn,
Function: IX < nan
Format:
Llefel ][] fe]r]byet:pD
[efofrfofofo]o] Joye2: 2t
T L byte 3: immediate
I Lol 117} data, low order
[ 7 T T ; byte 4; immediate
L L i+ 1 J data, high order
Description: The contents of the memory locations immediate-
ly following the opcode are loaded into the IX
register. The low order byte occurs immediately
after the opcode.
Data Flow:
A
8 c
C 3
" . T
.4 [6>)
n
n
v — ]
Tinung: 4 M cycles; 14 T states; 7 usec @ 2 MHz

Addressing Mode: Immediate,

Flags: s

PAY N C

l_| ] I | I z | ](noeffect)
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Example: LD IX,B0B1
Before: After:
T x| 306F | X
)
%
/_\-__._
OBJECT CORE
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LD IX, {(nn)

Function:

Forinat:

Descriptions:

Data Flow:

Tinung:

Addressing Mode:

338

Load IX register from memory locations ad-
dressed by nn.

Xjow * (nnk iXpjgp < (a0 + 1D

Lofefelifr]r o] )byer:pD

Lolol o] ]e]r o] byte2: 24

T 'V_—'—"*"‘-"“ byte 3: address,
A low order

| 1 -1 i ]
i—rm—r-wr"—r' ~7 v byte 4: address,
ot ] high order

The conients of the memory location addressed by
the memory locations immediately following the
opcode are loaded into the low order of the 1X
register. The contents of the memory location 1im-
mediately following the one loaded nto the low
order are loaded into the high order of the IX reg-
ister. The low order of the nn address immediately
follows the opcode.

Ar N H

i} C {
D E

H b

6 M cycles; 20 T states; 10 usec @ 2 MHz

Direct.



THE Z80 INSTRUCTION SET

Flags: 5 7 M PN N C

| i 1 l i I i l ] {no effect).
Example: LD IX, (010B)

Before: After:

W QR

TN TN
bD 0108 00 o108 s
2 o 32 oleC 12
0B
Gi TN TN/
L
N

CBJECT CCOE
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IDIY, nn Load IY register with immediate data an.
Function: IY = nn
Formati.

f‘{'l‘L'l']' lombylei:FD
[ofof [ofofo]o] ] byte2: 2i

( L Ry S byte 3; immediate
b bl bbb data, low order
( LA J byle 4: immediate
n
i : 4 L] 1. ' ' dala, hlgh DTdE[’
Description: The contents of the memory locations immediate-

ly following the opcode are foaded into the 1Y
register. The low order byte occurs wmmediately
after the opcode.

Data Flow:

Tinnng: 4 M cycles; 14 T states; 7 usec @ 2 MHz

Addressing Mode: Immediate.
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Flags:

Example:

N,

o
21

21

¢

]

OBJECT CODE

THE Z80 INSTRUCTION SET

s 2 H PV N C
l ] l , ’ ] l t J {no effect)
LD 1Y, 24

Before: After:

iv] 0o | Y

341



PROGRAMMING THE 280

LD LY, (nn) Load register IY from memory locations addressed
by nn.

Function: Wiow < (ank; Ypigp < (nn + 1)

Format:

Ie stLli}s o*z}'bytei:FD
molxloltlozo byte 2: 2A

T pyte 3: address,
! n by
T S fow order
T r byte 4: address,
bttt o1 7] hiph order
Description; The contents of the memory location addressed by

the memory locations immediately following the
opcode are loaded into the low order of the 1Y
register, The contents of the memory location im-
mediately following the one loaded into the low
order are loaded into the high order of the 1Y
register. The low order of the nn address im-
mediately follows the opcode.

Dara Flow:
TN

E

L N
W

Tt

T O 0
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Tinung: 6 M cycles; 20 T states; 10 usec @ 2 MHz

Addressing Mode: Direct.

Flags: 5 7 N PV N C
I { l l I | l l l(noeffect),

Example: LD 1Y, (500D
Before: After:
Iy | 6002 VY s A
TN N N
) 5000 o3 500D 03
2A 5008 44 S00F 44
(;2 TN TN
OBJECY
CODE
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LD R.A Load Memory Refresh register R from the ac-
cumulator.

Function: R« A

Format: Izl|ir10|||||0[1| byie 1: ED
Iol(tolollilll ||| byte 2: 4F

Description: The contents of the accumulator are loaded mnto

the Memory Refresh register.

Data Flow: A

8 C

D E

H L

a7

Timing: 2 M cycles; 9 T states; 4.5 usec @ 2 MHz
Addressing Mode: [mplicit.
F]ags‘- 5 z H PV N C

Ll LT ] [ T ] (noeffects

Example: LD R.A

Before: Afler:

a s e e[ e Al 2T
ED
4F

OBJECT CODE
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LD SP,HL

Function:

Format:

Description:

Datg Flow:

Tinung:

THE Z80 INSTRUCTION SET

Load stack pointer from HL.

SP < HL

L] fefo]i] ro

The contents of the HL register pair are loaded in-
to the stack pointer.

I o mw >

5 W@

1 M cycles; 6 T states; 3 usec @ 2 MHz

Addressing Mode: Implicit.

Flags:

Example:

OB3ECTY
CODE

5 Z H PV N C

LLL L LT ] 1] moeffeen

LD SP, HL

Before: After:

HJ O6AE !L H{_ DGAF {L
se | DBOE | sezzZzzowss 7
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LD Sp,IX

Function:

Formait:

Description.

Data Flow:

Timung:
Addressing Mode:

Flags:

Example:

/‘\/

DD
F?

W\_/

QBJECT
COBE

346

Load stack pointer from IX register,

SP - IX

r:} ‘]o’u!ijulelu’by{el:DD
Dl ool [ byte 2: Fo

The contents of the IX register are loaded nte the
stack pointer.

A
) c
D 3
H L
1%} -

2 M cycles: 10 T states; 5 usec @ 2 MHz

Implicit.

CLIT T ety
LD S§SP., IX

Before: After:

%1 0902 Do 0902 1

s | 5480 | w5




THE 280 INSTRUCTION SET

LD SP,IY Load stack pointer from 1Y register.
Funcrion: SP 1Y
Formar:

L,ﬂi‘l‘l‘l‘['[OUby{el:FD
rq_‘l'I‘f‘;°|017—]by162:F9

Description: The contents of the I'Y register are loaded into the
stack pointer.

Dara Flow:
i | |
s \
Tiring: 2 M cycles; 10 T states; 5 usec @ 2 MHz

Addressing Mode: Implicit.

Flags: s 7 H -
Li LT[ P ][ |moeffect
Example: LD SP,IY
Before: After:
N
D 1
P WL 09AB | G958
TN sp| 5004 | e

OBJECT CODE
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LDbD

Function:

Format;

Description:

Dara Flow:

Timing:

Addressing Modes:

Flags:

348

Block load with decrement.

(DE) = (HLy; DE< DE - It HL < HL - |;
BC « BC -~ 1

IallTuIO]!lllﬂill byte 1: ED
['lOT'iOI‘IO‘D]OI byte 2: AR

The contents of the memory location addressed by
HL. are loaded into the memory location address-
ed by DE. Then BC, DE, and HL are all

decremented.

DATA
/W%/ -
of R
Hi\ .

4 M cycles; 16 T states; B usec @ 2 MHz

{ndirect.

5 Z PV N OC

] lOI x|0] |
b Reset if BC = 0 after

execution, sel otherwise.




THE Z80 INSTRUCTION SET

Example: iDD
Before: After:
B 0804 c s G cC
D 62N € o a0
H 8438 L s maas 7
/\_ N
EG 6211 9B s 6d
AB ] |
T — ]
OBJECT CODE T O —
8438 52 6438 62
] b}
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LDDR Repeating block load with decrement.
Function: (DEY+~ (HL); DE< DE - I; HL <= HL - {;
BC < BC — 1; Repeat until BC =0
Format:
Ll fefef e fofr} byerED
l|lo}rt|||lololol byte 2: B
Description: The contents of the memory location addressed by
HL are ioaded into the memory location address-
ed by DE. Then DE, HL, and BC arc all
decremented. If BC # 0, then the program counter
15 decremented by 2 and the instruction re-
executed.
i §
iz AN oo 1
Data Flow: o B
afa FOM %;%%//A% : ]: i: %
{ 1
AR
byl
1yl
I
by
- r i
N =R
3
N z
L i
Timing: BC # 0: 5 M cycles; 21 T states; 10.5 usec @ 2

MHz.
BC = 0: 4 M cycles; 16T states; 8 usec @ 2 MHz

Addressing Mode: Indirect.

Flags: s 7 BV N C

CT ol Tomol ]
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Example:

LDDR

Before:

0003

0682

06AF
06BG
06B1

Q6B2

OBJECT CODE

9032
2033
P34
9035

i 9035

92
DE
El
BF

THE Z80 INSTRUCTION SET

After;
< I
; oi

g
0881 W

/\/
9032 92
2033 DE
9034 £l
9035 BF
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LDI Block load with increment.

Function: (DE) < (HL); DE < DE + 1; HL < HL + 1;
BC < BC - 1

Format:
L‘l"'lol'l‘lf’l‘] byte 1: ED

[1|o|1|o|o[o[olo| byte 2: A0

Description: The contents of the memory location addressed by
HI are loaded into the memory location addressed
by DE. Then both DE and HL are incremented,
and the register pair BC is decremented.

Data Flow: @
_

(" oam—]
I~

Timing: 4 M cycles; 16 T states; 8 usec @ 2 MHz

Addressing Mode: Indirect.

Flags: s Z H PV N C
Ll | [ol [X[O]
| I—

Reset if BC = 0 after
execution, set otherwise.
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Example: LDI
Before: After:
8 0006 & B[ 05
3481 E ol 3482 E
H 3902 L H 3903 L

381 oA B\ A
—~__| EE
OBJECT CODE {/\___‘
3902 42 3902
/_\______
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LDIR Repeating block load with increment.

Function: (DE) =~ (HL}; DE<~ DE + I; HL < HL + {;
BC < BC — I; Repeat until BC = 0

Format:
,1|(’;}0|s!1|6|%l byte I: ED
Lfof frfofefefo] byte2:BO
Description: The contents of the memory location addressed by
HL are loaded into the memory location ad-
dressed by DE. Then both DE and HL are in-
cremented. BC is decremented. If BC # 0 -then
the program counter is decremented by 2 and the
mstruction is re-executed.
2
Data Flow: b L2
S -
8 COUNIERT s y
oy DESTINA?ONE - P
e L
,,,,,, di
N S B
-] 4
]
Timing: For BC # 0: 5M cycles: 21 T states; 10.5 usec @ 2
MHz.
For BC = 0: 4 M cycles: 16 T states; 8 usec @ 2
MHz

Addressing Mode; Indirect.
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Flags:

Example:

N

ED
BO

]

ORJECT CODE

THE Z80 INSTRUCTION SET

5 z PV N C
Ll IOi 10l0] |
LDIR

Before: After:
8 0002 c

e

89 w6
0 w ko
H G62A HL

anaz] 12 Wl kit
i
4A04 Fa 4AD4E 90

405 AA 4a0s|  AA |
Q62A 3B Q62A :!_ﬁ‘lm B
9628 50 9628 90

veac| &t 562C 66 |
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LDr, (HL) Load register r indirect from memory location
(HL).

Function: r — (HL)

Format:

|e]a e w7 ]5]

Description: The contents of the memory location addressed by
HL are loaded into the specified register. r
may be any one of:

A - 111 E — 011
B — 000 H - 100
C — 001 L — 101
D - 010
Data Flow:
A
B c P S
D
H = DATA
Timing: 2 M cycles; 7 T states; 3.5 usec @ 2 MHz
Addressing Mode: Indirect.

Byte Codes: r: A B C D E H L
|7E|46| 45]56[55]66[65]
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Flags: s z H PV N C

l [ LI Ll ]—| (no effect).

Example: LD D, (HL)
Before: After:
D 3A o 24
H oc 2 L e 32 L

r\_.

56 0C32 24 0C32 24

A o
OBJECT CODE
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NEG Negate accumulator.
Function: A<0-A
Format:

r'l1lﬂol'l'l°l‘| byte 1: ED

[ TeToo e o] byie2: e

Description: The contents of the accumulator are subtracted
from zero (two’s complement) and the result is
stored back in the accumulator.

Data Flow: | {L

A e — ]
: |\ V
D E ALU
H L
Timing: 2 M cycles; 8 T states; 4 usec @ 2 MHz

Addressing Mode: Implicit.

Flags: 5 Z H ®v N C
oo (o [of: |0
C will be set if A was 0 before the instruction.
P will be set if A was 80H.
Example: NEG
' . Before: After:
€D Al | s
44
OBJECT
CODE
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NOP

Function:

Format:

Description:

Data Flow:

Timing:

Addressing Mode:

Flags:

I QO @ P

THE Z80 INSTRUCTION SET

No operation.

Delay.

o [oTe [eoToTe] w

Nothing is done for 1 M cycle.

No action
'
E
L

1 M cycle; 4 T states; 2 usec @ 2 MHz

Implicit

H PV N C

[Sizm [ ‘ l ] (no effect).
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OR s Logical or accumulator and operand s.
Function: A< AVs
Format: s: may be r, n, (HL), (IX+ d), or (IY + d)
nODnnn=zs
2 [Tl i) be t:Fs
i e s i
@) [Tl TelTiTe] bve i m
ax+d [ JoJe[ [ Ji]o] ] bytel: DD
[ToT T[T To] evie2: 56
[————3d———— byte 3: offset value
ay +ay (][ of [ efJo] ] byter:FD
Llof [ rTof T iTo] byte2: s
[ d—————] byte 3: offset value

r may be any one of:

A — 111 E - 011
B - 000 H - 100
C -~ 0ol L — 101
D - 010
Description: The accumulator and the specified operand are

logically “or’ed, and the result is stored in the ac-
cumulator. s is defined in the description of the
similar ADD instructions.
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Data Flow: & F
B o
D £ ALU s ]
H L M
Tinung: usec
se M cyeles: | T states: @ 2 MHz:
r i 4 4
n 2 7 3.5
{HL} 2 7 3.5
(IX + ) 5 19 9.5
Iy + 4 5 19 9.5

Addressing Mode:

Byie Cades:

Flags:

Example:

BO

OBJECT
CODE

r: implicit; n; immediate; (HL): indirect; (IX +
d), Y + d¥: indexed.

OR

rm A B
|a7|aoia;|szzlas]aalss‘

5 7 H Bv N C
@je] O] [@|0[0]

OR B
Before: After:
0 N
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OTDR Block output with decrement

Function: {(O)=(HL); B<B — I; HL<HL - I;
Repeat untit B = 0.

Format:

[T Tl ] byee 1: €0

[‘[01|||l||0}|'i]byEEZZBB

Description: The contents of the mermory location addressed by
the HL register pair are output to the peripheral
device addressed by the contents of the C register.
Both the B register and the HL register pair are
then decremented. if B # 0, the program counter
is decremented by 2 and the instruction is re-
executed, C supplies bits AQ to A7 of the address
bus. B supplies (after decrementation) bits A8 to
AlS.

Data Flow:

DATA

A i ] 2

B FCOUNTERY c —'-WC; =3 ‘i |
o E FORT

b — ]
HU ]

Tinung: B = (: 4 M cycles; 16 T states; 8 usec @ 2 MHz.
B #0:5Mcycles; 2] T states; 10.5 usec @ 2 MHz

Addressing Mode: External,

Flags: sz H P N C
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Example:

T~

ED
BB

/_-.-"‘-—___,_/
OBJECT CODE

THE Z80 INSTRUCTION SET

OTDR
Before: After:
T
H
T
004F o2 QQaF o2
0050 68 G050 R
G051 A 0051 QA
/m\—-\h___‘ /\_
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OTIR Block output with increment.

Function: Q)<= (HL; B+ B — I; HL < HL + 1{; Repeat
untiil B = 0

Formai: e
Lo T o] ] byee - ED
F[o||l|]o‘oi: ]‘1 byte 2: B3

Description: The contents of the memory location addressed by

the HL register pair are output to the peripheral
device addressed by the contents of the C register.
The B register is decremented and the HL register
pair 1s incremented. [f B # 0, the program counter
is decremented by 2 and the insiruction is re-
executed. Csupplies bits AO to A7 of the address
bus. B supplies (after decrementationi bits A8 to
AlS,

Dara Flow:

counters

rT o w>»

Tinung: B = 0: 4 M cycles; 16 T states:; § usec @ 2 MHz.
B #0:5M cycles; 21 T states; 10.5 usec @ 2 MHz

Addressing Mode: External.

Flags: 5 2 H PN €
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Example: OTIR
Before: After:
IS Al le 8 007, AQ c
H 5550 |t WM L
T vom
AD AQ
T — N N~
ED 5550 4B 5550 5B
83 5551 0z 5551 02
] 5552 oA 5552 94
OBJECT CODE 5553 45 5553 85
/\___ /\\\_’
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ouT (), r

Function:

Format:

Description;

Data Flow:

Tinung:

Addressing Mode:

Flags:

Byte Codes:
ED-

366

Qutput register r to port L.

i | byte 1: ED
'] byte 2

B
o[ o]

The contenis of the specified register are output to
the peripheral device addressed by the contents of
the C register. r may be any one of:

A - 111 E - 01
B - 000 H - 100
C -001 L — 101
D - 010

Register C supplies bits A0 to A7 of the address
bus. Register B supplies bits A8 to AlS.

PORT

I 2w >
g

3 M cycles; 12 T states; 6 usec @ 2 MHz

External.

[ (no effect).

A B C D E H

[l [ Tor o]




Example:

N

£D
41

b —
CBJECT CODE

THE Z80 INSTRUCTION SET

QUT (), B
Before: After:
sf o | A Jc s o | B dc
[ Bs _JpowT 75 Il
£l £

367



PROGRAMMING THE ZBO

GUT (N). A Output accumulator to peripheral port N.

Function: {(N)~— A
Format:

Ldrfolfofol [ ]byet:D3

[ { : } 2 i : ] byte 2: port address
Description: The contents of the accumulator are cutput to the

peripheral device addressed by the contents of the
memory location immediately following the op-

code.
Data Flow: T
A
3 o out
B e Vi~ n
H L PORY
f‘\m_’
Timing: 3 M cycles, 11 T states; 5.5 usec @ 2 MHz
Addressing Mode: External,
Flags: 5 7 H PV N C
[TTT T L] woett
Example; OUT (0A), A
Before: After:
T~ A s V[ eowt A st | BT rom
-~ 0A 0A
0A
b~

OBJECT CODE
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THE Z80 INSTRUCTION SET

oUTD Output with decrement.
Function: (Cy+~{(HL; BC+~B - {; HL <~ HL ~ |
Format:
Llebrfefrfrfol fbyer:ED
t||e|e|e||10|l|!]byieZ:AB
Description: The contents of the memory location addressed by

the HL register pair are output to the peripheral
device addressed by the contents of the C register.
Then both the B register and the HL register pair
are decremented. C supplies bits AQ to A7 of the
address bus. B supplies (after decrementation) A8

to AlS.
Data Flow:
A DATA
B ¥ COUNTER ¢ el
vy & FORY /_\-—._“
W
Timing: 4 M cycles; 16 T states; 8 usec @ 2 MHz

Addressing Mode: External.

Flags:
s 2z H PV N

Set if B = 0 after execution,
{ reset otherwise,
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PROGRAMMING THE Z80

Example: ouUTDh

Before: After:

o[ w [ w Jc oGFTL_»
Hi 228F v w7,

(o]

PORT V577 owe
A
£D 228F 4A 2IBF 4A
AB e} ]

b ]
OBJECT CODE

370



OUTI

Function:

Format:

Description;

Data Flow:

Timing:

Addressing Mode:

Flags:

THE ZB0 INSTRUCTION SET

Qutput with mncrement.

(O~ (HL; B~ B - i; HL — HL + |

Lol ol vl ]o] ] byte s ED

LiJolofolofe] ]| bye2: A3

The contents of the memory {ocation addressed by
the HL register pair are output to the peripheral
device addressed by the C register. The B register
15 decremented and the HL register pair is mncre-
mented.

C supplies bits AQ to A7 of the address bus.
B (after decrementation} supplies bits A8 to AlS.

DATA

£ PORT

c 7 ‘-1

4 M cycles; 16 T states; 8 usec @ 2 MHz

External.

{ - i | ! I —— Setif B = 0 after execution,

reset otherwise.

3



PROGRAMMING THE Z80

Example: QUTI

Before: After:

el 9 [ ® o 757/l e |c
H| 0F9A v W o

PORT /5h7 Arort
ag BB
T T T~
D OF9A A CF9A A
AJ L] L /—\-____,
P — ]

OBJECT CODE

3
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POP qq Pop register pair qq from stack.
Function: Q95 = (SP); YApgn— (SP + 1); SP—SP + 2
Format:

Ll fa afofolof:]

Description: The contents of the memory location addressed by
the stack pointer are loaded into the low order of
the specified register pair and then the stack
pointer is incremented. The contents of the
memory location now addressed by the stack
pointer are loaded into the high order of the
register pair, and the stack pointer 1s again in-
cremented. ggmay be any one of:

BC - 00 HL - 10
DE - 01 AF ~ 11
Data Flow:
A F
B C
D E
M L
; bata
. TN
s
Tirng: 3 M cycles; 10 T states: 5 usee @ 2 MHz

Addressing Mode: Indirect.

Byte Codes: 9a: BC DE HL _AF

e an]
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PROGRAMMING THE ZBG

Flags: 5 2 H PAY N C

[ DT L] moeffec.
Example: POP  BC
Before: After:

e 830a o e A

sp | 0158 | PSS
<l 0158 0A 0158 oA
e 015C <? 015¢ 42
OBJECT CODE 15D D3 0150 o3
\/ N
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POP IX POP 1X register from stack.
Function: ixlow — {SP; ]Xhlgh ~—(SP + 1) 5P 5P + 2
Formai: )

Lelefo oo | oyte 1 DD

§.E .i:{o!oiofoit ;E byte 2: Ei
Descriprion: The contents of the memory location addressed by

the stack pointer are loaded 1nto the low order of
the X register, and the stack pointer 15 in-
cremented. The contents of the memory location
now addressed by the stack pointer are loaded in-
to the high order of the IX register, and the stack
pointer is agamn mcremented.

BPata Flow:

Tinnng: 4 M cycles; 14 T states; 7 usec @ 2 MHz

Addressing Mode: Indirect.
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PROGRAMMING THE Z80

Flags: s 7 H PV N

LD LT[ coeffeen.

Examnple: POP IX
Before: After:
X 0001 |
SPr 0908 —l

oD 0908 3s oS08 3%
= ooy o4 ooc| o4
ooon{” 82 090D B2

CRIECT Cont f\) TN

376



POP 1Y

Function:

Formar;

Description:

Data Flow:;

Tinung:

Addressing Mode:

Flags:

THE Z80 INSTRUCTION SET

POP 1Y register from stack.

1Y low ™ (SPy 1Y high “(SP + 1); 5P = 5P + 2

Dbl Jol ] bye P

]|i|!||o!o|0|0[ll byte 2: El

The contents of the memory location addressed by
the stack pointer are loaded into the low order of
the 1Y register, and then the stack pointer is incre-
mented. The contents of the memory location now
addressed by the stack pointer are loaded mto the
high order of the 1Y register, and the stack pomnier
Is again incremented.,

4 M cycles; 14 T states; 2 usec @ 2 MHz

Indirect.

is [ ZJ ’H[ iP/V! NI C] {no effect).
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Example. POP 1Y

Before: After:

| 0328 1 YR
57| 3004 V)

3004 &1 3004 &

3005 40 30GE 40

3006 3 3006 39
OBJECT CODE ’_\—) N

378



PUSH gqq

Function:

Formuar:

Descripiion:

Dara Flow:

Tinung:

Addressing Made:

Byte Codes:

THE ZB0 INSTRUCTION SET

Push register pair onto stack.

(SP — 1) <aqhighs (SP — 2) < aqlows
SP—SP -2

Ll Ta o] ol ]

The stack pointer is decremented and the contents
of the high order of the specified register pair are
then loaded into the memory location addressed
by the stack pointer. The stack posnter 15 agan
decremented and the contents of the low order of
the register pamr are loaded 1n1o the memory loca-
tion currently addressed by the stack pointer. gg
may be any one of:

BC - 00 HL - 10
DE - 0] AF - 11

T U m o

59{7 //,F‘l

3 M ecycles; 11 T states; 6.5 usec @ 2 MHz

Indirect.

qq: BC DE Hi AF

o]os[es ]
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PROGRAMMING THE 280

Flags: 5 % H PV N €
[T LT[ ]t
Example: PUSH DE
Before: After:
n| 0A03 e | 0A03 | €
5 | 008} | e )
N N
D5 QOAF Bb
00BO oA
N 008! aF
OBJECT CODE
’\_/

386




PUSH IX

Funcuon:

Forimai:

Description.

Data Flow:

Tinung:

Addressing Mode -

Flags:

r a « >

THE ZBO INSTRUCTION SET

Push IX onto stack.

(SP - I~ IXhlgh; (8P - Dy~ IX|gws
Sp—SpP-12

L TeT [T Jo T bve 1:om

ClolTelel o]t} oyte2: g5

The stack pointer is decremented, and the contents
of the high order of the X register are loaded into
the memory locaton addressed by the stack
pointer. The stack pointer is again decremented
and then the contents of ihe low order of the X
register are loaded mto the memory location ad-
dressed by the stack pointer.

DATA

E

> i ]

4 M cycles; 15 T states; 7.5 usec @ 2 MHz

Indirect.

H Py N C

[SIZ-ITI| ! EATT (no effect)
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Example. PUSH X
Before: After:
x| DaA2 l x| 04D
spl oo | 5, Goo4

0074 a8
LA 9F
0096 04

OBJECT CODE N
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PUSH 1Y Push 1Y onto stack.

Funcrion; (SP ~ D 1Y fiohs (SP =~ 2V = [Yguws
SP—Sp -2

Formar:

DL e ] Jeveiep

1%(}::{0;05;ioit;byle?.:ES

Description: The stack pomnter s decremented and the contents
of the high order of the 1Y register are loaded 1n10
the memory location addressed by the stack
pomter, The stack pomnter 15 again decremented
and the contenis of the low order of the 1Y register
are loaded 1nto the memory location addressed by
the stack pomter.

Data Flow:

B, T
F L’f/,{,éﬁ//’q/h[ﬁéf_—l

Timng: 3 M cycles; 15 T states; 7.5 usee @ 2 MHz

Addressing Mode:  Indirect.

Flags: sz H By NC
Pl T L T[] ] (moeffeen
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PROGRAMMING THE Z80

Example: PUSH 1Y
Before: After:
v | 90BF L 908 ]
Sp [_ 0086 ] sp 0954 /////z
N
0 0084 5F
£5 0085 85
00B4 ]
OBJECT CODE TN
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RES b,s Reset bit b of operand s.
Function: S <0
Formar. s
r ill||0|ﬂil[0[1iii byte 1: CB
Le[o—ror—]—r ] bye2
Ly [ [ fefol e Jo[ i [ ] byer:cB
{ulol——!—b:—*slslol byte 2
X +dy  Tolifo[ ][ ]e]r] byet: DD
*il%l{)lolilollll| byte 2: CB
% : ; : ;% i : : lbyte:’::offsetvaiue
[ L[] bes
ay +d [ Je[ ]l To] ] byer:Fp
]:fn|0l0l![0|'1v| byte 2: CB
[ : : : d ; : :7 byte 3: offset value
Iilﬂlq————:-—b—i———iiiilﬂi byte 4
b may be any one of:
0 — 000 4 — 100
I~ 001 5 - 101
2 - 010 6 — 110
3 - 011 T - 111
r may be any one of:
A — 111 E — 011
B - 000 H — 100
C - 001 L - 101
D - 010
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PROGRAMMING THE Z80

Deseription:

Daita Flow:

The specified bit of the location determined by s is
reset. s is defined in the description of the similar
BIT instructions.

A A
3 c %
o E
H L ALU
Timing: usec
s M cycles: | T states: | @ 2 MHz:
T 2 8 4
(HL) 4 15 7.5
{(IX + 4 6 23 i1.5
(ay + d) 6 23 11.5
Addressing Mode: r:;implicit; (HL): indirect; (IX + d), {(IY + d):in-
dexed.
Byte Codes: RES b, r
b A B C D E H &
CB— 0 | B7] B0O|B1|&2|B3]84]85
I jeries|geloaiss ec|en
2 |97 |90 ]9 {92 |93 |94 |95
3 I9FI98|99|9A19B9C{9D
4 [A7iA0TALiAZ] A3 (A4 ]AS
5 1AF] AB| A9 | AALAB | AC [AD
6 is7iso0]B1|82iB3184|B5
7 | 8¢ 88189} 8AlEB|BC 8D
&: 0 1 2 3 4 5 & 7
RES b, (HL) CB leiBEl%]‘?ElAé‘AEle!SEJ

386




THE Z80 INSTRUCTION SET

RES b.(IX+d) DBCB — b: O t 2 3 4 5 8 7

I, S R

F!G’gS.' s Z H P N L

{ l { l i { T ; W(Noeffect)

Examples: RES [, H
Before: After:
I
ca
8C
b —
OBJECT CODE

387



PROGRAMMING THE 280

RET Return from subroutine
Function: PCiow — (SP) Pchsgh ~((SP + 1);5P=SP + 2
Format:

nNnDnooNE

Description: The program counter is popped off the stack as
described for the POP instructions. The next in-
struction fetched is from the location pointed to

by PC.
Dara Flow:
A
B C
D E
H L
#C T
STACK
PCL
PCH
Timing: 3 M cycles; 10 T states; 5 usec @ 2 MHz
Addressing Mode: Indirect.
Flags: s z H PV N C

LT T T T T T ] moetea

388



THE Z80 INSTRUCTION SET

Example: RET
Before; After:
pcl 0851 Vel )
5P| 3310 Vsl a3
/‘\\_T T~ o —
ce 3310 23 3310 an
23N B4 3an B4
OBJECT CODE o~ |
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RET cc Return from subroutine on condition.

Function: If ce true: PClgy, + (SP); PChigh < (SP + 1K
SP-SP + 2

Format: —

L eeiofo o]

Description: If the condition is met, the contents of the pro-
gram counter are popped off the stack as described
for the POP instructions. The next instruction is
fetched from the address in PC. If the condition is
not met, instruction execution continues In
sequence.

Data Flow:

A £
5 c
) £
H i
CONTROL
LOGIC
< D
$TACK
- PCL
. PCH ﬁ]
- — ]
s
cc may be any one of:
NZ - 000 PO - 100
Z — 001 PE — 101
NC ~ 010 P - 110
C - 011 M -~ 111
Timing: Condition met: 3 M c¢ycles; 11 T states; 6.5 usec @

Addressing Mode:

390

2 MHz.
Condition not met: I M cycle; 5 T states; 2.5 usec
@ 2 MHz

Indirect.



THE ZBO INSTRUCTION SET

Byte Codes: CC. N2 Z NC C PO PE P M

[ca|cs|nn|oa|so}ssjp§|m—l

Flags: 5.2 H BAY DL

LI Li [ l l lW(noeffect}

Example: RET NC
Before: After:
¢ [ w s
re | 0124 i pC
SP{ Bt | U
Do 8511 85 8511 85
B512 g1 8512 B1
OBJECT CODE ]

3N



PROGRAMMING THE 780

RETI

Function:

Formai:

Description:

Data Flow:

Timing:

Return from interrupt.

PClow * (SP); PChigy < (SP + 1); SP <SP + 2

(] [ofv] [o [+ | byte I: ED
rolllolalnl Iﬂl!] byte 2: 4D

The program counter is popped off the stack as
described for the POP instructions. This instruc-
tion is recognized by Zilog peripheral devices as
the end of a peripheral service routine so as to
allow proper controf of nested priority interrupts.
An EI nstruction must be executed prior to RETI
in order to re-enable interrupts.

4 M cycles; i4 T states; 7 usec @ 2 MHz

Addressing Modes: Indirect.

Flags:

392

5 .z H PV N C

I f ] l l ] l j_] {no effect).




Example:

T~

ED

4D

A
OBJECT CODE

RETI

Before:

| B4E}

l

$P| 8982

i

8982 Ad
B9B3 81

THE Z80 INSTRUCTION SET

After:

&Y
¥

8952
8983

/

Ad

B1

393



PROGRAMMING THE Z80

RETN Return from non-maskable interrupt.

Function: PCiow < (SP); PChigh < (SP + 1)}, SP = SP +
2, IFF1 « IFF2

Format:

(Tl [ Te] bwer:Ep
]e|||0|c’ols olq byte 2: 45

Description: The program counter is popped off the stack as L
described for the POP instructions. Then the con- b
tents of the 1FF2 (storage flip-flop) is copied back ‘
into the IFF1to restore the state of the interrupt
flag before the non-maskabie interrupt,

Data Flow:

STACK
PCL
PCH

5p T —

Timing: 4 M cycles; 14 T states; 7 usec @ 2 MHz

Addressing Mode: Indirect.

394



Flags:

Example:

o —
)
45

b —
£8JECY CODE

884C
8840

THE Z8Q INSTRUCTION SET

s Z H PAY N C
HENE | | (noeffect).
RETN
Before: After
ASF1 |
8B4C |
T — N
o BB4C ]
A 884D 9A
P S |

395



PROGRAMMING THE Z80

RL s

Function:

Format:

Description:

396

Rotate left through carry operand s.

: {)Il i]bytei:CB

1 joli]t]bytel: CB

0] ¢ anyteZ:ié

|
|
o] |byte 1: DD
|
]
i
|
|

AENERL ilbyteZ:CB
J byte 3: offset value
0 i byte 4: 16
0t | byte 1: FD
s [o] 1 [t |byte2: CB

l byte 3: offset vaiue

0 ofoin e}e : u[byte»ﬁi:ié

r may be any one of:

A — 111 E - 011
B — 000 H — 100
C - 001 L~ 10}
D - 010

The contents of the location of the specific
operand are shifted left one bit place. The con-
tents of the carry flag are moved to bit 0 and the
contents of bit 7 are moved to the carry flag. The
final result is stored back in the original location. s
is defined tn the description of the similar RLC in-
structions,



THE Z80 INSTRUCTION SET

Data Fiow:
A
8
D
H
Timing: usec
s M cycles: | Tstates: | @ 2 MHz:
r 2 8 4
(HL) 4 15 7.5
{IX <+ d) 6 23 11.5
(IY + d) 6 23 11.5

Addressing Mode: r: implicit; (HL): indirect; (IX + d), (IY + d¥:in-

dexed.
Byte Codes: RL r [ A 8 ¢ D E H
cay |7|1o| 1 | 12[ ISl |4| 151
Flags: z H ®v N C
10101 O] [e[O]e]
C is set by bit 7 of source,
Example: RL E
Before: After:
/_\_T |
ca F s
QBJECT CODE

397




PROGRAMMING THE Z80

RLA

Function;

Format:

Description:

Data Flow:

Timing:

Addressing Mode:

Flags:

Example:

T~

17

QBJECT CODE

398

Rotate accumulator left throughr carry flag.

L=<

C A

elofol fofifefi] 17

The contents of the accumulator are shifted left
one bit positton. The contents of the carry flag are
moved nto bit 0 and the original contents of bit 7
are moved into the carry flag, (9 bit rotation.)

W_E&

— @m0

T o ow >

1 M cycle; 4 T states; 2 usec @ 2 MHz

Impliett.

5 2 H BV N C
L1 o] | [0o]e]
Cisset by bit 7 of A.

RLA

Before: After:

sl | » o WS




THE 780 INSTRUCTION SET

RLCA Rotate accumulator left with branch carry.

Function:

=

Format:
[ﬂla}ololﬂ |I|{|j 07
Description: The contents of the accumulator are rotated left
one bit position. The original contents of bit 7 15
moved to the carry flag as well as to bit 0.
Data Flow:
, R
A E CAqF
. : \/
D £ ALl
H L
Timing: i M cycle; 4 T states; 2 usec @ 2 MHz
Addressing Mode: Implicit.
Flags: s z H PN C
L[ [o] [ io[e]
Cissetby bit 7 of A.
Example: RLCA
Before: After:
T~ Al e [ oo ¢ A0 G
o7 Note: This instruction is identical to RLC A, ex-
cept for the flags. It is provided for compat-
CBJECT TE5E ibility with the 8080.
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PROGRAMMING THE Z80

RIC Rotate register r left with branch carry.
Function:

Ol

= -
Format:

l;|;|n|01 | lo‘l[n]bytei:CB

[ofefofo]ofmrr=]byte2

Description: The contents of the specified register are rotated
teft. The original contents of bit 7 are moved to
the carry flag as well as bit 0. r may be any one of:

A — 111 E — 011
B — 000 H - 100
C — 001 L — 101
D — 010
Data Flow:
R R
A Pr
8 C
D E ALY
H t -
Tirmung: 2 M cycles; 8 T states; 4 usec @ 2 MHz
Addressing Mode: Implicit.
Byte Codes:  r: A B C D E H L

ca-|o7loo|o1|azzn:4!na]05l

400



Flags:

Example:

P

[:]
00

v
OBJECT CODE

THE Z80 INSTRUCTION SET

# FVv N ¢

OOESEOE0

Cis set by bit 7 of source register.

RLC B
Before: After:
s[__e2 [ s |r eEZEEZA 0

441



PROGRAMMING THE Z80

RLC (HL) Rotate left with branch carry memory focation
{HL..
Function:
(HEY
Format;
||[i\ala!;loi:||; byte I: CB
[ofofofoolr]i]o] bye2:06
Description: The contents of the memory location addressed by
the contents of the HL register pair are rotated left
one bit position and the result is stored back at
that location. The contents of bit 7 are moved to
the carry flag as well as to bit (.
Dara Flow:
A
8
D
H
Timing: 4 M cycles; 15 T states; 7.5 usec @ 2 MHz
Addressing Mode: Indirect.
Flags: 5 Z H ®v N C
e[e] [O] [@[0]e|

402

C is set by bit 7 of the memory location.



Example:

T

]

06

.
OBJECY CODE

THE Z80 INSTRUCTION SET

RLC (HLY
Before: After:
F i
Hi 6114 L A 6114 v
T —
5114 cs
o

403



PROGRAMMING THE Z80

RLC (IX + d) Rotate left with branch carry memory location {(IX

Function:

Format:

Description:

Data Flow:

+ d)

(ear—] =

(X + d)

Lopefel [l fofr]byet: DD
Lt fofefrfofr] ]bytea:cB
[————3————] byte 3: offset vaiue
Lofofofofofrir]o]byted: o6

The contents of the memory {ocation addressed by
the contents of the X register plus the given offset
value are rotated left and the result is stored back
at that location. The contents of bit 7 are moved
to the carry flag as well as to bit 0.

A

I O omor»

404




Timing:

THE Z80 INSTRUCTION SET

6 M cycies; 23 T states; 11.5 usec @ 2 MHz

Addressing Mode: Indexed.

Flags:

Example:

T —

pD

=]

Ci
06

T — ]

QBJECY CODE

s 2 H &V N C
ole] [O] [e[0]e®
C is set by bit 7 of memory location.

RLC (IX + D

Before: After:
F S
1] 048} I 0481 |
N
G481 63
0482 94
/_‘-h"‘-*—_..._/

405



PROGRAMMING THE Z80

RLC (Y + d) Rotateleft with carry memory location (IY + d).
Function:
= g
C {1y + d]
Format:
L[ [ fefol | byer: FD
Iili|0}el|‘c~l|[s'byiez:CB
i ; : : c;! ' : § byte 3; offset value
|e|clc]e}o|||||o!byte4:06
Description. The contents of the memory location addressed by
the contents of the 1Y register plus the given offset
value are rotated left and the result is stored back
at the location, The contents of bit 7 are moved to
the carry flag as well as bit 0,
Data Flow:
A Edr
B C
D E
H L
Iy

406




THE Z80 INSTRUCTION SET

Timng: 6 M cycles; 23 T states; 11.5 usec @ 2 MHz

Addressing Mode: indexed.

Flags: 5.2 H @V N C
ele] [O] |e[Ofe]
C s set by bit 7 of memory location.
Example: RLC (1Y + 2)
Before: After:
| ca Jr A
| oz 1oy 0021 |
3 0023 a5 0023 05
jo:} o022 Bl 0022 B!
02 0023 A2 6023 W
06 b — ¢

—
OBJECT CODE

407



PROGRAMMING THE ZBO

RID

Function:

Format:

Description;

Dara Flow.

Rotate left decimal.

A7 38 o] [ 4 o[

o||l byte i: ED
1 11| byte 2: 6F

[=}

The 4 low order bits of the memory location ad-
dressed by the contents of HL are moved to the
high order bit positions of that same location. The
4 high order bits are moved to the 4 low order bits
of the accumulator. The low order of the ac-
cumulator s moved to the 4 low order bits of the
memory location originally specified. All of these
operations occur simultaneously.

e

R e

T O w >

Timing:

Addressing Mode:

408

i
| oA ]

]

5 M cycles; 18 T states; 9 usec @ 2 MHz

Indirect.



THE 780 INSTRUCTION SET

Flags: s 7 H BV N C
ol®] (O] [@[O] |

Examples: RLD
Before: After:
A N
H B4F2 Jt H B4F2
(T (T [ ——
0 8472 48 aar2 e
& —_ —
v —
OBJECT CODE

409



PROGRAMMING THE Z80

RR s

Function:

Format:

{HL)

{(IX + d)

(Y + d)

Description:

410

Rotate right s through carry.

{ i

00

0

i
i
|
E
|
l
|
|

0i 0

i

o
i o

-

L]
| o
L]
o]
n
in
| o]
]
m:

l

|
K
=
|

| I
QGGIIIi¢i§U

r may be any one of:

A — 111 E - 011
B — 000 H - 100
C - 001 L — 10}
D - 010

byte I:

byte 2

byte 1.
byte 2:
byte i:
byte 2:
byte 3:
byte 4;
byte |:
byte 2:
byte 3:
byte 4:

CB

CB

1E

DD

CB

offset value
iIE

FD

CB

offset value

1E

The contents of the location determined by the
specific operand are shifted right. The contents of
the carry flag are moved to bit 7 and the contents
of bit 0 are moved to the carry flag. The final
result is stored back in the original location. s is
defined in the description of the similar RLC in-

structions.



THE Z80 INSTRUCTION SET

Data Flow:
A
8
]
Hi_
Tinung: usec
5! M cycles: | T states: | @ 2 MHz:
r 2 8 4
(HL} 4 15 7.5
(X + &) 6 23 11.5
dy + ) 6 23 1.5

Addressing Mode: r: impiicit; (HLY indirect; (IX + d), (1Y + d):n-
dexed.

Byte Codes: RR = r A B C D E H L

CB»I}F IIB i!‘? IlAilﬂ ilC lli)_]

F[ggs_‘ s Z H PV N C
le[e] [O] [®[O]e]
C is set by bit 0 of source data.
Example: RR H
Before: After:
(T~ W& e ¥ T TR
cs
1C

OBJECT CODE
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PRCGRAMMING THE Z80

RRA Rotate accumulator right through carry.
Function:
N gu
A ct
Formai:
Lo fofof el fefrl uF
Description; The contents of the accumulator are shifted right-

one bit position. The contents of the carry flag
are moved to bit 7 and the contents of bit 0 are
moved to the carry flag (9-bit rotation).

Data Flow; @
A fc F

C

3

L

m
E\i§

ALU

—_—

Timing: I M cycle; 4 T states; 2 usec @ MHz

Addressing Mode: Implicit,

Flag.s*.' s Z H PV N C
LI [ 1ol | [9e]
C is set by bit 0 of A.
Example: RRA
Before: Alfter:

T AL w95 | A AT A

tF

e Note: ’I_‘his instruction is almost identical to RR A.. It
OBJECT CODE 15 provided for 8080 compatibility.
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Function:

Format: (3

{(HL)

{(IX + d)

(1Y + d)

Description;

THE Z80 INSTRUCTION SET

Rotate right with branch carry s.

.7 0' |
3

fof

sisany of r, (HL), (IX + d), (IY + d).

lu{i{@lellh 1]1_—! byte 1: CB

o 0]a | o=l byte 2

[ ] (o[ To [ ] ] byte 1: CB
[Olﬂ lof‘l‘liiofbyteZ:OE
[’!‘}9} l‘l*iﬂilibyteI:DD

! !1 o! l€ byte 2: CB

|

i 0 g

g1

o

H

E bvte 3: offset value

'I'[G} byte 4: OE

ll lll i nl@il]byte!:?D
qufﬁi'}aﬁ\q byte 2: CB
r:j Tc’j ; I : 1byt83:offseiva1ue
[Giclc]o{lTllflolbyte4:OE
F may be any one of:

A — 111 E - 011
B — 000 H ~ 100
C — 001 L — 101

D - 0i0

The contents of the [ocation determined by the
specified operand are rotated right and the result
1s stored back in the original location. The con-
tents of bit () are moved to the carry flag as well as
to bit 7. s is defined in the description of the
simmilar RLC instructions.
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PROGRAMMING THE 780

Data Flow:

I O w P

Tining:

Addressing Mode:

Byte codes:

Flags:

Example:;

(T

i

o~
CBJECT CODE

414

use
52 M cvoles: | T states: | @ 2 MHz:
r 2 8 4
(HL) 4 15 7.5
(IX + ) 6 23 11.5
(y + dy 6 23 1.5

B8 IFFR

ro implictt; (HLY: indirect; (IX 4+ d), {}Y + d):in-

dexed.

RRC r « A 8B <
CB- OF

Db E MOt
a8 G?[EQ!DBTOCIUD}

After:
R
i
Hi 3FF2 it

s 2z H FWYW N C
@@ [0 |eOfe
C is set by bit 0 of source data.
RRC (HLy
Before:
s
aFF2 [t
i)




RRCA

Function:

Formars:

Description.

Data Flow:

Tinung:

Addressing Mode:

Flags:

Example:

o N
aF

P —
OBJECT CODE

THE ZBQ INSTRUCTION SET

Rotate accumulator right with branch carry.

==l

Lofofolef [ vi]i]or

The contents of the accumulator are rotated right
one bit position. The contents of bit 0 are moved
to the carry flag as well as to bit 7.

| 7

A CaF

-] Cc

D E ALU
H { L e o

I M cycle; 4 T states; 2 usec @ 2 MHz

Implicit.

5 Z H F/Y N C

L1 1 1o [ [ole]
Cisset by bit 0 of A.

RRCA

Before: After:
af Y 5t L
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PROGRAMMING THE 280

RRD Rotate right decimal.
f L ¥
Funcrion: al7 als of 7 afs ol
]
; 7

Formati: E‘E'l’iﬁi‘]‘fof'fbylel:ED

Lol fdofof el o] byte2: 67
Description: The 4 high order bits of the memory location ad-

dressed by the contents of the HL register pair are
moved to the low order 4 bits of that location, The
4 low order bits are moved to the 4 low order bits
of the accumulator. The low order bits of the ac-
cumulator are moved to the 4 high order bit posi-
tions of the memory location originally specified.
All of the above operations occur simultaneously.

Data Flow:

B <

O E ALLG

: L ain
—y

Tinung: 5 M cycles; 18 T states; 9 usec @ 2 MHz

Addressing Mode: Indirect,

416



Flags:

Example;

T

ED

&7

T~
OBJECT CODE

THE Z80 INSTRUCTION SET

s z H Brv N C
o/e] [O] [@[O] |
RRD
Before: After:
N Neo
H FEBI L W[ FEBI I
T
FEBI 50 FEB
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‘{ PROGRAMMING THE Z80

\
“RST p

Function.

Formal;

Description:

Data Flow:

Restart at p.

— 2; PCpigh =~ 0; PCow = P

DDk

L i

[ L]

The contents of the program counter are pushed
onto the stack as described for the PUSH nstruc-
tions. The specified value for p is then loaded into
the PC and the next instruction is fetched irom
. p may be any one of:

this new address

00H —
08H -
10H -
18H -

000
001
010
011

20H
28H
30H
38H

100
101
1o
111

This instruction performs a jump to any of eight
starting addresses in low memory and requires only
a singie byte. {t may be used as a fast response to

an interrupt.

T O m P

418
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THE Z80 INSTRUCTION SET
Tining: 3 M cycles; [1 T states; 5.5 usec @ 2 MHz
Addressing Mode: Indirect.

Byre Codes: T 00 OB 10 18 20 28 30 38
[ | cs| D?lD?[E? IEF [r7 IFF |
i

Flags: s 2 " o C
1 ‘ 1 1 ﬁ % i l \ {no effect).
Example: RST 38H
Before: After:
PC%_ A41A ] v R
5P i 0268 1
N T~
FE 0269 51 a2ee ERRA
} 026A BF 026A
OBJECT CODE 028 o 026
]
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PROGRAMMING THE Z80

SBCA,s Subtract with borrow accumulator and specified
operand.
Function: A«-A -5 —-C
Format: s: may be r, n, (HL), (IX + d), or (IY -+ )
o Dfelel b |

n lululoluliiillze[ byte i: DE

N B S S byie 2: immediate
l 1 L " i H ] i J da[a
(HL) li!OIOIIlllllllD] byte [: 9E
(IX+d) i‘tIIOIIIIIIIO!II byte 1: DD
||iGlG|i|ilsIaI0l 9E
‘ : 1 : d : ! : ‘ , byte 3: offset value
ay+d [f ] P [ fofr| byen:FD
[ifofol ][] ]e] byea:oE
| I : ' d : j : 1 ] byte 3: offset value
r may be any one of:
A — 111 E — Ol
B - 000 H - 100
C - 001l L — 10}
D - 010
Description. The specified operand s, summed with the con-

tents of the carry flag, is subtracted from the con-
tents of the accumulator, and the result is placed
in the accumulator. s is defined 1n the description
of the similar ADD instructions.
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THE ZBO INSTRUCTION SET

Data Flow: {}
1 4 \/
B o
D g ALLS | 5 i
H L i~
Tinming: usec
s M cycles: | Tstates: | @ 2 MHZ:
r | 4 2
n 2 7 3.5
(HL) 2 7 35
(IX + d) 5 19 9.5 7
(Y + d) 5 18 55 i

Addressing Mode.

r: ymplicit; n: irmediate; (HL): indirect; (IX +
d), {IY + d): indexed.

Byre Codes: SBC A,r A B C D E H 1
[9Fl99{99l9Al93'l9clgol
Flags: sz H PAY N C
oo (o [o @
Example: SBC A, (HL)
Before: After:
Al B [ s\ JF AR F
Ml 3600 (| 3600 It
9E 3600 oF 3600 oF
T —— Tt r—
OBJECT CODE
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PROGRAMMING THE 780

SBC HL,ss  Subtract with borrow HL and register pair ss.

Funcrion; HIL. <= HL - ss — C

Formai:

l'i']'lo{'['[ol I‘lby[eE:ED

ol fs s[ofof Jojbye2

Description: The contents of the specified register pair plus the
contents of the carry flag are subtracted from the
conients of the HL register pair and the result is
stored back in HL. ss may be any one of:

BC - 00 HL - [0
DE - 01 Sp - 11
Data Flow: 0 G:A
A [€le =
B C \/
o . ALY
E ﬁ_ﬁ i “c
5P| ]
Timng. 4 M cycles; 15 T states; 7.5 usec @ 2 MHz

Addressing Mode: Implicit.

Byte Codes: §S: BC DE HL SP

o

422



Flags.

Example:

ED

52

OBJECT
CORE

THE Z80 INSTRUCTION SET

s Z H ?/@NC
oo [ o @

H is set if borrow from bit 12,
C s set if borrow.

SBC HL, DE
Before: After:
(e 5

O4BS E

D 0689
3142 L H

E
L
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PROGRAMMING THE Z80

SCFr Set carry flag.
Function: C <1
Formati:
Lefol el [ ] ] 37
Descriprion: The carry flag s set.
Tinung: 1 M cycle; 4 T states; 2 usec @ 2 MHz

Addressing Mode: Implicit.

Flags: 5 I H PV N C

LI [ o[ | [ol]
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THE ZBO INSTRUCTION SET

SET b,s Set bit b of operand s
Function: Sp - 1
Format: s
r : Jeie{uchﬂTJ byte |: CB
¥ ]

1 ]*—bﬂl-—r — byte 2
l

L
R s
(HL) {|{| 0‘0%19"1'} byte I: CB
Clil=erl [ o] bye2
ax +da  Dlfefi ol ] pper:pp
CLLLT T oyes s
% : : ; ‘é‘ : ; : i; byte 3: offset value
Ll ==l [ fo] byes
Iy + d) r‘]'l'l'l'i'IG]‘J byte {: FD
[l JelelJel ]'] bye2cB
rjj. 1 ‘;* j : :j! byte 3: offset value
!"I‘!*—:hi—"’]‘]'lol byte 4
r may be any one of:
A - 11] E - Gl
B — 000 H - 100
C - 001 L - 101
D - 010
b may be any one of:
0 - 000 4 - 100
i — 001 5 — 101
2 - 010 6 — 110
3 - 011 7 - 111
Description: The specified bit of the location determined by s is

set. s 18 defined in the description of the similar
BIT instructions.
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PROGRAMMING THE Z80

Data Flow:
'; c i
) E
H L
Timing: usec
N M cycles: | Tstates: | @ 2 MHz.
o 2 8 4
(HLY 4 15 7.5
(IX + d) 6 23 11.5
(IyY + d) 6 23 11.5
Addressing Mode: r: implicit; (HL): indirect; (IX + d), (1Y + d): in-
dexed.
Byte Codes: SET b,r
b:5A B C D E H L
¢ce- olcricolaiicaica|cales
1 {CFlos|co|cajesice [eo
2 107100|D1| D2 D3]D4iD5
3 /DFiDB}DY|DAIDB|DC|DD
4 [EF{E0| E}{E2[E3|E4 |E5
5 |EF {E8 |F9 |sAlEB [EC|£D
& VFP{FOLFI I FR | F3 | F4 |F5
7 [FFi#8 79 | FAlF8 | FClFD
SET b, (HL)
b 0+ 2 3 4 5 & 7

SET b, (IX + &)

SET b, (IY + d)

426
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THE 280 INSTRUCTION SET

Fiags.' 5 Z H PV N OC
LI LT T LT T noetfeen
Example: SET 7. A
Before: Alter:
T AL ] AT
cB

FF

]
OBJECT COBE
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PROGRAMMING THE Z80

SLA s

Function.

Format; 5

(HL)

(X + d)

Iy + &)

Description.

428

Arithmetic shift left operand s.

(g~

(L]
tofolfofo et
IDEODDnn
Lofofifofoft]r]e]
DnouDnoD
gaooogss
Pl oo [ [ 7]
L[ felolfo]s ]
EnoosOoy
- L}
Lefofifofol ] rio]
T may be any one of:
A~ 111 E - 011
B - 000 H - 100
C - 001 L — 101
D - 010

byte i:

byte 2

byte [:
byte 2:
byte I:
byte 2:
byte 3:
byte 4:
byte |:
byte 2:
byte 3:
byte 4:

CB

CB

26

DD

CB

offset value
26

FD

CB

offset value
26

The contents of the focation determined by the
specific operand are arithmetically shifted left with
the contents of bit 7 being moved to the carry flag
and a 0 being forced into bit 0. The final result is
stored back in the original location. s is defined in
the description of the similar RLC instructions.



Dara Flow:

T O wm >

Titning:

THE Z80 INSTRUCTION SET

[cie \

C

E

L

usec

5 M cveles: T staies: | @ 2 MHZ:
r 2 3 4
(HL) 4 [5 7.5
(X + &) 6 23 ti.5
{y + dy & 23 11.5

Addressing Made:

Byie Codes:

Flags:

Example:

OBIECT CODE

raumplicig (HLY: indireet; (IX + d), (IY + d}:in-

dexed.
SLA o

4 A B € D E ML
CBf 27 20[2? 22 |23 |24 2‘;]

H ®v N C

OOm

O] |e[Oje]

C 15 set by bit 7 of source data.

SLA  (HLi
Before:
o
ol OFF2 L
T~
aFk2 Fi
T ——

Afler:
v
H CFF2

i

ore2 T
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PROGRAMMING THE 280

SRA s
Function:
Format: 52
h
{HL)
(IX + &}

(1Y + d&}

Description:

430

Shift right arithmetic s.

f{itfojolrjolili] pyte i: CB
L{q 0 r‘ ] 0 ! : ]*"}i* *i—"’l byte 2

ijifoloerilol o)l bytel: CB

olol loli]eli]o byte 2: 2E

[ l ]ilﬂlilbytel:DD
l;]alu!o!a!ojlm byte 2: CB

*! byte 3: offset value

ofo aWF[vu i ¢ |0] byte d: 2E

i']'l' |{||_€AL{)JI«Ibytei:FD
b@n[@b}nlolall}bylezzCB

L ; ~~rﬁf-~f{i :#—]‘—Jlmq byte 3; offset value
oo :ie 1 ili 0| byte 4: 2E

r may be any one of:

A - i1l E — 011
B - 000 H - 100
< -0 i — 101
D - 010

The contents of the location determined by the
specific operand are arithmetically shifted right,
The contents of bit 0 are moved to the carry flag
and the contents of bit 7 remain unchanged. The
final result is stored at the original location. s is
defined in the description of the similar RL.C in-
structions.



Data Flow:

THE Z80 INSTRUCTION SET

JR—

Al I fete <0 \\ / / |
B! g c \ \; .
D: 3 \ AL E -5 7
H. i L \w - /\!‘
f——
Tinnng: usec
5 M cycles: V T stares: |\ @ 2 MHzZ:
r 2 8 4
(HL} 4 {5 7.5
(IX + d} 6 23 fi.s
(Iy + di 6 23 11.5

Addressing Mode.

Byte Codes:

Flags:

Example:

(T

B
2F

Ve
OBJECT CODE

r: anplicit; {HL): mdirect: (IX + d), {IY + d):in-
dexed.

SRA r A B C D E H

co [z [ [ e ]

5z o &v N ¢
[oje] [O] [e[0]@]

C is set by bit 0 of source data.

SRA A

Before: After:

Aw T I A
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PROGRAMMING THE Z80

SRL s

Function.

Formai:

(IX + d)

ay + dy

Description:

432

=]

Logical shift right s,

:]»io]o]ﬂe u}z’byiei:CB
LT L] o

Lol o] ] bwer:cn

{Olﬁl‘,'l'!=!‘7°]bytez-'35

[ Lol [ [ [o[] bwees:D

rallio{oln—lolu}n}byteZ:CB

%:_j : : ‘:ﬁ f : : ;jbyteli:oi"f‘setvalue

r{) GleIJJn]liG] byte 4: 3k

7 T el i} bytet: FD

[rl;[olﬂ]ulolx[xj byte 2: CB

g-ﬁ : : f;’ : : : bete?’::offsel value

CTo[ [ [ [i]e] byedse

r may be any one of:

A — 111 E - 011

B - 000 H - 100

C - 001 L — 101

D - 010

The contents of the location determined by the
specific operand are {ogically shifted right. A zero
is moved into bit 7 and the contents of bit 0 are
moved into the carry flag. The final result is stored
back in the original location,



THE Z80 INSTRUCTION SET

Data Flow: l ”5 F i

Al [clr VA
B! ¢ ! .ﬁﬁll1
D E ALU N /5-—-—§
H jll_ R : [
—
a—
Timing: usec
5 M cveles: | T swates; | @ 2 MHz:
r 2 8 4
(HLj 4 13 7.5
(IX + ) 6 23 1i.5
(1Y + o) 6 23 11.5
A R

Addressing Mode: o implicit; (HL# indirect; (1IX + d), (1Y + d):in-
dexed.

Byte Codes: SRL r woA B C D OE OH L
Cs | 3?[ 3ai 9| 3A 38’ 3(:! 39]

z H @v N C

Flags: S
ole| O [eO]e]
C is set by bit 0 of source data.
Example: SRL E
Before; After:
.
- o T
T —

OBJECT CODE
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PROGRAMMING THE Z80

SUB s Subtract operand s from accumulator.
Function: A+ A -5
Formati: s:mayber, n, (HL), (IX + dyor IY + d)

(HL)

{(IX + &)

(Y + 4

Description.

434

Lefefolrjo =]
Lol fol fifo]
e r——
Llofef fof i i]o]
Clfoffe ool
Llofofelol fr]o]
e e—— S
NHNnnnnon
Ljofofrfolife]o]
e b

T may be any one of:

A - 111 B - 011
B - 000 H -~ 100
C - 001 L -~ 101
D - 010

byte 1:

byte 2:
data

96

byte 1:
byte 2:
byte 3:
byte I:
byte 2:

byte 3:

D6

immediate

DD

96

offset value

FD

96

offset value

The specified operand s is subtracted from the ac-
cumulator and the result is stored in the ac-
cumulator. The operand s is defined in the
description of the similar ADD instructions.



Data Flow:

THE Z80 INSTRUCTION SET

Y

I 9 @ »

Timing:

Addressing Mode:

Byre Codes:

Flags:

Example:

N —

S0

e—
OBJECT CODE

\/

C

E ALY { s

L -

usec

N M cycles: | Tsrates: | @ 2 MHz]
r 1 4 2
n 2 7 3.5
{HLj 2 7 3.5
{(IX + d) 5 19 9.5
(IX + d) 3 19 9.5

r: umphicit; n; immediate; (HL): indirect; {(IX +
d), {IY + d): indexed

SUB r ;. A B C D E H 1t
i??‘?ﬂ{‘?ll%{%‘%la

5 7 H PN C

e[e] o] (e e

SUB B

Before: After;
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PROGRAMMING THE 480

XOR s Exclusive or accurnulator and s.
Function: A~ ATV s
Format: s: may be r. o, (HL), (iX + d), or (IY + d)
v Dol Jels [ =]
o el Telfilrio] obytel:EE
i LS L i hyte 2: immediate
11 : data
@ [l o[ ]e] ae
(IX +d |l§.]ej.[.i.!e|.| byte 1: DD
|uioll|e||]|||‘e| byte 2: AE
I ' : Z czi : t % l byte 3: offset value
av+a L lfef ][ fe] ] byenFD
lilﬂlilﬂlllil;lﬂt byte 2: AE
] i * {; : : : | byte 3: offset value

r may be any one of:

A — 111 E - 011
B — 000 H -~ 100
C — 001 L — 101
D - 010
Description: The accumulator and the specified operand s are

exciusive ‘or’ed, and the result is stored in the ac-
cumulator. s is defined in the description of the
similar ADD instructions.
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THE Z80 INSTRUCTION SET

Date Flow:
Al
8
o £ s |
M L
Timing: usec
8 M cycles:| T states: | @ 2 MHz:
T I 4 2
n 2 7 35
(HL) 2 7 3.5
(IX + d) 5 19 9.5
(Y + d) 5 19 9.5

Addressing Modes: r: implicit; n: immediate; (HL): indirect; (IX +

Byte Codes:

Flags:

Example:

/"'\_

£E
Bl

QBJECT CODE

d), (iY + d): indexed

XOR r I A B C D E H |
{AFIAB‘A?]MIABLAClADJ

5 Z H Frv N C
(ele] [O] [@|C[0]

XOR BIH
Before: After:
Al 36 ] QT
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S
ADDRESSING TECHNIQUES

INTRODUCTION

Thus chapter will present the general theory of addressing and the
various techniques which have been developed to facilitale the retrieval
of data. In a second section, the specific addressing modes available in
the Z80 will be reviewed, along with their advantages and limitations.
Finally, in order 1o familiarize the reader with the various (rade-offs
possible, an applications section will demonstrate possible trade-otfs
between Lhe various addressing technigues by studying specific applica-
tion programs.

Because the Z80 has several 16-bit registers, in addition 1o the pro-
gram counter, which can be used to specify an address, 1t 15 important
that the Z80 user understand the various addressing modes, and n par-
ticular, the use of the index registers. Complex reirievat modes may be
omitted at the beginning stage. However, all the addressing modes are
useful 1in developing programs for tlus microprocessor. Lel us now
study the various alternatives available.

POSSIBLE ADDRESSING MODES

Addressing refers to the specification, within an instruction, of the
location of the operand on which the instruction will operate. The main
addressing methods will now be examined. They are all illustrated in
Figure 5.1,

Implicit Addressing (or “*Implied,” or “*Register™"}

Instructions which operate exclusively on registers normaily use w1-
plicil addressing. This is iHustrated in Figure 5.1, An implicit nstruc-
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ADDRESSING TECHNIQUES

tion derives its name from the fact that 1t does not specifically contain
the address of the operand on which it operates. Instead, iis opcode
specifies one or more registers, usually the accumulator, or else any
other register(s). Since internal registers are usually few in number
{commoily eight), this will require a small number of bits. As an exam-
pie, three bits within the instruction will point to one out of eight inter-
nal registers. Such instructions can, therefore, normally be encoded
within eight bits. This is an important advantage, since an eight-bit -
struction normally executes faster than any two- or three-byte instruc-
tion,
An example of an implicit instruction is:

LD A, B

which specifies “‘transfer the contentsof Binto A’ {Load A from B.}

Immediate Addressing

Immediate addressing 1s illustrated in Figure 5.1. The eight-bit op-
code 15 followed by an 8- or [6-bit literal (a constant). This type of
isiruction 1s needed, for example, to load an eight-bit value 1n an
eight-bit register. Since the microprocessor 15 equipped with 16-bit reg-
isters, i may also be necessary to load [6-bit literals. An example of an
immediate instruction is:

ADD A, OH

The second word of this instruction contamns the literal **0*", which s
added to the accumulator.

Absolute Addressing

Absolute addressing usually refers to the way inwhich data is retrieved
from or placed in memory, in which an opcode 1s followed by a 16-bit
address. Absolute addressing, therefore, requires three-byte mnstruc-
tions. An example of absolute addressing 1s:

LD (1234H), A

It specifies that the contents of the accumulator are 1o be stored at
memory location *1234"" hexadecimal.

The disadvantage of absolute addressing s (o require a three-byte in-
struction. In order to improve the efficiency of the microprocessor,
another addressing mode may be made available, whereby only one
word s used for the address: direct addressing.
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PROGRAMMING THE 780

|
IMPLICIT/IMPLIED OPCODE A {

IMMEDIATE OPCOBE

LITERAL

i
E LITERAL !
4

e i o —— ———

EXTENDED/ABSOLUTE OPCODE

FULL 16-BIT

ADDRESS

DIRECT/SHORY OPCODE

SHORT ADDRESS

" OPCODE 1

INDEXED OFCODE XREG

DISPLACEMENT

" OR ADDRESS i

Fig. 5.1: Basic Addressing Modes
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ADDRESSING TECHNIQUES

Direct Addressing {or ‘‘Short,”” or **Relative’)

In this addressing mode, the opcode is followed by an eight-bit ad-
dress. This is also illustrated in Figure 5.1, The advantage of this ap-
proach 1s to require only two bytes mnstead of three for absolute ad-
dressing. The disadvantage is to limit all addressing within this mode to
addresses O to 255 or else — 128 1o -+ 127. When using 0 to 255 (*'page
zero’’), this 1s also called short addressing, or G-page addressing. When-
ever short addressing is available, absolute addressing 1s often called ex-
tended addressiig by contrast. The range — 128 to + 127 is used with
branch mstructions. This 15 called relative addressing.

Relative Addressing

Normal jump or branch instructions require eight bits for the op-
code, plus the 16-bit address to which the program has to jump. Just as
it the preceding example, this mode has the disadvantage of requiring
three words, r.e., three memory cycles. To provide more efficient
branching, relative addressing uses onfy a two-word lormat, The first
word 1s the branch specification, usually along with the test it is imple-
menting. The second word is a displacement. Since the displacement
must be positive or negative, a relative branching nstruction allows a
branch forward to 127 locations (seven-biis) or a branch backwards to
128 locations (usually + 129 or — 126, since PC will have been mncre-
cremented by 2). Because most loops tend to be short, relative branch-
ing can be used most of the time and results in significantly improved
performance for such short routines. As an exampie, we have already
used the mstruction JR NC, which specifies a “‘jump if no carry’’ to a
location within 127 words of the branch instruction {more precisely
+129 t0 —126).

The two advantages of relative addressing are improved performance
(fewer bytes used) and program relocatability (independence from ab-
solute addresses).

Indexed Addressing

Indexed addressing is a techmque used to access the elements of a
block or of a table successively. This will be illustrated by examples
later in this chapter. The principle of indexed addressing 1s that the in-
struction specifies both an index register and an address. The contents
of the register are added to the address to provide the final address. In
this way, the address could be the beginning of a table in the memory.
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The index register would then be used to access all the elements of a
table successively 1n an efficient way. {This requires the availability of
increment/decrement instructions for the index register). In practice,
restrictions often exist which may limit the size of the index register, or
the size of the address or displacement field.

OPCODE INDEX REGISTER
mmmmm T
DISPLACEMENT | £ BASE
I i
|
1
|
|
BASE ——i> e
TABLE +
displotement T
DATA
“ < fingl oddress

MEMORY

Fig. 5.2: Addressing (Pre-indexing)

Pre-Indexing and Post-Indexing

Two modes of indexing may be distinguished. Pre-indexing is the
usual indexing mode in which the final address is the sum of a displace-
ment or address and of the contents of the index register. 1t 15 shown in
Figure 5.2, assurmng an 8-bit displacement field and a 16-bit index
register.

Post-indexing treats the conients of the displacement field like the
address of the actual displacement, rather than the displacement 1tself.
This is illusirated in Figure 3.3. In post-indexing, the final address s the
sum of the contents of the index register plus the contents of the mem-
ory word designated by the displacement field. This feature utilizes, in
fact, a combination of indirect addressing and pre-indexing. But we
have not defined indirect addressing yet, Let us do that.
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MERAORY Y {index)
GPCODE l
ATDRESS O —
e PR ] +
MEMORY
-

FireAL
18
ADERESS

- DATAN s

POINTER = BASE

Fig.5.3: Indirect Indexed Addressing (Post-indexing)

Indirect Addressing

We have already seen that two subroutines may wish to exchange a
farge quantity of data stored in the memory, More generally, several
programs, or several subroutines, may need to access a common block
of information. To preserve the generality of the program, it is desira-
ble not to keep such a block at a fixed memory location, [n particular,
the size of this block might grow or shrink dynamically, and it may
have to reside in various areas of the memory, depending on its size. It
would, therefore, be impractical to try to access this block using abso-
lute addresses, that 15 without rewriting the program every time.

The solution to this problem lies in depositing the starting address of
the block at a fixed memory location. This is analogous to a situation in
which several persons need to get 1nto a house, and only one key exists.
By convention, the key to the house will be hidden under the mat. Every
user will then know where to look {(under the mat}) to find the key to the
house (or, perhaps, to find the address of the scheduled meeting, to
propose a stricter analogy). Indirect addressing, therefore, normally
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uses an opcode followed by a 16-bit address. This address is used to
retrieve a word from the memory, Usually, it will be a 16-bit word (in
our case, two bytes) within the memory since it is an address. This is il-
lustrated by Figure 5.4. The two bytes at the specified address Al con-
tain **A2’. A2 is then interpreted as the actual address of the data that
one wishes to access.

INSTRUCTION MEMORY
OPCODE
INDIRECTY (A} FINAL
| AooREss A ADDRESS (A |
Aq DATA

Fig. 5.4: Indirect Addressing

Indirect addressing 1s particularly useful any ume that pointers are
used. Various areas of the program can then refer to these pointers to
access a word or a block of data conveniently and elegantly. The final
address may also be obtammed by pointing within the mstruction (0 a
16-but register in which it is contamned. This is called *‘register indirect,””

Combinations of Modes

The above addressing modes may be combined. In particular, it
should be possible in a completely general addressing scheme to use
many levels of indirection. The address A2 could be interpreted as an
indirect address again, and so on.

Indexed addressing can also be combined with indirect access. This
allows the efficient access to word n of a block of data, provided one
knows where the pointer to the starting address is (see figure 5.2).
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We have now become familiar with all usual addressing modes that
can be provided in a system. Most microprocessor systems, because of
the limitation on the complexity of an MPU, which must be realized
within a single chip, do not provide all possible modes but only a small
subset of these. The Z80 provides a good subset of possibilities. Let us
examine them now.

Z80 ADDRESSING MODES
fmpiited Addressing (Z80)

Implied addressing i1s essentally used by single-byte instructions
which operate on internal registers. Whenever implicit instructions
operate exclusively on internal registers, they reguire onfy one machine
cycle to execute.

Examples of instructions using implied (or “‘register'’) addressing
are: LDr,r; ADD A,r; ADC As; SUBs; SBCAs; ANDs; ORs;
XOR s, CPs; INCr,

Zilog further distinguishes between ‘‘register addressing’ and “‘im-
plied addressing.”” Implied addressing 1s then limited, 1n that definition,
to instructions that do not have a specific field to point to an mnternal
register. This introduces one more addressing mode. This 1s one reason
why the number of addressing modes is insufficient 1o characterize the
capabilities of a microprocessor.,

Immediate Addressing (Z80)

Since the Z80 has both single-length registers {eight bits), and double-
length register pairs {16 bits), 1t provides two types of immediate ad-
dressing, both with 8-bit and [6-bit literals. Insiructions are then
either two or three bytes long. The second (and sometimes the third)
byte contamns the opcode, followed by the constant, or literal, to be
loaded in a register or used for an operation. Exceptions are LD IX and
LD 1Y, which require [6-bit opcodes.

Examples of instructions using the immediate addressing mode are:

LD r.n {two byles}
I.D dd.nn (three byies)

and
ADD A.,n (two bytes)

When the literal 1s two bytes long, the mode 15 called “‘immediate ex-
tended,’ in the case of the Z80.
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Absolute or ““Extended’’ Addressing (Z30)

By definition, absolute addressing requires three bytes. The first byte
1s the opcode and the next two bytes are the 16-bit address specifying
the memory location (the “‘absolute address’™),

By contrast with “‘short addressing’’ {eight-bit address), this mode is
also called *“‘extended addressing.”

Examples of instructions using extended addressing are:

LD HL, (nn)and IP nn

where nn represents the 16-bit memory address, and (an) represents the
contents of the specified location.

Modified Zero-Page Addressing (Z80)

Zero-page addressing 1s not available 1n the Z80, except through the
RST instruction. The special addressing mode used by this instruction
is called *“*modified zero-page addresing.”

The RST instruction contains a 3-bit field in bit position b, b, b, us-
ed to pint to one of 8 locations in page 0 memory. The effective
address 15 bsbab3000 and is loaded into PC. Since it requires only a
single byte, this instruction executes rapidly, and 1s easily generated in
hardware. It was generally used to respond to multiple interrupts (up to
8.) Its disadvantage is either to limit the execution sequence to 8 loca-
tions, or to require a jump eliminating the speed advantage. This is
because each of the 8 branch addresses are 8-bytes apart.

Relative Addressing (Z80}

By definition, relative addressing requires two bytes. The first one 1s
the “‘jump relative” opcode, whereas the second one specifies the dis-
placement and 1ts sign.

In order 1o differentate this mode from the absolute jump instruc-
tion, it s labeled “JR"

From a timing standpoint, this instruction should be examined with
caution, Whenever a test fails, i.e., whenever there is no branch, this in-
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struction requires only seven T cycles.” This 15 because the next
mstruction 1o pe executed 15 already pointed to by the program counter.

However, when the test succeeds, i.e., whenever the jump takes
place, this mstruction requires 12 “‘T-states’’; a new effective address
must be computed and loaded into the program counter.

When computing the duration of the execution of a program seg-
menl, caution must be exercised. Whenever one s not sure whether or
not the jump will succeed, one must take into consideration the fact
that sometimes the jump will require 12 T-states, (condition met),
sometumnes 7 {condition not met},

When designing a loop, execution will, therefore, be faster using a
JR(Jump Relative) testing a condition usually nor met, such as a non-
zero condition for the counter.

When JR's are used outside of loops, and the condition under test 15
unknown, an average timing value is often used for the duration
of JR.

This tirming problem does not apply to the unconditional jump JR e. It
does not test any condition, and always lasts 12 T-states.

indexed Addressing (Z80)

This addressing mode did not exist in the 8080, and was added to the
Z80 (as well as the two index registers). As a result, it became necessary
to add an extra byte to the opcode, making it a [6-bit opcode in the Z80
mnstruction set (LDIR is another example of a [6-bit opcodel. The
structure of an indexed instruction is shown on Figure 5.5.

CPCODE BYTE I

CPCODE BYTE 2
DISPLACEMENT BYTED

: LITERAL : BYTE 4

| ISR |

Fig. 5.5: Indexed Addressing Has 2-byte Qpcode
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Instructions allowing indexed addressing are:
LD, ADD, INC, RLC, BIT, SET, CP, and others.

This mode will be used extensively in the programs operating on
blocks of data, tables or lists.

Indirect Addressing (Z80)

The Z80 provides a lmited indirect addressing capability called
“Register Indirect Addressing.” In this mode, each of the 16-bit regis-
ter pairs BC, DE, HL may be used as a memory address.

Whenever they point to [6-bit data, they point to the [ower part. The
higher part resides at the next (higher} sequential address.

Combinations of Modes

Combinations of modes are essentially non-existent, except that in-
structtons referring to two operands may use g different type of ad-
dressing for each.

Thus, a foad or an arithmetic instruction may access one operand in
the immediate mode, and the other one through an indexed access.

Also, the bit addressing mechanism may access the eight-bit byte
through one of the three addressing modes, as explained in the follow-
ing paragraph. The specific addressing modes available for each in-
struction are indicated in the tables of the preceding chapter,

Bit Addressing

Bit addressing 15 generally not considered an addressing mode if ad-
dressing is defined as accessing a bvfe. However, whether defined as a
mode or a group of instructions, it 15 a valuable facility. Since 1t 1s de-
fined as an “‘addressing mode’ in Zilog nomenclature, it will be so de-
scribed here. It is specific to the Z80 and was not provided on the 8080.

Bit addressing refers to the access mechanism {o specified bits. The
Z80 1s equipped with special mstructions for setting, resetting and test-
ing specified bits in a memory location or a register. The specified byte
may be accessed through one of three addressing modes: register, regis-
ter-indirect, and indexed. Three bits are used within the opcode to select
one of eight buts.
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USING THE Z80 ADDRESSING MODES
Long and Shor{ Addressing

We have already used relative jump instructions in various programs
that we have developed. They are self-explanatory. One interesting
gquestion 1s: What can we do if the permmssible range for branching 13
not sufficient for our needs? On many microprocessors, the solution is
to use a so called long jump. This is simply a jump to a location which
contains an absolute or “long”’ jump specification:

JRNC, % + 3 BRANCH TG CURRENT ADDRESS
+3 IF C CLEAR
JP FAR OTHERWISE JUMP TO FAR

(NEXT INSTRUCTION)

The two-line program above will result in branching to location FAR
whenever the carry is set. In the case of the Z80, JP may be used instead
of JR to test all conditions and removes this problem.

Use of Indexing for Sequential Block Accesses

Indexing is primarily used to address successive locations within a
table. The restriction is that the maximum fength must be less than 256
so that the dispiacement can reside in an eight-bit index register.

We have learned to check for a character. Now we will search a table
of 100 elements for the presence of a **’. The starting address for this
table is called BASE. The table has only 100 elements. The program ap-
pears below: (see flowchart on Figure 5.6);

SEARCH LD IX, BASE

LD A, ¥

LD B, COUNT
TEST CP {IX)

JR Z, FOUND

INC IX

DEC B

JR  NZ, TEST
NOTFND

An improved program will be presented below in the section on
Block Transfer, using DJ NZ,
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Fig.

INITIALIZE
TC ELEMENT D

@ ¥
READ NEXT
ELEMENT

YES

e STARFOUND

NO

POINTTO
MEXT ELEMENT

e
YES

NOTFCUND

5.6: Character Search Flowchart

A Block Transfer Routine for Fewer Than 256 Elements

We will call “COUNT"’ the number of elements in the block to be
maved. The number is assumed to be less than 256, FROM 1s the base
address of the block. TO is the base of the memory area where it should
be moved. The algorithm is quite simple: we will move a word at a time,
keeping track of which word we are moving by storing its position in
the counter C. The program appears below:

BLKMOV LD
LD
LD
LD
LD
INC
INC
DEC

iR
Let us examine it:

BLKMOV LD
1D
LD

NEXT

IX, FROM
Iy, TO

BC, COUNT
A, (1X)

(IY), A

IX

Y

C

NZ, NEXT

GET WORD

IX,FROM
IY. TO
C, COUNT

These three instructionsinitialize registers 1X, 1Y, and C respectively, as
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<5
A T '
I
!
c[ _count 1 ;
x| SOURCE :
o | DESTINATION |

Fig. 5.7: Block Transfer: Initializing the Register

illustrated in Figure 5.7. Index register [X is used as the source pointer,
and will be incremented regularly. Index register 1Y is used as the desti-
nation pointer, and would be incremented regularly. Register C is load-
ed with the maximum number of elements to be transferred (limited to
256 since this 1s an eight-bit register) and will be decremented regularly.
Whenever C decrements to zero, all elemenis have been transferred.
The next two instructions:

NEXT LD A, (IX)
LD {IY), A

foad the contents of the memory location ponted to by IX into the ac-
curmnulator, then transfer it into the memory location pointed to by reg-
1ster 1Y. In other words, these two instructions transfer an element of
the source block into the destination block, The two index registers are
then incremented:

INC IX
INC 1Y

And the counter register 1s decremented:
DEC C

Finally, as long as the counter 1s not 0, the program loops back to the
label NEXT:

JR NZ, NEXT
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This is an example of the possible utilization of index registers. How-
ever, let us compare it to the same program writlen for another micro-
processor, the MOS Technology 6502, which is also equipped with an
indexing capability, but uses different conventions (i.e., has different
limitations on a general-purpose ndexing facility). The program appears
below:

LDX #NUMBER

NEXT LDA FROM, X
STA T0O, X
DEX
BNE NEXT

Without going into the details of the above program, the reader will
immediately notice how much shorter 1t 1s than the previous one. This is
because the index register X is used as a variable displacement, whereas
FROM and TO are used as the fixed source and destination addresses.

This example should point out that although n theory indexing 1s a
powerful facility, it does not necessarily lead to efficient coding, due to
the addressing limitations imposed on it in the case of varous micro-
processors. Truly general-purpose indexing requires the possibility of a
{6-bit displacement or address field as well as a 16-bit index register.

However, 1t shouild be noted that this specific problem is solved, in
the Z80 by the presence of specialized instructions. A general-purpose
biock transfer will now be described which can be implemented n just
four instructions, However, to be fair to the ZB0, let us suggest addi-
tianal exercises for the reader:

Exercise 5.1: Write the block transfer program for the Z80 i the siyle
of the above program jfor the 6502, i.e., assunung that the index register
contamns a displacement. Assume that the source and the destination
bBlock are located in page 0, 1.e., ar addresses 0 to 256. Naturally, it will
be assumed rhat the number of elements withun each block is small
enough that they do not overlap.

Exercise 3.2: Assume now that the source and the destinarion blocks are
locared anywhere in the memory, except that they are both within the
same page. Rewrite the above program in that case. (Is there a dif-
Serence, Le., does page zero play any role for the Z80?)

Generalized Bloek Transfer Routine {(More Than 256 Elements)

The register aliocation and the memory map are shown in Figure 5.8.
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The program is shown below:

LD BC, COUNT NUMBER OF BYTES

LD DE, TO DESTINATION ADDRESS
LD HL, FROM START ADDRESS

LDIR TRANSFER ALL BYTES

Memory used: 11 bytes
Timing: 21 cycles/byte transferred

The first instruction is:
LD BC, COUNT

It {oads the number of elements to be transferred {a [6-bit value) into
the register pair BC. The next two instructions initialize the register pair
DE and the register pair HL respectively:

LD DE, TO
LD HL, FROM

Finally the fourth instruction:
LDIR

performs the compiete transfer.

LDIR is an qufomated block-transfer instruction. Its power should
be obvious from this example. LDIR results in the following sequence:
The contents of the memory location pointed to by H and L are trans-
ferred into the memory locatton pointed to by DE: (DE) =(HL). Next,
DE is mcremented: DE = DE + I. Then, HL is incremented: HL =
HL + I. Next, BCis decremented: BC = BC — 1. If BC becomes 0, the
instruction 1s terminated. Otherwise, the instruction is repeated.

U

MEMORY
Fig. 5.8: A Block Transfer-Memory Map
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The value and power of the LDIR instruction should be apparent at
this point without further comments. Similarly, our search for the char-
acter “‘star’’can be improved by the use of an automated instruction,
CPIR, special to the ZB0. The corresponding program appears below:

LD A, ™

LD BC, COUNT

LD HL, STRING
STAR CPIR

IR Z, STAR
NOSTAR —

The first instruction loads the accumulator with the code for the
character star. Next, the register pair BC 1s initialized to the count of
the number of words to be searched within the block:

LD BC, COUNT

The register pair H and L is set to the starting address of the block to
be searched (STRING). The automated instruction is then executed:

LD HL . STRING
CPIR

The CPIR instruction is an automated compare instruction. The con-
tents of the memory iocation specified by the address contamed in H
and L is compared to the contents of the accumulator. if the compan-
son succeeds, then Z of the flags register will be set to 1. Then, the reg-
ister pair H and L is incremented and the register pair BC i5
decremented. The instruction is repeated until either the pair BC goes to
0 or else the comparison succeeds, After the instruction CPIR 15 ex-
ecuted, it is therefore necessary to test the 7 flag to determine whether
the comparison has succeeded (the CPIR might have looped through
64K words without success in the extreme case). This is the purpose of
the last instruction of the program:

JR Z, STAR

Exercise 5.3: Rewrite the above program so that a search proceeds
backwards. (Hint: Use the CPDR instruction) Continue the block
transfer until “*’ is found.

Let us now develop a program combining the features of the two pre-
vious ones. We will implement the block transfer from location FROM
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to location TO, which shall stop automatically whenever an escape
character, *‘star’’, is found. The program appears below:

LD BC, COUNT
D HL, FROM

LD DE, TO
LD A, DELIMITER (ESCAPE CHAR)
TEST CP (HL) COMPARE WITH MEMORY

CHARACTER

IR Z,END END IF SUCCESS

LD1 TRANSFER CHARACTER AND
UPDATE POINTERS AND
COUNT

JP PE, TEST KEEP TESTING UNLESS DONE

P/V INDICATES WHETHER BC

The first three instructions of the program perform the usual initiali-
zation, setting up the counter regsters and the source and destination
pointers:

LD BC, COUNT
LD HL, FROM
LD DE, TO

The star character is deposited, **as usual’’ into the accumulator, s0
that it can be campared to the character read from a memory location.

LD A%
This is exactly what is done by the next instruction:
TEST Cp (HLD)

The success or failure of the comparison is determuned by testing the Z
bit. The Z bit will have been set if the comparison has succeeded. Thisis
performed by the next mnstruction:

JR Z, END

The next instruction is an quiomated transfer instruction:
LDI

This instruction transfers the character, and updates the pointers and
the count in a single instruction. LDI transfers the contents pointed to
by H and L into the memory location pointed to by D and E: (DE) =
{HL}. It increments DE and HL:

DE = DE + |
HL HL + 1
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Finally, it decrements BC: BC becomes BC -~ |. The particularity of
this instruction is that the P/V flag is cleared if BC decrements to **¢*’
and set otherwise. This will be explicitly tested by the last instruction in
the program to determine whether exit should occur:

JP PE, TEST
Adding Two Blocks

A program will be developed here to add element! by element two
blocks starting respectively at addresses BLK1, and BLK2, and having
equal numbers of elements, COUNT. The program 1s shown below:

BLKADD LD IX, BLKI
LD 1Y, BLK2
LD B, COUNT

XOR A

LOOP LD AIX + 0
ADC A, (IY + 0
LD (IX), A
DEC IX
DEC 1Y
DEC B

JR NZ, LOOP

]

MEMORY

Fig. 5.9: Adding Twoe Blocks: BLK1=BLK1 + BLK2
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The memory layout is shown in Figure 5.9. The program is straightfor-
ward. The number of elements to be added 1s loaded into the counter
register B, and the two index registers X and 1Y are initialized to their
values BLK1 and BLK2:

BLK ADD LD IX, BLKI
LD 1Y, BLK2
LD B, COUNT

The carry bit 1s then cleared in anticipation of the first addition:

XOR A
The first element s loaded into the accumulator:
LOOP LD A (X +O

The corresponding element of BLK2 is then added to 1:
ADC A (1Y +0)

and finally saved into the element of BLKI:
LD (IX), A

The two pointer registers X and Y are decremented:

DEC IX
DEC 1Y

as well as the counter register:
DEC B

As long as the counter register 1s not 0, the addition toop 1s executed:
JR NZ, LOQP

Exepcise 5.4: Can you use the above program to perform a 32-bit addi-
tion?

Exercise 5.5: Can you use the above program to perform a 64-bit addi-
tion?

Exercise 5,.6: Modify the above prograni sa that the result is stored in a
separate block starting at address BLK3.

Exercise 5.7: Modify the above program to perforin a subtraction
rather than an addition.
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Exercise 5.8: Modify the onginal program above so that BLKI and
BLK2 are at the top of each block rather than the botron: (see Fig.5.10).

FROM ——n]
COUNY =N

SOURCE BIOCK
_____________ TRANSFER

A X
ELEMENT } ] COUNTER l

0 —e

DESTINATION BLOCK

Fig. 5.16: Memory Organization for Block Transfer

SUMMARY

A complete description of addressing modes has been presented. [t
has been shown that the Z80 offers many possible mechanisms, and the
specific addressing modes available on the Z80 have been analyzed.
Finally, several application programs have been presented to demon-
strate the value of the various addressing mechanisms. Programming
the Z80 efficiently requires an understanding of these mechanisms.
They will be used throughout the programs in the remainder of this
book.

EXERCISES

5.9: Wrue a program to add the first 10 bytes of a table stored at loca-
tton “"BASE". The result will have 16 bits, (Ths is a checksum com-
putationj.

5.10: Can you solve the same problem without using the indexing
mode?
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5.11: Reverse the order of the 10 bytes of tlus table. Store the result
al address “"REVER "

3.12: Search the same table for is largest element. Store 1t at wiemory
address “LARGE’’.

5.13: Add together the corresponding elements of three tables, whose
bases are BASEI, BASE2, BASE3. The length of these tables is stored
al address “"LENGTH".
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INPUT/OUTPUT TECHNIQUES

INTRODUCTION

We have learned so far how to exchange information between the
memory and the various registers of the processor. We have learned to
manage the registers and 10 use a variety of instructions to manipulate
the data. We must now learn to communicate with the external world.
This 1s called input/output.

Input refers to the capture of data from outside peripherals (key-
board, disk, or physical sensor}. Quiput refers to the transfer of data
from the microprocessor or the memory to external devices such as a
printer, a CRT, a disk, or actual sensors and relays.

We will proceed in two steps. First, we will learn to perform the input/
output operations required by common devices. Secondly, we will
learn to manage several mput/output devices simultaneously, 1.e., (o
schedule them. This second part will cover, in particular, polling vs. in-
terrupts.

INPUT/OUTPUT

In this section we will learn to sense or to generate simple signals,
such as pulses. Then we will study techniques for enforcing or measur-
ing correct iming. We will then be ready for more complex types of in-
put/output, such as high-speed serial and parallel transfers.

The Z806 Input/Qulput Instructions

The Z80 15 equipped with a special set of input and output nstruc-
tions. Most eight-bit microprocessors are not equipped with a special
set of input and output instructions, and use the general instruction set
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on input/output devices. The Z80, like the 8080, is equipped with basic
input and output instructions. However, the Z80 is also equipped with
additional I/0 instructions. These will be described in more detail here
in order to facilitate understanding of the programs that will be pre-
sented throughout this section.

The basic input and output instructions are respectively: IN A, (n}
and QUT (n),A. These two instructions are inherited from the 8080.
They will respectively read or write one byte between the selected port
and the accumulator. The actual addressing processis such that the 1,0
device address *‘n’’ is gated on lines AQ through A7 of the address bus,
while the contents of the accumulator appear on address lines A8 through
A15. When only 256 devices are addressed, it may be necessary to zero
the contents of the accumulator explicitly if any of the address lines Ag
through A15 may be decoded by an 1/0 device. In the simple examples
that follow, we will assume that fewer than 256 devices are present and
that they are not connected to addresses A8 through A5, so that it will
not be necessary to zero the contents of the accumulator explicitly, for
example prior to using the [N instruction.

A special input instruction: IN r, {(C), allows using the contents of
register C as the 1/0 device'address, When using this instruction, the
contents of register B automatically provide the top part of the address
(AB through Al5). The specified register r is loaded from the specified
address. ‘‘r’” may be any of the usual seven general-purpose registers.

Generate a Signal

In the simpiest case, an output device will be turned off (or on) from
the computer. In order to change the state of the output device, the pro-
grammier will merely change a level from a logical **0°' to a logical “1"",
or from 1"’ to 0. Let us assume that an external relay is connected
to bit “*0" of a register called “*OUT!". in order to turn it on, we will
simply write a *‘1”’ into the appropriate bit position of the register. We
assume here that OUTI represents the address of this output register
within our system. A program which will turn the relay on is:

TURNON LD A, 00000001B LOAD PATTERN INTO A
OUT (OUTI), A OUTPUT IT TO DEVICE

where QUT is the output instruction.

We have assumed that the state of the other seven bits of the register
OUT1 is irrelevant. However, this is often not the case. These bits
might be connected to other relays. Let us, therefore, improve this sim-
ple program. We want to turn the relay on, without changing the state
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of any other bit within this register. We will assume that 1t 1s possible to
read and write the contents of this register. Qur improved program now
becomes:

TURNON  IN A (OUTH READ CONTENTS OF OUT!
OR 000000018 FORCE BIT 0" TO “1” IN A
OuUT (QUTIH), A

The program first reads the contents of location QUTI, then per-
forms an inclusive OR on its contents. This only changes bit position 0
to ‘1’7, and leaves the rest of the register 1ntact. {For more details on
the OR operation, refer to Chapter 4.) This s illustrated by Figure 6.1,

BEFORE AFHR

DATA BUS

Cutt DUt

Fig. 6.1: Turning on a Relay

Pulses

Generating a pufse is accomplished exactly as in the case of the level
above. An output bit s first turned on, then later turned off. This re-
sults in a pulse. This is illustrated in Figure 6.2. This time, however, an
additional problem must be solved: one must generate the pulse for the
correct length of time. Let us, therefore, study the generatton of a com-
puted delay,

=¥ QuIRLT PORT SIGNAL
REGISIER
[
—ss G e
———— 0 i——
[ I gy ve—
s U S e B USEC it
JENSESSSES— Y, Y — !
t P = — 1 ]
[ 1=y
S

THE PROGRAM SEECT QUTFUT PORT

10D QUIFLT PORT REGISTER WITH PATTEAN
WAIT (OOFFGR M USED)

LOAD QUIPUT #ORT WilH ZERC

RETYRMN

Fig. 6.2: A Programmed Pulse
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Delay Generation and Measurement

A delay may be generated by software or by hardware methods. We
will here study the way to perform it by program, and later show how it
can also be accomplished with a hardware counter, called a program-
mable interval timer (PIT).

Programmed delays are achieved by counting. A counter register is
foaded with a value, then is decremented. The program loops on itself
and keeps decrementing until the counter reaches the value ‘0"’ The
total length of time used by this process will implement the required
delay. As an example, [et us generate a delay of 82 clock cycles:

DELAY LD A,S A IS COUNTER
NEXT DEC A DECREMENT
JR NZ.NEXT NEXT TEST

This program loads A with the value 5. The next instruction decre-
ments A and the following instruction will cause a branch to NEXT to
occur as long as A does not decrement to ““0°’. When A finally decre-
ments to zero, the program will exit from this loop and execute what-
ever instruction follows, The logic of the program is simple and appears
in the flowchart of Figure 6.3.

Let us now compute the effective delay which will be implemented by
the program. In Chapter 4 of the book, we will look up the number of
cycles required by each of these instructions:

LD in the immediate mode requires seven clock cycles. DEC will use
four cycles. Finally, JR will use 12 cycles except during the last itera-
tion, where it will use 7 ¢yciles. When looking up the number of cycles
for JR in the table, verify that two possibilities exist: if the branch does
not occur, JR will only require seven cycles. If the branch does succeed,
which will usually be the case during the loop, then 12 cycles are re-
quired.

The timing is, therefore, seven cycles for the first instruction, plus 11
cycies for the next two, muitiplied by the number of times the {oop will
be executed, minus an extra five-cycle delay for the last unsuccessful JR:

Delay =7 + 16 X 5 — 5 = B2 cycles.

Assuming a .5 microsecond cycle, this programming delay will be 41
microseconds.
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'

COUNTER=VALUE

—

DECREMENT COUNTER

out

Fig. 6.3: Basic Delay Flowchart

The delay loop which has been described 15 used by most input/output
programs. 1t should be well understood. Try to do the following exercises:

FExercise 6.1: What gre the maxinuan and the nunmnum delavs wiich
can be unplemented with these three nstructions?

Exercise 6.2: Modifv the program to obtain a delay of abot 100 micro-
seconds.

If one wishes to implement a longer delay, a simple solution is to add
extra ipstructions in the program, before DEC. The simplest way to do
s0 is to add NOP instruction. (The NOP does nothing for four cycles.)

Longer Delays

Generating longer delays by software can be achieved through using
a wider counter. A register pair can be used to hold a 16-bit count. To
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simplify, let us assume that the lower count is ‘0", The lower byte
will be loaded with ““0"’, the maximum count, then go through a
decrementation loop. Since the first decrementation results in 00~FF
and does not affect the Z flag whenever it is decremented to ‘0", the
upper byte of the counter will be decremented by 1. Whenever the up-
per byte 1s decremented to the value ‘0", the program terminates. If
more precision is required in the delay generation, the lower count can
have a non-null value. In this case, we would write the program just as
explained and add at the end the three-line delay generation program,
which has been described above.

A 24-bit delay program appears below:

DEL24 LD B, COUNTH COUNTER HIGH (8 BITS)

DELI6 LD DE, —|

LOOPA LD HL, COUNTL COUNTERLOW

LOOPB ADD HL, DE DECREMENTIT
JR C, LOOPB GO ON UNTIL NULL
DINZ LOOPA DECREMENT B AND JUMP

Note that DE 15 loaded with ** = 1", and used 1o decrement the [6-bit
counter HL.

Naturally, still ionger delays could be generated by using more than
three words. This 1s analogous to the way an odometer works on a car.
When the right-most wheel goes from 9" to **0°’, the next wheel to the
left 15 incremented by 1. This is the general principle when counting
with multiple discrete units,

However, the main disadvantage of this method 1s that when one is
counting delays, the microprocessor will be doing nothing else for hun-
dreds of milliseconds or even seconds. If the computer has nothing else
to do, this 1s perfectly acceptable, However, 1n general the microcom-
puter should be available for other tasks, so that longer delays are nor-
mually not implemented by software. [n fact, even short delays may be
objectionable in a system if it is to provide some guaranteed response
time 1n given sifuations. Hardware delays must then be used. [n addi-
tion, if interrupts are used, timing accuracy may be lost if the counting
loop can be interrupted.

Exercise 6.3: Write a progrant ro unplement a 106 ms delay (rvpreal of a
Teletype).

Hardware Delays

Hardware delays are implemented by using a programmable interval
timer or “‘timer’” in shorl. A register of the timer 15 loaded with a value.
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The difference is that the timer will automatically decrement the
counter periodically. The period can usually be adjusted or selected by
the programmer. Whenever the timer has decremented 1o 07, it will
normally send an interrupt to the microprocessor. It may also set a
status bit which can be sensed periodically by the computer. The use of
mnterrupts will be explained later in this chapler.

Other umer operating modes may include starting from **0"" and
counting the duration of the signal, or, counting the number of puises
received, When functioning as an mterval timer, the umer 15 said to
operate in a one-shot mode, When counting pulses, it is said to operate
in a pulse counting mode. Some timer devices may even include mul-
tiple registers and a number of optional facilities which the programmer
can seleci,

Sensing Pulses

The problem with sensing pulses is the reverse of that of generating
puises, and ncludes one more difficulty: whereas an oulput pulse 1s
generated under program control, input pulses occur asynchronously
with the program. In order to detect a pulse, two methods may be used:
polling and mrerrupts. 1nterrupts will be discussed later in this chapter.

Let us now consider the polling technique. Using this technique, the
program reads the value of a given input register continuously, testing a
bit position, perhaps bit 0. It will be assumed that bit 0 is originally
077, Whenever a pulse 15 received, this bit will take the value **1’". The
program continuously monitors it 0 until it takes the value **1"". When
a ‘1" is found, the pulse has been detected. The program appears
below:

POLL IN A, {INPUTI READ INPUT REGISTER
ON BIT 0, A TEST FOR 0
JR Z, POLL KEEP POLLINGIFQ

Conversely, let us assume that the input ne is normally “‘1"" and that
we wish to detect a *°0”’. This is the usual case for detecting a START
bit, when monitoring a line connected to a Teletype, The program ap-
pears below:

POLL N A, (INPUTY READ INPUT REGISTER
BIT 0,A SETZFLAG
IR NZ, POLL TEST IS REVERSED
START
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Monitoring the Duration

Monitoring the duration of the pulse may be accomplished in the
same way as computing the duration of an output pulse. Either a hard-
ware or a software technique may be used. When monitoring a pulise by
software, a counter 15 regularly incremented by |, then the presence of
the pulse is verified. If the pulse 15 still present, the program loops upon
itself. Whenever the pulse disappears, the count contained in the
counter register is used io compute the effective duration of the pulse.
The program appears below:

DURTN LD B, 0 CLEAR COUNTER
AGAIN IN A, (INPUT) READ INPUT

BIT 0. A MONITOR BIT 0

JR  Z, AGAIN WAIT FOR A 17
LONGER INC B INCREMENT COUNTER

IN A, (INPUT}) CHECK BITO

BIT 0. A

JR  NZ, LONGER WAIT FOR A 07

Naturally, we assume that the maximum duration of the pulse will
not cause register B to overflow, If this were the case, the program
would have tobe changed to take that into account (or elseit wouldbe a
programming error!).

Since we now know how to sense and generate pulses, let us capture
or transfer larger amounts of data. Two cases will be distinguished:
serial data and parallel data. Then we will apply this knowledge to ac-
tual input/output devices.

PARALLEL WORD TRANSFER

It is assumed here that eight bits of transfer data are available in par-
allel at address “INPUT’’ (see Fig. 6.4). The microprocessor must read
the data word at this location whenever a status word indicates that it 15
valid. The status information will be assumed to be contained in bit 7 of
address “*STATUS"". We will here write a program which will read and
automatically save each word of data as it comes in. To simplify, we
will assume that the number of words to be read s known in advance
and is contained in location “COQUNT"’. If this information were not
available, we would test for a so-called bregk character, such as a
rubout, or perhaps the character ‘**"”, We have learned to do this al-
ready.
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Fig. 6.4: Paratiel Word Transfer - The Memory

The flowchart appears in Figure 6.5. It is quite strasghtforward. We
test the status information until it becomes *‘1"7, indicating that a word
15 ready. When the word is ready, we read it and save it at. an appropri-
ate memory location. We then decrement the counter and test whether
It has decremented to ‘0" If so, we are finished; if not, we read the
next word. A simple program which implements this aigorithm appears
below:

PARAL LD A, (COUNT) READ COUNT INTO A
LD B, A B 1S COUNTER
WATCH IN A, (STATUS) LOOK FOR ‘DATA READY’
TRUE
BIT 7.A BIT 715 “I’" IF DATA READY
IR . WATCH DATA VALID?

Z
IN A, (INPUT) READ DATA
PUSH AF SAVE DATA INTO STACK
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DEC B DECREMENT COUNT
JR NZ, WATCH DO IT UNTIL ZERO

It 15 assumed that the *‘data ready"’ flag is automatically cleared when
STATUS is read.
The first two instructions initialize the counter register B:

PARAL LD A, (COUNT)
LD B, A

Note that there 15 no easy way to toad B only from memory. One must
either load A, then transfer its contents to B, or load B and C
simultaneously.

POLLING OR SERVICE REQUEST

|

READ COUNT

WORD READY?

TRANSFER
WORD

v

DECREMENT
COUNTER

NQ

COUNT =07

YES
¥

QuUT

Fig. 6.5: Paraliel Word Transfer: Flowchart

469



PROGRAMMING THE 280

The next three instructions of the program read the status informa-
tion and cause a loop to occur as long as bit seven of the status register
15 0" (1t 1s the sign bit, i.e., bt W)

IN A, (STATUS)
BIT 7, A “IN"' DOES NOT SET THE FLAGS
JR Z, WATCH

When JP fails, data 1s valid and we can read it:
IN A, {INPUT

The word has now been read from address INPUT where it was, and
must be saved. Assuming that a sufficient stack area is available, we
can use;

PUSH AF

which saves A (and F)in the stack. If the stack is full, or the number of
words to be transferred 15 large, we could not push them on the stack
and we would have to transfer them to a designated memory area, us-
ing, for example, an indexed instruction. However, this would require
an extra instruction to increment or decrement the index register.
PUSH 15 faster {only i clock cycles).

The word of data has now been read and saved. We will simply decre-
ment the word counter and test whether we are finished:

DEC B
IR NZ,WATCH

This nine-instruction program can be called a benchmark. A benchmark
program is a carefully optimized program designed to test the capabilities
of a given processor in a specific situation. Parallel transfers are one such
typical situation. This program has been designed for maximum speed and
efficiency. Let us now compute the maximum transfer speed of this pro-
gram. We will assume that COUNT is contained in memory. The duration
of every instruction is determined by inspecting the tables in Chapter Four

and is found to be the following:

PARAL LD A, (COUNTY 13
LD B. A 4
WATCH IN A, (STATUS) 11
BIT 7, A
JR Z, WATCH /12
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IN A, (INPUT 1
PUSH AF 1
DEC B 4
iR NZ, WATCH 7/12

The mimmum execution ume 1s oblained by assuming that data is
available every time that we sample STATUS. In other words, the first
JP will be assumed 10 fail every ume. Timing 15 then:

I3 +4+ (11 +8+7+ 11 +4+ 12)*COUNT

Neglecting the first 17 cycles necessary to initialize the counter regis-
ter, the time used to transfer one word is 64 clock cycles or 32
microseconds with a 2 MHz clock,

The maximum data transfer rate 1s, therefore:

—wee——ee = 31 K bytes per second
32 {10°%)

Fxercise 6.4: Asswine thar the number of words to be trangferred 1s
greater than 256. Modify the program accordingly and deterniine the
unpact on the maxunnn dara (ransfer rate.

Exercise 6.5: Maodifv this program i order 10 (ry io uniprove is speed:
[—using JR nstead of JP
2-tising DINZ
3—using INI or IND

Was the above program irulv optunal?

We have now learned 1o perform high-speed parailel transfers. Let us
consider a more complex case.

BIT SERIAL TRANSFER

A serial input is one in which the bits of information (O's or 1’51 come
in successively on a line, These bits may come in at regular intervals,
This 15 normally cailed syvnchronous transmission. Qr, they may come
as bursts of data at random intervals. This is called asynchironous trans-
mission. We will develop a program which can work 1n both cases, The
principle of the capture of sequential data 1s simple: we will watch an
input ling, which will be assumed to be line 0. When a bit of data is de-
tected on this line, we will read the bit in, and shift it into a holding reg-
ister. Whenever eight bits have been assembled, we will preserve the
byte of data into the memory and assemble the next one. in order 10
simplify, we will assume that the number of bytes to be received 1s
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known in advance. Otherwise, we might, {or example, have to watch
for a special break character, and stop the bit-serial transfer at this
point. We have learned to do that. The flowchart for this program ap-
pears in Figure 6.6. The program appears below:

SERIAL LD
LD
LD

LOGP IN
BIT
JR
SRL
RL
JR

C. 0 CLEAR INPUT WORD

A, (COUNTY LCAD B WITH BYTE COUNT
B, A

A, (INPUTY READ PORT

7, A BIT 7iSSTATUS, BITOIS DATA
Z., LOOP WAIT FOR A 17

A SHIFT DATA BIT INTO CARRY
C SAVE INPUT BINTO C

NC, LOOP  CONTINUE UNTIL 8 BITS IN

POLLING OR SERVICE REQUEST

4

READ WORD COUNT

y—

B8IT READY?

STORE BIT
iINCREMENT COUNTER

WORD-ASSEMBLED?

STCRE WORD
RESET BT COUNTER
DECREMENT WORD COUNT

WORD COUNT =g?

YES

DONE

Fig. 6.6: Bit Serial Transfer-Flowchart

472



INPUT/OUTPUT TECHNIQUES

PUSH BC SAVE WORD IN STACK
LD C, 0tH RESET MARKER BIT
DEC B DECREMENT BYTE COUNTER

IR NZ, LOOP  ASSEMBLE NEXT WORD

This program has been designed for efficiency and will use new tech-
mques which we will explain (see Fig. 6.7).

The conventions are the following: memory location COUNT 15 as-
sumed to contain a count of the number of words to be transferred.
Register C will be used to assemble eight consecutive bis coming in.
Address INPUT refers 1o an input register, It 1s assumed that bit posi-
tson 7 of this register 1s a status flag, or a clock bit. When itis *0"', data
15 noi valid. When 1t is **17', the data 1s valid. The data itself will be as-
sumed to appear in bit position 0 of this same address. In many 1in-
stances, the status informanon will appear on a different regisier than
the data register. 11 should be a simple task, then, to modify this pro-
gram accordingly. in addition, we will assume that the first bit of data
10 be recesved by this program 1s guaranteed to be a **1"". [t indicates
that the real data follows. If this were not the case, we will later see an
obvious modification to take care of it. The program corresponds ex-
actly to the flowchart of Fig, 6.6, The first few lines of the program im-
plement a waiting loop which tests whether a bit 1s ready. To determine
whether a bit 15 ready, we read the input register, then test the zero bt
(Z). As long as this bit 1s *0”", the instruction JR wili succeed, and we
will branch back io the {oop. Whenever the status (or clock) bit
becomes true (*‘1'"), then JR willfail and the next instruction will be
executed,

This imitial sequence of mstructions corresponds to arrow | in Fig.
6.7.

Al this pomnt, the accumulator contains a i bit position 7 and
the aciual data bit in bit positien 0. The first data bit to arrive 18 going
tobea 1" However, the following bits may be either 0" or “*1’. We
now wish to preserve the data bit which has been collected 1n position 0.
The nstruction:

SRL A

ﬂlls

shilts the contenis of the accumulator right by one position. This causes
the right-most bit of A, which is our data bit, to fall into the carry bit.
We will now preserve this data bit into register C (this process is llus-
trated by arrows 2 and 3 in Fig. 6.7):

RLC
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COUNT X

STATUS

SERIAL
4 DATA
i}

NPUT

Fig. 6.7: Seriai-to-Parallel: The Registers

The effect of this instruction is to read the carry bit into the right-most
bit position of C. At the same tme, the left-most bit of C falls into the
carry bit. (If vou have any doubts about the rotation operation, refer to
Chapter 4h

It is important to remember that a rotation with carry operation will
both save the carry bit, here into the right-most bit position, and also
recondition the carry bit with the value of bit 7 {or bit 0).

Here, a *0"" will fall into the carry. The next instruction:

JR NC, LOOP
tests the carry and branches back to address LOOP as long as the carry
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15 07, This 15 our automatic bit counter, It can readily be seen that,as a
resuit of the first RL, C will contamn 00000001 Eight shifts later, the
1" will finally fall into the carry bit and stop the branching. This 1s an
ingenious way 1o implement an automatic loop counter without having
to waste an mstruction to decrement the contents of an index register.
This technique s used In order to shorien the program and improve its
performance.

When JR NC finally faiis, 8 bits will have been assembled into C.
This value should be preserved in the memory. This is accomplished by
the next msiruction (arrow 4 on Fig. 6.7);

PUSH BC

We are here saving the contents of B and C into the stack. Saving into
the stack is possible only if there 15 enough room in the stack. Provided
that this condition 1s met, 1t s usually the fastest way o preserve a word
in the memory, even though we save an unnecessary register (B). The
stack pointer is updated auwtomatically. If we were not pushing a2 word
in the stack, we would have to use one more instruction to update a
memory pointer, We could equivalently perform an indexed addressing
operation, but that would also mvolve decrementing or incrementing
the index, using extra time.

After the first word of data has been saved, there 1s no longer any
guarantee that the {irst data bit to come in will be a **1". {t can be any-
thing. We must, therefore, reset the contents to **00000001°" so that we
can keep using it as a bit counter. This is performed by the next instruc-
fon:

LD C,01H

Finally, we will decrement the word counter, since a word has been
assembled, and test whether we have reached the end of the transfer,
This 1s accomplished by the next two instructions:

DEC B
JR  NZ,LOOP

The above program has been designed for speed, so that one may
capture a fast input stream of data bits. Once the program terminates,
it is naturally advisable to immediately read away from the stack the
words that have been saved there and transfer them elsewhere into the
memory. We have already learned to perform such a biock transfer in
Chapter 2,
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Exercise 6.6: Compute the maxiniunt speed ai which thus program will
be able 10 read serial bits. Look up the munber of cyvcles requured by
every nstruction m the rable at the end of tius book, then compute the
tine which will elapse during execution of this program. To compute
the length of tune wiuch will be used by a foop, sunply multiply the
roral duration of tius loop, expressed th nucroseconds, by the munber
of times 1t will be execured, Also, when computing the maxunum speed,
asswine that a data bie will be ready every tune thai the mpui locarion s
sensed.

This program 1s more difficult to understand than the previous ones.
Let us look at it again {refer to Fig. 6.6) in more detail, examining some
trade-offs.

A bit of data comes into bit position 0 of “INPUT™ from iime to
time. There might be, for example, three **[s”7 in succession. We must,
therefore, differentiate beiween the successtve bits coming in. This 18
the function of the “*clock™ stgnal.

The clock (or STATUS) signal tells us that the input bit is now valid.
Before reading a bit, we will therefore first test the status bit. If the
status 15 0", we must waill. If it is **1"", then the data bit 15 good.

We assume here that the status signal 1s connected to bit 7 of register
INPUT.

Exercise 6.7: Can you explamn why it 715 used for status, and bt § for
data? Does it matter?

Once we have captured a data bil, we want to preserve it i a sale
locauon, then shift it feft, so that we can get the next bi.

Unfortunately, the accumulator 1s used 1o read and test both data
and status in this program. If we were to accumulate data in the accu-
mulator, bit position 7 would be erased by the status bit.

Exercise 0.8: Can you suggest a way [0 lest status without erasig the
contenis af the aocumuylaror (a special imnstractton}? If ths can De done,
could we use the accumulator 1o accumuduaie the successive bits coming
n? Can you unprove speed by using an ““auromared jump’’?

Exercise 6.9: Rewrite the program, using the accumilator to store the
bus commg . Compare if 1o the previous one i terms of speed and
number of instructions.

Let us address two more possible variations.
We have assumed that, i our particular exampie, the very first bit to
come 1n would be a special signal, guaranteed to be ‘1’ However, in
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general, it may be anything.

Exercive 6. 10: Modify the program above, asstmuig that the very first
it ta come s vatid dara (noi o be discarded), and can be 0 or
U Hine our Vi connier” should stitl work correcily, if vou inal-
ize wowith the correct value.

Finalty, we have been saving the assembled word i the stack, to gan
ume. We could naturally save 1t in a specified memory area.

Exercise 6.11: Modifyv the progrant above, and save the assembled word
i the memory area staring at BASE.

Exercise 6.12: Modifv the program above so that the rransfer will stop
) /)

when the characier 'S s detecied wn the mipui sireainil.

The Hardware Alternative

As usual for most standard input/output algorithms, 1t 35 possibie (o
implement this procedure by hardware. The chip s called a UART. It
will automatseaily accumulaie the bus, However, when one wishes 1o
reduce the component count, this program, or & vanation of it, will be
used nstead.

Exercise 6.13: Madify the program, assuning that data s avaifable i bit
position 0 of location INPUT, while the status information s available
i it position 0 of address INPUT + 1.

BASIC 170 SUMMARY

We have now learned (o perform elementary inpul/outpul opera-
nons as well as to manage a stream of parallel data or senal bits. We are
now ready (o communicate with real mput/outpui devices.

COMMUNICATING WITH INPUT/OUTPUT DEVICES

In order 1o exchange data with input/output devices, we will first
have to asceriamn whether data is available, if we want (o read it; or
whether the device 1s ready 10 accept data, if we want to send 1t. Two
procedures may be used: handshaking and interrupts. Let us study
handshaking first.

Handshaking

Handshaking s generally used to communicate between any two
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} ceapy - D 7 j
READ STARUS
AlATUS) RECASHER
vi5-H0 OUIPUT
MPU DATA DEVICE

—

Qurral
REGISIER

g =Rty

Fig. 6.8: Handshaking (Output)

asynchronous devices, i.e., belween any two devices which are not syn-
chronized, For example, if we want to send a word to a parallel printer,
we must {irst make sure that the input buffer of this printer 1s available.
We will, therefore, ask the printer: Are you ready? The printer will say
“yes' or “no."" I itis not ready we will waii. If it is ready, we will send
the data (see Fig. 6.8).

DATA

MPL

CHATACTH®

READS 7

YISO

Al
REGISIER
PLEY Y
REGIZTER

(—

INPUT
DEVICE

Fig. 6.8a: Handshaking (Input)

Conversely, before reading data from an input device, we will verify
whether the data is valid. We will ask: “‘1s data valid?"’ And the device
will tell us “*ves’ or “'no.”” The **ves or no”’ may be indicated by status
bits, or by other means (see Fig. 6.8a).

As an analogy, whenever vou wish to exchange information with
someone who 1s independent and might be doing something else at the
ume, you should ascertain that he s ready to communicate with you.
The usual rule ol courtesy is to shake his hand. Data exchange may then
follow. This 15 the procedure normally used 1n communicating with in-
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put/output devices,
Let us now illustrate this procedure with a stmple example.

Sending a Character To The Printer

The character will be assumed to be coniained in memory location
CHAR. The program io print it appears below:

WAIT IN A, (STATUSy
BIT 7. A TEST IF READY
JR Z, WAIT OTHERWISE WAIT

LD A, (CHAR) GET CHARACTER
OUT {(PRNTD),A PRINTIT
JR WAIT GO FOR NEXT

The print program 15 straightforward and uses the handshaking pro-
cedure which has been described above. The data paths are shown in
Figure 6.9.

STATUS

1
| ———

]

4
ﬁ PRNTD

CHAR DATA %

T
N2

PRINTER

C [ DATA !

MEMORY 280

Fig. 6.9: Printer—Data Paths

The character (called DATA) 15 located at memory locauon CHAR,
First, the status of the printer 1s checked. Whenever bit 7 of the status
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register becomes 1, it indicates that the printer ready for input, L.e., its
input buffer is available. At this point, the character is loaded into
the accumulator, then output to the printer, vig the accumulator. As
fong as the status bt remams 0, the program will remamn m a loop,
called WAIT 1n the program.

Exercise 6.14: How many instructions would be saved in the above pro-
gram by loading data directly into register C as well as outputing the con-
tents of register C directly?

Exercise 6.15: When using an actual proter, 1115 usually necessary (o
send a start order before using the device. Modify ttus program to gen-
erate such an order, assuming (har the start conunand is obiained by
writtng a 1 bit position 0 of the STATUS register, wihich 1s assumed
(0 be bidirectional,

Exercise 6.16: If the BIT instruction were not available, could you use
another instruction instead, in line 2 of the program? If so, explain the
advantage of using the BIT instruction, if any.

Exercise 6.17: Modifv the progran above to print a string of n charac-
ters, swhere n will be assumed to be less than 253.

Exercise 6. 18: Modifv the above program (o print g string af characters
until a “carriage-return’’ code is encountered,

Let us now complicate the outpul procedure by requiring a code con-
version and by cutputuing to several devices at a time:

Output To a Seven-Segment LED

A iraditonal seven-segment light-emitting diode {LED) may display
the digits “*0” through *'9’", or even **0"" through “*F'" hexadecimal by
lighting combinations of its 7 segments. A seven-segment LED (s shown
in Figure 6.10. The characters that may be generated with this LED
appear 1 Figure 6,11,

The segments of an LED are labeled “*a’”" through *‘g”’ in Figure 6.10.

For example, 0" will be displayed by lighung the segments abedef.
Let us assume, now, that bii **0” of an output port 1s connected to seg-
meni ‘‘a’’, that “*17" 15 connected 1o segment “*b"", and so on. Bt 7 is
not used. The binary code required to light up fedeba (to display ©*0™)
15, therefore, 0111111, In hexadecimal this s “*3F"". Do the follow-
Ing exercise.
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Fig. 6.10: Seven-Segment LED
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Fig. 6.11: Hexadecimal Characters Generated
with a Seven-Segment LED
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Exercise 6.19: Compute the seven-segment equivalent for the hexadeci-
mal digits “0° through “‘F”°. Fill out the table below:

Hexi LED code] Hex [ LED code]Hexi LED code]Hex | LED code
0 3F 4 8 C
1 5 9 D
2 6 A E
3 7 B F

Let us now dispiay hexadecimal values on several LED’s.

Driving Multiple LED’s

An LED has no memory, 1t will display the data only as long as its
segment lines are active, In order to keep the cost of an LED display
low, the microprocessor will display information on each of the LEDs
in turn. The rotation between the LED’s must be fast enough so that
there 15 no apparent blinking. This implies that the time spent from one
LED to the next is less than 100 milliseconds. Let us design a program
which will accomplish this. Register C will be used 10 point to the LED
on which we want to display a digit. The accumulator is assumed to
contain the hexadecimal value to be displayed on the LED. Our first
concern ts to convert the hexadecimal value into its seven-segment rep-
resentation. In the preceding section, we have built the eguivalence
table. Since we are accessing a table, we will use the indexed addressing
mode, where the displacement index will be provided by the hexadeci-
mal value. This means that the seven-segment code for hexadecimal
digit 3" is obtained by looking up the third element of the table after
the base, The address of the base will be called SEGBAS. The program
appears below:

LEDS LD E A A CONTAINS HEX DIGIT
LD D, 0 USE “DE” AS DISPLACEMENT
LD HL, SEGBAS USE ""HL™ AS INDEX
ADD HL, DE TABLE ADDRESS
LD A, (HL) READ CODE FROM TABLE
LD B, 50H DELAY VALUE = ANY

LARGE NBR

DELAY OQUT (Ch, A OUTPUT FOR SET DURATION

DEC B DELAY COUNTER
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JR NZ, DELAY KEEP LOOPING

LD A C C IS PORT NUMBER
DEC C

CP MINLED DONE FOR LAST LED?
JR NZ, OUT

LD BC, (MAXLED) [F SO, RESET C TO TOP LED
OuT RET

The program assumes that register C contains the address of the LED
to be iluminated next, and that the accumulator A contains the digit to
be displayed.

The program first looks up the seven-segment code corresponding to
the hexadecimal value contained in the accumulator. Registers Dand E
are used as a displacement field, and registers H and L are used as a
16-bit index register. The hexadecimal digit is added to the base address
of the tabie:

LEDS LD E A 7-SEGMENT CODE
D DO
LD  HL, SEGBAS
ADD HL,DE

A delay loop is then implemented, so that the code obtamed from the
table is displayed for an appropriate duration. Here the constant **50"
hexadecimal has been arbitrarily chosen:

LD A, (HL) READ CODE FROM TABLE
LD B, 50H DELAY VALUE

The delay is accomplished using a classic delay loop. The first instruc-
tion:

DELAY OUT (C), A
outputs the conients of the accumulator at the 1/0 port pointed to by

register C (the LED number}. The next two mstructions implement the
delay loop:

DEC B
JR NZ, DELAY
Once the delay has been implemented, we must simply decrement the
LED pomter, and make sure that we loop around to the highest LED
address if the smallest LED address has been reached:

LD AC

483



PROGRAMMING THE Z80

DEC C

Cp MINLED

JR NZ, OUT

LD BC, (MAXLED)
OuUT RET

It is assumed here that the above program has been written as a sub-
routine, and the last instruction is then RET: “return from subroutine*’

Exercise 6.20: It is usually necessary 10 turn off the segment drivers for
the LED prior to displaymg the digit. Modify the above program by
adding the necessary instructions (outpur “°00”" as the character code
prior to outputting the character).

Exercise 6.21: What would happen to the display if the DELAY label
were moved up by one line position? Would this change the tuning?
Would this change the appearance of the display?

Exercise 6.22: You will notice that the first four instructions of the pro-
gram are, in fact, performing a 16-but indexed memory access. How-
ever, i seems'c‘!umsy, without using the indexing mechanisin, Assume
that the SEGBAS address is known in advance. Call SEGBSH the
high-order part of this address, and SEGBSL the low part of this ad-
dress. Store SEGBSH in the fugh-order part of the IX register. Now
write the above program, using the Z80 index-addressing mechanismi,
and using SEGBSL as the displacement field of the instrucion. What
are the advantages and disadvaniages of thus approach?

Exercise 6.23: Assuming thar the above program s a subroutine, you
will notice thar it uses registers B, D, E, H and L mternally, and modi-
Sies their contents, If the subrouting may freely use the memory area
designated by address T1, T2, T3, T4, T3, could you add instructions at
the beginmng and at the end of this program which will guarantee that,
when the subroutine returns, the contents of registers B, D, E, H and L
wifl be the same as when the subroutine was entered?

Exercise 6.24: Same exercise as above, bur assume that the memory
area T1, etc., 1s not available to the subroutine. (Hint: remember that

there 15 a built-in imechanisini tn every computer for preserving informa-
tion in a chronological order.)

We have now solved common mput/output problems. Let us con-
sider the case of a common peripheral: the Teletype.
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Teletype Inpuf-Output

The Teletype 15 a serial device, It both sends and receives words of in-
formation 1n a seral format. Each character 1s encoded in an 8-bit
ASCII format (the ASCH table appears at the end of this book). [n ad-
dition, every character i1s preceded by a “‘start” bit, and terminated by
two ‘“‘stop” bis. In the so-called 20-milliamp current loop interface,
which 1s most frequently used, the state of the line 1s normally a “* 17,
This is used to indicate to the processor that the line has not been cut. A
startisa ‘“‘1'’-to-*0"" transition. It indicates to the receiving device that
data bhits follow. The standard Teletype 1s a 10-characters-per-second
device, We have just established that each character requires 11 bits.
This means that the Teletype will transrit 110 bits per second. It is said
to be a 110-baud device. We will design a program to serialize bits out
1o the Teletype at the correct speed.

START PULSE 2 STOP PULSES

Fig. 6.12: Format of a Teletype Word

One-hundred-and-ten bits per second mmplies that bits are separated
by 9.09 milliseconds. This will have to be the duration of the delay loop
to be implemented between successive bits. The format of a Teletype
word appears in Figure 6.12. The flowchart for bit mnput appears in
Figure 6.13. The program follows:

TTYIN IN A, (STATUS)

BIT 1. A DATA READY?
JR Z, TTYIN OTHERWISE WAIT
CALL DELAYI CENTER OF PULSE

IN A, (TTYBITY START BIT
QUT (TTYBIT), A ECHOIT
CALL DELAYS NEXT PULSE (9 MS)
LD B, 08H BIT COUNT

NEXT IN A {TTYBITY READ DATA BIT
OUT (TTYBIT), A ECHOIT
SRL A SAVE IT IN CARRY
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TTYIN

START BIT?

WAIT 4.5 ms
ECHO STARTBIT

[ 3

WAIT 9,09 ms

¥
SHIFT IN DATABIT
ECHO T

CHARACTER
ASSEMBLED?
1 s

WAIT 9.0% ms

QUTPUT STOP BIT

|

WAIT 13.59 ms

Fig. 6.13: TTY Input with Echo
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RR C PRESERVE IT INTO C
CALL DELAYS NEXT PULSE (9 MS)
DEC B DECREMENT BIT COUNT

JR NZ, NEXT

IN A, (TTYBIT) READ STOP BIT
OUT (TTYBIT), A ECHOIT

CALL DELAYY SKIP SECOND STOP
RET

Fig. 6.14: Teletype Program

Let us examine the program 1n detail. First, the status of the Teletype
must be tested to determine if a character 1s available:

TTYIN IN A, (STATUS)
BIT 7, A
JR Z, TTYIN
The ““BIT" nstruction is a useful Z80 facility which allows testing
any bit in any data register. It does not modify the contents of the regis-
ter under test, The Z flag is set if the specified bit is 0, and reset other-
wise,
This program will, therefore, loop until the status finally becomes
1. 1t is a classie polling [oop.
MNote also that, since the STATUS does not need to be preserved, we
could advantageously use

AND  10000000B
instead of

BIT 7, A
However, using the AND instruction destroys the contents of A
{acceptable here).
When optimizing a program, remember that each new instruction
may introduce side-effects.
Next, a 4.5 ms defay is implemented 111 order to sense the start bit in
the middie of the pulse.

CALL DELAY!

where DELAY!1 5 the delay subroutine implementing the required
delay. The first bit to come 15 the start bit. It should be echoed to the
Teletype, but otherwise ignored. This is done by the next instructions:

TTYIN IN A (TTYBIT)
OUT (TTYBIT), A
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We must then wait for the first data bit. The necessary delay 1s equal to
9.09 milliseconds and is implemented by a subroutine:
CALL DELAY?

Register B ts used as a counter and 1s loaded with the value 8 in order 10
capture the 8 data bits:

LD B, 08H

Next, each data bit will be read 1n turn into the accumulator, then
echoed. It 15 assumed to arrive in bit position 0 of the accumulator. The
data bt will then be preserved into register C, where it will be shifted in.
The transfer from A to C is performed through the carrv bit:

NEXT IN A, (TTYBIT
OQUT (TTYRIT), A

SRL A
RR C
This sequence is illustrated in Figure 6.135.
A 1/0 SPACE
X
] c
X
% = TELETYPE
STATUS OATA .
B < TTYBIT
COUNTER l = X

Fig. 6.15: Teletype Input

Next, the usual 9 millisecond delay is implemented, the bit-counter 1s dec-
remented, and the loop 1s entered again as iong as the eight bits have
not been captured:

CALL DELAY?Y

DEC B

IR NZ, NEXT
Finally, the STOP bit 1s captured, and echoed. It 1s usually sufficient 10
send a single STOP bit, however both could be serut back using two
more instructions:

IN A, (TTYBIT)
OUT (TTYBIT), A

CALL DELAY9
RET
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The program should be examined with attention. The logic 15 quite
simple. The new fact is that whenever a bit is read from the Teletype (at
address TTYBIT), it 1s echoed back to the Teletype. This is a standard
feature of the Teletype. Whenever a user presses a key, the information
is transmitted to the processor and then back to the printing mechanism
of the Teletype. This verifies that the transmission lines are working
and that the processor i1s operating when a character 15, indeed, printing
correctly on the paper.

ENTER ENTER
¥ 7
SEND START . C?UENTTEaR”TO
BIT ELEVEN
1 >y
SERD DATA OUTPUT
EH-S A BIT
T ¥
DELAY
SEND STOR 9.! usec
BIT
¥ NO
EXiT
v YES
RET

Fig. 6.16: Telelype Qutput

Exercise 6.23: Wrue the defay rontine which resulis in the 9.09 millisec-
ond delay. (DELAY subroutine}

Exercise 6.26: Using the example of the program developed above,
write g PRINTC program which will print on the Teletype the contents
of memory location CHAR (see Fig. 6.15).

The answer appears below:

PRINTC LD B, 11 COUNTER = 11 BITS
LD A, (CHAR) GET CHARACTER
OR A CLEAR CARRY = START BIT
RLA CARRY INTO A
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NEXT OUT (TTYBIT), A OUTPUT

CALL DELAY

RRA NEXT BIT

SCF CARRY = { (S§TOP BI'M
DEC B BIT COUNT

IR NZ, NEXT

RET

Register B is used as a bit counter for the transmission. The contents
of bit 0 of A will be sent to the Teletype line ("“TTYBIT™), Note how
the carry is used to provide a ninth bit {the START bit). Also, note that
the carry is cleared by:

OR A
At the end of the program, the carry 15 set to one by:
SCF

in order to generate a stop bit,

Exercise 6.27: Modify the program so that of waits fora START bt in-
stead of a STATUS b,

Printing a String of Characters

We will assume that the PRINTC routine (see Exercise 6.26} takes
care of printing a character on our printer, or display,or any output de-
vice. We will here print the contents of memory locations (START) io
{START + N).

The program 1s straightforward (see Figure 6,17):

PSTRING LD B, NBR LENGTH OF STRING
LD HI., START  BASE ADDRESS
NEXT LD A, (HL) GET CHARACTER
CALL PRINTC PRINTIT
INC  HL NEXT ELEMENT
DEC B
JR NZ, NEXT DO IT AGAIN
RET
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MEMORY

8 A

START 4+

TO PRINTER
QUTPUT REGISIER

Fig. 6.17: Printing a Memory Block

PERIPHERAL SUMMARY

We have now described the basic programmung techniques used to
communicaie with typical input/output devices. In addition to the data
transfer, it will be necessary to condition one or more control registers
within each [/0 device in order to condition the transfer speeds, the in-
terrupt mechanism, and the various other options correctly. The man-
ual for each device should be consulted. (For more details on the spe-
cific algorithms for exchanging information with all the usual peripher-
als, the reader is referred to our book, C207, Microprocessor Interfac-
g Technigues.)

We have now learned to manage single devices. However, n a real
system, all peripherals are connected to the buses. and may request
service simufltaneously. How are we going to schedule the processor’s
time?

INPUT/OUTPUT SCHEDULING

Since input/output requests may occur simultaneously, a scheduling
mechanism must be implemented in every system to determine in which
order service will be granted. Three basic input/output techniques are
used, which can be combined with each other, They are: polling, inter-
rupt, DMA. Polling and interrupts will be described here. DMA is
purely a hardware technique, and as such will not be described here, (It
is covered n the reference books C201 and C207.)

491



PROGRAMMING THE Z80

Polling

Conceptually, polling is the simplest method for managing multiple
peripherals. With this strategy, the processor interrogates the devices
connected to the buses in turn. [f a device requests service, the service
15 granted. If 1t does not request service, the next peripheral 1s exam-
ined, Polling 15 used not just for the devices, but for any device service
routine.

As an example, if the system is equipped with a Teletype, a tape re-
corder, and a CRT display, the polling routine would interrogate the
Teletype: “‘Do you have a character {0 transmit?"’ it would interrogate
the Teleiype ourput routine, asking: “Do vou have a character to
send?’” Then, assuming that the answers are negative so far, it would
interrogate the tape-recorder routines, and finally the CRT display. If
only one device 1s connected to a system, polling will be used as well (o
determine whether it needs service, As an example, the flowcharts for
reading a paper-tape reader and for printing on a priater appear in Fig-
ures 6.20 and 6.21.

MEMORY
t DATA BUS

MPU > POLUNG

be o i i e b o ;
MPU INTERRUPT
H Ide] e}
INTY ¥ OINT ¥ INT
{ ]
} How [ MEMORY{ [ DMA—l
TTT3%
MPU T ¥ DMA
] i
} F{e} 170

Fig. 6.18: Three Methods of 1/0 Control
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Example: a polling loop for devices 1, 2, 3, 4 (see Fig. 6.19):
POLL4 IN A, (STATUS 1) GET STATUS OF DEVICE |

BIT 7, A SERVICE REQUEST?
CALL NZ, ONE BIT7 = 17

IN A, (STATUSZ) DEVICE 2

BIT 7, A

CALL NZ, TWO

IN A, (STATUSH DEVICE 3
BIT 7, A

CALL NZ, THREE

IN A, (STATUS4) DEVICE 4

BIT 7. A
CALL NZ, FOUR
JR POLL4 NO REQUEST, TRY AGAIN

Bit 7 of the status register for each device is **1’’ when it wants serv-
ice. When a request is sensed, this program branches to the device
handler, at address ONE for device I, TWQ for device 2, elc.

A fine point 1s worth noting here. For each instruction, it is impor-
tant to verify carefully the way in which it affects the condition codes.
it should be noted that the IN A instruction does not change the flags.
If an IN r instruction has been used instead of an IN A instruction, bit 7
of the input would automatically be reflected as the SIGN bit in the
flags register. The special instruction “‘BIT 7,A” would become un-
necessary, However, because the IN A instruction does not change the
flags, this extra test must be included in the program.

In some hardware implementations, input/output devices may be
treated as memory devices for purposes of addressing. This is called
memory-mapped input/output. In this case, the IN instruction wouid
be replaced by an LD instruction and the rest of the program would be
as above, since LD does not affect the flags.

The advantages of polling are obvious: it 1s simple, does not require
any hardware assistance, and keeps all input/output synchronous with
the program operation. {ts disadvantage is just as obvious: most of the
processor’s time is wasted iooking at devices that do not need service.
In addition, by wasting so much time, the processor might give service
to a device too late.

Another mechamsm is, therefore, desirable in order to guarantee that
the processor’s time can be used to perform useful computations rather
than polling devices needlessly all the time. However, let us stress that
polling is used extensively whenever a microprocessor has nothing bet-
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A
REQUESTING

YES

SERVICE?
SERVICE ROUTINE
NO FOR DEVICE A
B
REQUESTING

SERVICE?
SERVICE ROUTINE
WO FOR DEVICE B
<
REQUESTING

SERVICEY

SERVICE ROUTHNE
NO FORDEVICEC

-

Fig. 6.19: Polling Loop Flowchart

4

SET READER
ENABLE ON

o

READY?\

NC

YES

READ CHARACTER

Fig. 6.20: Reading from a Paper-Tape Reader
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NO

YES

LOAD PUNCH
OR PRINTER
BUFFER

¥

TRANSMIT
DATA

Fig. 6.21: Printing on a Punch or Printer

ter to do, as it keeps the overall organzation simple. Let us examine the
essenual alternative to polling: interrupts.

Interrupis

The concept of interrupts 1s illustrated 11 Figure 6.18. A special hard-
ware line, the interrupt line, is connected to a specialized pin of the mi-
craprocessor. Multiple input/output devices may be connected to this
interrupt line. When any one of them needs service, it sends a level or a
pulse on this line. An interrupt signal is the service request from an in-
put/output device to the processor. Let us examine the response of the
processor to this interrupt.

In any case, the processor compietes the instruction that it was cur-
rently executing; otherwise, this would create chaos inside the micro-
processor. Next, the microprocessor should branch to an interrupt-han-
dling routine which will process the interrupt. Branching to such a sub-
routine implies that the contents of the program counter must be saved
on the stack. An mterrupt must, therefore, cause the qutomatic preser-
vation of the program counter on the stack. In addition, the flag regis-
ter F should be also preserved automatically, as its contents will be
altered by any subsequent instruction. Finally, if the interrupt-handling
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routine should modify any mternal registers, these internal regisiers
should also be preserved on the stack (see Figures 6.22 and 6.23).

5P e e PCL

PCH

Fig. 6.22: Z80 Stack After Interruption

\/\/

p izl |aim

M‘__ﬂ
Fig. 6.23: Saving Some Working Registers

After all these registers have been preserved, one can branch to the
appropriate interrupt-handling address. At the end of this routine, all
the registers should be restored, and a special interrupt return should be
executed so that the main program will resume execution. Let us exam-
e 1 more detail the interrupt lines of the Z80.

Z86 Interrupts

An mterrupt is a signal sent to the microprocessor, which may re-
quest service ai any time and is asynchronous to the program. When-
ever & program branches to a subroutine, such branching is synchron-
ous 1o program execution, i.e., scheduled by the program. An inter-
rupt, however, may occur at any time, and will generally suspend the
execution of the current program {without the program knowing it).
Because 1t may happen at any time relative to program execution, 1t is
called asynchronous.

Three interruption mechanisms are provided on the Z80; the bus re-
quest (BUSRQ), the non-maskable interrupt (NMI) and the usual inter-
rupt (INT).

Let us examine these three types.

496



INPUT/QUTPUT TECHNIQUES

Fhe Bus Reguest

The bus request is the highest priority interrupt mechamism on the
Z80. The nterrupt sequence for the Z80 is shown in Figure 6.24. As a
general rule, no mterrupt will be sensed by the Z80 until the current
machine cycie is completed, The NMI and INT interrupts will not be
taken into account until the current instruction is finished. However,
the BUSRQ will be handled at the end of the current machine cycle,
without necessarily waiing for the end of the instruction. It is used for

f
- DYTIvE I

¥ i G
1 asEARd
R

Fig. 6.24: Interrupt Sequence
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a direct memory access (DMA), and will cause the Z80 to go into DMA
mode (see ref. C201 for an explanation of the DMA mechanism). If the
end of an instruction has been reached, and if any NMI or INT were
pending, they would be-memorized internally in the Z80 by setting spe-
cialized flip-flops: the NMI flip-flop, and the INT flip-flop. In DMA
mode, the Z80 suspends operation and releases its data-bus and
address-bus in the high-impedance state. This mode is normally used by
a DMA coniroller to perform transfers between a high-speed input-
output device and the memory, using the microprocessor data-bus and
address-bus. The end of a DMA operation s indicated to the Z80 by
BUSRQ changing levels. At this point, the Z80 will resume normal
operation. In particular, 1t will first check whether its internal NMI or
INT flip-flops had been set and, if so, execute the corresponding inter-
rupis.

The DMA should normally not be of concern to the programmer, un-
less timing is important. If a DMA controller is present in the system,
the programmer must understand that the DMA may delay the
response to an NMI or an INT.

The Non-Muaskable Interrupt

This type of mterrupt cannot be inhibited by the programmer. It is
therefore said to be non-maskable, hence its name, It will always be ac-
cepted by the Z80 upon completion of the current instruction, assuming
no bus request was received. (If an NMI is received during a BUSRQ,
it will set the internal NMI flip-flop, and will be processed at the end of
the instruction following the end of the BUSRQ.)

The NMI will cause an automatic push of the program counter into
the stack and branch to address 0066H: the two bytes representing the
address 0066H will be installed in the program counter. They represent
the start address of the handling routine for the NMI (see figure 6.25).

This interrupt mechanism has been designed for speed, as it is used in
case of “‘emergencies”. Therefore, it does not offer the flexibility of the
maskable mterrupt mode, described below,

Note also that an interrupt routine must have been loaded at address
0066H prior to using the NMI.

NMI will first cause:

SP «+—SP -~ |

(SP) =—PCH

SP -—p 1 | PURFC
(SP) <— PCL
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MEMORY
iFFi IFF2
0 -] —] 0066
MM
HANDLER

<l E
-0

- PC -4 stock

Fig. 6.25: NMI Forces Automatic Vectoring

Then, NMI causes an automatic restart at location 0066H. The com-
plete sequence of events is the following:

PC ——vsmel ST ACK {preserve program counter}
IFFf e [FF2 {preserve {FF}

o —enie [FEE (reset IFF}

JUMP TO 0066H {execute wnterrupt handler)

Also, the status of interrupt-mask-bit flip-flop (IFF1) at the time that
NMI was received is preserved automatically into IFF2. Then, IFFi is re-
set in order o prevent any further interrupts. This feature is important to
prevent the loss of lower-priority IN'T’s and simplifies the external hard-
ware: the status of a pending INT is preserved internally in the Z30.

The NMI interrupt is normally used for high priority events such asa
real-time clock or a power fajlure.

The return from an NMI is accomplished by a special instruction, RETN:
“return from non-maskable interrupt.”’ The contents of IFF1 are restored
from IFF2, and the contents of the program counter PC are restored from
their focation in the stack. Since IFF1 had been reset during execution
of the NMI, no external INT’s could be accepted during the NMI
(unless the programmer uses an El instruction within the NMI routine):
there has been no loss of information.

Upon termination of the interrupt handler, the sequence is:

IFF2  swwwessemsmipe TR {restore IFF}
STACK e D2 {restore program counter}

Note that, once IFF1 is restored, maskable interrupt enable status is
restored.
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Interrupt

The ordinary, maskable,interrupt INT may operate in one of three
modes. They are specific to the Z80, as the 8080 is equipped with only a
single interrupt mode. The ordinary interrupt INT may also be masked
sefectiveiy by the programmer. Setting the interrupt flip-flops IFF1 and
IFF2 to a ““‘1” will authorize interruptions. Setting them to a “‘0"’
{masking them) will prevent detection of INT. The EI instruction is
used to set them, and the DI instruction is used to reset them. IFFI and
IFF2 are set or reset simuitaneously. During execution of the Eland DI
instructions, INT’s are disabled in order to prevent any loss of informa-
tion.

Let us now examine the three interrupt modes:

Interrupt Mode 0

This mode is identical to the 8080 mterrupt mode. The Z80 will
operate in interrupt mode 0 either when imitially started (when the RE-
SET signal has been applied) or else when an IM0Q instruction has been
executed. Once mode 0 has been set, an interrupt will be recognized if
the interrupt enable flip-flop IFF1 is set to 1, provided no bus-request
or non-maskable interrupt occurs at the same time. The interrupt will
be detected only at the end of an instruction. Essentially, the Z80 will
respond to the interrupt by generating an IORQ (and an M1 signal),
and then do nothing, except wait.

It is the responsibility of an external device to recognize the IORQ
and M1 (this is called an imterrupt acknowledge or INTA) and to place
an instruction on the data-bus. The Z80 expects an instruction to be
placed on its data bus by the external device within the next cycle. Typi-
cally, an RST or a CALL instruction is placed on the bus. Both of these
instructions automatically preserve the program-counter in the stack,
and cause branching to a specific address. The advantage of the RST in-
struction is that 1t resides within a single byte, i.e., it executes rapidly.
Its disadvantage is to branch to only one of eight possible locations in
page zero (addresses O through 255). The advantage of the CALL in-
struction is that it is a general-purpose branch instruction which speci-
fies a full 16-bit address. However, it requires three bytes and therefore
executes less rapidly.

Note that once the interrupt processing starts, all further interrupts
are disabled. IFF1 and IFF2 are automatically set to “*0°’. It is then the
responsibility of the programmer to insert an EI instruction (Enable In-
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terrupts) at the appropriate location within his program if he wishes 10
enable interrupts, and, in any case, before returning from the interrupt.

The detailed sequence corresponding to the mode 0 interrupt 1s
shown 1n Figure 6.26.

MOQED HAGDE 1 MOBEZ

|

TISABLE INTE RELIPTS ' , DISABLE INTERRUPTS ’ l DISABLE INTERRUPTS ]

IFF}. IFFZ = 0 IFF1.IFF2 = O IFF1, IFF2 = 0
READ FIRST BYTE [ PC—» STACK _E { READ VECTOR I
CF INSTRUCTION
{1, 1ORQLOW) * &
i BIMGP G 0638 i i PG STACK i
.
4 -
bt FORM VECTOR
FACIFE BYTES £1 (ENABRE INTERRUFIS) TABLE ADORESS:
REQUWRED FOR REG + VECTOR
INSTRUCTION %
RET
s S
READ NEXT BYTE VECTOR TABLE
[NORMAL MER. READ
WITH PC STATIONARY) }
SR |
JUMP G NEW 10CATION
START INTERRUPY
CALLOR RST SERVICE RQUTINE
-
.
FC STACK .
NOL,
1 £ (ENABLE INTERRUPTS)
i EXECUTE INSTRUCTION l

£1{ENABLE IMIERRUPTS)
RET
STACK—PC

Fig. 6.26: Interrupt Modes

RET
STACK—»PC

FOR CAdL
R RST
ory

The return from the interrupt is accomplished by an RETI instruc-
tion. Let us remind the programmer at this peint that he/she is usually
responsible for explicitly clearing the interrupt which has been serviced
on the 1/0 device, and always for restoring the mterrupt disable flag m-
side the Z80. However, the peripheral controller may use the INTA sig-
nal to clear the INT request, thus freeing the programmer of this chore.

in addition, should the interrupt-handling routine modify the con-
tents of any of the internal registers, the programmer is specifically re-
sponsible for preserving these registers in the stack prior to executing
the interrupt-handling routine. Otherwise, the contents of these regis-
ters will be destroyed, and when the interrupted program resumes exe-
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0

cution, it will fail. For example, assuming that registers A, B, C, D, E,
H and L wili be used within the mterrupt handler, they will have to be

saved (see Figure 6.27).

A

DECREASING

ADDRESSES

F

A

PCL

PCH

STACK

Fig. 6.27: Saving the Registers

The corresponding prograim is:

SAVREG PUSH
PUSH
PUSH
PUSH

AF
BC
DE
HL

Upon completion of the interrupt-handling routine, these registers must
be restored. The interrupt handler will terminate with the following se-

quence of instructions:

POP
POP
POP
POP
El

HL
DE
BC
AF

(unless EI was used earlier in
the routine)

Additionally, if registers [X and IY are used by the routine they must
also be preserved, then restored.
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Interrupt Mode |

This interrupt mode is set by executing the IM1 instruction. It is an
automated interrupt handler which causes an automatic branch to loca-
tion 0038H. It is therefore essentially analogous to the NMI interrupt
mechanism except that it may be masked. The Z80 automatically pre-
serves the contents of PC into the stack (see Figure 6.28).

. INT 9
automatic I8 INTERRUPT
veciorng ROUTINE
PROGRAM sp
PCY LOCATICN OF
aut H
ulomaolic > oCH INTERRUPTION
preserve
5%
0038 Ak
(outematic)

MEMORY

Fig. 6.28: Mode 1 Interrupt

This automated interrupt response, which ‘“vectors’ all interrupis to
memory location 38H, stems from the early 8080's requirement to
minimize the amount of external hardward necessary for using inter-
rupts. Its possible disadvantage is to canse a branch to a single memory
location. In case several devices are connected to the INT line, the pro-
gram starting at location 38H will be responsible for determining which
device requested service. This problem will be addressed below.

One precaution must be taken with respect to the timing of this inter-
rupt: when performing programmed nput/output transfers, the Z80
will ignore any data that may be present in the data bus during the cycle
which follows the interrupt (the mnterrupt acknowledge cycle).
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[nterrupt Mode 2 (Vectored Interrupis)

This mode 15 set by executing an IM2 mstruction. it is a powerful
mode which allows automatic vectoring of interrupts. The interrupt
vector is an address supplied by the peripheral device which generated
the interrupt, and used as a memory potnter to the start address of the
interrupt-handling routine, The addresssing mechanism provided by
the Z80 in mode 2 is indirect, rather than direct. Each peripheral sup-
plies a seven-bit branching address which 15 appended to the 8-bit ad-
dress contained in the special [ register in the Z80. The right-most bit of
the final 16-bit address bit 0 1s set to “*0”'. This resulting address points
to an entry in a table anywhere in the memory. This table may contain
up to 128 double-word entries. Each of these double words is the ad-
dress of the interrupt handler for the corresponding device, This is il-
lustrated in Figures 6.29 and 6.30.

— INT
DEVICE 2% VECTOR
Qe
7 BIT VECTOR
; N START |
] ADDRESS  F—
]
{
DEVICE
HANDLER
MEMORY

Fig. 6.29: Mode 2 Interrupt

The interrupt table may have up to 128 double-word entries.

In this mode, the Z80 also automatically pushes the contents of the
program counter into the stack. This 1s obviously necessary, since PC
will be reloaded with the contents of the interrupt table entry corre-
sponding to the vector provided by the device.

Interrupt Overhead

For a graphic comparison of the polling process vs. the mterrupt
process, refer to Figure 6.18, where the polling process is illustrated on
the top, and the interrupt process underneath. It can be seen that in the
polling technique the program wastes a lot of time waiting.
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e
PROGR

'f/"////////////f,
=

.
i

0152

T
P Q1 52 l
| r VECTOR

TABLE

0500

F
sp } 10 ; 00 }
BEFORE 0504 77

%\

DEVICE n
CONTROLLER

e (JAH

1000

auloematic vectaring

: 2004 INTERRUPY %
5P 0% 98 1

i
HANDLER
AFTER ,; ?6 R, /

MEMORY

Fig. 6.30: Mode 2.~ A Practical Exampie

Using interrupts, the program s interrupted, the interrupt 1s serviced,
then the program resumes. However, the obvious disadvantage of an
interrupt is to niroduce several additional instructions at the beginning
and at the end, resulting in a delay before the first instruction of the de-
vice handler can be executed. This 1s additional overhead.

Exercise 6.28:Using the tables indicating the number of cycles per in-
struction, in Chapter 4, compute how much time will be lost to save and
then restore registers A, B, D, H.

Having clarified the operation of the interrupt lines, let us now con-
sider two important remaning problems:

|—How do we resolve the problem of multiple devices triggering an
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interrupt at the same time?
2—How do we resoive the problem of an nterrupt occurring while
another interrupt 1s being serviced?

Multiple Devices Connected to a Single Interrupt Line

Whenever an interrupt occurs, the processor branches to a specified
address. Before it can do any effective processing, the mnterrupt han-
dling routine must determine which device triggered the interrupt. Two
methods are available to identify the device, as usual: a software
method and a hardware method.

In the software method, polling 1s used: the microprocessor interro-
gates each of the devices in turn and asks them, **Did you trigger the in-
terrupt?’’ If the answer is negative, it interrogates the next one. This
process is ilustrated in Figure 6.31. A sample program 1s:

POLINT IN A, (STATUSD) READ STATUS
BIT 7,A DID DEVICE REQUEST INT?
JP NZ, ONE HANDLE IT IF SO
IN A, (STATUS2)

BIT 7,A
JP NZ, TWO
etc. -—

The hardward method provides the address of the interrupting device
simultaneously with the interrupt request,

IfT 1 POLLIKG INTERRUPT VECTORED
L POLLIKG 3
WHICH —2— ROUTIHE -
DEVICE?
SEAVECE
ROUTEHE P
SERVICE
ROUT [HE
SERVICE
ROUTINE K

Fig. 6.31: Polled vs. Yeclored Interrupt
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To be more precise, when operating in mode 0, the peripheral device
controller will supply a one-byte RST or a three-byte CALL on the data
bus in response to the interrupt acknowiedge, thus automating the in-
terrupt vectoring, and minimizing the overhead.

Note that a subroutine call instruction s required as the Z80 does not
save the PC when operating in mode 0.

In most cases, the speed of reaction to an interrupt 1s not crucial, and
a polling approach 1s used. If response time is a primary consideration,
a hardware approach must be used.

Simuitaneous Interrupts

The next problem which may occur 1s that a new interrupt can be trig-
gered during the execution of an interrupt-handling routine. Let us
examine what happens and how the stack is used to solve the problem.
We have indicated in Chapter 2 that this was another essential role of
the stack, and the time has come now to demonstrate its use. We will
refer to Figure 6.33 1o illustrate multiple interrupts. Time elapses from
feft to right in the illustration. The contenis of the stack are shown at
the bottom of the illustration. Looking at the left, at time TO, program
P is in execution. Moving to the right, at ime T1, interrupt [1 occurs.
We will assume that the interrupt mask was enabled, authorizing 1.
Program P will be suspended. This 1s shown at the bottom of the illus-
tration. The stack will contain the program counter and the status reg-
ister of program P, at ieast, plus any optional registers that might be
saved by the interrupt handler or 11 itself,

hyr 170
MPY INTERFACE, *** [INTERFAC
INT | n

1 [HT i. ‘ T ou

Fig. 6.32: Several Devices May Use the Same Interrupt Line

At time T1, interrupt {1 starts executing until time T2, At time T2, in-
terrupt 12 occurs. We will assume that interrupt 12 has a higher priority
than interrupt 11, If it had a lower prionity, 1t would be ighored until I1
had been completed. At ume T2, the registers for I1 are stacked, and
this appears at the bottom of the illustration. Again, the contents of the
program counter and AF are pushed into the stack. In addition, the
routine for 12 might decide to save an additional few registers. 12 will
now execule to completion at time T3.
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When 12 terminates {with an RETI), the contents of the stack are
automatically popped back into the Z80, and this is illustrated at the
bottom of Figure 6.33. Thus, automatically I1 resumes execution. Un-
fortunately, at time T4, an interrupt 13 of higher priority occurs again.
We can see at the bottom of the illustration that again the registers for
11 are pushed into the stack. Interrupt 13 executes from T4 to TS and

FIRAE ta T, Te T Ts e e

PROGRAM P rssind
HNTEREUPT T, i = o w  we v frr— v e —
HNTERRUPT 1, [ [ ——

HNFERRUPT 1.

, [
SR NG Rulo
T i T 7

Fig. 6.33: Stack Contents During Muitipie Interrupts

terminates at T5. At that time, the contents of the stack are popped into
Z80, and interrupt Il resumes execution. This time it runs to comple-
tion and terminates at T8, At T6, the remaining registers that have been
saved in the stack are popped into Z80, and progam P may resume ex-
ecution. The reader will verify that the stack is empty at this point. In
fact, the number of dashed lines indicating program suspension in-
dicates at the same time how many levels there are in the stack,

Exercise 6.29; Assume that the area available to the stack is limited 1o
300 locations in a specific program. Assume that all the registers must
always be saved and that the programmer allows mterrupts 10 be nes-
ed, i.e., to wmterrupt each other. Which is the maximum number of
simudtaneous interrupls that can be handled? Will any other factor con-
tribute (o still reduce further the maxinum number of simultaneous in-
ferrupis?

It must be stressed, however, that, in practice, microprocessor sys-
tems are normally connected to a small number of devices using inter-
rupis. It is, therefore, unlikely that a high number of simultaneous in-
terrupts will occur in such a system.

We have now solved all the problems usually associated with inter-
rupts. Their use is, in fact, simple and they should be employed to ad-
vantage even by the novice programmer.
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SUMMARY

In this chapter we have presented the range of techniques used to
communicate with the outside workd. From elementary input/output
routines to more complex programs for communication with actual
peripherals, we have learned to develop all the usual programs and have
even examined the efficiency of benchmark programs in the case of a
parallel transfer and a parallel-to-serial conversion. Finzally, we have
learned to schedule the operation of multiple peripherais by using poli-
ing and interrupts. Naturally, many other exotic input/output devices
might be connected to a system. With the array of techniques which
hrave been presented so far, and with an understanding of the peripher-
als involved, it should be possible to solve most common problems,

In the next chapter, we will examine the actual characteristics of the
input/output interface chips usually connected to a Z80. Then, we will
constder the basic data structures that the programmer may use.

Exercise 6.30: Compulte the overhead when operating in mode 0, as-
suming that all registers are saved, and that an RST s received in re-
sponse to the interrupt acknowledge. The overhead is defined as the
total delay incurred, exclusive of the instructions required to unpleniernt
the interrupl processing proper.

Exercise 6.31: A 7-segment LED display can also display digits other
than the hex alphabet, Compute the codes for: H, 1, J, L, O, P. 5, U,
Yoghopnlnooportup.

Exercise 6.32;: The flowchart for interrupt managemen! appears in Fig-
ure 6.34 Answer the following quesiions:
a— What is done by hardware, what 1s done by software?
b What is the use of the mask?
c--How many registers should be preserved?
d—How is the interrupting device identified?
e— What does the RETI instruction do? How does it differ from a
subroutine return?
Jf—Suggest a way to handle a stack overflow situation.
g—What 15 the overhead {“'lost time”’} introduced by the nterrupt
mechanism?



PROGRAMMING THE Z80

EXECUTE
INSIRUCTION

INTERRUPT
REQUEST

MEXT INSTRUCTION

1 SEY MASK
PRESERVE REGISIERS
0 nocessory)

!
L UNSET MASK ‘]

IDENTIFY QEVICE
{1l nacessary]

!

i EXECUTE ROUTNG l

!

l RESTORE REGISTERS ]

l

RETURM

Fig. 6.34: Interrupt Logic
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INTRODUCTION

We have learned how to program the Z80 microprocessor in most
usual situations. However, we should make a special mention of the
input/output chips normally connected to the microprocessor. Be-
cause of the progress in LSI integration, new chips have been intro-
duced which did not exist before. As a result, programming a system
requires, naturally, first to program a microprocessor itself, and then
to program the input/output chips. In fact, it is often more difficult
to remember how to program the various control options of an input/
output chip than to program the microprocessor itself! This is not be-
cause the programming in itself is more difficult, but because each of
these devices has its own idiosyncrasies. We are going to examine here
first the most general input/output device, the programmable input/
output chip (in short a **PIQ’), then some Zilog I/0 devices.

The “Standard PO’

There is no‘‘standard PIO”, However, each P1Gdeviceis essentially
analogous in function to all similar PIQ’s produced by other
manufacturers for the same purpose. The purpose of a PIO is to
provide a multiport connection for input/output devices. (A “port” is
simply a set of 8 input/output lines.} Each PIO provides at least
two sets of 8-bit lines for 170 devices. Each I/0 device needs a data
buffer in order to stabilize the contents of the data bus on output at
least., Our PIO will, therefore, be equipped at a minimum with a
buffer for each port,

In addition, we have established that the microcomputer will use
a handshaking procedure, or else interrupts to communicate with the
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1/0 device. The PIO will also use a similar procedure to communicate
with the peripheral. Each P1O must, therefore, be equipped with at
least two control lines per port to implement the handshaking
function.

The microprocessor will also need to be able to read the status of
each port. Each port must be equipped with one or more séatus bits.
Finally, a number of options will exist within each PIO to configure ifs
resources. The programmer must be able to access a special register
within the PIO to specify the programming options. This is the
conirol-register, In some cases the status information is part of the
control register.

CRA DDRA PDRA e CAl
el OV
@ O o2 o ™ 8
89| |8R% |o0%%
- L= win Wr
DATA BU <::> & 2 203 %S’%&:’)?ORTA
xn 0 o CZ) SR
CRB DDRB DRB
-
C") I 8
REGISTER | — RS@ 5 {%i <::> PORTB
SELECT | — RS1 c5
RQA. et CB2
{RQB e s CB
Fig. 7.1: Typical P10

One essential faculty of the P1O is the fact that each line may be
configured as either an input or an output line. The diagram of
a PIO appears in illustration 7.{. The programmer may specify
whether any line will be input or output. In order to program the
direction of the lines, a dara-direction register is provided for each
port. On many PIO’s, “0’* in a bit position of the data-direction
register specifies an input. A **1’’ specifies an output, Zilog uses the
reverse convention.

it may be surprising to see that a “‘0”’ is used for input and a 1’
for output when really **0*’ should correspond to output and 1’ to
input. This is quite deliberate: whenever power is applied to the
systern, it is of great imporiance that all the /0 lines be configured as
input. Otherwise, if the microcomputer is connected to some
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dangerous peripheral, it might activate it by accident. When a reset is
applied, all registers are normally zeroed and that will resuit in con~
figuring all input lines of the PIO as inputs. The connection to the
microprocessor appears on the left of the illustration. The PIO
naturally connects to the 8-bit data bus, the microprocessor address
bus, and the microprocessor controf-bus. The programmer will simply

specify the address of any register that it wishes to access within the
PIO.

The Internal Control Register

The Control Register of the PIO provides a number of options for
generating or sensing nterrupts, or for implementing automatic hand-
shake functions. The complete description of the facilities provided is
not necessary here. Simply, the user of any practical system which uses
4 PIO will have to refer to the data-sheet showing the effect of setting
the various bits of the control register. Whenever the system 1s
initialized, the programmer will have to load the control register of the
PIO with the correct contents for the expected application.

IRQA -

Dg-D7 (’;:p

b CA |
-1, 2

DORA)
DATA
DIRECTION

h 4

PERIPHERAL

<7

T |l

RRRER!

EN ]
RESET —sm

RQB

CORTROL

[CH!P SELECY

REGISTER
SELECT

1l

{1

INTERFACE A

PER{PHERAL
INTERFACE B

>

DATA
DIRECTION

(DORB)

CONTROL

——
==

CRE

Ny
SIATUS

K Pag-pa7
K> pag-paz

e—— CB 1
CB2

Fig. 7.2: Using a PIO~Load Control Register
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Fig. 7.3: Using a PIO-Load Data Direction
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e =i
{CRA}
DATA BUS .
D@-b7 / : C:‘
@ @ - 'BUFFER . .,.......,.__;5 CONTROL
i} ¥ [DDRA]
= DATA
BUS INPUT : »] DIRECTION
Eo PERIPHERAL @pna-w
p— INTERFACE A
— |
—= HCHIp SELECT — PER{PHERAL PRE-RE7
e g:g INTERFACE B C::>
— [ REGISTER 4P
—» 1] SELECY — DATA
-+ ————AN| DIRECTION
£ Y —1G0RE)
RESET —= b
T ___.> CONTROL
(CREB) @
(Res StATUs | e e iB ;
Fig. 7.5: Using a PIO Read INPUT
Programming a P10

A typical sequence, when using a PIO channel, is the following (as-
suming an input):

Load the control register

This is accomplished by a programmed transfer between a Z80 re-
gister {usually the accumulator) and the PIO control register. This sets
the options and operating mode of the PIO (see Figure 7.2). It is nor-
mally done only once at the beginning of a program.

Load the direction register
This specifies the direction in which the 1/0 lines will be used. (See

Figure 7.3,

Read the status
The status register indicates whether a valid byte is available on in-
put. (See Figure 7.4},

Read the port
The byte 18 read into the Z80. (See Figure 7.5).
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Dy i 127 18 |t A RDY )
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Fig. 7.6: Z80 P10 pinout

The Zilog Z80 P10

The Z80 PIO is a two-port PIO whose architecture 15 essentially
compatible with the standard model we have described. The actual
pinout is shown in Figure 7. 6, and a block diagram is shown in Figure
7.7

Each PIO port has six registers: an 8-bit input register, an 8-bit out-
put register, a 2-bit mode-control register, an 8-bit mask register, an
8-bit input/output select (direction register), and a 2-bit mask-controi
register, The {ast three registers are used only when the port is program-
med to operate in the bit mode.

Each port may operate in one of four modes, as selected by the con-
tents of the mode-control registers (2 bits). They are: byte output, byte
input, byte bidirectional bus, and bit mode.

The two bits of the mask control register are loaded by the program-
mer, and specify the high or low state of a peripheral device which is to
be monitored, and conditions for which an interrupt can be generated.
generated.

The B-bit input/output select register allows any pin to be either an
input or an output when operating in the bit mode.
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Fig. 7.7: Z80 P10 Block Diagram
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Programming the Zilog P10

A typical sequence for using a PIO, say in bit mode, would be the
following:
L.oad the mode control register to specify the bit mode.
Load the input/output select register of port A to specify that
lines 0-5 are inputs and lines 6 and 7 are outputs.
Then a word would be read by reading the contents of the input
buffer.
Additionally, the mask register could be used to specify the status
conditions.
For a detailed description of the operation of the PIO, the reader is
referred to the companion volume in this series, the Z80 Applications
Book.

The Z84 S1O

The SIO (Serial Input/Output) 1s a dual-channel peripheral chip de-
signed to facilitate asynchronous communications in serial form. It in-
cludes a UART, i.e., a universal asynchronous receiver-transmitter.
Its essential function is serial-to-parallel and parallel-to-serial conver-
sion. However, this chip is equipped with sophisticated capabilities,
like automatic handling of complex byte-oriented protocols, such as
IBM bisyne as well as HDLC and SDLC, two bit-oriented protocols.

Additionally, it can operate in synchronous mode like a USRT, and
generate and check CRC codes. It offers a choice of polling, interrupt,
and block-transfer modes. The complete description of this device is
beyond the scope of this introductory book and appears in the Z80 Ap-
plications Book.

Other 1/0 Chips

Because the Z80 15 commonly used as a replacement for the 8080, it
has been designed so that it can be associated with almost any of the
usual 8080 input/output chips, as well as the specific /0 chips manu-
factured by Zilog. All the 8080 input/output chips may be considered
for usein a Z80 system.
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SUMMARY

In order to make effective use of wmput/output components i 1s
necessary to understand in detail the function of every bit, or group of bats,
within the vanous control registers. These complex new chips automate a
number of procedures that had 10 be carred out by software or special
logic belore. In particular, a good dealof the handshaking procedures are
automated within components such as an SI0O. Also, mterrupt handling
and detection may be internal. With the information that has been pre-
sented 1 the preceding chapter, the reader should be able 10 understand
what the functions of the basic signals and registers are. Naturally, still
newer components are going 10 be introduced which will offer a hardware
implementation of still more complex algorthms.
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INTRODUCTION

This chapter 1s designed to test your new programming skills by pre-
senting a collection of utility programs. These programs or “‘routines”’
are frequently encountered mn applications, and are generally called
*utility routines.” They will require a synthesis of the knowledge and
techniques presented so far.

We are going to fetch characters from an [/0 device and process
them in various ways. But first, let us clear an area of the memaory (this
may 1ot be necessary-—each of these programs is only presented as a
programming example).

CLEARING A SECTION OF MEMORY

We want to clear {(zero} the contents of the memory from address
BASE to address BASE + LENGTH, where LENGTH is less than 256.

The program is:

ZEROM LD B, LENGTH LOAD B WITH LENGTH

LD AL CLEAR A
LD HL, BASE POINT TO BASE

CLEAR LD (HL}, A CLEAR A LOCATION
INC  HL POINT TO NEXT
DEC B DECREMENT COUNTER
JR NZ, CLEAR END OF SECTION?
RET

In the above program, the length of the section of memory is as-
sumed to be equal to LENGTH. The register pair HL is used as a point-
er to the current word which will be cleared. Register B is used, as
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usual, as a counter.

The accumulator A 15 loaded only once with the value 0 (all zeros),
then copied into the successive memory locations.

In a memaory test program, for example, this utility routine could be
used to zero the contents of a block. Then the memory test program
would usually verify that its contents remained 0,

The above was a straightforward unplementation of a clearing rou-
tine. Let us improve on it.

The improved program appears below,

ZEROM LD B, LENGTH
LD JHL, BASE
£ OGP LD (HL), O

INC  HL
DINZ LOOP
RET

The two improvements were obtamed by eliminaung the LD A, 0 in-
struction and loading a *‘zera’’ directly into the location pointed to by H
and L, and aiso by using the special Z80 instruction DINZ,

This improvement example should demonstrate that every fime a
program s wriiten, even though it may be correct, it can usually be im-
proved by examnining it carefully. Familiarity with the complete instruc-
tion set is essential for bringing about such improvements. These im-
provemenis are not just cosmetic, They improve the execution time of
the program, require fewer instructions and therefore less memory
space, and also generally improve the readability of the program and,
therefore, its chances of being correct.

Exercise 8.1: Wrue a memory test program which zeroes a 256-word
block, then verifies that each locarion 15 0. Then, ut will write alf 1's and
verify the contenis of the block. Then it will write 01010101 and verify
the contenis. Finally, it will write 10101010, and verify the contents.

Exercise 8.2: Modify the above program so that it will fill the memory
section with alternating 0°s and 1's (all 0's, then all 1's).

Let us now poll our [/0 devices 1o find which one needs service,

POLLING 170 DEVICES

We will assume that those [/0 devices are connected {0 our sys-
tem. Their status registers are Jocated at addresses STATUSI,
STATUS2, STATUS3. The program is:
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TEST IN A, {STATUSI1Y READ 10 STATUSI
BIT 7, A TEST “READY"” BIT(BIT T
Jp NZ, FOUND! JUMP TO HANDLER |
IN A, (STATUS2) SAME FOR DEVICE 2
BIT 7, A
P NZ, FOUND2
IN A, (STATUS3) SAME FOR DEVICE 3
BIT T, A
P NZ, FOUND3
(failure exit)

The MASK will contain, for example, **10000000”" if we test bit posi-
tion 7. As a result of the BIT instruction, the Z bit of the status flags
will be set to | if “MASK AND STATUS’ is zero, i.e., if the cor-
responding bit of STATUS matches the one in MASK. The JP NZ in-
struction Gump if non-equal to zero) will then result in a branch to the
appropriate FOUND routine,

GETTING CHARACTERS IN

Assume we have just found that a character is ready at the keyboard.
Let us accumulate characters in a memoryarea called BUFFER until we
encounter a special character called SPC, whose code has been previ-
ously defined.

The subroutine GETCHAR will fetch one character from the key-
board (see Chapter 6 for more details) and [eave 1t in the accumulator.
We assume that 256 characters maximum will be fetched before an SPC
character 15 found.

STRING LD HL, BUFFER POINT TO BUFFER
NEXT CALL GETCHAR GET A CHARACTER

CP SPC CHECK FOR SPECIAL CHAR
JR Z, OUT FOUND IT?
LD (HL;, A STORE CHAR IN BUFFER
INC HL NEXT BUFFER LOCATION
IR NEXT GET NEXT CHAR

ouT RET

Exercise 8.3: Let us improve this basic routine;
a—£Echo the character back to the device (for a Teletype, for example).
b—Check that the input string is no longer than 256 characters.

We now have a string of characters in a memory buffer. Let us proc-
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Let us determine if the character at memory location LOC is equal to

0,1,0r2:

Z0T LD
cp
P
Cp
JP
CPp
JpP
IP

A, (LOC)
00

Z, ZERO
01

Z, ONE
02

Z, TWO
NOTFND

GET CHARACTER
ISIT A ZERO?
JUMP TO ROUTINE
A ONE?

A TWO?

FAILURE

We simply read the character, then use the CP nstruction to check its

value.

Let us run a different test now,

BRACKET TESTING

Let us determine if the ASCII character at memory location LOCis a
digit between Q0 and 9:

BRACK LD
AND
Cp
IR
Cp
JR
CP

OouT RET

A, (LOC)
7FH

30H

C, OUT
35H

NC, OUT
A

EXIT

GET CHARACTER
MASK OUT PARITY BIT
ASCIHI O

CHAR TOO LOW?
ASCIH 9

CHAR TOO HIGH?
FORCE ZERO FLAG

ASCII Q"' 15 represented in hexadecimal by “*30"" or by “B0”,
depending upon whether the parity bit is used or not. Similarly, ASCII
‘9" is represented in hexadecimal by ““39” or by *‘B9”,

The purpose of the second instruction of the program is 1o delete bit
7, the parity bit, in case it was used, so that the program 1s applicable to
both cases. The value of the character is then compared to the ASCII
values for “*0'" and **9’". When using a companson instruction, the Z
flag is set if the companson succeeds. The carry bit is set in the case of
borrow, and reset otherwise. In other words, when using the CP in-
struction, the carry bit will be set if the value of the literal that appears

523



PROGRAMMING THE 280

in the instruction 1s greater than the value contained in the accumu-
lator. It will be reset {*‘0"’) if less than or equal.

The last instruction, CP A, forcesa ‘1" into the Z flag. The Z flag is
used to indicate to the calling routine that the character in CHAR was
indeed in the interval (0, 9). Other conventions can be used, such as
loading a digit in the accumnulator in order to indicate the result of the
test.

Exercise 8.4: Is the following program equivalent to the one above?:

1.D A, (CHAR)

sSuB 30H

JP M, OUT
SUuB 10

Jp P, OUT
ADD 10

Exercise 8.5: Determine if an ASCII character contained in the accunu-
lator is a letter of the alphabet,

When using an ASCII table, vou will notice that parity is often used.
For example, the ASCII for **0'" is **0110000", a 7-bit code. However,
if we use odd parity, for example, we guarantee that the total number
of ones in a word is odd; then the code becomes: ““10110000”°. An extra
1" is added to the left. Thisis “* B0’ in hexadecimal. Let us therefore
develop a program to generate parity.

PARITY GENERATION

This program will generate an even parity with bit position 7:
PARITY LD A, (CHAR) GET CHARACTER

AND 7FH CLEAR PARITY BIT
Jp PE, OUT CHECK TF PARITY
ALREADY EVEN
OR 80H SET PARITY BIT
OouT Lp (LOO), A STORE RESULT

The program uses the internal parity detection circuit avajlable in the
Z80.

The third instruction: JP PE, OUT checks whether parity of the
word in the accumulator is already even. This instruction will succeed if
the parity is even, “PE”’, and will exit.

If the parity is not even, i.e., if the jump instruction failed, then the
parity is odd, and a “‘1’’ must be written in bit position 7. This is the
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purpese of the fourth nstruction:
OR 80H

Finally, the resulting value 1s saved in memory location LOC.

Exercise 8.6: The above problem was too simple 1o solve, using the in-
ternal parity detection circuilry. As an exercise, you are requested (0
solve the same problem without using tus circuitry. Shift the contents
of the accumulator, and cournt the nuniber of I's in order to determine
whuch b should be written into the parity position.

Exercise 8.7: Using the above program gs an example, verify the parity
aof a word. You must conipute the correct parity, then compare if to the
one expecied.

CODE CONVYERSION: ASCII TO BCD

Converting ASCII to BCD is very sunple. We will observe that the
hexadecimal representation of ASCII characters 0 to 9is 30to 39 or BO
to B9, depending on parity. The BCD representation is simply obtained
by dropping the ‘3" or the “B”, 1.e., masking off the left nibble (4
bits):

ASCBCD CALL BRACK CHECK THAT CHARIS0TO9
JP NZ, ILLEGAL EXITIF ILLEGAL CHAR
AND OFH MASK HIGH NIBBLE

LD (BCDCHAR), A STORE RESULT
Exercise 8.8: Write a program to converi BCD ro ASCII.

Exercise 8.9: Write a program to convert BCD to binary (more diffi-
cult).

Hint:N, N, N, Noin BCDis ({N; x 10} + N2) % 10 + Ny} x 10 + Nyin
binary.

To multiply by 10, use a left shift { = x 2}, another left shift (= x4},
an ADC (= x5}, another left shift {= x 10).

In full BCD notation, the first word may contain the count of BCD
digits, the next nibble contain the sign, and every successive nibble con-
tain a BCD digit (we assume no decimal point). The last nibble of the
block may be unused.

CONVERT HEX TO ASCU

“A’" contams one hexadecimal digit. We simply need to add a **3" (ora
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“B’"Y into the left nibble:

AND  OFH ZERQO LEFT NIBBLE (optional)
ADD A, 30H ASCII

CP A, 3JAH CORRECTION NECESSARY?
P M, OUT

ADD AT CORRECTION FORA TOF

Exercise 8. 10: Convert HEX 10 ASCII, asswming a packed format (two
hex digus in AJ.

FINDING THE LARGEST ELEMENT OF A TABLE

The beginning address of the tabie 15 contained at memory address
BASE. The first entry of the table is the number of bytes it contains.
This program will search for the largest element of the table. Its value
will be left in A, and its position will be stored in memory location IN-
DEX.

This program uses registers A, F, B, H and L, and will use indirect
addressing, so that it can search a table anywhere in the memory (see
Figure 8.1).

MAX LD HIL, BASE TABLE ADDRESS
LD B, (HL) NBR OF BYTES IN TABLE
LD A0 CLEAR MAXIMUM VALUE
INC HL INITIALIZE INDEX
LD (INDEX]}, HL NEXT ENTRY

LOOP CP (HL) COMPARE ENTRY
JR NC, NOSWITCH JUMP IF LESS THAN MAX
LD A, (HL) LOAD NEW MAX VALUE
LD (INDEX), HL LOAD NEW MAX VALUE

NOSWITCH INC HL POINT TO NEXT ENTRY
DEC B DECREMENT COUNTER
JR NZ, LOOP KEEP GOING IF NOT ZERO
RET

This program tests the nth entry first. if it is greater than 0, the entry
goes 1 A, and its location 1s remembered into INDEX. The (n-1)st en-
try 1s then tested, etc.

This program works for positive integers.

Exercise 8.11: Modify the program so that it works also for negative
numbers in (wo’s complement.

Exercise 8. 12: Will this program also work for ASCII characters?
Exercise 8.13: Write a program which will sort n numbers in ascending
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/\/\/\"

. POINTERTO  _j INDEX
MAX

COUNT=N BASE
{ ELEMENT |

A [ CURRENTMAX |

g | COUNTER |

.
HL | N * INCREASING
ADDRESSES
ELEMENT N

Fig. 8.1: Largest Element in a Table

order,

Exercise 8.14: Write a program which will sort n names (3 characters
each) in alphabetical order.

SUM OF N ELEMENTS

This program will compute the 16-bit sum of N positive entries of a
tabie. The starting address of the table is contained at memory address
BASE, The first entry of the table contains the number of elemenis N.
The 16-bit sum will be left in memoy locations SUMLO and SUMH]I. If
the sum shouid require more than 16 bits, only the lower 16 will be
kept. (The high order bits are said to be truncated.)

This program will modify registers A, F, B, H, L, IX. It assumes 256
elements maximum (see Figure 8.2).

SUMN LD HL, BASE POINT TO TABLE BASE

LD B, (HL; READ LENGTH INTO
COUNTER
SUMIG INC HL POINT TO FIRST ENTRY

LD IX,SUMLG POINT TO RESULT, LOW
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LD (IX+0),0 CLEAR RESULT LOW
LD (IX+1),0 AND HIGH
ADLOCP LD A, (HL) GET TABLE ENTRY
ADD A (IX+0) COMPUTE PARTIAL SUM
LD  (IX+0), A STORE IT AWAY
JR  NC, NOCARRY CHECK FOR CARRY
INC (IX+1) ADD CARRY TO HIGH BYTE
NOCARRY INC HIL POINT TO NEXT ENTRY
DEC B DECREMENT BYTE COUNT
JR  NZ, ADLOOP KEEP ADDING TILL END
RET

B COUNT <
1
LENGTH=N | 8ASE
H | BASE }—l ELEMENT |

x| . -

ELEMENT N

ol SUMLC

SUMH I

Fig. 8.2: Sum of N Elements

This program is straightforward and shouid be self-explanatory.

Exercise 8.15: Modify this program to:
a—compute a 24-6it sum

be~compute a 32-b1t sum

c—detect any overflow.

A CHECKSUM COMPUTATION

A checksum is a digit or set of digits computed from a block of suc-
cessive characters. The checksum 1s computed at the time the data is
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stored and put at the end. In order to verify the integrity of the data, the
data 1s read, then the checksum is recomputed and compared against
the stored value. A discrepancy indicates an error or a failure.

Several algorithms are used. Here, we will exclusive-OR all bytes in a
table of N elements, and leave the result in the accumulator. As usnal,
the base of the table is stored at address BASE. The first entry of the
table is its number of elements N. The program modifies A, F, B, H, L.
N must be less than 256

CHKSUM LD HL, BASE LOAD ADDRESS OF TABLE
INTCG HL
LD B, (HL) GET N = LENGTH
XOR A CLEAR CHECKSUM
INC HL POINT TO FIRST ELEMENT
CHLOOP XOR (HL) COMPUTE CHECKSUM
INC HL POINT TO NEXT ELEMENT
DEC B DECREMENT COUNTER

JRNZ, CHLOOP DO IT AGAIN IF NOT END
LD (CHECKSUM),A PRESERVE CHECKSUM
RET

COUNT THE ZEROES

This program will count the number of zeroes in our usual table, and
leave it in location TOTAL. It modifies A, B, C, H, L. F,

ZEROS LD HL, BASE  POINT TO TABLE

LD B, (HL) READ LENGTH INTO COUNTER
Lb (.0 ZERO TOTAL
INC HL POINT TO FIRST ENTRY
ZLOOP LD A, (HL) GET ELEMENT
OR O SET ZERO FLAG
JR NZ,NOTZ ISITA ZERO?
INC C IF SO, INCREMENT ZERQ COUNT
NOTZ INC HL POINT TO NEXT ENTRY
DEC B DECREMENT LENGTH COUNTER
JR  NZ, ZLOOP
LD AC

LD ({(TOTAL), A SAVEIT

Exercise 8.16: Modify this program to count
a-~the number of stars (the character ***'’)
D-the mumber af letters of the alphabet
c—the number of digits between ‘0" and 9"’
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BLOCK TRANSFER

Let us pick up every third entry in the source block at address FROM
and store 1t into a block at address TO:

FER3 LD HL. FROM

LD DE, TO SET UP POINTERS
LD BC, SIZE
LOOP LDI AUTOMATED TRANSFER
INC  HL
INC HL SKIP 2 ENTRIES

JP PE, LOOP

BCD BLOCK TRANSFER

We will push up BCD digits in the memory, i.e, shift 4-bit nibbles
(see Figure 8.3). The program appears below:

’ - ] 4

s
g COUNT W M/

[
Hi BLOCK
|§

COUNT

Fig. 8.3: BCD Block Transfer - The Memory

DMOV LD B, COUNT
LD HL, BLOCK

XOR A A=190
LOOP RLD
DEC HL POINT TO NEXT BYTE
DINZ LOQOP DEC COUNT LOOP UNTIL ZERO

530



APPLICATION EXAMPLES

The program uses the RLD instruction, which we have not used yet.
RLD rotates a BCD digit [eft between A and {HL}. (HL) or M designate
the contents of the memory location pointed to by H and L.

M LOW goes into M HIGH
M HIGH goes into A LOW
A LOW goes into M LOW

Here, “low™ and *‘high’” refer to a 4-bit nibble,

In order to use the powerful DINZ mstruction, register B is used as
the digit counter. HL is set to point to the beginning of the block.

A is used to store the left digit displaced by each rotation between
two successive accesses to the block.

By convenuion, **0"" will be entered at the bottom of the block.

COMPARE TWO SIGNED 16-BIT NUMBERS

1X points to the first number NI.
[Y points to N2 (see Figure 8.4).

The program sets the carry bit if NI< N2, and the Z bit if N1 = N2,
COMP LD B, (IX+1) GET SIGN OF NI
LD A, B
AND  80H TEST SIGN, CLEAR CY
JR NZ, NEGM! NI ISNEG
BIT 7.(Y+1D

RET NZ N2 IS NEG
LD A, B
CP (IY+D SIGNS ARE BOTH POS
RET NZ
LD A (IX
CP  (Y)
RET
NEGMI XOR (IY + 1)
RLA SIGN BIT INTO CY
RET C SIGNS DIFFERENT
LD A,B
CP  (JY+D BOTH SIGNS NEG
RET NZ
LD A, (IX)
CP (Y)
RET

The program first tests the signs of NI and N2. If NI is negative, a
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jump occurs to NEGM1. Otherwise, the top of the program is executed.

MEMORY

AN

unpe N1, LOW

NY, HIGH

l HIGH ADDRESSES

** L
N2, LOW

N2, HIGH

-1V

Fig. 8.4: Comparing Two Signed Numbers
Note that the BIT instruction is used in the 5th line to test directly the
sign bit of N2 in the memory:
BIT 7. (Y + 1}

The same could have been done for NI, except that we will need the
value of N1 shortly. It is therefore simpler to read NI from memory
and preserve it into B:

COMP LD B, (X + 1

It 15 necessary to preserve N1 mto B because the AND may destroy the
contents of A:

LD A B
AND  80H

Note also that a conditional return is used (line 6):
RET NZ
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This 1s a powerful feature of the Z80 which simplifies programming.
Note that the comparison instruction executes directly on the con-
tents of memory, in indexed mode:

Cp (Y + 1)

When comparing the two numbers, the most significant byte is com-
pared first, the least significant one second.

Note the extensive use of the indexing mechanism in this program,
which results 1in efficient code.

BUBBLE-SORT

Bubble-sort 1s a sorting technique used L0 arrange the elements of a
table 1n ascending or descending order. The bubble-sort technique de-
rives its name from the fact that the smallest element *‘bubbles up” to
the top of the table. Every time it **collides’ with a **heavier'’ element,
it jumps over it.

A practical example of a bubble-sort s shown on Figure 8.5 The list
10 be sorted contains: {10, 5, 0, 2, 100), and must be sorted in descend-
ing order {(**0°7 on top). The algorithm is simple, and the flowchart is
shown on Figure 8.7

The top two (or else bottom two)elements are compared. If the [ower
one 1s less (“‘lighter”’) than the top one. they are exchanged, Otherwise
not. For practical purposes, the exchange, if 1t occurs, will be remem-
bered 1n a flag called “EXCHANGED"’. The process is then repeated
on the next pair of elements, etc., until all elements have been com-
pared two by two,

This first pass is illustrated by steps 1, 2, 3, 4, 5, 6 on Figure 8.3, go-
ing from the bottom up. {Equivalently we could go from the top down.)

If no elements have been exchanged, the sort 15 complete. If an ex-
change has occurred, we start all over again.

Looking at Figure 8.6, it can be seen that four passes are necessary in
this example.

The process is simple, and is widely used.

One additional complication resides in the actual mechanism of the
exchange.

When exchanging A and B, cne may not write

A =B
B =A

as this would result in the loss of the previous value of A (lry it on an
examplel.

533



PROGRAMMING THE Z80

100 =5

106> 2:
NG CHANGE

EXCHANGED

[+
10
5
2 [ = 4
o0 e £

100> 2:
NQ CHANGE

0
10 b =7
2 Falgp— | =
]
Heal
210:
EXCHANGE

10
5
G [ § =]
2 b — =4
106
2>0
NC CHANGE

19 [— 1=
a -— (=2
5
2
100
Q<19
EXCHANGE!

2 H
EXCHANGE:

EXCHANGED

©

10
5 llt— | = 2
0 - =]
2z
100
0<5
EXCHANGE!

EXCHANGE &
END OF PASS !

®

END OF PASS 1

]

EXCHANGED

pof—— | ==}

P - =]

20
NO CHANGE

®

END OF PASS 2

Fig. 8.5: Bubble-Sort Example: Phases 1to 12
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0 ] 0
2 i )
o 10 e | =3 5 ::J
5 e | 4 5 - =4 o
100 -1 5 100 100
Nomcogmﬁucf Exgéhlxgéﬁx EXCHANGED

0 o o = 0
2 - 12 2 . 7 2
5 o {3 5 5
10 10 0 [ =4
100 100 oo (e 1=5
5.2 2>0: 100 > 10:
NC CHANGE NO CHANGE NG CHANGE

©)

END QF PASS 3

o 4] o ot (= |
2 2 - =2 2 - i=2
5 g— =3 5 g— | =3 5
¢ e 1= 4 10 19
100 100 100
1025 532 2>0:
NO CHANGE NO CHANGE NO CHANGE
@
END

Fig. 8.6: Bubble-Sort Example: Phases 13 to 21

The correct solution is to use a temporary variabie or [ocation to pre-
serve the value of A:

TEMP = A
A =B
B = TEMP

It works (try it on an example). This is called a circular permutation.

This is the way all programs implement the exchange. This technique
is illustrated on the flowchart of Figure 8.7.
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i EXCHANGED = 0O

v

GET NUMBER OF
EiENi\ENTS N
=N

Y /
READ ELEMENT
E(Y)

¥
DECREMENT |

¥

4 READ E'11) DONE

‘

YES

NO

EXCHMANGE E AND E';
TEMP = E[l)
E(f) = E'(3}
E(l} = TEMP

A
EXCHANGED = |

Fig. 8.7: Bubble-Sort Flowchart
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EXCHANGE/NOT

A B FLAG IN H
I po
B{ PTR Il count e e s
o} NEXT || current e
LSt
Ml . I //
N L : —| ’ / COUNT

Fig. 8.8: Bubble-Sort

The register and memory assignments are shown on Figure 8.8, and
the program is:

BUBBLE
AGAIN

NEXT

XCHANGE

LD
LD

{TEMP), HL
X, (TEMP)

RES FLAG, H

LD

B

DEC B

LD
LD
LD
CP
JR

LD
LD

SET

A
D

, C

, (IX)
A

E, X+

E

NC, NOSWITCH

{1
(1

XL E

X+, D

FLAG, H

TEMP = (HL)
IX = (HL)
EXCHANGED FLAG =0

D =CURRENT ENTRY
E=NEXT ENTRY
COMPARE

GO TO NOSWITCH IF
CURRENT 2 NEXT
STORE NEXT INTO
CURRENT

STORE CURRENT INTO
NEXT

EXCHANGED FLAG =]
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NOSWITCH INC IX NEXT ENTRY
DINZ NEXT DEC B, CONTINUE UNTIL
ZERO
BIT FLAG, H EXCHANGED=1?
JR  NZ, AGAIN RESTART IF FLAG =]
RET
SUMMARY

Common utility routines have been presented in this chapter which
use combinations of the techniques we have described in the previous
chapters. They should allow you to start designing your own programs
now, Many of these routines have used a special data structure, the
table. Other possibilities exist for structuring data, and will now be re-
viewed.
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9
DATA STRUCTURES
PART I — THEORY

INTRODUCTION

The design of a good program involves two tasks: algorithnt design
and data structures design. In most simple programs, no significant
data structures are involved, so the main objective in learning program-
ming 1s designing algorithms and coding them efficiently in a given
machine ianguage. This 15 what we have accomplished here. However,
designing more complex programs also requires an understanding of
data structures. Two data structures have already been used through-
out the book: the table and the stack. The purpose of this chapter is to
present other, more general, data structures that you may want
to use. This chapter 1s completely independent of the microprocessor,
or even the computer, selected. It is theoretical and involves the logical
organization of data in the system. Specialized books exist on the topic
of data structures, just as specialized books exist on the subject of
efficient multiplication, division or other usual algorithms. This
chapter, therefore, will be limited to essentials only. It does not claim
to be complete. The most common data structures will now be reviewed,

POINTERS

A poinier is a number which 15 used to designate the focation of the
actual data. Every pointer is an address. However, every address is not
necessarily called a pointer, An address is a pointer only if it points at
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some type of data or at structured information. We have already en-
countered a typical pointer: the stack pointer, which points to the top
of the stack {or usually just over the top of the stack). We will see that
the stack is a common data structure, called an LI1FO structure.

As another example, when using indirect addressing, the indirect ad-
dress is always a pointer to the data that one wishes to retrieve,

Exercise 9. ]: Exanune Fig. 9.1. Ar address 15 in the memory, there s a
pointer to Table T. Table T starts at address 500. What are the actual
contenis of the pomnter to T?

g
15
v POINTERTOT
16
500
TABLE T

Fig. 9.1: An Indirection Pointer

LISTS
Almost all data structures are organized as lists of various kinds.

Sequential Lists

A sequential list, or table, or block, 15 probably the simplest data
structure, and is one that we have aiready used. Tables are normally
ordered in tunction of a specific criterion, such as alphabetical ordering
or numerical ordering. [t is then easy to retrieve an element 1 a table,
using, for example, indexed addressing, as we have done. A block nor-
mally refers to a group of data which has definite limits but whose con-
tents are not ordered. It may contain a string of characters; 1t may
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be a sector on a disk: or it may be some logical area (called segment) of
the memory. In such cases, it may not be easy to access a random ele-
ment of the block.

In order to facilitate the retrieval of blocks of infermation, directo-
ries are used.

Directories

A directory is a list of tables or blocks. For example, the file system
will normally use a directory siructure. As a simple example, the master
directory of the system may include g list of the users’ names. This s il-
tustrated n Figure 9.2. The entry for user ‘' John'' points to John's file
directory. The file directory is a table which contains the names of all of
John’s files and their iocation. This is, agamn, a table of pointers. In this
case, we have just designed a two-level directory. A flexible directory
system will allow the inclusion of additional intermediate directones, as
may be found convenient by the user.

13ER DRECIORY

JOHNS
FILE DiRECTORY
JOHN
JORN'S FILE
AiPrA
ALPHA
SIGHA OAlA
SHGALA

Fig. 9.2: A Directory Structure

Linked List

In a system there are often blocks of information which represent
data, events, or other structures which cannot be moved around eas-
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ily. If they could, we would probably assemble them in a table in order
to sort or structure them. The problem now 1s that we wish to leave
them where they are and still establish an ordering among them such as
first, second, third, fourth. A linked list will be used to solve this prob-
iem. The concept of a linked list 15 illustrated by Figure 9.3. On the il-
lustration, we see that a list pointer, called FIRSTBLOCK, pointsto the
beginming of the first block. A dedicated locanon within Block | such
as, perhaps, the first or the last word in it, contains a pointer to Bleck
2, called PTRI. The process 1s then repeated for Block 2 and Block 3.
Since Block 3 1s the iast entry in the list, PTR3, by convention, either
contains a special **nil”” value, or points to itself, so that the end of the
list can be detected. This siructure is economical, as it requires only a
few pointers (one per blocki and frees the user from having to physi-
cally move the blocks in the memory.

FIRSY
o
BLOCK

PTR 2

PIR3
L4

BLOCK 2 BLOCK 3

FIR

BLOCKT

Fig. 9.3: A Linked List

Let us examune, for example, how a new block will be inserted. This
15 illustrated by Figure 9.4. Let us assume that the new block is at ad-
dress NEWBLOCK, and is to be inserted between Biock ( and Block 2.
Fointer PTR1 is simply changed 10 the value NEWBLOCK, so that it
now points to Block X, PTRX will contain the former value of PTRI,
1.e., it will point to Block 2. The other pointers in the structure are left
unchanged. We can see that the insertion of a new block has simply re-
quired updating two pointers in the structure. This is clearly efficient.

Exercise 9.2: Draw a diagran showing how Block 2 would be removed
Jrom thus srructure,

NEW BLOTK et
BoCK X

L BLOCK2

Fig. 9.4: Inserting a New Block

PIR X

H

FIRST
———
BLOCK

oK1

BLOCK 3

PIR 2

PIR 3

PR}
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Several types of lists have been developed to facilitate specific types
of access, msertions, and deletions to and from the list. Let us examine
some of the most frequently used types of linked lists.

Queune

A queue is formally called a FIFO, or first-in-first-out list. A queue
1s illustrated in Figure 9.5. To clarify the diagram, we can assume, for
example, that the block on the left is a service routine for an output
device, such as a printer. The blocks appearing on the right are the re-
quest blocks from various programs or routines, {o print characters.
The order in which they will be serviced 15 the order established by the
waiting queue. [t can be seen that the first event which will obtain serv-
ice 15 Block [, the next one is Block 2, and the following one is Block 3.
In a gqueue, the convention s that any new event arniving in the queue
will be inserted at the end. Here it will be inserted after PTR3. This
guarantees that the first block to be inserted in the queue will be the
first one to be serviced. It is quite common in a computer system (o
have queues for a number of events whenever they must wait for a
scarce resource, such as the processor or some input/output device,

SERVICE ROUTINE MOCKE

REXT S— FiR 1

BIOCK 3

[ FIR3

BLOCK 2

FIR2 —

Fig. 9.5: A Queue
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Stack

The stack structure has already been studied in detail throughout the
baook. It is a last-in-first-out structure (LIFQO). The last element depos-
ited ontop is the first one to be removed. A stack may either be im-
plemented as a sorted block, or it may be implemented as a list, Because
most stacks in rcroprocessors are used for high-speed events, such as
subroutines and interrupts, a continuous block is usually allocated to
the stack insteadof using a linked list.

Linked List vs. Block

Similarly, the queue could be implemented as a block of reserved
locations. The advantage of using a continuous block is fast retrieval
and the elimination of the pointers. The disadvantage is that it is usu-
ally necessary to dedicate a fairly large block to accommeodate the
warst-case size of the structure. Also, it makes it difficult or impractical
to insert or remove elements from within the block. Since memory is
tradifionally a scarce resource, blocks have usually been reserved for
fixed-size structures or structures requiring the maximum speed of re-
trieval, such as the stack.

Circular List

“Round robin™ is a common name {or a circular list. A ctrcular list is
a linked list 1n which the last entry points back to the first one. This is il-
lustrated in Figure 9.6. In the case of a circular list, a current-block
pointer 15 often kept. In the case of events, or programs, waiting for
service, the curreni-event pointer will be moved by one position to the
left or to the right every time. A round robin usually corresponds to a
structure in which all blocks are assumed to have the same priority.
However, a circular list may also be used as a subcase of other struc-
tures simply to facilitate the retrieval of the first block after the iast
one, when performing a search,

As an example of a circular list, a polling program usually goes in a
round robin fashion, interrogating all peripherais and then coming
back to the first one,

Trees

Whenever a logical relationship exists among all elements of a struc-
ture (this 15 usually called a syntax), a tree structure may be used. A sim-
ple example of a tree structure is a descendant, or genealogical, tree,
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N R O

t

CURRENT EVENT

Fig. 9.6: Round Robin is Circular List

This is illustrated in Figure 9.7, It can be seen that Smith has two chil-
dren: a son, Robert, and a daughter, Jane. lane, in turn, has three
children: Liz, Tom and Phil. Tom, in turn, has two more children: Max
and Chris. However, Robert, on the left of the illustration, has no de-
scendants.

This 1s a structured tree. We have, in fact, already encountered an ex-
ample of a simple tree 1n Figure 9.2. The directory structure 1s a two-
level tree. Trees are used to advantage whenever efements may be classi-
fied according to a fixed structure. This facilitates insertion and re-
trieval. In addition, they may establish groups of information in a
structured way which may be required for later processing, such as in a
compiler or interpreter design.

SAAITH
/ \
ROBERT JANE
uz oM PHIL
N\
Max CHRIS

Fig. 9.7: Genealogical Tree

Doubly-Linked Lists

Additional links may be established between elements of a list, The
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simplest example 15 the doubly-linked list. This is illustrated in Figure
9.8. We can see that we have the usual sequence of links from left to
right, plus another sequence of links from right to left. The goal is to
allow easy retrieval of the element just before the one which is being
processed, as well as just after i, This costs an extra pointer per block,

gLOCK {

PR

BLOCK 2 - BLOCK 3

PIR
PR

Fig. 9.8: Doubly-Linked List

SEARCHING AND SORTING

Searching and sorting elements of a list depends directly on the type
of structure which has been used for the list. Many searching algo-
rithms have been developed for the most frequently used data struc-
tures. We have already used indexed addressing. This is possible when-
ever the elements of a table are ordered in function of a known
criterion. Such elements may then be retrieved by their numbers,

Sequennal searciung refers to the linear scanning of an entire block.
This is clearly mefficient but may have to be used when no better tech-
nique is available, for lack of ordering of the elements.

Binary, or logarithnue, searching attempts to find an element 1n a
sorted list by dividing the search interval in half at every step. Assum-
ing that we are searching an alphabetical lst, one might start, for exam-
ple, in the middle of a table and determine if the name we are looking
for is before or after this point, If it is after this point, we will eliminate
the first half of the table and look at the middle element of the second
half. We compare this entry again to the one we are looking for, and we
resirict our search to one of the two halves, and so on. The maximum
length of a search s then guaranteed to be log.n, where n is the number
of elements in the table.

Many other search techniques exist.

SECTION SUMMARY

This section was mtended as only a brief presentation of usual data
structures which may be used by a programmer. Although most com-
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mon daia structures have been organized in types and given a name, the
overali orgamzation of data in a complex system may use any combina-
tion of them, or require the programmer (o Iveni more appropriate
structures. The array of possibilities is only lmited by the imagination
of the programmer. Similarly, a number of well-known sorting and
searching techmiques have been developed for coping with the usual
data structures. A comprehensive description is beyond the scope of
this book. The contents of this section were intended to stress the im-
portance of designing appropriate section structures for the data to be
manipulated and to provide the basic tools to that effect.
Actual programming examples will now be presented in detail.
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PART 1I — DESIGN EXAMPLES

INTRODUCTION

Actual design examples will be presented here for typical data struc-
tures: table, sorted list, linked list. Practical searching and insertion and
deletion algorithms will be programmed for these structures.

The reader interested in these advanced programming techniques is
encouraged to analyze in detail the programs presented in this section.

However, the beginning programmer may skip this section initially,
and come back to it when he feels ready for it.

A good understanding of the concepts presented in the first part of
this chapier is necessary to follow the design examples. Also, the pro-
grams will use all of the addressing modes of the Z80, and integrate
many of the concepts and techniques presented in the previous chapters.

Three structures will now be introduced: a simple list, an alphabetical
list and a linked-list plus directory. For each structure, three programs
will be developed: search, enter and delete.

DATA REPRESENTATION FOR THE LIST

Both the simple list and the alphabetic list will use a common repre-
sentation for each list element:

C C C D D ég D D

WW
3-byte label Data
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ENTLEN M=
TABLEN M=
TAB BASE
LABEL
ENTRY
DATA

ANAANAN

DATA STRUCTURES

LENG FH OF ENTRY

HNUMBER OF ENTRIES

A BYT

E5

ap——u—— ENTER NEW ELEMENT

Fig. 9.9: The Table Structure

|

ELEMENT

CiIininNnin

ELEMENT

2

/
|
|

DATA

¥

ENTLEN

ENTLEN

Fig 9.10: Typical List Entries in the Memory
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Each efement, or *“‘entry”’, includes a 3-byte label, and an n-byte block
of data, with n between I and 253. Thus, at most, ¢ach entry uses one
page {256 bytes). Within each list, all elements have the same length (see
Figure 9,10). The programs operating on these two simple lists use some
common variable conventions:

ENTLEN is the iength of an element. For example, if each eiement
has 10 bytes of data, ENTLEN = 3 + 10 = 13

TABASE  is the base of the list or table in the memory

POINTR  isarunning pointer to the current element

QOBIECT  isthecurrent entry to be located, inserted or deleted

TABLEN  is the number of entries.

All labels are assumed to be distinct. Changing this convention would
require a minor change in the programs.

TADASE oiupee] LENGTH =
EEEMENT 1 I (Hr

ELEMENT 7

POINTR . Custsiera?
LLERRERT

ELEREND n TFASLN =n)

FREE SPACE | FREE SPACE

LSS

SNSERT

P N TN

[=:Eimg
YO BE INSERTED

Fig. 9.11: The Simple List
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A SIMPLE LIST

The simple list is organized as a table of n elements. The elements are
not sorted (see Figure 9.11). When searching, one must scan through
the list until an entry is found or the end of the table is reached. When
inserting, new entries are appended to the existing ones, When an entry
1s deleted, the entries 1n higher memory locations, if any, will be shifted
up to keep the table continuous.

Searching

A senal search technigue is used. Each entry’s fabel field 1s compared
in turn to the OBJECT s label, letter by [etter.
The running pointer POINTR is initialized to the value of TABASE.

SEARCH

Y

COUNTER =
MUMBER OF ENTRIES

! COUNTER = 0 l
Y
REAU ENTRY
3 LETTERS)
Y

FQUND
{SET A TQ 1)

b NO
COUNJER == COUNTER — 1

FAILURE EXIT

i POINT TG NEXT ENTRY 1

]

Fig. 9.12: Table Search Flowchart
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The search proceeds in the obvious way, and the corresponding flow-
chart 1s shown on Figure 9.12. The program appears on Figure 9.[6
at the end of this section (program “SEARCH""). A sample run of the
program is shown in Figure 9.17.

Imserting

When 1nserting a new element, the first available memory block of
(ENTLEN) bytes at the end of the list is used {see Figure 9.11).

The program first checks that the new entry 15 not already in the list
{all labels are assumed to be distinct in this example). If not, it incre-
ments the list length TABLEN, and moves the OBJECT to the end of
the list. The corresponding flowchart is shown in Figure 9.13.

The program is shown in Figure 9.16. It is called “*“NEW”’ and resides
at memory locations 0135 to 0135E.

The index register 1Y points to the source. HL and DE are destina-
tion pointers.

15 OBJECT N7 P EXIT

[ SAVE QLD TABLE LENGTH I

v

l INCREMENT TABLE LENGTH ]

v

POINT AFTER
END OF TABLE

v

l INSERT OBIECT ]

:

END

Fig. 9.13: Table Insertion Flowchart
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Deleting

In order to deiete an element from the list, the elements following it
in the list at higher addresses are merely moved up by one element posi-
tion. The length of the list is decremented. This is illustrated on Figure
9.i4.

The corresponding program is straightforward and appears on Fig-
ure 9.16. It is called “DELETE’’, and resides al memory addresses
015F to 0187, The flowchart is shown in Figure 9.15.

Memory location TEMPTR is used as a temporary pointer pointing
to the element to be moved up.

During the transfer, POINTR always points to the “‘hole’ i the list,
i.e., the destination of the next block transfer.

The Z {lag 1s used to indicate a successful deletion upon exit.

Nate how the LDIR instruction s used for efficient automated block
transfer {refer to address 0178 1n Figure 9.16).

LD A, B BLOCK COUNTER
NEWBLOC LD BC, (ENTLEN) BLOCK LENGTH

LDIR

DEC A

P NZ, NEWBLOC

AFTER

DELETE ~—tef
MOVE

TEMPTR ot

OLOEE

MOVE

OOEEEO|

NN,

Fig. 9.14: Deleting an Entry (Simple List)
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v

FIND ENTRY

our

DECREMENT TABLE {ENGTH

§
FIND NBR OF ENTRIES
AFTER OBJECT IN TABLE

EXIT
SHIFF ONE ENTRY UP
¥

DECREASE COUNT OF

ENTRIES REMAINING

AFTER THE ONE SHIFTED

NO
out

Fig. 9.15: Table Deletion Flowchart
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Lelelele] ORG D100H
(0IB7) ENTLEH DL EnNBER
t01E9) TABLEN DL ENBERD
{018a) TARASE DL, ENDERT3
10180 TEMP 0, ENDER+S
0168 14600 SEARCH LD Ds0 iCLEAR @
0107 IABGY LD Ar (TABLEN) PCHEEK FOR A 2ERB TABLE LENGTH
0193 A7 AND n FSET FLABGS
0104 Cg REY z
Q107 47 Lo #sh #STORE TABLE LENGTH
0108 DD2ABADL Lo IXr (TABASE) PPUT BASE ADDR. IH IX
Q10C  DOVEQO Loor Lo Ar (IX40) FCHECK FIRST LETTER OF ENTRY
010F FHBEQOD CFP (IY+0)
0132 £2070: 4P NZ s NEXTONE
0115 DBO7EOQY LD Ar{TX41} FCHECK 2HD LETTER
0118 FBREDL Cp (IV41)
arik  L22703 JF HZIsNEXTENE
Q118 DR7EOD Ln Ar (IX4T) FOHELN 3RB LEYIER
4121 FDBEO2 P {IY+2:
Q124 CAZI0I JF ZaFOHNRE FEXEY IF nLL LETYERS HATCH
0127 05 HEXTONE DEC H FDECREMENT TABLE LENGTH COUNTER
6128 C38 RET r FEXIT IF AT END OF TABLE
012% EDSRBFCL LD DE«LENTLEN) FEEY IX TD NEXT ENTRY ABDR.
o120 DD1F Abn IXsBE
012F CleCol 4P {.0op FTRY AGALIN
Q1IT  L&FF FOUND Lo B OFFH $5ET D TO SHBW TX DONTAINS ADDR.
0134 €9 REY o« 5F ENTRY IH TabBif
i
0135 LpoGot nEy CALL  SEARCH PGEE IF DBJELT IS THERE
o138 14 INC B
0139 CASECL JP ZrOUTE PIF I WaS FFe EXIT
0130 3IABY0L LB Ar CTABLEN)
Q13F OF La Ernt FLOAD E WITH TARLE LENGTH
0140 3C INC n
ai4i  I28%C1 Lo {YRELEN) 10 +INCREHMENT TABLE LENGTH
Oia4  146GO Lb HrQ
0144  IABADL Lo HL+ {TABASE }
0149 Epapoior LB BCs {ENTLENY FEET B TO LENGTH OF AN ENTRY
014n  af Le BsC
01s3f 19 LOOPE ADD HL 2 DE
014F  [OFE DUNZ L QOPE FADD HL YO (ENTLEMuTABLEN)
015% EDAPETOL Ly BT (ENTLEN}
0155 FRDES PUSH 1Y FMOVE {¥ TO DE
0157 b3 FOP bE
Q158 E# EX DEsHiL
0159 ELHO LDIR FMOVE MEHORY FROM ORJECT Y0 END
013k OIFFFF Ln QL OFFFFH ie0F TABLE
Q14E  C©7 QUTE RET
H
i
]
Q15F  CRooey DELETE CALL SEARCH iFINDG ENTRY TO BE DELEYEDR
0162 14 ING f PSEE IF 1T WAR FOUND
Qi&3  L£284601 AR HZ . OUT
0isé&  IABPOL Lo Ar CTABLEN) FBECREMENT TARLE LENGTH
01489 ID nEL A
Gisn 328901 Ly (TABLEN) 7A
oish Q5 BEC R PE ONOW=$ BF ENTRIES LEFT IN TABLE
a16£  AD3DL JF ZoEXIT . AFTER ONE T8 BE DELETED
Q173 DDES FUSH  IX FHDUE IX TO DE
0173 8% FOP hE
0174 2aB70: LD HL+ {ENTLEN} FBET HL ONE ENTRY asEaD GF DE
Q177 17 L HL+DE
o7g 7 Ln AsE iBET BLOCK COUNTER
0179 EDABEF0L  HEWRLOC LB RC» (EMTLEN} FSET BLOCK LENGTH £DUNTER
8170 EDRO LR FEHIFT 1 ENTRY OF TABLE
Qi7F 3D DECD a
0180 CI7901 i HZ +HEUBLGE FEHIFT anGTHER BLOTK
03183 OLIFFFF EXEIY Lo BLC»OFFFFH FEHGW THAT IT WAS BONE
05Ba L7 ouyt RET
0187 (0000} ENDER EHD

Fig. 9.16: Simple List— The Programs
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STHBOL TABLE

DELETE OI4F EMBER 0187 ENTLER 0187 EXIT [38:%: FOUNE 0132
L.OoP oioC LOOFE Q14 HEW 0135 HEWBLE 0179 NEXTON 0137
GuT 0iBé OUYE 015E SERRCH (160 TRBASE O01Ba TABLER 0Q1BY
TEMP 018
- N .
Fig. 9.16: Simple List— The Programs (cont.)
Dispiay Memory Listing of Objects
with their Ipcations
in memory
~IH300
0300 53 4F aE 31 31 31 31 31-31 31 3t 31 31 00 00 00 SOMI1S§1315ii...
0310 A4 AL 44 AT I3 A3 32 32-33 32 3D 32 3T 00 00 00  RARIDIIIDDIID, ..
0320 4D 4F 4D 33 33 13 33 33-33 33 33 33 33 00 00 00 HONMIIIIZNIIZIZ...
0330 55 AE 43 34 34 34 34 34-34 34 34 34 34 00 00 00 UHC4444244434...
0340 41 AE 54 35 35 35 35 35-35 35 35 35 35 00 00 00 ANTSE55565555...
0350 00 GO 06 BG G0 GO OO 00-B0 GO0 00 00 00 00 00 00  asanrrnnns--nn-
G340 00 GO GO 00 GG GG GO GO-B0 0O 00 00 OO 00 00 00  -aa-nnnrsususiis
Q370 Of OO0 00 GO OG GO GO DO-GO 00 00 00 00 00 00 00  .ovovr-vusasaass
~5Y .
v=0000 306  Set 1Y to 0300H {pointer to OBJECT)
-Gi93/1%a
p=0196 0t94* Run ‘INSERT’
Tuhie configuration
0400 after program run
0400 53 4F 4E 33 31 31 31 31-3% 31 31 31 31 00 00 00 SOMI111111111...
0410 00 00 00 00 GO OO0 00 00~D0 00 00 00 00 G0 00 00
0420 00 00 00 00 DO 00 OO0 00~00 00 00 Q0 00 QO 0O 9O
0430 00 00 00 00 00 00 Q0 00-Q0 00 00 00 00 00 0O 00
0440 00 00 00 00 00 00 0O 00-00 00 G0 G0 00 Q0 00 Q0
0450 00 00 00 00 00 00 00 00-00 00 00 GO 0G 00 00 OO
Q440 Q0 00 00 00 00 00 00 0000 G0 00 00 00 00 00 Q0
Q479 G0 Q0 Q0 00 00 00 00 00~Q0 00 00 00 00 Q0 00 00  ..unnrsasssinnns
-SY
v=0300 3t0  Set 1Y to 6310H (next OBIJECT)
~6193/194
F=0194 0196° Run ‘INSERT’
Tabde configuration
after secoad insert
~D0H 400
0400 53 a4F af 3@ 31 31 31 31-3:1 31 31 31 31 44 41 44 S5ON11111111110AD
0410 32 32 32 37 32 32 32 32-32 32 00 00 00 G0 00 Q0 222320330, ...
0420 00 00 00 00 00 00 00 00-00 00 GO 00 00 00 00 00 .......
0430 00 00 00 00 00 00 00 00-00 00 GO 00 00 00 00 GO0  ...-
0440 00 00 00 0C 00 00 00 00-00 00 OO 00 00 00 GO0 00  «yuveeerririrrrs
0450 00 00 00 00 G0 00 00 00-00 0D 00 00 00 00 00 00 .uurvasssssiinns
0450 00 0C 00 00 00 00 00 00-00 00 00 00 00 00 00 00 +reerrrrrrnnanes
0470 00 00 00 00 00 00 00 DO-00 00 00 00 00 08 00 00  ..vverarrrrrnnes
PPN . N
{More insertions) Tuble canfiguration
_pHaoQ after several Inserls
0400 53 4F SE 3t 3t 3t 3 31-3: 31 31 31 31 45 41 44 SON1111111111DAD
G450 32 32 32 32 33 I3 ID I2-U7 3T 55 AF 43 34 34 T4 D0000000IDUNCAAA
0420 34 34 34 34 34 34 34 AR-aF AD 3T 33 33 3T 33 33 4444444K0K33II3I
043¢ 33 I3 33 33 A1 4E 54 35-35 35 395 35 35 35 35 35 33IIANTSS5SE55555
Gaag 35 60 60 00 00 00 00 D0-00 00 GO 00 G0 G0 GO 0C S.... .
8450 00 00 00 0D 00 00 00 00-00 00 00 GG GO 00 GG GO, .
GasG 00 00 00 G0 00 00 00 00-00 00 00 48 0O GO 0O oo . .
Q476 80 00 00 00 00 00 00 00-00 00 OO 00 OG GO 66 OO ...,
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~5Y
¥=0340 320
-G190/173

r=0173 0t#3- Run ‘SEARCH’

Reg D shows that Object was found

iR Hegpister contesnits

T H A=al BO=O2FF DE=FFOD HL=0J4D $=0160 F-G173 01¥3’ 0ALL 0135
AT=G0 B'=00GCG0 N =000 H'=0000 X=0427 Y=0320 (=00 10135

-Address of Object

~GIF&/ 17T

r=0199 0199' Run‘DELETE’ Table configuration
afeer deletion

~H400

0400 EI AF AE 31 31 31 31 31-3% 31 31 3: 3: 44 ai 44 SONEDstiitiiibng
0410 3T FT IT 32 32 37 37 3I2-32 32 55 4E 43 34 34 34 2223232222UHCE4E4
Q420 324 34 34 34 34 I4 34 41-4E 54 35 35 35 39 35 39 4444444ANTSS55555
0430 35 35 3% 35 41 4E S4 35-35 35 35 35 3% 35 35 35 SSOSANTSSSS55555S
0440 3% 66 GO 00 00 GO CC GC-CO 00 00 00 00 00 00 00 Sesuararasnoanns
0450 060 CC GO GO GO Q0 OO0 O0-00 0D O0 G0 00 00 00 00 +asasvsansssnsas

0460 00 GG &0 G0 G0 GG GG GO-GO 00 00 00 GO0 00 00 00 uasisannn-- wees
0470 GO0 0B 05 08 80 00 Gf G0-0C G0 00 00 00 00 00 00  ereravasaaaannn
~57

1=0740 340

-G174/499 Detete fast entry in table Nate: ne apparent
P=0199 0199° change ins [able

conliguratisn
~DHA00

0400 53 4F AE 31 33 I3 3% JIi-3% 3F 31 31 31 44 41 44 SONLI1111111110AR
041G 3T 32 32 33 32 32 32 32-30 32 55 4€ 43 34 34 34 QUADTIDNOTIUNCA4SS
GAZ0 34 34 34 34 34 34 34 A1-4E 54 35 35 35 35 35 35 A494444NNTERSE55S
0430 35 3% 35 3% 41 4€ 54 35-35 35 35 30 35 35 35 35 GSLDANTOLLLGELRSES
Q844G 35 0 00 00 00 00 00 B6-0GG 00 00 00 OG0 00 00 00 5

04536 ¢C 00 20 00 00 OO0 0O 00-00 OO0 00 00 00 OO OO0 (0
0450 00 80 GG 00 60 GG G0 GG-G0 00 00 00 00 00 00 00
0470 ©GC 00 04 0C C0C G0 0C 80-GC 00 00 00 00 00 OO0 0O

~DHiBT6L

9{15?30/5253"-— Memory location ‘TABLEN'® . shows true length of table

p=0:73 0193°  Run ‘SEARCH’ for deleted Object

D shows that Obiect was not Found
BN
Z KN A=SS BC=00FF DE=000D HL=0441 §
AR =GC

=0100 F=0193 0193 Onall 0135
Br=0GG0 N =0000 H'=0000 X=041A Y=0340 =00 (0135

Fig. 9.17: Simple List— A Sampie Run (cont.)
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ALPHABETIC LIST

The alphabetic list, or ‘‘table,”” unlike the previous one, keeps all
its elements sorted in alphabetic order. This allows the use of fast-
er search techniques than the linear one. A binary search 15 used here.

Searching

The search algorithm is a classic binary search. Let us recall that
the technique is essentially analogous to the one used to find a2 name in
a telephone book. One usually starts somewhere in the middle of the
book, and then, depending on the entries found there, goes either back-
wards or forward to find the desired entry. This method is fast and
reasonably simple to implement.

The binary seach flowchart is shown in Fig. 9.18, and the program is
shown in Fig. 9.23,

This Hst keeps the entries in alphabetical order and retrieves them by
using a binary or *‘logarithmic’’ search. An example is shown n Figure
9.19. The search is somewhat complicated by the need to keep track of
several conditions. The major problem to be avoided is searching for an
object that is not there. In such a case, the entries with immediately
higher and lower alphabetic values could be alternately tested forever,
To avoid this, a flag is maintained in the program to preserve the value
of the carry flag after an unsuccessful comparison. When the INCMNT
value, which shows by how much the pointer will next be incremented
reaches a value of ‘1’7, another flag called “CLOSENOW?™, which we
will abbreviate to ““CLOSE”’, is set to the value of the COMPRES
flag Thus, since all further increments will be “1”, if the pointer goes
past the point where the object should be, COMPRES will no longer
equai CLOSE and the search will terminate. This feature also enables
the NEW routine to determine where the logical and physical pointers
are located, relative to where the object will go.

Thus, if the OBJECT searched for is not in the table, and the running
pointer is incremented by one, the CLOSE flag will be set. On the next
pass of the routine, the result of the comparison will be opposite to the
previous one. The two flags will no longer match, and the program will
exit indicating ‘‘not found”.
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DATA STRUCTURES

{ HAGS = g s
POINE TO TABLE BASE ‘

1

LOGICAL POSITION =
INCREMENT VALUE =
TABLELENGTH / 2
(ADD 1 IF T WAS ODD)

YES
NOT FOUND
NO
L POINT TO AMIDDLE OF TABLE I

* ‘————— (ENTRY}

E INCREMENT VALUE = INCREMENT VALUE/2 l

'

ADD ONE iF IT WAS ODD

{

COMPARE OBJECT TO ENTRY ]

,__...

YES
FOUND

NO

PRESERVE CARRY (SIGN DF COMPARISON])
188 COMPRES FLAG

{

15 INCREMENT
VALUE QNE?

{NEXT TEST)

{LAST ONE}

Fig. 9.18: Binary Search Flowchart
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{NEXT TEST}

ILAST ONEY

HOT FOUHND -

560

WL INCREMEN]
GO PAST [MD
GF TaBiE?

AT IR0
OF TABLE?

l na (a1

MOVE POINTERS
UPDATE POINIERS UR HY )

fENIRY)

Wilt INCREMENE
GO PAST END
OF IABLE?

AT
BOTTOmM OF
TApIE?

UPDATE POIMIERS

{ENTRY)

NOT
FOUND

(TOOLG)

) INCREMENT = 1
MOVE POINIERS ply
DOWHN BY 1 CIOSENOW = COMPRES

{ENTRY )

Fig. 9.18: Binary Search Flowchart (cont.)
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The other major problem that must be dealt with is the possibility of
runmng off one end of the table when adding or subtracting the incre-
ment value. This is solved by performing a test “‘add” or *‘subtract’
using the logical pointer and length value which record the actual num-
ber of entries, not the physical positions in memory used by the physical
pointers.

In summary, two flags are used by the program to memorize infor-

(0121} LD A, C
SRL A
ADC 0
LD C. A
OBJECT
e “5YB-
TABASE
AAA
BAC
{NOY (NO}
@-—-—-—-» £l IE5
IS @—, xvz
xvz
FIRST TRY SECOND TRY
SEARCH INTERVAL = 5 SEARCH INTERVAL = 2

Fig. 9.19: A Binary Search
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mation: COMPRES and CLOSE. The COMPRES flag is used to preserve
the fact that the carry was either *0 or **1’" after the most recent com-
parison. This determines if the element under test was larger or smaller
than the one with which it was compared. The C indicates the relation.
Whenever the carry C was ““1"°, and the element was smaller than the
object COMPRES is set to “‘1’". Whenever the carry C was “*0"", indi-
cating that the element was greater than the object, COMPRES will be
set to “FF”’.

The second flag used by the program 1s CLOSE. This flag is set equal
to COMPRESS when the search increment INCMNT becomes equal to
1", It will detect the fact that the element has not been found if

COMPRES is not equal to CL.OSE the next time around.
Other variables used by the program are:

LOGPOS  which indicates the logical position in the table
(element number)

INCMNT  which represents the value by which the running
pointer will be incremented or decremented if
the next comparison fails

TABLEN represents as usual the total length of the list.

LOGPOS and INCMNT will be compared to TABLEN in order to
assure that the limits of the list are not exceeded.

The program called “SEARCH" is shown on Figure 9.23. It resides
at memory locations 0100 to 01CF, and deserves to be studied with care,
as it is much meore complex than in the case of a linear search.

An additional complication is due to the fact that the search interval
may at times be either even or odd, When it is odd, a correction must
be introduced. (It cannot, for instance, point to the middle element of a
four-element list.) When it is odd, a “‘trick” 1s used to point to the
middle element: the division by 2 is accomplished by a right shift, The
bit “*falling off"’ into the carry after the SRL instruction will be ‘1" if
the interval was odd. it is merely added to the pointer.

The OBJECT is then matched against the entry in the middie of the
new search interval. If the comparison succeeds, the program exits.
Otherwise (*‘“NOGOQOD’"), the carry is set to ‘0" if the OBJECT is less
than the entry. Whenever the INCMNT becomes *“1”", the CLOSE flag
(which had been initialized to **0"") is then checked to see if it was set. If
it was not, it gets set, If it was set, a check is run to determine whether we
passed the location where the OBJECT should have been but is not.
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Also note that when the carry was **1"’, the running pointer will point

to the entry below the OBIECT.

Element Inserfion

In order to insert a new element, a binary search is conducted. If the
element 1s found in the table, it does not need to be inserted. (We
assume here that all elements are distinct). If the element was not found
in the table, it must be inserted immediately before or immediately after
the last element to which it was compared. The value of the COMPRES
flag after the search indicates whether it should be inserted immediately
before or immediately afterwards. All the elements following the new
location where it is going to be placed are moved down by one block
position, and the new element 15 inserted.

BEFORE AFTER
TABASE et AAA hAA
ABC ABC
BAT BAC — NEW
ELEMENT
TAR BAT
ZAP TAR
ZAP
Y
OBJECT —= BAC MOVE DOWN

Fig. 9.26: Insert: **BAC”
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The insertion process is illustrated in Figure 9.20, and the corre-
sponding program appears in Figure 9.23.

The program is called NEW, and starts at memory location 01DO0,
Note that the automated Z80 instructions LDDR and LDIR are used for
efficient block transfers.

Element Deletion

Similarly, a binary search is conducted to find the object. If the
search fails, it does not need to be deleted. If the search succeeds, the
element is deleted, and all the following elements are moved up by one
biock position. A corresponding example is shown n Figure 9.21, and
the program appears in Figure 9.23, The flowchart 1s shown in Fig.
9.22,

The program is called “DELETE" and resides at address 0221.

A sample run of the above programs is shown in Fig. 9.24.

BEFORE AFTER
AAA AAA
MOVE UP ABC ABC
BAC — BAT
BAT TAR
— TAR ZAP
ZAP
DELETE

Fig. 9.21: Delete “BAC"
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DELETE

y

ALREADY IN? LHAES

COUNT HOW MANY
ELEMENTS FOULOW THE
ONE 10 8E DELETED

!

Tis
NO
RESULT = COUNIER
f10G FOS)
_ POINT TG NEXT ENTRY
- POINTER = TEMP (SQURCE -
TRANSFER {T UP ONE B1OCX
POINT 1O NEXT ENIRY
POINTER = POINTER ;DESTINATION
L DECREMENT LOGPOS 1
(DOWNTAB) YES
L SET 2 FLAGS ]—c———-a
RS

Fig. 9.22: Deletion Flowchart (Alphabetic List)
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[elefule}

0ro0
0102
0105
008
0169
o10C
Q19F
o111
PR
0134
0115
058
0119
01:a
aish
01iE
Q11F
G410
0122
Q124
0106
0127
0124
910n
0130
0133
0136
0139
G13c
a3 ar
0142
9144
o147
a14%
o1ac
Of4k
014€
G151
8159
0155
158
0159
a15C
9150
o140
0143
G144
Q167
014k
Q14C
a18h
0170
0173
G174
0177
0178
o179
0170
017F
0180
0182
0185
0184
[+33: 73
¢33 11
018E
o18F
Q190
0192
0193

506

(o2an)y
ol48)
GI2a8)
(2}
CO24F )

3E00
124002
324800
57
2Aafo2
384007
CHIF
CEQD
4F

47
CARNGE
=5

in
CaRiot

aF
BR7EQD
FIREOO
£0a001
BD?EQ?
FOHEQ!
£2a201
BHYEQD
FOREQD
CAPLGY
IEOS
nA4FO1
JEFF
324802
79

e
Cl&901
3A4N07D

3AAT02
2
CAsT01L
L£IBAGE
3Aa4Ro
Il4a0z
DBEES
Ei

59
CORTiD1
Iaalol
3c
Lo%4601
78

21
£aBL01
#4B50L
&7
EDS2D
CILEQS
7

In
CABAOL

EQGRarol

CLOSENNY
COMPRES
TalkLEN
TAENSGE
ENTLEN

GEARCH

EMIRY

HOGOoD

TESTS

HOTCLOSE

HEXTEST

TOoLow

F
LD
S
0
Lo
h
BEE
-
Ln
AND
JP
Lh
£y
SUk
S
JE
Lh
i
PisH
FOF
L
£haLl
Ln
INC
JF
LR
Sul
JF
JF
[
sShi

a100H
CHOED
EHRFR1Y
ERIED
CHDEDET
CHBEDIS

e )
CELAGENOW Y o/
(LCOMFRES Yo n
[irYal

HI_» ¢ TARASE S
Ar L TARLENY
n

]

Cent

ey

2 MOTF LN
£eh

E

MULT

§it » DE

HL

X

Al

A

a

Tin
Ar{IXE0)
1TTH0}

RZ eHDGOON
ns CIXEL
{TYH1Y

HT A HBGHOD

A CEXET)
38 £ ]

7o FOUND

fs

CsTESTS

s OFFH
(CONFRES ) v A
nit

n
H7SHEXTEST
Ar {CLOBENGNY

n
ZHOTCLOSE
sty

A {CONFRES)
n

Z+HEXTES]
ROTEQUND

A (COHPRES)
{CLOSENGUEY W A
X

HiL

E+C

#UL T

N CCOMPRES)
)

HI+ALNKTT
firgl

L

T+ TOGLE
CrTO0LOW
Tl
L s DE
EHTRY
Al

n
ZrHOTF QUKD
HE ¢ (ENTLEH)

HL ¢ [
H
REALLLUS

PIERE FLAG LUOATIONS

FIHITEALTZE 4

SIVIBE hY 0

sADD 178 RIT BAEK [N

PSTORE AS THOREHEHT vaLUE

PGTORE AS LOGICAL FOSTTTON vaLLE
FEHECK TF LENGTH 1S ZERG
FMULTIFLY (E~1JubHTLEH

FSET HL
FLAMRD HE

TO HIDDLE OF TablLE
THI IX
FRIVIDE

THEREHENT YALUE DY TUun

ILNMPARE FIRSY LETIER

FENMRPARE DHB LETTER

FUHREARE IRP LETTER

PSET DORPARE KESUEY FLAG 16
+ 2 +REGULT OF CORPARE (1:FF)

IS THCREHEHT VALUE 17

FYESy I[85 CLOSE Fiag SET?

PYESSEE TF HAVE FASHEER HHIRE
i« ENTRY SHOULD RBE BUT ISHT

SGET CLESE FLad TO BIRECTION 4F
1. BUARCH TO PREVENT REFETITION
fPREPARE HL AHD DE FOR ADD DR
po U OF THOREMENT vaLUE

PTEST IF WANT 1O Al DR SU

sTEST TO SEE TF SUB RILL
o JOFF BOTTON OF TARLE

R

sBET MEW LOGICAL FOSITIUN VALUE
FENANGE ABDREHS [TSELF
ISEE IF FOSITION IS ¢

PIF 50r EXIT

iJUST SUR 1| ENIRY POSITION

FCHANGE LOGICAL POSITION

Fig. 9.23: Binary Search Program
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09194 3A4C00 nbbi: Ln fa CTRRILEN) FILSGT T1p SEE I CURREMT FOS{1TO0H
Q178 20 e ft e FLUS THCRFECHNT QIR G Fabt
a1en ¢y sUi i sl FHD OF THL Tl
41N Baano ¥ Qe TOORELEN
QIPE 19 alif L+ I P18 Dhe UNRANGE ADTUNL
G1%F 78 Lh Al SEHANGE 1 RGILAL FOS. wALUE
GLAG Bl Ak [
BIAL AT i Fan
4ran £31501 Rl FENTRY
9145 #2 ORI I ADf r SHEE IR PNSIIINN 1% AT TUR OF
Olnég  CabAGE g5 S HUTEOUND 2. EARLE (GAHE AS TADLEH-P)
Q1A% ERLDAFOD (81 DE - tEHTLENY FAREN 3 EMIRY ¢nsiiTon
g1ah 19 afrls HEL o lsF
GInE 04 iR H FTNCREHENE  BEI0M POSITION
TIAF BESY REAL LS LD Ui [T OIHERCHEHT B0
Gibg 3aapgl? £ B CERRERES) FiOLOsE oan TO cosean
Q1p4A 324A02 in (LT OnENIINY r 0y seJESI
arpRy L3N0 Bly FHIkY
GIRA J&FF RETRBUNE T e OEFI
githe ¥ AR RET
et En M T FHGH ML SHHEFTRLHENS CORY (THILTND .
aOreE 4T PUSH RO s oJUNL T TR T O EXTT
O1RF 1400 in e d
gL 2i0000 LI HIl + 0000
Gif4a4  fhaparal itr REAFNTEL MG
Q18 M if Hafl
aey e nlthi 8 Al HL +BI
ain LOFD AN ahpes
Qice 1 08 [N
L300 (N o 1 £y B o3
NiCE  Fi [N S|
aicE LY It
aipg  ngo0l HEL [t GEAREH FREEOTE OgBREITL TS &N ABY THEL
P34 1HE &
LU0 I8 15 S ol | g RiN ]2 ingi
QEh?  3A4000 L Fe CTNE FHG FUHUER P8R8 1AM
oifn A7 [3T O
atnE LAoCOD K Z 0 IHSERT
C1hE 3nsR07 L A LOMER
A3 :2 J- { THE ]
AED AR Rin JaHIHTM
AIEG ENSHAROT ERE LBEIERTLENY FRORURES i SET ML AlDUE WHE I
91F? 19 AbT HL s IGIET SUMR B
91En CAREO! AP SF TLE
IER 0% HIGI0E HEL I FLOHERES~0« &E0 B PR SURTRAD]
A1EL 3A5007 SETUF th Arelantl uy FSEE MW MARY FRTRES Akl P01
a1 29 itk i
0IFT  LAGROT N 7y [HSERT
HFS 5 Lh Feit FOGFT OHL £ LAST FOBITION {0 LAST
1Fs CORDO1 EER Bl el FHTEY
AIFT 19 Alls HL o [,
BEFA TN Bee HL
GIFp ER £X B bt PSFET NP 1 DHTRY ARNVE HI
MFE DAGFOD [Nl HL+tEH T I
GIFF 19 Al Hl 2 I'E
arae tE EX DE et
G201 ERARAFOD  HOVEH (NS B CENTLR Y FSHINT ur e ENTRY 0F MENMBRY
an0s FhRg [
g7 3h hEn o
G368 £leior N HZ HOUEH SREFEAT TP NECECESHAKY
azok 23 ter Hl FHI OIS FRONT DF NOW EMPTY SEALE
G204 FDEY INSERT PugH Iy FLOAD DEIECT THTOD EHETY SPACE
olor M FOF DE
aZ0F  fH £x [N
UMD EBABAFQD ih B CENTLER)
0214 EhRO ERLE S
Q16 AAaCoD N A TaRLEN) 3 IHLREMENT TARLE LEHIGTH
a1y 3¢ NG R
a21a 374acoz LI {TABLEN A
921 OIFFFF in PLrOFFREH FRHOW THAT TT WAG THINE
o720 L9 ey RF1
4

Fig. 9.23: Binary Search Program (cont.)
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022§ £Booo1 BELETE £ALL  SEARECH {GET ADDRESS OF DBJECT

oll4 14 IHC D FBEE IF QRJECT IS5 THERE

0225 CA4902 JP ZsQUTE

0228 EBSHAFOD L DNEs (ENTLEND

022C  ER EX BE rHL

QIlp 1% ARD HL ¢ BE FRE IS LOC. OF OBJECT, HL IS
Q22E  3A4002 LD Ar TIABLEN) 1.+ 0ME ENTRY OBOVE

0231 F0 Subk B FSEE HOW MANY ENTRIES ARE LEFT
0232 CASFOZ JP ZyNOWNTAE

023%  ED4R4F0D SHIFTIN LB B (ENTLEN)

0237  EBDO LBIR FSHIFT DOWH L ENTRY LENGTH
o2ig  ID DEC A

023C CI3s02 JF NZSHIFTIN

Q23F  3/ACOT BOWNTAR LB A (TARLEN) FDECREHMENT TABLE LENGTH

a4 30 LEC A

0343 ITACOD Lo (TABLEN) v/

0244  OIFFFF Le BLrOFFFFH 35H0M THAT ACTION WAS TAKEN
o4y L9 QUTE RET

Q24n (0000} ENBED END

SYHPOL TADLE

aBhEY 2109 ADDIT 01946 CLOSEN  G2aA COMFRE 024B BELETE 0021
DDUMTA  G23F ENDER GIan ENTLEN 0Q24F ENTRY OL1E FOUND 01BC
HiSIDE OLED INSERT oZeC HOVEH 0201 MULT OLBD NEY 01D
NEXTES Q147 HOGODD Q142 NOYCLO 0143 HOTFOU O1BA ouT Q20
QUYE 0249 REALCL  C1AF SERRCH 0100 BETUP OLEE SHIFTL 0235
TABASE 024D TABLEN 0240 TESTS 0147 TOUHIG 01AS TOOLOW 0iBS

Fig. 9.23: Binary Search Program (cont.)

LINKED LIST

The linked list 1s assumed to contain, as usual, the three alphanu-
meric characters for the label, followed by one to 250 bytes of data, foi-
lowed by a two-byte pointer which contains the starting address of the
next eniry, and lastly followed by a one-byte marker. Whenever this
one-byte marker 15 set to **1"°, it will prevent the insert-routine from
substituting a new entry in the place of the existing one.

Further, a directory contains a pointer to the first entry for each let-
ter of the alphabet, in order to facilitate retrieval. It 15 assumed tn the
program that the {abels are ASCII alphabetic characters. All pointers at
the end of the list are set to a NIL value which has been chosen here to
be equal to the table base, as this value should never occur within the
linked list.

The insertion and the deletion programs perform the obvious pointer
manipulations. They use the flag INDEXED to indicate if a pointer
poiniing to an object came from a previous entry in the list or from the
directory table. The corresponding programs are shown in Figure 9.29,

The data structure 1s shown in Figure 9.25.
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-UM400

4400 g0 00 00
0410 00 00 00
0420 go Q0 op
Q430 00 o0 QO
0440 Q0 00 00
0450 00 00 00
2440 00 00 00
0470 00 GG oo
~-HH300

0300 L3 aF af
G310 44 41 4aa
43I0 Al 4F an
D330 45 4E 43
0340 a1 4F N4
0350 g0 00 00
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Y=QGO0o 320

-GTa3S 38N

TROlGE N2S6T

-jpMa0nG

n&00  an 4F an
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Qa6 33
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[t 0

a1 43
33 33
¢ oo
Q0 00
oG 00
00 00
00 o0
aft oo

tle]
o0
oo
oo
00
a0
oe
oo

00

00
00
oo
oe

o0
oQ
on

00
0o
00
o0
oo
o0
0o
o0
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oo
GO
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04

40460
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00-90
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Q0-00
00-00
09-00

Run 'INSERT’

33
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a0
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e14)
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a0
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Y]
0o
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an
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o6
G
a0
Ho
00
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40
ikl
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Q0
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Runt 'INSERT’ on another Object

iy
13
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els]
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o
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Q¢
20
o0
oo
oQ
Ot

i
a1z
oc
o0
00
00
oo
on

32-3-
33-33
00--00
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Q0-00
Go-00
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* {additional inserts) *
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04
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DATA STRUCTURES

Enitiak bl

Listing of Obfects
and 1kedr locetions
i memury

SENIT11IT11LEL..,
BADAODIAZITIN ..
MOM33Z33IIIIZI. ..
HCAAAA444444, -
ANTHESSESE555, «

Table after insestion
HOMIAIIIIIIZ3. ..

sersarraaea i

cararateaey .

. RN

. R

TR R L

Edsteng of trhic after
isertion. Note: trble
is kept siphabesic

3333333333

P r s baraa s

Arerrrrrerirea by
Crrrresttesreees

Fig. 9.24: Alphabetic List—A Sample Run
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Table configuration
nfter 2l Ghjects
~EHADO have been insested

oAgD 41 AE 54 35 35 I5 35 35-35 35 35 35 33 44 41 44 ANTSSS5SG05ISHDAL
o450 32 32 32 392 132 3D 30 FIT-A2 32 AR 4F 4D 33 33 33 DDODDDA0INGHTER
S420 33 33 3J 33 33 I 33 53-4F 4E 31 31 31 I1 31 31 33TIR3EHN1I1111
T43¢ 31 31 31 31 55 48 43 34-34 34 34 34 32 34 34 34 3113UNCA444444449
€446 34 00 00 €0 DG G4 GG GO-GC 00 00 00 00 00 00 00 dusss, i aasrrrras
0450 OO0 G0 O0 GG GG OO0 0O QU-00 Q0 00 Q0 00 00 00 00 v.vssaavesaaaves L

Q446G 00 00 Q0 GO OC QO 00 00-0D 00 00 00 00 00 90 80 .. vvsuiinvvraisn
G470 D9 00 00 00 00 90 00 06-90 €0 00 00 00 00 00 OO ....... PR
-5 &
Y=0340 3G0 :

~B260/263 Run ‘SEARCH’ for ““SON*’ {at address 0300)
P=0763 G263

~0R r— Found
Z M A=4E BC=0401 B§=GGGR HL=0A27 5=0100 P=0243 02437 Gnlb 0380
A'=00 B =0008 B =00C0 H'=C0LH00 X=0427 Y=0300 1=00 (GiDC"Y

Address of Object in table
{verify in Table nbove that it is ““SON™}

~G5244/ 247
Run ‘DELETE’ on “SON"

F=026% 0247° ‘Table configuration
after deletion. Nate:
thnt UNC was shificd :
up. Tke knst UNC
entry must be

-BHACO disregarded

¢4A0D 41 AE 4 35 35 A% 35 35-33 35 35 30 35 44 41 44 anTSE55555550DAN
0410 32 37 3T 37 32 32 Z2 32-37 32 4D AF 4B 33 33 33 2320002370H0M3ES
0420 33 33 33 33 33 32 33 55-4E a3 34 ¥4 34 34 34 34 333I3IZIUNCA49454

0430 34 34 34 34 595 4E 43 34-34 34 34 34 34 34 324 34 A344UNCA4444494494
€446 34 00 00 0¢ 00 €0 0O O0~00 80 00 00 00 00 00 00 dussecuuuvrmnsun
045G 00 G0 00 OC 06 60 G0 6G-GO 00 00 00 GO 00 0O G0 ...
04450 ©O OC OO0 GG GO G0 OCG CO-CO 00 00 00 00 00 00 00 L.avasnnnasansas
Q470 @0 QG GO Q0 DO O0 Q0 Q0-00 00 00 00 00 00 00 00 L svrsvvairrrarae

TR

0607263 Fry run of “SEARCH” again (on “SON"}

P=0243 0243°

. Net found
S H A=FE BL=040! DE=FFOR HL=0427 S=0100 P=0263 02437 CALL 0110
A'=00 #'=0000 T'=0000 H’'=0000 X=0427 Y=03e0 I-0C (Gipo-e

~GIETSALE . ) . " i
Re-insert Object (“SON' i
Fz=QR4s 0245467
Currend table
coniiguration.
Comgare to the one
price (o the
~BHA00 DELETE
GAGE A1 a4 54 35 35 35 35 35-3% 35 35 35 35 44 41 44 ANTSS55555555DAD
041C¢ 32 32 32 32 32 32 32 32-32 32 4B 4F 4D 33 33 33 2222202220HOKIZI
0420 33 33 33 32 33 37 33 S53-4F 4E 31 3% 31 31 31 31 3333333s0d1111114
0430 31 31 31 31 55 A€ 43 34-34 T4 34 34 34 34 34 34 1111UNCAAAAA4444
G440 34 00 00 00 00 OO 00 00-GC OG0 D0 00 00 00 00 00 Auuiianrorivanes
Q450 00 00 00 00 GO 0f OC OG-0C 00 00 00 00 00 00 00 revrsasanarsaas
045G GG CO 0G GG 0O G0 OO 00-00 0O 00 00 00 09 00 OO
0470 00 00 Q0 GO Q0 GO OO0 00-00 00 00 00 00 00 88 00 . vivvivrnrvnnnss

Shows that action was execnted

A=Q% BC=FFFF DE=0434 HL=030D 520100 P=02&6 02&6° CnLL 0221
A=00 8'=0000 I'=0008 H'=0000 X=0427 ¥=0300 I=00 [ B

Fig. 9.24: Alphabetic List—A Sample Run (cont.)
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DIRECTORY
A POINTER —
L -
POINTER l A
2 NIL
R POINTER >
L

Fig. 9,25; Linked List Structure

An application for this data structure would be a computerized ad-
dress book, where each person is represented by a unique three-letter
code (perhaps the usual initials) and the data field contains a simplified
address, plus the telephone number {up to 250 characters}. Let us exam-
ine the structure in more detail. The entry format is;

C C C D D Sg D P P O

N e ————  ————im i, et

unique [abej data (1 to 250 bytes) pointer to
(ASCID

occupied

As usual the conventions are:

ENTLEN: total element length (in bytes)
TABASE: address of base of list

The address of the OBJECT is always assumned to reside 1n the I'Y register
prior to entering the program. Here, REFBASE points to the base ad-
dress of the directory, or “*reference table.”

Each two-byte address within this directory points to the first occur-
rence of the letter to which it corresponds in the list. Thus, each group
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of entries with an identical first letter in therr Jabels actually formsa sep-
arate list within the whole structure. This feature facilitates searching
and is analogous to an address book. Note that no data are moved dur-
ing an insert or delete. Only pointers are changed, as in every well-
behaved linked list structure.

If no entry starting with a specific letter is found. or if there is no en-
try alphabetically following an existing one, their pointers will point to
the beginning of the {able (= ““NIL’"). At the bottom of the table, by
convention a value is stored such that the absolute value of the differ-
ence between it and **Z"’ is greater than the difference between “‘A”’
and 2", This represents an End Of Table (EOT) marker. The EOT
value is assumed here to occupy the same amount of memory as a nor-
mal entry but could be just one byte if desired. The letters are assumed
to be alphabetic letters in ASCII code. Changing this would re-
quire changing the constant in the PRETAB routine.

The end-of-table marker is set to the value of the beginning of the
table (“*NIL’").

By convention, the “NIL pointers””, found at the end of a string, or
within a directory location which does not point to a string, are set to
the value of the tabie base to provide a umique identification. Another
convention could be used. In particular, a different marker for EOT
results in some space savings, as no NIL entries need be kept for non-
existing entries.

Insertion and deletion are performed in the usual way (see Part I of
this chaptery by merely modifying the required pointers. The
INDEXED flag 1s used to indicate if the pointer to the object is in the
reference table or another string element.

Searching

The SEARCH program resides at memory locations 0100 10 0155
an uses subroutine PRETARB at address 01 D2,

The search principle s straightforward:

I—Get the directory entry corresponding to the letter of the alphabet
in the first position of the OBJECT s jabel.

2—Get the pointer, Access the element. If NIL, the entry does not
exist.

3—If not NIL, match the element against the OBJECT. If a match is
found, the search has succeeded. 1f not, get the pointer to the next entry
down the list.

4.—Go back to 2.
An example is shown in Figure 9.26.
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@ ® ®
(Dl aF0mr - AAA ABC AZC
5 POINTER ..J—. I ry
{FOUND]
14 SHEPS REGUIRED)
CBRET ——e [

Fig. 9.26: Linked List—A Search
Inserting

The insertion is essentially a search followed by an insertion once a
““NIL"" has been found.

A biock of storage for the new entry is allocated past the EOT
marker by looking for an occupancy marker set at “‘available”,

The program is called “NEW'" in Figure 9.29 and resides at ad-
dresses 0156 to 1 A3. An example is shown in Figure 9.27.

BEFGRE.

APQINTER CAR f caz
6-POINTER NE

C-PQINIER

CBS ol BJECT

NiL

AFTER

A-POINTER Cagy caz
B-POINTER NIL
C-POINEER

£as

Fig. 9.27: Linked List: Example of Insertion
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Deleting

The element 1s deleted by setting its occupancy marker to “‘available”
and adjusting the pointer to it from the directory or else the previous

element.
The program is called “DELETE”’, and resides at addresses 01 A4 to

01D1.
An example of a deletion is shown in Figure 9.28,

tBEFOREY

a3t

DAF POINIER 1
‘DAF f oG
DOC POINIER L

DELETE

(AFTERS

[-Ta%- 34

DOC POMIER T ~pee

N,

NOTE DAF 15 NOT ERASED, BUS “inyiSiBIE

Fig. 9.28: Example of Deletion (Linked List)
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A 14:43 L
(KNI [EE I T R TN
LR MG FARSSE b PHEBLIEE
(Qifnr BEE BASE PUDFEE
o FHIEE Y I HEH R EE N
Sad AT 60 NEARCTT Lk fiaes ERE RN R PTIE WA B I VHH
prot A AT it
a0l Ao THE o
BI04 40 o o CEHDE 21 B 40
EERLESN S 1 (k3 vrtl o URY {AR PO ABRE B INBEY POINTLE
D100 th P feed T SHATE BTTHE R EEREEMNES TR
n0E AF tIs ten
fH O t1 P i
GIURE 1A a1 Aerb v
G10E &f in HEN S
GioF 0h aGH M
0110 BDE St EA
01 ppLen EOCART LT AN IO PEIHML AT PEITER M LHTEY
N1l VETE i m ER 1 B Hfrbb b
1T BILLGY 5 M EHETE IR
QLA DI G (A A LEEO SUOMEATE IRST FETIEH
gl Fhhgaop £F (RS ST E]
G970 DAZEAY I T
[ BARA e e ] s BET 3L
Q6 DDTEQRY [B1 DTRRA NS SIMUARD T LEETERG
FORi 0 e TrYELY
IR ] NN Loe EIEREREEATY
[ T Jit HEHOTErHs
et on th ArtEXEIT FUOMPARE BRD R TIFES
FLHEG7 e CiYE
(RN # RS 1]
FOUS T " MO NTT B
oo n HOGEHD pusH 1
il Nt THt
P el ] 1 HE s fEHILE 272 PUEE F0 TOTHITR I ENIRY
L4 Al HE o ItF
Rl i Tredttf y FEHET PEHBMTER WA 1 TN B
23 TH EE
4 (1] [EERE I
[l FUSH  RE GRICICEEPARTE S s IR TSI 25
ooy {11 P
JE0G (R4 fe
i Aratd] i CIHBE X i iy SRESE T BB AN
L3106 REN COHFARE
BEAN] FEEND Lh reOfEH
iy HUEFDUHD B
FrGE Rheoe] HE W fntd REARKLH PR WsRD BT Gt B oGS
1%y 04 N i
GIo6 EAnlint i EESEiER
21V LI I Pl FGTURE ADD . I FRCRIONG LHIEY
(a1 UAL B ti HE « 0 Iabah > SETHD ST TH Iafd b FOR NFY
a1ht bR HEeInni b [ £ A S TN D TR S S S S 2
THE R S [B{ HE L TOHTEE Y
13 T R ¢ e Hi bk 4 BEOR OREM LEGTH BE ENTEY
[EHE TH; Hi
gi67 b THU He
Xt 1 I Hl e If
gdrav [ e £y
LA 3R 8N n
O1SH LAATUL I o B 2 TERE SILOnUMLTHING 5% (I RL . LY ABAIR
[ 12 EHC 1
Ly hf CHSH BE Paut e0BTHI0N i nslTY Lo
0170 PHSH O Y LU I B R ]
0y 1ar Ht
G171 LR th FLelE BT SHIFF REAFCT THIN TA#ME
G137 Thbo ERERED
W7V piEn UG I I ADgEy (0 LHTRY GF TEE GBRRTT
GriHEd [ H A7 COTHITK ast i
LER 0 S ] [ fril 4 4
ay?n A1 (1) CHE v
oyrE THD i
017F 4 i CHE b
G100 s 18 T
7141 60T i [F1IE ORI OHUPUPANEY HARLEE

Fig. 9.29: Linked List—The Programs
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Gifd EL FOr
Q134 3AETOL LI
0187 3B DED
0188 TAYEGL JF
0198 E3 EX
o8 EPIBECOL wn
0190 19 ann
[R50 N (3] O
&7l 73 ih
01?3 23 1NC
oi%a 72 1.0
G195 CIA00L Rl
0198 ©1 SETINX  FOF
aivy ChiZo1 ChaLt
Oi90 EB ¥
o190 73 LI
Qi1%E 23 INC
O5¥F 72 (B
Q1A CLEFTF FINTSH L
and 0o out RE?
i
0ina CRHOO0E BELETE
GIA? DA
onA EI0oY
oinlt BBES
1Al £j
O1AE  ETADECOL
QIR 0%
o103 AE
otpa 1
G10G 48
a1va 23
GIR7 3400
OfRY?  IAET0Y
cnpdn
En
[piein il
THELOI CHANGEH
19 i
71 Houed Lh
13 THC
) Lo
QLFFFF Lt
nibt 9 HuIE RET
(3] LA PRETAH PHEH
01nd  FLIEGe Lo
aphe  3h nEC
B HAAD Sun
LR R L b Oaicd SLA
ol PaERn) Lh
GiDE BG anh
ayBF &F Lo
OLEQ R2CI0 JE
O1EF 4 TR
DiEA  FR FIxup X
S1ES B} OF
QESE £9 HET
Q17 (QROG) ENDER EHD
SYMMGL Iahty
CHANGE 0102 camFar 0112
FINISH 0ino F XL OlE4
HEW 2155 HEXIOH 01561
NUTE ot FRETAE 010D
TABASE  OLER

HL

A {THEEXED)
)

ZrSETINX
{5P) +HL

DE s (EHTLEN?
HL + DE

TIE

(HLY+E

HL

(HLI =0
FINISH

plw

FRETAR
TE = M1

(HL i+ E

HL

CHL Y113
BCAOFFFFH

SEARCH

It

RZ-007E

LES

HL

RE e (ENTLEHY
HI_» BL

D AHLY

K.

BsCHL)

HLL

{HL YD

Ar CTHDEXEDD)

n

T CHANGEM
FRETAR

$i - HHL.
HOVIN

HL s {ENTLEN?
HE v O1F

CHE 3 A1

HL.

LHEL§ g1t
HCPOFFFFN

HL

N CIV 0
n

40H

i

HE e (REFRAKEY
I

Ly

HEF XU
H

OE v H1

Hi

NELETE
FOUNT

NGOG
REFAAS

[BEY]
2153
f13f
GIEN

$GET ADDK OF WHERE THIS SPACE 1S
$SEE WHAT PREVIOUS FOINTERS #UST

. BE BET

FiGET ADMR OF EHTRY FREVIOUS 10
=« JORJECY 2 MOVE TO FOINTER AREA

SRETRIEVE abiilk F OHJRCT
FFOT 1 AT POTHIER FOSTTION

SELEAR 0UT STalh
FGET THDLY ADIRESS
FLAAR ML OTHTO TT

ISHNY THAT TT WAS JNHE

IGET ARBRESS OF ORJECT
FREE IF TT [f THERE
POAET M TH POTHTER

AREN OF ORUECT

SRE T TEVE PRINTER

FREMOVE DBCCUPANEY HARRER
FBEE IF IHNEX RLENS CEANGLHG

SYEL«FUT ADNRE HHTE Hi

SHET WL T POINTER OF FREVIOUS

T ARRBR OF NEYT
e LETTHRER INBEY DR

1010 WHATEVER
ENTRY!

PGTT FIRST LEITER OF ORJECT
FREHOVE ASCET LEARER

SMUL TEFLY by O

EHBER GLEY ENTLEN  O1fC
INREXE  O1RY MOVIN  QIER
HOTFOUG 0105 out a1az
SENRCH G100 SETINY 0fnn

Fig. 9.29: Linked List—The Programs (cont.)
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~GAPOs223

Run ‘SEARCH’ for deleted entry

=003 00223

. —Not found
“i
N A=37 HC=00FF BE=0400 HL=0000 520100 P=0203 02787 CALL 017t
AC=00 B =0000 h=0000 H 0000 X=0400 v=03118 i-00 {0171
-9y
Y=0i10 340
T Run “SEARCH"’ for an existent entry

F=0I0E 00037 .
—Entry Tound

RS
T oM A=54 BE=FE10 DE-0530 HL-0A3E $-0160 £-0203 6203 601 0171
AT=00 BY=0GOD D =0000 [-0000 X=0418 Y=8340 1-00 101717
e W l] :
G228/ Delete —— Address of enfry in table
#0229 02197
Note: Changes in
- BHA00 polniers,
5400 7B 00 ou 00-00 D0 DO laeeesiinneanins

04 00 A

a4 T pa J vaa
034 0% AANHEOEOHHHELLT . v
31 D0 08 0F SONIEII11898%...
3 33 00 04 01 HOMIIIIIIZIR3. ..
38 40 04 01 51LE8HA89886080.
37 00 DA 01 AZZIIVIIIIII...

0430 41 AE 54 H
ds300 44 4% 44 37 2D 3D 30
Ga30 At 41 31
O4a0 53 AF ap
0450 AR A8 ap 33 43
G450 U3 47 44 O
D470 41 5A Sn

Fig. 9.30: Linked List— A Sample Run (cont.)

SUMMARY

The beginning programmer need not concern himself yet with the
details of data structures implementation and management. However,
efficient programming of non-trivial aigorithms reguires a good under-
standing of data structures. The actual examples presented in this
chapter should help the reader achieve such an understanding and solve
all the common problems encountered with reasonable data structures.
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PROGRAM DEVELOPMENT

INTRODUCTION

All the programs we have studied and developed so far have been
developed by hand without the aid of any software or hardware re-
source. The only improvement over straight binary coding has been the
use of mnemonic symbols, those of the assembly language. For effec-
tive software development, 1t is necessary to understand the range of
hardware and software development aids, It 1s the purpose of this chap-
ter to present and evaluate these aids,

BASIC PROGRAMMING CHOICES

Three basic alternatives exist: writing a program in binary or hexa-
decimal, writing it in assembly-level language, or writing it in a high-
fevel language. Let us review these alternatives.

Hexadecimal Coding

The program will normally be written using assembly language mne-
monics. However, most low-cost, one-board computer systems do not
provide an assembier. The assembler is the program which will auio-
matically transtate the mnemonics used for the program into the re-
gqutred binary codes. When no assembler is available, this transiation
from mnemonics into binary must be performed by hand. Binary is
unpleasant to use and error-prone, so that hexadecimal is normally
used. It has been shown in Chapter | that one hexadecimal digit will
represent four binary bits. Two hexadecimal digits will, therefore, be
used to represent the contents of every byte. As an example, the table
showing the hexadecimal equivalent of the Z80 instructions appears 1n
the Appendix.

5379



PROGRAMMING THE ZBO

In short, whenever the resources of the user are limited and no assem-
bler is available, he will have to translate the program by hand into hex-
adecimal, This can reasonably be done for a small number of instruc-
tions, such as, perhaps, 10 to 100. For larger programs, this process is
tedious and error-prone, so that it tends not to be used. However, near-
iy all single-board microcomputers require the entry of programs in
hexadecimal mode. They are not equipped with an assembler and a full
alphanumeric keyboard, in order to limit their cost.

in summary, hexadecimal coding 15 not a desirable way to enter a
program in a computter. {t is simply an economical one. The cost of an
assembler and the required alphanumeric keyboard 15 traded-off
against increased labor required to enter the program in the memory.
However, this does not change the way the program itself 1s written.
The program s still wrirten i assembly-level language so that it can be
examined by the human programmer and be meamngful.

Assembly Language Programming

Assembly-level programming covers both programs that may be
entered in hexadecimal and those that may be entered in symbolic
assembly-level form in the system. Let us now examune the entry of a
program directly in its assembly language representation. An assembler
program must be available, The assembler will read each of the mae-
monic instructions of the program and transiate it into the reguired bit
pattern using 1 1o 5 bytes, as specified by the encoding of the instruc-
tions. In addition, a good assembler will offer a number of additional
facilities for writing the program. These will be reviewed in the secuon
on the assembler below. In particular, directives are available which
will modify the value of symbols. Symbolic addressing may be used and
a branch to a symbolic location may be specified. During the debugging
phase, when a user may remove or add nstructions, it will not be neces-
sary to rewrite the entire program if an extra instruction is inserted be-
tween a branch and the point to which it branches, as long as symbelic
labels are used. The assembler will take care of automatically adjusting
all the {abels during the translaton process. in addition, an assembler
ailows the user 10 debug s program in symbolic form. A disassembler
may be used to examine the contents of a memory location and recon-
struct the assembly-level instruction thai 1t represents. The various soft-
ware resources normally available on a system will be reviewed below.
Let us now examine the third alternative,
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POWER CF
THE
LANGUAGE

APL
coag

FORIRAN HIGH-LEVEL

PL/MA
PASCAL

BASIC
MAINLBASIC

MACRD {
SYmaoLIc E: CONDITIONAL ASSEMBLY.LEVEL
fand  ASSEMBLY

HEXADECIMALS )
Lot OCTAL

BINARY

% MACHINE-LEVEL

Fig. 10.1: Programming Levels

High-Level Language

A program may be written in a high-level language such as BASIC,
APL, PASCAL, or others, Techniques for programming in these vari-
ous languages are covered by specific books and will not be reviewed
here. We will, therefore, only briefly review this mode of program-
ming. A high-level language offers powerful instructions which make
programming much easier and faster. These instructions must then be
translated by a complex program into the final binary representation
that a microcomputer can execute. Typically, each high-level instruc-
tion will be translated into a large number of individual binary instruc-
tions. The program which performs this automatic translation 1s called
a compiler or an interpreter. A compiler will translate all the instruc-
tions of a program in sequence into object code. In a separate phase,
the resulting code will then be executed. By contrast, an interpreter will
interpret a single instruction, then execute it, then ‘‘translate’” the next
one, then execute it. An interpreter offers the advantage of interactive
response, but results in low efficiency compared to a compiler. These
topics will not be studied further here. Let us revert to the programming
of an actual microprocessor in the assembly-level language.
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SOFTWARE SUPPORT

We will review here the main software facilities which are {or should
bey availabie in the complete system for convenient software develop-
ment. Some of the definitions have already been intreduced. They will
be summarized here and the rest of the important programs will be de-
fined before we proceed.

The assembler is the program which transiates the mnemonic repre-
sentation of instructions into their binary equivalent. I normally trans-
jates one symbolic mnstruction into one binary insiruction {which may
occupy 1, 2 or 3 bytes). The resulting binary code is called obyecr code.
It is directly executable by the microcomputer. As a side effect, the
assembler will also produce a complete symbolic listing of the program,
as well as the equivalence tables to be used by the programmer and the
symbol occurrence list in the program, Examples will be presented later
1 this chapter.

In addition, the assembler will list syntax errors such as instructions
misspelled or illegal, branching errors, duplicate labels or missing
labels.

It will not delete fogical errors (this s vour problem),

A compiler 15 the program which transiates high-level language in-
structions into their binary form.

An nterprefer 1s a program similar 1o a compiler, which also trans-
lates high-level instructions into their binary form but does not keep the
intermediate representation and executes them immediately. In fact, it
often does not even generate any intermediate code, but rather executes
the high-level instructions directly.

A mionitor 1s the basic program which 15 indispensable for using the
hardware resources of this system. It continuously monitors the input
devices for input and manages the rest of the devices. As an example, a
mimimal monitor for a single-board microcomputer, equipped with a
keyboard and with LED's, must continuously scan the keyboard for a
user input and display the specified contents on the light-emitting
diodes. in addition, it must be capable of understanding a number of
limited commands from the kevboard, such as START, STOP, CON-
TINUE, LOAD MEMORY, EXAMINE MEMORY. On a large sys-
tem, the monitor is often qualified as the evecusrve program, when
complex file management or task scheduling 15 also provided. The over-
ali set of facilities 1s called an operating system. If files are residingon a
disk, the operating system is qualified as the disk operating system, or
DOS.
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An editor is the program designed to facilitate the entry and the mod-
ification of text or progams. It allows the user to enter characters con-
veniently, append them, insert them, add lines, remove lines, search for
characters or strings. It 15 an important resource for convenient and ef-
fective text entry.

A debugger 1s a facility necessary for debugging programs. When a
nrogram does not work correctly, there may typically be no indication
whatsoever of the cause. The programmer, therefore, wishes to insert
breakpoinis in his program in order to suspend the execution of the
program at specified addresses, and to be able to examine the contents
of registers or memory at this point. This is the primary function of a
debugger. The debugger allows for the possibility of suspending a pro-
gram, resuming execution, examimng, displaying and modifying the
contents of registers or memory. A good debugger will be equipped
with a number of additional facilities, such as the ability (o examine
data in symbolic form, hex, binary, or other usual representations, as
well as to enter data 1n this format.

A loader, or linking loader, will place various blocks of abject code
at specified positions in the memory and adjust their respective sym-
bolic pointers so that they can reference each other. It 15 used to relocate
programs or blocks in various memory areas. A sinulator or an eniu-
lator program is used to simulate the operation of a device, usually the
microprocessor, 1t its absence, when developing a program on a4 simu-
lated processor prior to placing it on the actual beard. Using this ap-
proach, 1t becomes possible to suspend the program, modify it, and
keep it in RAM memory. The disadvantages of a simulator are that:

I—It usually simulates only the processor itself, not input/output
devices

2-—The execution speed 1s stow, and one operates in simulated time.
It 1s therefore not possible to test real-time devices, and synchronization
problems may still occur even though the logic of the program may be
found correct.

An emularor s essentially a simulator in real time. It uses one proces-
sor to simulate another one, and simulates it in complete detaif.

Urifiry routines are essentially all the routines which are necessary in
most applications and that the user wishes the manufacturer had pro-
vided!

They may include muitiplication, division and other arithmetic oper-
ations, block move routines, character tests, input/output device han-
dlers (or “‘drivers’’), and more.
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THE PROGRAM DEVELOPMENT SEQUENCE

We will now examine a typical sequence for developing an assembly-
level program. We will assume that all the usual sofiware facilities are
available in order to demonstrate thetr value. If they should not be
available 1n a particular system, it will still be possible to develop pro-
grams, but the convemence will be decreased and, therefore, the
amount of time necessary to debug the program is likely to be in-
creased.

The normal approach is to first design an algorithm and define the
data structures for the problem to be solved, Next, a comprehensive set
of flowcharts is developed which represents the program flow. Finally,
the flowcharts are translated into the assembly-level language for the
microprocessor; this is the coding phase.

Next, the program has to be entered on the computer. We wiil exam-
irte in the next section the hardware options to be used in this phase.

The program is entered in RAM memory of the system under the
control of the editor. Once a section of the program, such as one or
more subroutines, has been entered, it will be tested,.

First, the assembler will be used. If the assembler did not already
reside in the system, it would be loaded from an external memory, such
as 4 disk, Then, the program will be assembled, i.e., transiated into a
binary code. This results in the obiect program, ready o be executed.

One does not normally expect a program to work correctiy the first
time. To verify its correct operation, a number of breakpoints will nor-
mally be set at crucial locations where it is easy 10 test whether the inter-
mediate results are correct. The debugger will be used for this purpose.
Breakpoints will be specified at selected locations. A **Go”’ command
will then be issued so that program execution 1s started. The program
will automatically stop at each of the specified breakpoints. The pro-
grammer can then verify, by examining the contents of the registers, or
memory, that the data so far 1s correct. If it is correct, we proceed until
the next breakpoint. Whenever we find incorrect data, an error in the
program has been detected. At this point, the programmer normally
refers to his program listing and verifies whether his coding has been
correct. If no error can be found in the programming, the error might
be a logical one and one mught refer to the flowchart. We will assume
here that the flowcharts have been checked by hand and are assumed to
be reasonably correct. The error is likely to come from the coding. It
will, therefore, be necessary to modify a section of the program. If the
symbolic representation of the program is still in the memory, we will
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simply re-enter the editor and modify the required lines, then go
through the preceding sequence again. In some systems, the memory
available may not be large enocugh, so that it is necessary to flush out
the symbolic representation of the program onto a disk or cassette prior
1o executing the object code. Naturally, in such a case, one would have
to reload the symbolic representation of the program from its support
medium pnor to entering the editor again.

The above procedure will be repeated as Jong as necessary until the
results of the program are correct. Let us stress that prevention 1s rauch
more effective than cure. A correct design will typically result in a pro-
gram which runs correctly very soon after the usual typing mistakes or
obvious coding errors have been removed. However, sloppy design may
result in programs which will take an extremely long time to be de-
bugged. The debugging time 15 generally considered to be much longer
than the actual design time. In short, 1t 15 always worth investing more
time 1 the design in order to shorten the debugging phase.

However, using this approach, it is possibie to test the overall organi-
zation of the program, but not to test it in real time with input/output
devices. If input/output devices are to be tested, the direct solution con-
sists of transferring the program onto EPROM’s and installing it on the
board and then watching whether it works.

There 1s a better solution. It is the use of an in-circuit emudator. An
in-circuit emulator uses the Z80 microprocessor {or any other one} to
emulate a Z80 1n (almost) real time. [t emulates the Z80 physically. The
emulator 15 equipped with a cable terminated by a 40-pin connector, ex-
actly identical to the pin-out of a Z80. This connector can then be in-
serted on the real application board that one is developing. The signals
generated by the emulator will be exactly those of the Z80, only perhaps
a little slower. The essential advantage is that the program under test
will still reside in the RAM memory of the development system. [t will
generate the real signals which will communicate with the real in-
put/output devices that one wishes to use. As a result, 1t becomes possi-
ble to keep developing the program using all the resources of the devel-
opment system {editor, debugger, symbolic facilities, file systern) while
testing input/output in real time,

In addition, a good emulator will provide special facilities, such as a
frace. A trace 1s a recording of the last instructions or status of various
data busses in the system prior to a breakpownt. in short, a trace pro-
vides the film of the events that occurred prior to the breakpoint or the
malfunctton. It may even trigger a scope at a specified address or upon
the occurrence of a specified combination of bits. Such a facility is of
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great value, since when an error is found it is usually too late. The in-
struction, or the data, which caused the error has occurred prior 1o the
detection. The availability of a trace allows the user to find which seg-
ment of the program caused the error to occur. If the trace 1s not long
enough, we will simply set an earlier breakpoint,
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Fig. 10.2: A Typical Memory Map

This _compietes our description of the usual sequence of events in- ;
voiyed in developing a program. Let us now review the hardware alter-
natives available for developing programs.
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HARDWARE ALTERNATIVES
Single-Board Micrecomputer

The single-board microcomputer offers the lowest cost approach to
program development. [t 1s normally equipped with a hexadecimal key-
board, plus some function keys, plus 6 LED’s which can display ad-
dress and data. Since it 1s equipped with a small amount of memory, an
assembler 15 not usually avatlable. At best, it has a small momtor and
virtually no editing or debugging facilities, except for a very few com-
mands. All programs must, therefore, be entered in hexadecimal form.
They will also be displayed in hexadecimal form on the LED’s. A sin-
gle-board microcomputer has, in theory, the same hardware power as
any other computer. Simply because of its restricted memory size and
keyboard, it does not support all the usual facilities of a larger system
and makes program development much longer. Because 1t is tedious to
develop programs in hexadecimal format, a single board microcom-
puter is best suited for education and training where programs of lim-
ited length have 10 be developed and their short length is not an obstacie
to programming. Single-boards are probably the cheapest way to learn
programming by doing. However, they cannot be used for complex
program development unless additional memory boards are attached
and the usual software aids are made available.

The Development System

A development system is a microcomputer system equipped with a
significant amount of RAM memory (32K, 48K} as well as the required
input/output devices, such as a CRT display, a printer, disks, and, usu-
ally, a PROM programmer; as well as, perhaps, an in-circuit emulator.
A development system s specifically designed to facilitate program
development in an industrial environment. It normally offers all, or
most, of the software facilities that we have mentioned in the preceding
section. In principle, it is the 1deal software development tool.

The limitation of a microcomputer development system 1s that it may
not be capable of supporting a compiler or an nterpreter. This is be-
cause a compiler typically requires a very large amount of memory,
often more than 1s available on the system. However, for developing
programs in assembly-level language, 1t offers all the required facilities.
But because development systems sell in relatively small numbers com-
pared to hobby computers, their cost is significantly migher.
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Hobby-Type Microcomputers

The hobby-type microcomputer hardware is naturally exactly analo-
gous to that of a development system. The main difference lies in the
fact that it is normally not equipped with the sophisticated software
development aids which are availabie on an industrial development sys-
tem. As an example, many hobby-type microcomputers offer only ele-
mentary assemblers, mimmal editors, mimmal file systems, no facilities
to attach a PROM programmer, no in-circuit emulator, no powerful
debugger. They represent, therefore, an intermediate step between the
single-board microcomputer and the full microprocessor development
system. For a user who wishes to develop programs of modest complex-
ity, they are probably the best compromise, since they offer the advan-
tage of low cost and a reasonable array of software development teols,
even though they are quite limited as to their convenience.

Time-Sharing System

It is possible to rent terminals from several companies which will con-
nect to {ime-sharing networks. These terminals share the time of the
targer computer and benefit from all the advaniages of large instalia-
tions. Cross assemblers are available for all microcomputers on vir-
tually all commercial time-sharing systems. A cross assembler 1s sumply
an assembler for, say, a Z80 which resides, for example, in an [BM370.
Formaily, a cross assembler is an assembler for microprocessor X,
which resides on processor Y. The nature of the computer being used is
irrelevant. The user still writes a program 1n Z80 assembly-level lan-
guage, and the cross assembler translates it into the appropriate binary
pattern. The difference, however, is that the program cannot be ex-
ecuted at this point. [t can be execuied by a simulated processor, if one
is availabie, provided 1t does not use any input/output resources. This
solution is used, therefore, only in industrial environments.

In-House Computer

Whenever a large in-house compuier 1s available, cross assemblers
may also be available to facilitate program development. If such a com-
puter offers time-shared service, this option 1s essentially analogous to
the one above, If it offers only batch service, this 1s probably one of the
most inconvenient methods of program development, since submutting
programs in batch mode at the assembiy leve} for a microprocessor re-
suits in & very long development time.
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Front Panel or No Front Panei?

The front panel 1s a hardware accessory often used to facilitate pro-
gram debugging. It has traditionally been a tool for conveniently dis-
playing the binary contents of a register or of memory. However, all the
functions of the control panel may be accomplished from a terminal,
and the dominance of CRT displays now offers a service almost equiva-
lent to the control panel by displaying the binary value of bits. The ad-
ditional advantage of using the CRT display is that one can switch at
will from binary representation to hexadecimal, to symbolic, to decimal
(if the appropnate conversion routines are available, naturaily). The
disadvantage of the CRT is that one must hit several keys to obtain the
appropriate display rather than turn a knob. However, since the cost of
providing a control panel 15 quite substantal, most recent microcom-
puters have abandoned this debugging tool. The value of the control
panel 1s often considered more on the basis of emoticnal arguments in-
fluenced by one’s own past experience than by the use of reason. It is
not indispensable.

Summary of Hardware Resources

Three broad cases may be distinguished. If you have only a minimal
budget and if you wish to learn how to program, buy a single-board
microcomputer. Using it, you will be able to develop all the simple pro-
grams in this book and many more. Eventually, however, when you
want to develop programs of more than a few hundred instructions,
vou will feel the limitations of this approach.

If you are an industrial user, you will need a full development system.
Any solution short of the full development system will cause a signifi-
cantly longer development time. The trade-off is clear: hardware re-
sources vs, programming time. Naturally, if the programs 10 be devel-
oped are quite simple, a less expensive approach may be used. How-
ever, if complex programs are to be developed, it 15 difficult to justify
any hardware savings when buying a development system, since the
programming costs will be by far the dominant cost of the project.

For a personal computerist, a hobby-type microcaomputer will typi-
cally offer sufficient, although minimal, facilities. Good development
software is still to come for many of the hobby computers. The user will
have {o evaluate his systemn in view of the comments presented in this
chapter.

Let us now analyze in more detail the most indispensable resource:
the assembler.
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THE ASSEMBLER

We have used assembly-level language throughout this book without
presenting the formal syntax or definmition of assembly-level [anguage.
The time has come to present this defintion. An assembler is designed
1o allow the convemient symbolic representation of the user program,
and yel to make 1t simple for the assembler program to convert these
mnemonics into their binary represeniation.

Assembler Fields

When typing in a program for the assembler, we have seen that fields
are used. They are:

The label field, optional, which may contain a symbolic address for
the instruction that follows.

The wnstruction field, which includes the opcode and any operands.
(A separate operand field may be distinguished.)

The connnent field, far to the right, which is optional and 1s intended
to clarify the program.

These fields are shown on the programming form in Figure 10.3.

Once the program has been fed to the assembler, the assembier will
produce a fisiing ol it. When generaung a listing, the assembler wili
provide three additional fields, usually on the left of the page. An ex-
ample appears on Figure 10.4. On the far lef1 is the line number, Each
line which has been typed by the programmer is assigned a symbolic line
number.

The next field to the night is the actual address field, which shows in
hexadecimal the value of the program counter which will point to that
instruction.

Moving still further to the night, we find the hexadecimal representa-
tion of the instruction.

This shows one of the possible uses of an assembler. Even if we are
designing programs for a single-board microcomputer which accepts
only hexadecimal, we should still write the program in assembiy-level
language, providing we have access to a system equipped with an as-
sembler. We can then run the programs on the system, using the assem-
bler. The assembler will automatically generate the correct hexadecimai
codes on our system. This shows, in a simple example, the value of ad-
ditional software resources.

586



PROGRAM DEVELOPMENT

SINIWWOD

UNVHAO

300240
JHTOEWAS

138v1

4

£

NOLLONYISNI

4

X3

l

SSEH0AY

Fig. 10.3: Microprocessor Programming Form
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Tables

When the assembler transiates the symbolic program nto its binary
representation, it performs two essential tasks:

I—It translates the mnemonic nstructions into their binary en-
coding.

2—1It transiates the symbols used for constants and addresses into
their binary representation.

In order to facilitate program debugging, the assembler shows at the
end of the listing the equivalence between the symbol used and its hexa-
decimal value. This is called the symbol table.

Some symbol tables will not only list the symbol and its value, but
also the line numbers where the symbol occurs, thereby providing an
additional facility.

Error Messages

During the assembly process, the assembler will detect syntax errors
and include them as part of the final listing. Typical diagnostics in-
clude; undefined symbols, label already defined, illegal opcode, itlegal
address, illegal addressing mode. Many more detailed diagnostics are
naturally desirable and are usually provided. They vary with each as-
sembler.

The Assembly Language

Opcodes have already been defined. We will here define the symbols,
constants and operators which may be used as part of the assembler
syntax.

Symbols

Symbols are used to represent numerical values, either data or ad-
dresses. Symbols may include up to six characters, and must start with
an alphabetical character. The characters are restricted to letters of the
alphabet and numbers. Also, the user may not choose names identical
to the opcodes utilized by the Z80, the names of registers such as A B,
C.D,E,H,L, BC, DE, HL, AF, BC, DE, IX, lY, SP, as well as the
various short names used as pseudo-operators by the assembler. The
names of these assembler “*directives’ are listed below in the corre-
sponding sections. Also, the abbreviations used to designate the flags
should not be used as symbols: C,Z,N,PE,NC.P,PO,NZM.
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Assigning a Value to a Symbol

Labels are special symbols whose values do not need to be defined by
the programmer. The value will automatically be defined by the assem-
bler program whenever it finds that label. The label value thus auto-
matically corresponds to the address of the instruction generated at the
line where it appears. Special pseudo-instructions are available to force
a new starting value for labels, or to assign them a specific value,
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Fig. 10.4: Assembler Quipui—An Example
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However, other symbols used for constanis or memory addresses
must be defined by the programmer prior to their use.

A special assembler directive may be used to assign a value to any
symbol. A directive is essentially an instruction to the assembler which
will not be translated into an executable statement, For example, the
constant L.OG will be defined as:

LOG DFW 3002H

This assigns the value 3002 hexadecimal to the variable L.OG. The
assembler directives will be examined in detail in a later section.

Constants or Literals

Constants may traditionally be expressed either in decimal, in hexa-
decimal, in octal, or in binary, or as alphanumeric strings. In order to
differentiate between the base used to represent the number, g symbol
must be used. To load “*0°’ into the accumulator, we will simply write:

1D A, 0

Optionally a ‘D’ may be used at.the end of the constant.
A hexadecimal number will be terminated by the symbol “H’". To
load the value “‘FF”’ into the accumulator, we will write:

LD A, OFFH

An octal symbol is terminated by the symbol “0°" or Q™. A binary
symboi is terminated by “B”’.

For example, in order to load the value *“111111117" into the accumu-
lator, we will write:

LD A, I11H1111IB

Literal ASCII characters may also be used in the literal field. The
ASCII symbol must be enclosed in single quotes.

For example, in order to load the symbol **S'" into the accumulator,
we will write:

LD A, 'S

Exercise 10.1: Will the followng two mstructions load the same value
in the accumulator: LD A, *5°, and LD A4, 5H?
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Note that in the Zilog convention, parentheses denote an address.
For example:

LD A, (0

specifies that the accumulator is loaded from the contents of memory
tocation 0 (decimal).

Operators

In order to further facilitate the writing of symbolic programs, as-
semblers allow the use of aperators. At a mimimum, they shouid allow
plus and minus so that one can specify, for example:

LD A.(ADDRESS)
LD A, (ADDRESS +1)

1t 1s important to understand that the expression ADDRESS + 1 will
be computed by the assembier 1n order to determine the actual memory
address which must be inserted as the binary equivalent, It will be com-
puted at assemibly tune, not at program-execution time.

In addition, more operators may be available, such as multiply and
divide, a convenience when accessing tables in memory. More special-
ized operators may be also available, such as greater than and less
than, which truncate a two-byte value respectively into 1ts high and low
byte.

Naturally, an expression must evafyare 10 a positive value, Negative
numbers may normally not be used and should be expressed in a hexa-
decimal format.

Finally, a speciai symbol is traditionally used {o represent the current
value of the address of the line: **$"*. This symbol should be interpreted
as “‘current location” (value of PC).

Exercise 10.2: What is the difference berween the following instruc-
tions?

LD A, 10101010B
LD A, (I0101010B)

Exercise 10.3: What is the effect of the following instrucrion?

JR NC 3 -2

Expressions

The Z80 assembler specifications allow a wide range of expressions
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with arithmetic and logical operations. The assembler wil evaluate the
expressions in a left-to-right manner, using the priorities specified by
the table in Figure 10.5, Parentheses may be usedto enforce a specific
order of evaluation. However, the outermost parentheses will denote
that the contents are to be treated as an address.

Assembler Directives

Directives are special orders given by the programmer to the assem-
bler, which result either in storing values into symbols or into the mem-
ory, or in controdling the execution or printing modes of the assembler.
The set of commands which specifically controls the printing modes of
the assembler is also called “‘commands’ and 15 described in a separate

section.
To provide a specific example, let us review here the Il assembler

directives available on the Zilog development system:

ORG an

This directive will set the assembier address counter to the value nn. In
other words, the first executable instruction encountered after this
directive will reside at the value nnt. It can be used to locate different
segments of a program at different memory locations.

EQU nn
This directive is used to assign a value 1o a label.
DEFL non

This directive also assigns a value nn to a label, but may be repeated
within the program with different values for the same label, whereas
EQU may be used only once.

DEFB ‘S’

This directive assigns eight-bit contents to a byte residing at the current
reference counter.

DEFB ‘S’
assigns the ASCII value of ‘S to the byte.
DEFW nn

This assigns the value nn to the two-byte word residing at the current
reference counter and the following location.
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OPERATOR FUNCTION FRIQRITY
+ UNARY PLUS i
- UNARY MINUS |
NCT. or A LOGICAL NQT |
.RES. RESULT |
b EXPONENTIATION 2
. AMULTIPLICATION 3
/7 DIVISION 3
MOD, MODULO 3
.SHR. LOGICAL SHIFT RIGHT 3
JSHL. LOGICAL SHIFT LEFT 3
-+ ADDITION 4
. SUBTRACTION 4
LAND, or & LOGICAL AND 5
LOR. or 4 LOGICAL OR 6
LXOR. LOGICAL XOR o}
EQL o = EQUALS 7
Gl or > GREATER THAN 7
AT. or < LESS THAN 7
UGET. UMNSIGNED GREATER THAN 7
AT UNSIGMNED LESS THAN 7

Fig. 10.3: Operator Precedence
DEFS nn

reserves a block of memory size nn bytes, starting at the current value
of the reference counter.

DEFM 'S’

stores into memory the string ‘S’ starting at the current reference coun-
ter. It must be less than 63 in length.

MACRO PO PL...Pn

is used to define a label as a macro, and to define its formal parameter
list. Macros are defined in another section below.

END

indicates the end of the program. Any other statements following it will
be ignored.

ENDM

is used to mark the end of a macro definition.
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Assembler Commands

Conunands are used to medify the format of the listing to control the
printing modes of the assembler. All commands start with a star in col-
umn one. Seven commands are provided by the Z80 assembler. Typical
examples are:

EJECT
which causes the listing to move to the top of the next page; and
LIST OFF

which causes the printing to be suspended, effective with this com-
mand. The others are: ““*HEADING S”, ***LIST ON”’, “*MACLIST
ON”’, ““*MACLIST OFF"”, ““*INCLUDE FILENAME".

Macros

A macro is siinply a name assigned to a group of instructions. It is a
convenience to the programmer. If a group of instructions 1s used sev-
eral times in a program, we could define a macro to represent them, in-
stead of always having to write this group of instructions.

As an example, we could write:

SAVREG MACRO
PUSH AF

PUSH BC
PUSH DE
PLSH HL
ENDM

then simply write the name “SAVREG"’ instead of the above instruc-
tions. Any time that we write SAVREG, the five corresponding lines
will get substituted instead of the name. An assembler equipped with a
macro facility is called a macro-assembler. When the macro assembler
encounters & SAVREG, 1t performs a mere physical substitution of
equivalent lines.

Muacro or Subroutine?

At this point, a macro may seent Lo operate in a way analogous to a
subroutine. This is not the case. When the assembler is used to produce
the object code, any time that a macro name is encountered, it will be
replaced by the actual instructions that it stands for, At execution time,
the group of instructions will appear as many times as the name of the
macro did.
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By contrast, a subroutine is defined only once, and then it can be
used repeatedly; the program will jumyp to the subroutine address. A
macro is called an assembly-time facility. A subroutine is an execution-
rinte Facility, Their operation 1s quite different.

Macro Parameters

Each macro may be equipped with a number of parameters. As an
example, fet us consider the following macro:

SWAP MACRO #M, #N, #T

LD A, #M i M INTO A

LD #T, A VAINTOT (=M)
LD A, #N s NINTO A

LD VL A A INTOM (=N)
LD A, #T i TINTO A

LD #N, A AINTON(=T)
END M

This macro will result in swapping (exchanging) the contents of mem-
ory locations M and N. A swap between two registers, or two memory
locations, 1s an operation which is not provided by the Z80. A macro
may be used to implement it. T’ in this instance is simply the name
for a temporary storage location required by the prograrn. As an exam-
ple, et us swap the contents of memory locations ALPHA and BETA.
The instruction which does this appears below:

SWAP (ALPHA), (BETA}, (TEMP)

In this instruction, TEMP 15 the name of some temporary storage
location, which we know to be available and which can be used by the
macro. The resulting expansion of the macro appears below:

LD A, (ALPHA)
LD (TEMP), A
LD A, (BETA)
LD (ALPHA), A
LD A, (TEMP)
LD (BETAj A

The value of a macro should now be apparent: it 1s convenient for the
programmer {0 use pseudo-instructions, which have been defined with
macros. In this way, the apparent instruction set of the Z80 can be ex-
panded at will. Unfortunately, one must bear in mind that each macro
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directive will expand into whatever number of instructions were used. A
macro will, therefore, run more slowly than any single instruction. Be-
cause of its convenience for the development of any long program, a
macro facility is highly desirable for such applications,

Additional Macro Facilities

Many other directives and syntactic facilities may be added to a sim-
ple macro facility; macros may be nested, i.e., a macro call may appear
within a macro defintion. Using this facility, a macro may modify 1t-
self with a nested definition! A first call will produce one expansion,
whereas subsequent calls will produce a modified expansion of the same
macro. This s allowed by the Z8( assembler, but nested definitions are
not allowed.

CONDITIONAL ASSEMBLY

Conditional assembly 1s another facility provided in the Z80 assem-
bly. With a conditional assembly facility, the programmer can devise
programs for a variety of cases, and then conditionally assemble the
segments of codes required by a specific application. As an example, an
industrial user might design programs to take care of any number of
traffic lights at an intersection, for a vanety of control algorithms. He
will then receive the specifications from the local traffic engineer, who
specifies how many traffic lights there should be and which algorithms
should be used. The programmer will then simply set parameters in his
program and assemble conditionally. The conditional assembly will
result in a “‘customized”’ program which will retain only those routines
which are necessary for the solution to the problem.

Conditional assembly is, therefore, of specific value to ndustrial
program generation in an environment where many options exist and
where the programmer wishes to assemble portions of programs quick-
ly and automatically in response to external parameters,

Only two conditional pseudo-OPs are provided in the standard
micro-assembler version supplied by Zilog. They are respectively:

COND NN and ENDC

where NN represents an expression. The pseudo-OF “COND NN™ will
result in the evaluation of the expression NN. As iong as the expression
evaluates to a true value (non-zero), the statement following the COND
will be assembled. However, if the expression should be false, i.e., eval-
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PROGRAM DEVELOPMENT

uate to a zero value, the assembly of all subsequent statements will be
disabled up to the ENDC mstruction.

ENDC 15 used 1o ternunate a COND, so that the assembly of subse-
quent statements 1s re-enabled. The COND pseudo-OP’s cannot be
nested.

In theory, more powertul condinonal assembly facilities could exist,
with “IF"" and “ELSE’" specification. They may become availabie in
future versions of the assembler.

SUMMARY

This chapter has presented the techmgues and the hardware and soft-
ware teoils required to develop a program, along with the various trade-
offs and alternatives.

These range at the hardware level from the single-board microcom-
puter to the full development system; at the software fevel, from binary
coding to high-level programming,

You will have to select them on the basis of your goals and resources.
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CHAPTER 11

CONCLUSION

We have now covered all important aspects of programming, from
definitions and basic concepts to the internal manipulation of the Z80
registers, to the management of input/output devices, as well as the
characteristics of software development aids. What 15 the next step?
Two views can be offered, the first one relating to the development of
technotogy, the second one relating to the development of your own
knowledge and skill. Let us address these two points.

TECHNOLOGICAL DEVELOPMENT

The progress of integration in MOS technology makes it possible to
implement more and more complex chips. The cost of implementing the
processor function itself is constantly decreasing. The result is that
many of the input/output chips or the peripheral-controller chips used
1n a system now incorporate a simple processor. This means that most
LSI chips in the system are becoming programmable. An interesting
conceptual dilemma is now developing. In order to simplify the soft-
ware design task, as well as to reduce the component count, the new
170 chips now incorporate sophisticated programmable capabilities:
many programmed algorithms are now integrated within the chip,
However, as a result, the development of programs is complicated by
the fact that all these input/output chips are radically different and
need to be studied in detail by the programmer! Programnung the
system is no longer programming the microprocessor alone, but also
programmung all the other chips attached to it. The learning time for
every chip can be significant.

Naturally, this is only an apparent dilemma, If these chips were not
available, the complexity of the interface to be realized, as well as of the
corresponding programs, would be still greater. The new complexity
that is introduced is the need to program more than just a processor,
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and to learn the various features of the different chips in a system. How-
ever, it is hoped that the techniques and concepis presented in this book
will make this a reasonably easy task.

THE NEXT STEP

You have now learned the basic techniques required to program sim-
ple applications on paper. That was the goal of this book. The next step
is actual practice for which there is no substitute, It is impossible to learn
programming completely on paper; experience is required. You shouid
now be in a position to start writing your own programs. It is hoped
that this journey will be a pleasant one.
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APPENDIX A

HEXADECIMAL CONVERSION TABLE

HEX o 1 2z 3 4. 5 B 7 B o A B C D E F oo [1]als)
k] o i 2 4 4 s & 7 8 8 W N 2 w13 W iH g G
] 16 17 18 19 20 21 22 23 P4 25 26 27 28 2% 0 W 256 § 4096
2 32 33 34 35 36 47 3B 39 40 4r 42 43 44 a5 4§ 47 w2 § 88
3 48 a9 50 &1 52 53 4% 55 4G 57 5B 58 60 61 62 63 768 | 12268
5 61 65 66 67 68 63 Y0 TV 72 73 74 75 W TV VB 79 024 | 16184
5 80 & B2 B3 8% 85 86 87 88 8% 90 91 92 93 94 95 1280 § 20480
& 85 G97 S8 99 100 01 02 03 04 405 W6 W0V 108 109 10 11 1536 | 24576
7 112 13 14 115 16 177 NB 119 120 121 122 123 124 125 126 127 1792 | 28872
8 128 129 130 13 132 133 134 135 136 137 136 139 140 1 12 143 2048 | 32768
g 144 145 146 147 148 148 150 151 152 153 154 155 156 157 138 158 2304 | 368
A 160 161 162 13 164 165 166 167 168 169 170 171 172 173 174 175 2560 | 40960
B8 176 177 178 17G 180 1B 13z B3 184 185 186 187 188 189 190 9 2616 | 45036
c 192 193 194 195 196 97 198 199 200 20y 202 2003 204 205 208 207 agrz2 | a9153
D} 208 208 210 20 212 213 214 21§ 215 )7 8 219 290 221 222 223 3328 [ 53248
£ | 224 205 226 207 228 229 230 231 232 233 234 235 236 237 238 239 3584 | 57304
F | 230 241 242 243 244 245 246 247 245 249 250 251 252 257 254 255 3850 | 61440
5 4 3 2 1 0
Hex| DEC |Hex| oec [mex| oEc [Hex| DEC fhEx] DEC [hex| oec
O o] ¢ Of O 0oy ¢ 0 & 0 o] 0
| 1,048,576] 1 65,5361 | 40961 1 2561 i 16 i i
2 2,097,152 2 31,072 2 8,192{ 2 521 2 32 2 2
3 3,145728] 3 196,608] 3 12,288 3 7681 3 48 i 3 3
4 4,194,304] 4 262,:144] 4 16,384f 4 1,624 4 64 4 4
5 5242,B80F 5 327,68B0F 5 20,480} 5 1,280 5 80| 5 5
& 6.291,456] & 393216 & 24,578 & 1,836 6 bl ] [}
7 7.340,032f 7 458,752 7 2B.672) 7 1,792 7 112§ 7 7
8 B,388,60B] 8 524,288{ B 32,748 B 20481 8 28] 8 8
9 9,437,184] 9 589,824 © 34, 8ed| 9 2,304 @ 144 | 9 9
A 10,485,760] A 63536001 A 40,960] A 25601 A 160 | A 10
B 11,534.336f B 720,896] B 45055) B 28la| B 176 | B 1%
C 12,582,912f C 786,432F € 49,152 C 30721 C 1921 C i2
D 13,631.488] D B851,958] D 53,248] D 33281 D 2081 D 13
E 14,680,064f E 917,504] € 57.344] E 3,584 E 234 £ 14
F15,728.640f F 9B3,G40] F 6&1,440) ¥ 38401 F 240 F 15

604



APPENDIX B

ASCII CONVERSION TABLE
HEX MSD 0 1 2 3 4 5 & 7
15D BITS 000 001 010 011 100 101 110 111
0 0000 NUL DLE SPACE 4] @ P - p
1 0001 SOH DCA i 1 A Q a q
2 0010 STX DC2 " 2 B R b r
3 0011 ETX DC3 # 3 c S c s
4 0100 EQT DC4 3 4 D T d t
5 0101 ENG NAK 77 5 [ U e i
6 0110 ACK SYN & 6 F v f v
7 0111 BEL ETB : 7 G W g 9w
8 1000 BS  CAN { 8 H X t x
g 1001 HT EM ] 9 i Y i y
A 1010 LF suB r : J Z 1 z
B 1011 VI ESC + K ko
C 1100 FF FS . < L A i -
D 1101 CR GS - = M ] m |}
E 1110 S0 RS . > N A n s,
F 111 Sl us / ? O Lo o DEL
THE ASCIESYMBOLS
NUL  ~Nult DLE -~ Data Link Escape
SOH ~Start of Heading G = Pevice Conlral
STX - Start of Texi NAK —Negative Acknowletge
ETX ~Endof Text SYN -Synchronous idle
EOT —End of Tranamission ETB —End of Tranamission Biock
ENG —Enquiry CAN ~Cancel
ACK —Acknuwledge EM  ~End of Medium
BEL —gell SUB ~Substilute
BS —Hackapace ESC ~—Escape
HT  —Horizonta! Tebulation F$  —File Separator
LF  —Line Feed GS  ~Group Separator
VT  —Veriical Tabulation RS —Record Separater
FF  —Form Feed uUs ~—Unit Separator
CR —Carriage Retum 5P  —Space {Atank}
50 —Shift Out DEL —Dalate

Si —5hiftin
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PENDIX C

RELATIVE BRANCH TABLES

FORWARD RELATIVE BRANCH TABLE

(50 [ ¥ 2 3 3 5 & H 8 9 A 8 C 5} F
ARG
g g 1 2 3 4 5 & 7 3 LS 10 H 12 13 14 15
! 14 17 ] 1% 20 2t 22 w3 24 35 26 37 M 36 39 3
2 32 a3 34 35 3 37 g 3% A 42 i At 5 * g7
3 1B 4G 50 31 52 53 54 55 56 57 Sh 59 &0 &1 &2 &3
5 &4 &5 &6 &7 &8 69 70 71 273 74 75 76 77 78 79
5 80 HI g2 83 By 85 By @47 B8 BF 90 91 9293 ga 95
& S G798 99 100 10% 02 103 104 W3 106 Y 308 188 1o i
7112 103 1la 115 e 117 Mg 119 125 131 122 433 124 125 128 197
BACKWARD RELATIVE BRANCH TABLE
LSh i i
s Q t 2 3 4 5 & 7 ) L4 A E C o £ B
§ 126 127 12 3125 124 123 122 12y R0 139 3B 117 & 115 114 13
9 |12 it 1o 109 108 07 106 105 104 103 182 1 160 9% S8 97
A 19s 95 %4 93 §2 61 90 59 88 87 B4 &5 B4 Bl B2 &Y
5 180 79 T8 77 76 73 73 73 72 7t i) &9 o8 &7 &6 &5
C .1 43 62 &1 &0 59 58 57 56 55 54 53 52 H 50 39
D A8 4 45 43 34 43 Ly 43 ) 3% 3B 37 36 35 34 33
H 32 3 30 el 8 7 ki 25 24 23 22 n 20 1 18 17
¢ 16 15 1N 3 12 1 10 9 a 7 & 3 4 3 2 1
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PENDIX D

DECIMAL TO BCD CONVERSION

DECIMAL BCD DEC BCD BEC BCD
6 0000 10 00018000 20 10010000
I 0403 11 00016007 41 101000t
2 0015 12 00016010 g2 10010010
3 8011 13 06010011 93 10019011
4 0100 14 00610100 94 10010100
5 0101 15 00519101 95 10010101
6 0110 16 00015110 86 0010116
7 0113 17 03010111 a7 10010117
8 1008 18 00011000 28 10011000
El 100t 19 00611001 9 3001160+
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"PENDIX E

230 INSTRUCTION CODES
(The literal d is shown as 05 in the obyect code.
OBJ SOURGE oBd SOURCE
CODE STATEMENT CODE STATEMENT
ag ADC A HL) E620 AND n
OLBEDS ADC a1X+d) cB46 8IT a.{HL)
FDBEQNS ADC AG1Y +d) COCBO546 BIT 0,(13+d]
8F ADC AR FLCBOG4G BIT 0.0FY+d}
a8 ALC AB CB47- aIT 0,A
89 ADC AC CB40 T 0.8
A ADC AD CB41 BiT 0c
a8 ADC AE CcB42 BI7 a.b
8c ADC AH CB43 81T 0.E
B0 ADC Al CBa4q BIT G.H
CE20 AQC An CBAS BT L
ED4A ADC HL,B8C CR4E BIT 1 {HL}
EDBA ADC HL,DE DGCEOS4AE 8IT 141 X+d)
EDBA ADC HL HL FOCBO54E 817 141Y+d}
ED7A ADC HL,SP CB4F BT 1,A
86 ADD AHL] CB4s 81T 1,8
DD8E0S ADD AdIX+d) cB4Y aiT 1.C
FDBEOS ADD ALY +d) CBaA BiT i,0
87 ADD ALA CcB4B 8y 1.8
BO ADD AB cRac BT 1.5
81 ADD AL CB4D BiT 1L
82 ADD AD CB56 BIT 2,(HL)
83 ADD AE DOCBO556 BT 241X +d}
84 ADBD AH FOCBOGSE BT 2AtY+d)
25 ADD AL CBsY BIT 2.A
{63 AGD An CBSs0 BIT 28
09 ADD HL.BC CB51 BIT 2.c
19 AlGD #1,DE cBs2 BIT 2.0
28 AGD HL HL CB53 8I7 2E
kil ADD HL.5P CB54 BIT 2.8
0bog ADD 1X,BC C855 BIT 2.t
DD1% ADD 1%, 3E CBEE BIT 3,(HL)
Go2g ADD 1X.0% GDCBEORSE ;503 3 X+d]
npag ACD IX,5P FOCBOB5E BIT 301Y+g)
FDOg ADD  1Y.BC CB5F BIT 3.A
FD19 ADD  1Y,DE cas8 BIT 38
FD28 ADD YUY cBsg BIT ic
FD39 ADD 1Y.SP CBSA 817 3.0
AB AND (ML} CBSB 81T 3E
DDAS0S AND {EX+d} CB5C 8iT aH
FOAS0S AND (FY+d) C85D 8iT 3L
AT AND A CB66 BiT 4 {HLI
AD AND 8 DOCBOS66 BIT 441X +d)
Al AND c FRCS0566 =1k ERINES:H
AZ AND 0 cBs7? BT 4.4
A3 AND E C860 BiT 4,8
Ag AND H LB 817 4.C
A5 AND L CRe2 BIT 4.0
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[#1:N SOURCE CBJ SOURCE
CODE STATEMENT €ODE STATEMENT
CB62 BIT 48 EDB1 cPig
CBE4 BIT 4.H EDAT CcP1
CBES aIr 4, aF cPL
CBGE BIT 5,(HL} 27 DAA
DDCBOSGE BT 541 X+d) 3 DEC  (HL)
FDCBOSGE  BIT 5.01Y+d} BLI505 pEC  BXadi
cagE aiT A F3505 DEC  [I1Y+d}
CHEE @it 58 3;3 pEC A
c869 BT 5g gB gig gc
CHGA BIT 5D
CH5B T ‘1}? ggg :
CBEC BIT SH
2 18 DEC DE
C860 BIT 5L n bEe &
CB76 BIT .4HLY 25 oee  m
DDCEOS76  8IT 6,41X+d) pot DEC WL
FOCBO576 BIT 6,1¥+d)
c877 BIT 6.4 pb28 beC X
FO28 DEC iy
CET0 BIT 53
z0 BEC L
CBT BIT 6.C s bec 5P
c872 BIT 6.0 B4 B
cB73 BIT 6.E 1028 DINZ e
cB74 BT B6.H F8§ £l
ca7s BIT 6.L £3 EX {SP),HL
CB7E BIT 7HL} DDE3 £X {SPHIX
DDCBOSTE  BIT UK FDE3 £x 159337
FDCBOSTE  BIT 701Y ed) 08 £x AF AF
CBIF BT 7.4 £8 EX DE ML
c873 BIT 7.8 39 EXX
CB7Y BIT ic 7% HALT
£BYA 8T 7.0 ED46 1 o
c878 8IT 7.E €056 Y '
c87c BIT 7H EDSE 1 7
CB7D 8T 7L ED78 N A.0CI
DCBA05 caLl  Can £C40 in 8.(C)
FLBA0S CALL M.rn ED4g N C.iCI
48405 CALL  NGnn g050 I D.ACI
48405 caLL  NZaam £D58 I E.(CH
F4B4D5 CALL  Pan EDGD in H €1
£CE405 CALL  PEnn EDGE i L)
£48405 CALL  PCan 34 INC tHL
CCBens CALL  zan DD3405 NG X+l
CD8405 CALL  nn FD3405 1C (1Y 4}
3F ccF 3c INC A
BE cp {HLI 04 e B
DOBEDS cP (X+d} a3 INC ac
FOBEQS cp LY 24} oC INC ¢
8F cp A 14 INC 0
B8 ce 8 13 NG oE
89 cP c ic B £
8A cp D 24 1nC H
BB cp g 23 NG HL
8c ce H o021 Ne ix
BO ce L FD73 NG 1y
£E20 cP n 2C N 1
EDA9 cPD 23 INC 5¢
£0BG CPDR DRZ0 N A}
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oBJ SOURCE [s[:K} SOUACE

CODE STATEMENT CODE STATEMENT
EDAA NG DRIE0S LD AdIX+d)
EDBA INDR FDTEGS LD Ad1Y+d)
EDAZ el 3ABACS LD Ainn)
087 IM4R IF LD AA
£38405 JP nn 78 LD AR
EG i tHLY 78 Lo AC
CDEg ip (1x3 A o AD
FDEQ P oy 78 LD AE
DABADS 1P C.an 7 o A H
F ABADS P M.an EDS7 LD Al
DZB4GS P NE nn 70 1D AL
C28405 P NZ.nn 3EZ20 LD An
F284085 P Pnn EDSF LD AR
£ABa05 P PE.nn 46 LD B, (#H1)
£284405 P PO .nn GD4GGE A BAiX+d}
LABAQL JP Zan FD4605 LG a1y +d)
382E IR Ce a7 Lo 8.A
307E IR NC . 40 LB BB
H02E iR NZe 41 LB 8L
2B2E JR Z.e 42 (s} 8.0
1828 I8 o L 43 LD B.E
02 LD {6 A a4 LD g.H
12 LD {DE}.A 45 LD B.L
17 Lo HL) A 0620 Lo B.a
70 LD HL1.B £348840% LD BC,inni
T LD (HL),C 018495 LD BC.nn
72 Lo {HLI, 4E Lo C.IHL}
3 Lo IHLI E DC4EQS Lo C.UiX o}
74 Lo HL) H FDAEDS LD CliY+d)
7% LD {HLLL 4F LD C.A
620 Le {HL},n 48 LD cB
BD7705 LD (EX+d) A 49 LD ccC
DO7005 LD [EX+d} B 4A i C,D
DD7105 Lo (1X+g) C 48 LD CE
007205 LD {1X+d].D 4ac L [
DD7305 LD X+l E 4D LD cL
DO7405 LD {I%+at H DE20 LD >
DD750% Lo ¥+ L 56 LD [aNEE IR
OD360520 LG {IX+d).n DOsE0s5 1.0 DX+
£07705 Lb (HY+dh A FRS5805 Lo oY +e)
ED7005 LD 11Y+4),8 57 Lo DA
FD7105 LD (Y=gt c 50 LD 0.8
FDT205 LD (I¥+d}. 51 LD 0,c
FD730G5 ] HY+d) E 52 Lo 2.0
F7405 s} 11¥+di H 53 LD DE
FD7505 LG (1Y+d), L 54 LD O.H
FDIBE520 LD {1¥+g) n 55 LD oL
328405 LD ina} A 16520 LG D,
££438405 LD {nn} BC EDHBB405 LG DE. ianl
ED538405 LD tnn) DE 118405 L0 DE.nn
228405 H ) {nnl ML SE iD £ {HLE
DD2284905 b [an) IX ODSEGS LG E{1X+d)
¥ 228405 LD lnn} Y E{SE08 LB Ef1Y+d]
ED738405 ib tnn) 5P 5F LD £.4
A LD A (BC) 58 Lo EB
1A LD A (DE) 59 LD £C
7E LD AHLI 5a D £D
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0BJ SOURCE GBJ SOURCE
CODE STATEMENT CODE STATEMENT

58 LD E.E £083 OTIR

5C LD EH ED79 ouTt IC1.A

50 LD E.L £D41 GUT 1,8
1£20 LD En ED4S CUT  {cle

86 Lo H.AHL) EDST ouT  CiD

0DGE0S Lo H{1X+d] EDSA outr  IOIE

FX6603 LD H.{1Y+d) EDBI ouT {ChH

57 LD H.A £D63 out e

60 LD H.B 0320 ouT (n},A

61 ) H.C EDAB GUTD

62 L0 H.O EDAZ QUTI

63 LD H.E £1 0P AF

&4 LD HE c1 POP sc

65 Lo H.L o1 p0P DE
2620 LD H.n El POP HL
ZA8405 LD Hi [nni [nEy [Ta ] e

218405 ] HL nn FOET POP v
ED47 L0 LA £5 PUSH  AF

DD2AB40S LD 1X dnn) c5 PUSH  BC

DDZ18405 LD 1X,80 o5 PUSH  DE

£D2AB405 Lo £Y {nnl E5 PUSH  HL

FD218405 LD 1Y e DDES PUSH X

6E LD LML) FDES PUSH 1Y
DDBEGS Lo LA+t B86 RES 0.0HL;
FOGEDS Lo LiY+dl DDCBO5SEE RES 04X +d}

- LD LA £DCHO586 RES 0l1Y+a)

68 LD LB CBS7 8]ES 0,A

&9 L Le Caso RES 0.8

73 LD L.D cB81 RES oc

6B LD L.E cBE2 HES oD

&C LG LH cB83 RES 0.

60 Lo Ll CER4 RES 0.H
2820 Lo L C885 RES 04

ED4F LD RA CHBE RES LIHL}
E{788405 L0 SP inn} DDCBOSEE RES 114X d}
Fg Lo SPHL FDCBOSBE RES 141¥+d]

DOFY Lo SPIX CH8E fES I.A
FDF9 Lo 5P.1Y coge RES B

318405 Lo 5P an CEEY RES ic
EDAB Loo cBBA ags 1,0
Egiﬁ ‘L-gf’ﬂ cese ags £

CBSC RES 1M

EDBO LDIR

ED4s NEG CBED RES (N

iy NOP CBIE RES 2 (HL}
66 on LI DOCBOSNE RES 2X+d)
DOEES oR b £DCB0O536 RES 2{1y+g)

FDBS05 oR {1Y+d} cag? RES  2A

a7 oR A CBYO RES 28

80 OR 8 cBg3 AES 2c

B1 OR c B9z RES 2.0

82 oR o CB93 AES 2E

B3 OR E cBg4 RES 2.4

B4 P H cB35 AES 2L

B OR L CHBSE RAES 3 kLS

#8620 OR n DDCBOSSE RES 31iX+d}

EDBS OTDR FOCHOS9E RES (Y
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084 SOURCE 084 SOURCE
CODE STATEMENT cOoDE STATEMENT
CBOF RES 1A EDAD RETI
CB9B RES 3.B Ep45 RETN
cBeg AES ic CB16 RL {HL)
CBIA RES 1D DDCHOG16 AL {1X+4)
cBoB RES 3E FOCBO516 AL {1Y+4)
CBaC RES IH ce17 TR A
CBgD RES 3L cB10 RL B
C8A6 RES a4, (HL} cBi1 RL c
DDCBOSAGE  RES aiX+d} ca12 fiL D
FDCBOSAG RES a1y +di C813 RL £
CBAT RES a.a CcB14 R H
CBAD RES 4.8 CB1§ RL L
CBA1 RES ac 17 ALA
CBAZ RES 4.0 CEO6 RLC HL)
CBA3J RES 4.E DDCBOS06 RLC {1%+d)
CBA4 RES 4R FDCBO506 ALC (Y +d)
CBAS RES aL cso? RLC A
CBAE RES 8, (HL} C800 RLC 8
DDCBOSAE  RES 5.(1XK+d} €BOT ALC c
FDCBOSAE  RES 5{tY+d} CBOZ RLC o
CBAF HES 5.4 Ce03 RLC &
CBAB RES 5.8 CRO4 RLC H
c8A9 RES 5.C CBOS RLE L
CBAA RES 50 o7 ALCA
CBAB RES 5.E EDBF RLD
CBAC RES 5.H CBTE fR (HL]
CBAD HES 5L DOCBOSIE AR 1X+d)
CBBG RES G.(HL} FRCBOSIE RA {1Y+d)
DOCBOSBE  RES B.01X+d) CB1F R A
FOCBOS86  RES  6,ifYed! ca18 RR 8
cBB7 RES 6.A CRiD RR c
CBBO RES ) CBIA RR ]
CBB1 RES 6.C CB18 RR E
cRez RES 50 cBiI1C AR H
cBB3 RES &,E f}i:?? D ggA L
gg:g ::2 2’: CBog RRC  (HLI
pion ass 7L DDCBOSOE RAC {IX+d)
DDCBOSBE ~ RES  7{iX+dl FOCBOSOE  RAC  {IY+d]
EDCBOSBE  RES  7(IY+d) g:gg 2:2 g\
caaF RES 74 caod ARG C©
case RES 7.8 CBOA RRC s}
€BBY RES 7. ol i 0
CBBA RES 7.0 oBOC e o
cBBR RES 7.E
cBBC REs n ggoo ARC L
. REBCA
CBBD RES 7L EDE7 ARD
c9 RET c7 AST  OOH
D8 AET c or RsT o8H
F8 AET M o7 RST 16H
Do RET NC OF ast 180
co AET NZ e7 AsT 04
FO RET P EF RsT 78H
£8 RET PE 7 AST 30H
=0 RET 0 FE RST  38H
c8 BET 4 CE20 SBC An
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oBJ SOURCE OBl SOURCE

CODE STATEMENTY CODE STATEMENT
9E SBC A,(HL) GOCBOSES  SET alX+d)
DDYEDS SBC A {EX+d} FDCBOSER SET 41FY+d
FOBEDS SBC AlIY+dl CBE7 SET a.a
as $BC AA CBED SET ap
98 SEC A8 CBE1 SET ac
99 SBC AL CBE2 SET an
aA SBC AD CBE3 SET 4E
38 SBC AE CBE4 SET aH
ac SBC AH CBES SET aL
a0 $BC AL CBEE SET 5.IHL}
ED42 SBC HL BC DDCBOSEE ~ SET 5,1X+d}
£D52 $BC HL DE FOCBOSEE  $ET 5{1y+g)
EDB2 SBC HLHL CBEF SET 5.4
£072 SBC HL P CBES SET %8
3 SCF C8EQ SET 5C
CBCS SET G.irHL) CHEA SET 50
DDCBOLCS SET [t R13 £33 csER SET 5.8
FDCROSCE SET 341Y+d) CBEC SET 5H
CBC7 SET 0.A CBED SET 5.1
CBCG SET a8 CRES SET 6.084L)
CaCi SET - 0C DDCBOSFE  SET . 01%+d)
cac2 SET 0D FDCBOSFE  SET  &6(1Y+d)
cac3 SET 0.E CRF7 SET BA
cace SET aH CBEO SET 6.8
CBCS SET oL CBFI SET 6.
cBCE SET  hinL) cer? SET 6.0
DDCBOSCE  SET 10X+ d} P sET 6.c
FDCBOSCE  SET 141Y +q} CBFS SET 6 1
cack SET 1A CHFS SET 6L
cacs SET 1B CBFE SET 7.(HL
caco SET L DDCBOSFE  SET 7.0+ d)
CaCA SET £D FDCHOSFE SET 7Y+
cach SET (E CHEE SET A
CBCC SET 1M CBFE st 78
CBCD SET i.L CBF9 SET 1.0
capé SET 2,(HL1 CBFA SET 10
DDCBOS06 SET 20¥X+d) CBEB SET 7,E
FOCB80506 SET 20Y +d} CBFC SET 7H
€ab7 SET 2.A CBFD SET 7L
csno SET 2.8 CB26 SLA HL}
csn SET 2c ODCB0526 sLA {1X+d]
cso? SET 2D FOCBOS26 sLA 1Y 4}
CBD3 S5ET 2.E cRYy SLA A
ceDa SET 2H CB20 SLA 8
CBDS SET 2L ce SLA c
cBDa SET 3.8 cB22 SLA o
CBDE SET 3,IHLI cB23 SLA £
DOCBOSDE  SET 3,01%+d} c824 SLA H
FOCBORDE SET KRINEY: cas SLA L
CBDF SET 3A CB2E SRA (HL}
cabs SET 3c DOCBOSZE SRA {IX+d}
CB8DA SET 3.0 FOCBOS2E SRA {1¥+d)
CEo8 3EY 3E ca2fe SRA A
csde SET 34 c828 SRA g
c8DG SET 3L cB29 SHA c
CBEG SET 4,(HL) cB2A SRA o
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CBJ SOURCE

CODE STATEMENT
CBIB SRA E
CB2C SRA H
c8D SRA L
CB3E SRL tHLY
DOCBROS3E SRL (I1X+di
FDCBOS3E SAL {1¥+d)
CB3F SHL A
CB38 SHL g
CB39 SRL C
C83A SAL B
838 SAL £
CBiC SRL +
CB3D SAL L
a6 suB ML
D0a6es suB {IX+d}
FDO605 suB (1Y +ed}
97 SUB A
G 5U8 8
91 suB o
92 SUB s}
83 SUB E
94 suUB H
95 SUB L
2620 su8 0
AL X0OR fHL}
ODAEQS XCR fIxed}
FOAEQDS XOR 1Y +d)
AF XOR A
AB XOR B
AG ACR [o
AR XGR o
AR XOR E
AC XOR H
AD XOR L
EE3C *OR 1]

(Courtesy of Zilog {nc.}
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PPENDIX F

780 1o 8080 EQUIVALENCE

ZBo 8080 F4: 1) 8080 80 a0ao
ABCA (HL)  ADCM EX(SP), HL XIHL ORn ORI B
ADC A, n ACIT82Z] HALT HLT OR+ ORA ¢
ADC A ADC, IN A, (n} N B2} OR {HL} CORA #
ADDA, {(HI}  ADDM INC BC INX B GUt (), A OuT [B2]
ADD A, n ADI (B2} INC DE INX D FOP AF POP PSW
ADD A, | ADD INC HL INX H POPRT PCPB
ADDHL BC  DADS N, IR POP DE PORD
ADDHL, DE DADD INC SP 1M 5P PGP HL POPH
ADDHL HL  DADH INC (HL} NR A4 PUSH AF PUSH PSW
ADD HL, SP BAD SF PC o0 IC{B2] (B3 PUSHBC PUSH B
ANDn Al (82 P M, an 1M IB2YIB3 PUSH DE PUSH D
AND 7 ANA PNC, pn ANC B2} B3 PUSHHL PUSHH
AND {HL) ANA #an AP 1B} 1B REY RET
CALLT, on CCiB2 (B3} WPNZ, nn NZ 182 (B3 RETC ac
CALLM, nn CA[B2][B3] PP onn 1P [B2) 831 REF M M
CALENG, no CNC [B2][83] PPE nn JPE IB2yB31 RET WU NG
CALL an CALL PPO, an JPO [B21B3 RETNZ RNZ
CALLMZ, nn  CNZ 182 [83) JPZ on 12 §B23 1B31 RETP ]
CALLP nn CPaz| By JP {HL) PCHL RETP% RPE
CAILPE nn CPE 1B2} (83 LD A, {DE) 0AX RET PO RPO
CALLPO, nn CPOB2] (B3] (DA {nn} DA iB2] (83} RETZ RZ
CALZ, nn CZia21{83) tDDE, nn LD, 82]183] RLA RAL
CCF e LDSP, nn LXi 5P, {82] [83] RLCA R
CPr CMPr LD (BCY A STAX S HRA RAR
CR{KL} CMP A LD {BE), A STAX D RRCA RRC
Py TMA D HL, - MOV M., RSP ASTP
CPn CPHRZ] Winng A STA [82] [83] 58C A, (HL} S5B M
DAA DAL D {ra), HL SHLO (32 1B 58CA. p 581[82)
DEC BC BCX B (D A, {BC) IDAX B SBCA, . 588
DEC BE oCXD O EC, nn LXIB, {82] B3] SCE s1C
GEC ML DCXH LOHL, {nn) LHLD (B2} [B3] SUBn 5U1 (B2}
DEC OCR+ WHL, e 11 H (82} (B3] SUBr SUBt
DEC 5P DEX P D, (HC) MOV, M SUB L) SUB A4
DEC {HY) DCR M Or. MVir, [82) XQR n XRI{BZ}
Di ot D’ MOV rE, 12 XORr XRA ¢
] £ LD 5P, HL SPHE XOR (HL} XRA M
EX DE. HL XCHG NOP NOF

615



APPENDIX G

8080 to 230 EQUIVALENCE

8060 Z80 8080 80 808¢ 280
ACHB2Y ADC A, n IN [B2] INA, (n} POPH POP HL
ADC M ADC A, {HL} INR M INGC {HL) POP PSW POR AF
ADC, ADCA, . INR T INC PUSH B PUSH BC
ADD M ADD A, {Bi) INX B NG BC PUSH D PUSH DE
ADD ¢ ADD A, s MX D INC DE PUSHH PUSH HL
ADI BT ADD A, n NX H INC HL PUSH PSW PUSH AF
AN AND {HL) INX 5P INC 5P RAL RLA
ANA« ANDT HCIB2)BN Conn RAR RA
ANEIBZ AND n MIB2I(BI PM an RC RETC
CALL CALE nn JMPIBZ}{B3}  JPan RET RET
CCIBZ) (B3]  CAltL. nn INCIBZ) (B3} JPNC, nn RiC RLCA
CMIBZ] B3] CALLM, nn IMZ BB NI, an RM RET M
Cha CPL 1P{B2} {B3} JPP, an RNC RET WK
ome CCF IPE{B2) (B3}  JPPE, nn RNZ RET NZ
CHF M CP (ML) IPQIB2]{BI]  FFO. an RP RETP
CMP CPr JLIBI(BH IPZ en RPE RETPE
CNC 82} (B3] CALNC. nn WA (B2} (B3] DA, (nn) RPO RETPO
CNZ{B2]{B3] CAUNZ, nn LDAX B WA, [B8C) RAC RRCA
CPIB?][B3]  CALLF an LDAXD A, (B£) RST RSYP
CPE82}{83] CALLPE nn LHiD [82] [B3] LDHL. {nn} RZ RETZ

CFi {B2Y CPn 1X:8182]{B3 LOBC, nn SBB M SBC A, (HL)
CPCBZ] (B3} CALLFO, an LDID [82}{83] LDOE, nn SBBr SBCA,
Cz182){831 CAiLZ on L H[B2] B3] LDHL mn s81182] SBCA, »
Das DAA LXI SP (B2} {B3] LOSA, nn SHLD [B2] [B3] LD (nn), HL
BARE ADCHL, 8C MOV M, LD (HL}, ¢ SPHL {DSP, HL
DA B ADD ML, DE MOV M LD, {HL) STA8Z][B3] D (nn) A
DADH ADO HL, HL MOVt 2 o, S1AX B iD(8C}, A
DAD SP ABD L, 5P AV W (HL], n STAXD 1D {DF), A
BCRM DEC (HL) PV [B2] W n S7C SCF

DCR ¢ DEC. NOP NOP SUB M SUB {HL)
bcxe DECBC ORA KA OR (HU) SUB SUBr
b0 DD L L B
DCx gp DEC sp QORI (B2} ORn XCHG EX DE, ML
o i OuF 182 OUT (n}, & XRA M XOR (HL}
& by PCHL JP{HL} XRA XORr
HALT e FOPB FOPBC XRi {82] XCRa

POF D POF BE XTHL EX {SP}, HL
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INDEX

A B
absolute addressing 108, 439, 446 B 62
ACT 61 banks of registers 62
accumudator 419 BASIC 24
ADC 101 basic architecture 46
ADC A s 180 basic concepis 15
ADCHL, 55 192 basic programmung choices 519
ADD 101 basie programming Ltechniques 94
ADD A, (HL) 84, 194 BCD 35, 37,525
ADD A {IX + d} 186 BCD addition 167, 110
ADDA (Y + &) 198 BCD arithmetic 107
ADD A, n 67, 200 BCD block transfers 530
ADDAr 67,75, 76, 201 BCD Nags 1i2
ADDHL,ss 203 BCD representation 35
ADDIX, 205 BCD subtractson 110
ADDEY, ry 207 BCD 1able 35
addition 58, 85, 100, 105 benchmark 470
address bus 47 binary 20,21,22,41,45
address registers 31 binary code 19
addressing 438, 442 bemary digit 18
addressing snodes 438, 440, 444, 445 binary division 133
addressing techmgues 418 binary logic 18
algarithm 18, 16, 114, 53¢ binary representation 41
alphabeuic list 558, 565, 569, 570 binary search 546, 558, 559, 560,
alphanumeric data 3e 561, 566, 567, 568
ALU 46, 77, 85 BIT by, (ML} 211
AND 166, 167 BITk, (X + d) 213
ANDs 209 BITh (IY + &) 215
applicaton exampiles 520 BiTf b, r 217
arithmetic-logical unit 46, 61 bt 1§, 20, 41
arithmetic programs 94 byt addressing 448
arithmetic shify 119 bt mampulation 172, 173
ASCII 39, 524, 525 ng serial transfer 471,472
ASCII conversion table 40 block 540, 542, 544
assembler 96, 582, 590 block transfer 450, 451, 453, 458, 530
assembler directives 396, 598 biock transfer
assembiler fields 590 tnstructions 163, 450, 452
assembly-language 67, 580, 592 bootstrap 48
assigaing a vajue 593 bracket testing 523
asynchronous 471, 496, 518 branch nstruction 441
automated Z80 branching point 115
nsLruCLions i42, 453, 455 preak character 467
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preakpomnt 584, 586
pubble-sort 333, 534, 535, 536, 537
buffer register 39,61
buffered 49
buffers 13
bus request 497
BUSRQ 92,497
byte i8, 19, 41, 444
C

C 28, 30,31,62,73
CALL 145, 156, 446, 500
CALLcc, pq 219
CALL pa 222
CCF 224
CALLSUB 143, 144, 145
carry 22,23,26, 28,30, 174
ceniral-processing uni 46
checksum computauon 328
circular list 544, 545
classes of instructions 154
clearing mernory 520
clock 47
clack eyeles 69
clock-synrchronous logic 86
code conversion 525
coding 16
combination chips 48
commands i6
comment field 590
compare 531
compiler 545, 581, 582
COND 600
conclusion 602
conditional assembly 600
coaditzonal instruction 50
constants 439, 445, 594
control box 49
control bus 47
controif instructions 157, 185

controf registers 512,513,515

control signals a1
canirol unit 46
count the zeroes 529
counter 463, 465
CP i66
CPs 225
cPD 227
CPDR 229
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CPl 231
CPIR 233
CPL 165, 235
CPU 46, 187
critical race 6
CRT display 444, 587
crystal 47
CL! 46
[

D 62,74
DAA 109, 236
data buffer 511
data bus 47
data counters 51

data directson register §12
data processing 155
dala processing instructions 164
data ready 469
data represeniation 548
dala structures 539
data transfers 154, 158, 160
debugger 583
debugging i8
degimal 20,21, 22
DECm 238
DEC 240
DECIX 242
DECIY 243
decode 71,86
decoding 56
decoding logic 49
decrement 164, 442
DEFB 596
DEFL 596
DEFM 397
DEFS 397
DEFW 596
delay generasion 463
delay loop 464, 483
deleting 553, 565,574
design examples 548
destmation regssier &7
development systems 587
DFB 5946
01 244
direct addressing 439, 44]

direct binary i9
direction regssier 515



directives
directories
disk operating system
disptacement
displacement field
DINZ e

DMA

documeniing

DOS

doubly-linked lists
double-precision format
drivers

E

E

EBCDIC

echo

editor

El

8-but addition

8-bit division

clement deletion

element insesiion

emilator

END

ENDC

ENDM

EPROM's

EQU

error

BrTOT Messages

EX AF, AF?

exchange instractions

Exclusive ORing

EX DE, HL

executable statements

execule

execution

execution cycle

exponent

EX({SP), HL

EX {5, IX

EX{5P), 1Y

exiended addressing

external represeniation
ol informat:ion

EXX

id6, 571, 580, 594

541, 545
541, 582
63

442

245
491, 498
97

582

345, 546
34

49

a2

39

486

583

247

95

134, 137
564
550, 563
583

597

600

597

585

596

586

592

162

162

31

249

i6

71

56, 69, 599
55
37,38
250

252

254

160, 441, 446

41, 44
256

INDEX

F

F 3]
fetch 55,70, 84
fetch-execute averlap 78
FIFO 543
file direciory 541
fiags 31,30, 51, 179, 180
flags register 61
fiip-flops 51

floating posni represendation 37, 38

flowcharung 16,17, 114,
450, 464, 469, 494, 559
front panel 45, 589
G
general purpose registers 51
getung characters in 522
H
H 62,176
haif-carry flag (H) 176
HALT 92, 185, 257
hardshaking 477,478,511
hardware 93
hardware delays 465
hardware organization 46
hardware resources 587, 589
HEX 525
hexadecimai 41, 42, 481
hexadecimmal coding 43,579
high byie 103
lngh level language 581
14
f 63
IFFi 499
[FF2 499
illegal code 107
IMO 258
M 259
M2 260
immediate addressing 108,159,439,445
mmediate operation 69
implicit addressing 438, 445
smplied addressing 438
mproved muluplication 126, 128, 129
INT (O 261
IN A, (N) 263
im-circuit emuialor 585
INC(HL) 267
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INCr 264
merement 164, 442
mcrementes 57
INCrr 265
INC(IX + &) 268
INCY + d) 276
INCIX 272
INCIY 273
IND 2

index register 33,63, 441,442
indexed addressing 160, 441, 447, 540

imdeximg 63
sadirect addressing 443, 444, 448, 540
indirect indexed addressing 443
indirect memory access 499
INDR 216
information representation 18
ir-house computer 588
IN] 278
INIR 280
Input/output 157,460, 518
input/cutput devices 511, 521
Input/ cutput snstructions 183, 460
npul register 466
mserting 552,573
nstruenon 96
instruction field 550
imstruction formats 66
mstruction regisier 55, 64
mstruction set 154
pstruction types £12
INT 1
iternal controi registers 51,513
internat representation
of infermation 18
mnterpreted 69
interpreter 545, 581, 582
mnterrupt 466, 496, 497, 500, 505,
308, 509, 511
mterrupt acknowledge 500
derrupt flag 187
mterrupt handier 502
interrupt logic 510
interrupt-mask-bit 499
interrupt mode 0 500
interrupt mode | 503
interrupt mode 2 504
interrupt averhead 504

interrupt-page addressing register 63
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interrupt table
interrupt vector
interrupts

i/0 control
IO0RQ

1R

X

1Y

J

IPcc, po
IP nn
JPpa
JP(HL}
JP(IXy
IP{Y)
JRce, e
JRe
JTUMP

Jemp wstruction
jump relative (JR}

K

L

L.

label field
iargest element
LD A, (n, ni
LbB,C

LDD

LDDR

LD}

LDIR

LD dd, (nm)
LDdd,an
Lbrn
LDr,r
LDr, T
LD(BC), A
LD{(DE), A
LD(HL), n
LD(HL}), r
LDr, (HL)
Lbr,dX + &)
LD {IY + d)
LD({IX + d)y,n
LD{IY + d),n

504
458
495

92

92, 500

33,63
63

282

89

284

285

286

287

288

290

90, 172, 179, 441
156, 182
446, 447

24

62
590
526,527
69, 86
12
164
164
164
142, 164
i
293
295
66
297
299
300
301
303
336
305
307
309
k3|



LDUX + dyr 313
LD(IY + &), ¢ 315
LD {nny, A 317
LD {nn}, A g
LD {nn}, dd 321
LD (nn), HL 323
LD (nm), IX 325
LD (nnj, 1Y 327
LD A, (BO 329
LD A, (DE) 330
LDAI 331
LDi, A 332
LBAR 333
LD HL, (nn) 334
LD IX, nn 336
LD iX, {(nn) 338
LD IY, {nn} 340
LD 1Y, nn 342
LDR,A 344
LD SP, HL 345
LDSP, IX 346
LDSP, 1Y 347
L.DD 348
LDODR 350
LDl 352
LDIR 154
LED 41, 480
LIFO structure 540, 544
light esituing diodes 41
linked list 542, 544, 568, 571, 573,
574, 577, 578
linked loader 583
liss 540, 548, 549, 550, 555, 556, 5587
listing 590
list pointer 542
literal 69, 419, 455, 594
load 96, 106
lpader 583
logarithmic searching 546, 562
iogical 166, 558
log:cal errors 582
iogical operations 141
togical shift e
long addressing 449
longer delay 464
M
machine cycle 69
MACRO 597, 598, 600

INDEX

manissa 38
MASK 168, 522
memaory cycles 55
MEmEry map 453, 586
memory-mapped [/0 157
memory-refresh register 64
MICrO INSirUctions 86
mniemonic 67,579
M1 G2
modes 444
momtor 48, 582
momioring 467
MOS Technology 6502 452
MPU 52,59
MPU piout 91
MREQ 92
muitiple devices 506
multipie LED's 482
muitiple precision 58
multiplexer 52,62

multiplication 113, 114, 115, 116,

124, 151, 152, 153

MUX 52,62
N

N 34
NEG 358
negaiive 24, 26,32
nested calls 145
nibble 18, 36
NMI 91,92, 498
nonmaskable interrupt 498
nonrestoring method 133
NOP 359
NOPs 92
nermalize 37
normalized mantissa 37
[0

octal 4], 42
odometer 463
one’s complement 25
one-shot 466
opcode 66, 86, 439, 444, 446
operand 100, 102, 438, 439
operating system 582
operator precedence 587
OR 166, 168
ORs 360
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ORG

OTDR

OTIR
QUT(C), 1
OUT (N}, A
QuTDE

OUT1

output register
overdraw
averflow
gverlap technigue

P

packed BCD

packed BCD subtract
paper-tape readers
paraliel input/output
paraliel work transfer
parnty bit

parity generation

party/overflow (P/VY

PC
PiC

596
362
364
366
368
369
n
463
133
28,30, 31,32
9

36, 107

110, 111

494

48

467, 468, 469
39, 40

524

175

52

446, 506

PIO 48,511,512, 513, 514, 515, 518
pointers 51, 62, 444, 539, 544, 550, 551

polling
pelling loop
POP qg
POP IX
POPIY
pop

port
positional notation
positive
post-indexing
power failures
pre-indexing
printer

program

program counter

program development

program laops

466, 469, 492, 521, 544

493, 494
373

375

377

53,76, 154
51, 518, 516
20
24,26, 32
442, 443

48

442

44, 479, 495
16, 48

52

579, 584
63, 121

programmable saput/output chip 511

programmable interval

timer (PIT) 463, 465
programmer’s model 94
programming 15, 16, 515, 518, 602
programming language 16
pseudo-instruciions 98
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pulse 462, 467
puise counting 466
punch 495
PUSH gq 379
PUSH IX 381
PUSH IY 383
push 53,76, 154
Q

gueue 543, 544
R

R 64
RAM 48,75, 584, 587
random element 541
RLCA 385
RD 92
read operation 96, 515
read-only memory 48
read-write memary 48,75
TECUrsion 148
reference table 571
register addressing 438
register indirect addressing 444, 448
register-interrupt 184
regisier patrs 5t
fegIsters 31,51, 149,439, 474
relative addressing 441, 446
relative jump 156
relays 461, 462
request blocks 543
RESh, s 386
RESET g2
restoring method 133
RET 389
RET¢c 391
RETI {81, 393, 501
RETN 181, 395, 499
RETURN 144, 145
RFSH 93
RLs 397
RLA 199
RLCr 103
RLC(HL} 402
RLC(IX + &) 404
RLC{IY + ) 406
RLD 408
ROM 48
rotation 120, 155,170, 171



rotate 50, 156
round robin 544, 545
RRs 410
RRA 412
RRCs 413
RRCA 415
RRD 416
RST 183, 500
RSTp 418
rubout 467
S
S 178
saving the registers 502
SBCA,s 420
SBCHL, ss 422
SCF 424
scheduling 491
searching 551,558,572
segment drivers 484
SEgIMents 480,541
sensing pulses 466
sequential lists 540
sequential searching 546
service routing 492
SETbH, s 425
seven-segment light-ermitting

diode (LED) 480, 481
shift 50, 118, 120, 155, 156
short addressing 441, 446, 445
short instruction 19
sign 178
signal 461
signed binary 24,25
signed numbers 532
simptle list 551
simulator 583
simultaneous interrupts 507
single-board microcomputers 587
16-bit accumulator 103
16 by 8 division 134,135
16 by 16 multiplication 130,131
skew pperations 169
skip 157
SLAs 428
software aids 582, 587
SP 53
spectal digit instructions 172
speed 476

INDEX

SRAs 430
SRLs 432
stack 53, 146, 149, 496, 508, 539, 544
stack pointer 53, 540
standard architecture 49
standard PIO 51
status 31, 85,476,515
status bits 50,512
status register 30
storing operands 102
string of characters 490
SUIB A, s 434
subroutine call 143, 146
subroutine library E54
subroutine mechanism {44
subroutine parameters 149
subroutines 142, 147, 443, 598
subtraction 104
subtract {N) 175
sum of N elements 527,528
symbolic 41, 44
symbols 592, 593
synchronous 471,496
syntactic ambiguity 16
SYntax 544
system architecture 46
T

tables 526, 539, 340, 551, 554, 592
technological development 602
teletype 464, 485, 487, 488, 489
Lemporary register 61

iest 16, 156, 172
testing a character 523

simer 465

time-sharng system 588

{HBINg 463

trace 585

transfers 52
trees 544, 545
trancating 34
truth table 167
two’s compiement 25,26,27,29
two-level directory 541

U

UART 477,518
underflow 32
utility routines 583
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A4
v
$
vectoning of interrupts

W

W

WAIT

working regisiers
WR

624

28, 30, 3%
137
504

87
92
496
92

XOR
XORs

Z

Z

Z80 registers

Zef0

zero page addressing
Zilog Z80O PIO

Zilog Z&0 SIO

166, 169
436

87,177
95
177
441, 446
516, 517
518
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The SYBEX Library

BASIC PROGRAMS FOR SCIENTISTS AND ENGINEERS
by Alan R. Miller 340 pp., 120 illustr., Ref, B240

This second book in the *‘Programs for Scientists and Engineers” series providesa
library of problem solving programs while developing proficiency in BASIC.

INSIDE BASIC GAMES

by Richard Mateosian 350 pp., 240 liustr., Ref. B245

Teaches interactive BASIC programming through games. Games are written in
Microsoft BASIC and can run on the TRS-80, APPLE II and PET/CBM.

FIFTY BASIC EXERCISES

by J.P. Lamoitier 240 pp., 195 Iilustr., Ref. B250

Teaches BASIC by actual practice using graduated exercises drawn from everyday
applications. All programs written 1n Microsoft BASIC.

EXECUTIVE PLANNING WITH BASIC

by X.T. Bui 192 pp., i%illustr., Refl. B380

An important collection of business management decision modeis in BASIC,
including Inventory Management (EOQ), Critical Path Analysis and PERT,
Financial Ratio Analysis, Portfolio Management, and much more.

BASIC FOR BUSINESS

by Douglas Hergert 250 pp., 15 illustr., Rel, B39¢

A logically orgamzed, no-nonsense introduction to BASIC programming for
business applications. Includes many fully explained accounting programs, and
shows you how to write them.

YOUR FIRST COMPUTER

by Rodnay Zaks 260 pp., 150 Hiustr., Ref. C200A

The maost popular introduction to small computers and their peripherals: what
they do and how to buy one.

DON’T (or How to Care for Your Computer)

by Rodnay Zaks 220 pp., 100 Iiustr., Ref, C400

The correct way to handle and care for all elemnents of a computer systeminctuding
what to do when something doesn’t work.

INTRODUCTION TO WORD PROCESSING

by Hal Glatzer 200 pp., 70 illustr., Ref. W101

Explains in plain language what a word processor can do, how it improves produc-
tivity, how to use a word processor and how to buy one wisely.

INTRODUCTION TO WORDSTAR

by Arthur Naiman 200 pp., 30 ilustr., Ref, Wi10

Makes it easy to learn how to use WordStar, a powerful word processing program
for personal computers.

FROM CHIPS TO SYSTEMS: AN INTRODUCTION TO
MICROPROCESSORS

by Rodnay Zaks 3560 pp., 255 iliustr., Ref. C207A

A simple and comprehensive introduction to microprocessors from both a hard-

ware and software standpoint: what they are, how they operate, how to assemble
them into a complete system.



MICROPROCESSOR INTERFACING TECHNIQUES

by Rodnay Zaks and Austin Lesea 460 pp., 400 Illustr., Ref. C207

Complete hardware and software interconnect techaiques inciuding D to A con-
version, peripherals, standard buses and troubleshooting.

PROGRAMMING THE 6502

by Rodnay Zaks 390 pp., 160 Hiustr., Ref, C202

Assernbly language programming for the 6502, from basic concepts to advanced
data structures,

63502 APPLICATIONS BOOK
by Rodnay Zaks 280 pp., 205 iustr., Ref, D302
Real life application techniques: the inputloutput book for the 6502.

6502 GAMES

by Rodnay Zaks 300 pp.. 140 [liustr., Ref. G402

Third in the 6502 series. Teaches more advanced programming techniques, using
games as a framework for learning,

PROGRAMMING THE Z80

by Rodnay Zaks 620 pp., 200 Hlustr., Ref, C280

A compiete course in programming the Z80 microprocessor and a thorough intro-
duction to assembly language.

PROGRAMMING THE Z8000

by Richard Mateosian 300 pp., 125 lllustr., Ref. C281

How to program the Z8000 16-bit mucroprocessor. Includes a description of the
architecture and function of the Z8000 and its family of support chips.

THE CP/M HANDBQOOK {with MP/M)

by Rodnay Zaks 330 pp., 100 Husir., Ref, C300

An mdispensable reference and guide to CP/M--the most widely used operating
system for small computers.

INTRODUCTION TO PASCAL (Inciuding UCSD PASCAL)
by Rodunay Zaks 420 pp., 130 Hlustr., Ref. P310

A step-by-step introduction for anyone wanting to learn the Pascal language.
Describes UCSD and Standard Pascals. No technical background is assumed.

THE PASCAL BANDBOOK

by Jacques Tiberghier 490 pp., 350 lllustr., Ref. P320

A dictionary of the Pascal language, defining every reserved word, operator, pro-
cedure and funchion found in all mayor versions of Pascal.

PASCAL PROGRAMS FOR SCIENTISTS AND ENGINEERS
by Alan Miller 400 pp., 80 Nltustr., Ref. P340

A comprehensive collection of frequently used algorithms for scientific and
technical applications, programmed in Pascal. Includes such programs as curve-
fitting, 1ntegrals and statistical techniques.

APPLE PASCAL GAMES

by Dougias Hergert and Joseph T. Kalash 380 pp., 40 illustr., Ref. P360

A collection of the most popular computer games it Pascal challenging the reader
not ondy {0 play but to investigate how games are implemented on the computer,



INTRODUCTION TO UCSD PASCAL SYSTEMS

by Charles T. Grant and Jon Butah 300 pp., 110 ilusir., Ref. P370

A simple, clear introduction to the UCSD Pascal Operating Systemn for beginners
through experienced programmers.

INTERNATIONAL MICROCOMPUTER DICTIONARY

140 pp., Ref. X2

All the definitions and acronyms of microcomputer jargon defined m a handy
pocket-size edition. Includes transtations of the most popular terms into ten
fanguages.

MICROPROGRAMMED APL IMPLEMENTATION

by Rodnay Zaks 350 pp., Ref. Z10

An expert-level text presenting the complete conceptual analysis and design of an
APL mterpreter, and actual listings of the microcode.

SELF STUDY COURSES

Recorded live at seniinars given by recogrized professionals in the microprocessor
field.
INTRODUCTORY SHORT COURSES:

Each inciudes two cassettes plus special coordinated workbook. (272 hours)

S10—-INTRODUCTION TO PERSONAL AND BUSINESS
COMPUTING

A comprehensive introduction to small computer systems for those planning to
use or buy one, including peripherals and pufalls.

S1—INTRODUCTION TO MICROPROCESSORS

How microprocessors work, including basic concepts, applications, advantages
and disadvantages.

$2—PROGRAMMING MICROPROCESSORS

The companion to S1. How to program any standard microprocessor, and how it
operates internally. Requires a basic understanding of microprocessors.

S3—DESIGNING A MICROPROCESSOR SYSTEM
Learn how to Interconnect a complete system, wire by wire, Technigues discussed
are applicable to all standard microprocessors.

INTRODUCTORY COMPREHENSIVE COURSES:

Each includes a 300-500 page seminar book and seven or elght (90 cassettes.

SB3—MICROPROCESSORS

This serminar teaches all aspects of microprocessors: from the operation of an MPU
to the complete interconnect of a system. The basic hardware course. (12 hours)
SB2—MICROPROCESSOR PROGRAMMING

The basic software course: step by step through all the important aspects of micro-
computer programming. {10 hours}



ADVANCED COURSES:
Each includes a 300-500 page workbook and three or four C90 cassetfes.

SB3—SEVERE ENVIRONMENT/MILITARY
MICROPROCESSOR SYSTEMS

Complete discussion of constramts, techniques and systems for severe environ-
mental applications, inciuding Hughes, Raytheon, Actron and other militarized
systems, (6 hours} :

SB5—BIT-SLICE
Learn how to build a complete system with bit slices. Also examines innovative
applications of bit slice techniques. {6 hours}

SB6—INDUSTRIAL MICROPROCESSOR SYSTEMS

Seminar examines actual industrial hardware and software techniques, components,
programs and cost, {442 hours}

SB7—MICROPROCESSOR INTERFACING

Explains how to assemble, interface and interconnect a system. (6 hours).
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PROGRAMMING THE Z80

has besn designed both as an educational text and as a self-contained relerence book. As suciy, it
can be usad as a compledé introductory book on programming, ranging from the basic concepis to
advanced data structures manipulations.

It also contains a comprehensive description of all the Z80 instructions as well as its int=/nal
operation, and should provide a comprehensive reference for the reader who is already familiar
with the principles of programming, but wishes to learn the Z80.

This ook is the result of extensive experience by the author in the field of edu cation and
programming. As such, it has been designed to be clear and easy to read. All concapis are
exp'ained in simple yet precise terms, building progressively towards more complex techniques
Tlie reader will gain not only an understanding of programming in the languzge of tha 280 nut also
a detailed understanding of the way a microprocessor such as the Z80 actually executes
instructions. The reader will iollow the flow of execution between the various registers and along
the buses. This is indispensible for effective programming at machine level in the world of
microprocessors. Because programining is not just the skill of coding an algorithm into a
programming language but also the art of designing appropriate data structures, an extensive
chapter on data structures is prasentec which both introduces the concepts and actual application
programs. The reader will find there lists, taoles, binary trees, and the required algoritams.

After reading this book, the reader should have acquired all the basic skills requird to
program not just at the elementary level, but in mocl practical cases.
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ABCUT THE AUTHOR |

Dr. Rodnay Zaks has been involved with the industrial use of microprocessors since thay first
appeared. He is the author of a number of best-selling books on all aspects of microprocaessors. 3
He has taught microprocessor courses to more than 5,000 people intemationally, ranging from the
introductory level to bit-slice microprogramming techniques. He holds & Ph.D. in Computer
Science from the University of California at Berkeley, and is a member of ACM and IEEE

i o I )

S

ISBN D089588-057 -1

Printed in USA for Radio Shack, A Division of Tandy Corporation 1






