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Introduction

A few years ago, when microprocessors were first introduced, computer enthusiasts
and electrical engineers were one and the same. Those of us who lived only to solder
kluge after kluge basked in our glory. Now, however, the prices of completely assem-
bled and packaged systems have plummeted. Today anyone with an interest, almost
regardless of technical capabilities, can own and operate a computer. Buying a com-
puter is now similar to purchasing a television set and the ranks of computer en-
thusiasts have swelled accordingly.

With any popular movement, the available literature reflects the concerns of a ma-
jority of the followers. And, consistent with the popularization of computer science,
the technical emphasis on computer bookshelves has shifted away from hardware
design. Other than introductory texts called, say, How Logic Gates Work, most com-
puter books either treat microcomputer hardware simplistically or attempt to be
”catch-all” cookbooks, sometimes omitting tasty ingredients. Often, the only alter-
natives are engineering texts and trade journals, tedious reading at best.

For a number of years, I have been writing a column for BYTE magazine, and reader
response has shown that there still exists a great deal of interest in hardware design and
do-it-yourself projects. At the same time, I've been painfully aware of the lack of
materials for such people. Most queries come from technical or high school students
who have read all the descriptions and studied the block diagrams, but who crave prac-
tical answers and system examples. Unfortunately, there are very few books I can sug-
gest.

Build Your Own Z80 Computer is a book written for technically minded individuals
who are interested in knowing what is inside a microcomputer. It is for persons who,
already possessing a basic understanding of electronics, want to build rather than pur-
chase a computer. It is not an introductory electronics handbook that starts by describ-
ing logic gates nor on the other hand is it a text written only for engineering students.
While serving to educate the curious, the objective of this book is to present a practical,
step-by-step analysis of digital computer architecture, and the construction details of a
complete and functional microcomputer.

The computer to be constructed is called a Z80 Applications Processor—ZAP com-
puter for short. It is based on the industry standard Zilog 280 microprocessor chip.
This chip was chosen on the basis of its availability and low cost, as were the other
components for ZAP. To further help the homebrew enthusiast, and for those ex-
perimenters who prefer to start a book at the back, I have listed in Appendix A a com-
pany that supplies parts and programmed EPROMs (erasable-programmable read-only
memory).

I have structured the book as a logical sequence of construction milestones in-
terspersed by practical discussions on the theory of operation. My purpose is twofold:
to help a potential builder gain confidence, and to make the material more palatable
through concrete examples.

Though this is basically a construction manual, considerable effort is given to the
“why’s” and ”how’s" of computer design. The reader is exposed to various subjects, in-
cluding: the internal architectures of selected microprocessors, memory mapping,
input/output interfacing, power supplies, peripheral communication, and program-
ming. All discussions try to make the reader aware of each individual component's ef-
fect on the total system. Even though I have documented the specific details of the ZAP
computer, it is my intention (and the premise of the book) that the reader will be able
to configure a custom computer. ZAP is an experimental tool that can be expanded to
meet a variety of applications.

vii
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ZAP is constructed as a series of subsystems that can be checked and exercised in-
dependently. The first item to be built is the power supply. This is a good way to test
ability and provide immediate positive reinforcement from successful construction.
The three-voltage supply is both overvoltage and overtemperature protected and has
adequate current for an expanded ZAP system.

Next, the reader learns why the 280 was chosen for ZAP and the architectural con-
siderations that affect component selection on the other subsystems. A full chapter is
devoted to the Z80 chip. Each control signal is explained in detail and each instruction
is carefully documented.

The hardware construction proceeds in stages with intermediate testing in order to
ensure success. The basic elements of the computer are assembled first and then
checked out. The reader selects which peripherals are to be added. The book contains
sections on the construction of a hexadecimal display, keyboard, EPROM program-
mer, RS-232C serial interface, cassette mass storage system, and fully functional CRT
terminal. In addition, a chapter addresses interfacing the ZAP to analog signals. I pro-
vide specific circuits that can convert ZAP into a digital speech synthesizer or a data ac-
quisition system and data logger.

A special 1 K (1024 bytes) software monitor coordinates the activities of the basic
computer system and the peripherals. Software is explained through flow diagrams and
annotated listings. With this monitor as an integral component, ZAP can function as a
computer terminal, a dedicated controller, or a software development system.

Build Your Own Z80 Computer is a book for hardware people. It cuts through the
theoretical presentations on microcomputers and presents a real ”How-to” analysis
suitable for the reader with some electronics experience or for the novice who can call
someone for supervision. From the power supply to the central processor, this book is
written for people who want to understand what they build.

Steve Ciarcia
May 1981
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CHAPTER 1
POWER SUPPLY

It’s not enough to build a central processor card with a little input/output (I/O) and
memory, and call it a computer. From the time you walk over to the computer and flip
the switch, the system is completely dependent upon the proper operation of its power
supply. A book concerned with building a computer system from scratch would be
completely inadequate without a description of how to construct an appropriate power
supply.

Much has been written on the subject of direct current (DC) power supplies. There
are DC to DC and AC (alternating current) to DC converters, switching and shunt
regulators, constant voltage transformers, and so on. It’s not my intention to make a
power supply expert out of everyone. Instead, I will outline the design of the specific
DC power supply which we will use to power the Z80 Applications Processor (ZAP).

In large computers, the DC supplies convert enormous amounts of power to run
thousands of logic chips; by necessity, manufacturers choose the most efficient
methods of power conversion. These state of the art methods would be expensive and
difficult for the hobbyist to build in prototype form. Fortunately, the power demands
for ZAP are much less than those of the large computers; we can take advantage of
established design methods while incorporating the latest advances in regulator
technology. Figure 1.1 is a block diagram of the power supply for ZAP.

Each of the three DC supplies necessary to power ZAP consists of three basic
modules: a transformer section to reduce the 120 VAC line voltage to the lower voltage
used by the computer; an input rectifier/ filter to convert AC to low ripple DC; and a
regulator which stabilizes the output at a fixed voltage level. Overvoltage protection
circuitry will be discussed separately.

WAR 5 AMP
FUSE FUSE

o—J\p— ._.__._4 +5 VOLTS

RECTIFIER OVERVOLTAGE @ “MPS
120 VOLTs AC TRANSFORMER A53 SERIES PROTECTION

'NDUT REGULATOR CIRCUITRY
FILTER

9—— CIRCUIT GND

I AMP
FUSE POSITIVE OVERVOLTAGE

—d'v>-—— SERIES PROTECTION +12 VOLTs
REGULATOR CIRCUITRY (a) 1 AMP

RECTIFIER
AND
INPUT
FILTER UMP

FUSE NEGATIVE OVERVOLTAGE —————o —1 v T
SERIES PROTECTION 2 0L 5
REGULATOR ClRCUlTRY @ 1AMP

Figure 1.1 A block diagram of the basic power supply for the Z80 Applications Processor (ZAP).
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The proper specification of the transformer and input filter is often neglected by hob-
byists who overlook the consequences of a poorly designed filter. This is caused, in
part, by the abundant technical information circulated by semiconductor manufac-
turers extolling the virtues of their regulator circuits. One can easily conclude from this
“publicity gap" that the regulation section of the power supply is the only component
worthy of consideration; and in fact, advances in regulator design and the advent of
high-power, three-terminal regulators have reduced the need for the analog designer in
the application. In the past, 25-0dd components and considerable calculations were
necessary to produce an adequate voltage regulator. Now, however, the majority of
applications can be accommodated with a single, compact device. Even so, an input
filter section should not be taken lightly and still requires thorough consideration and a
modest amount of computation for each application.

There are three supply voltages necessary to operate ZAP. Each supply incorporates
an input filter section. Because the +5 V supply is the most important, it receives the
most attention. For the purposes of this discussion, we will divide the supply into two
sections: transformer/input filter, and output regulator.

A standard input filter block diagram is shown in figure 1.2. In its simplest form, it
consists of three components that function as follows:
0 A transformer that isolates the supply from the power line and reduces the 120 VAC

input to usable, low-voltage AC.
0 A bridge rectifier that converts AC to full-wave DC and satisfies the charging cur-

rent demands of the filter capacitor.
0 A filter capacitor that maintains a sufficient level between charging cycles to satisfy

the regulator input voltage limitations.

Photo 1.1 720 VAC HMS Photo 1.2 Rectifier waveform. Photo 1.3 Ripple waveform at
input/output waveform of a various loads.
saturated transformer.

TRANSFORMER f/FlER CAPACITOR PM 75/?

>-a s I120 VOLT c, c:
mes? E H § . T ””138 gggJBR-ron

n_ Lu
(0

I I
I

I
I
I
I
I
I
IIIAvila 43$m ::

PRIMARY INPUT VOLTAGE SURGE CURRENT SURGE CURRENT RATING
SECONDARY OUTPUT VOLTAGE CAPABILITY VOLTAGE RATING
CONTINUOUS CURRENT OUTPUT VOLTAGE DROP RIPPLE VOLTAGE
SECONDARY IMPEDANCE CONTINUOUS CURRENT

RATING

Figure 1.2 A block diagram of a standard input filter.
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DESIGNING AN INPUT FILTER
You would think that specifying the transformer would be the first consideration

when designing a power supply. Yes and no. The approximate output voltage can be
determined by rule of thumb, but the exact requirements are deduced only by a
thorough analysis that proceeds from the desired output voltage back. In practice, the
difference between a reasonable guess and a laborious analysis will be important only
to a person capable of manufacturing his own transformer. In most instances, the hob-
byist will have to rely upon readily acquired transformers with standard output
voltages. For this reason, my approach is predicated on the practical aspects of power
supply design rather than on the minute engineering details that have no real bearing
on the outcome.

A 120 VAC RMS (root mean square) sine wave is applied to the primary of the
transformer. Figure 1.2 illustrates the waveforms anticipated at selected points through
the filter section. Photo 1.1 shows that 120 VAC is actually 340 V peak to peak; care
should be used in the insulation and mounting of components.

The secondary output of the transformer will be a similar sine wave, reduced in
voltage. It is then applied to a full-wave bridge and the waveform will appear as in
photo 1.2. You’ll notice a slight flat spot between “humps." As a result of dealing with
actual electronic components rather than mathematical models, we should be aware of
certain peculiarities. Silicon diodes exhibit threshold characteristics and, in fact, have a
voltage drop of approximately 1 V across each diode. This voltage drop becomes
significant in full-wave bridge designs and, as figures 1.3a, 1.3b, and photo 1.2 il-
lustrate, can accumulate as diodes are added in series. The 2 V loss in the bridge is an
important consideration and should be reflected in the calculations.

The voltage regulator requires a certain minimum DC level to maintain a constant
output voltage. Should the applied voltage dip below this point, output stability is

a) b)

Figure 1.3 The direction of the current flow through the full-wave bridge.
a) During the positive half of the AC cycle, current flow is through D. and 0;; D1 and D4

are not conducting. VD, + VD. z 2 volts.
b) During the negative half of the AC cycle, current flow is through Dz and Di; Di and D3

are not conducting. Vm + VD. z 2 volts.
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4 POWER SUPPLY

severely degraded. Thus, a filter capacitor is used to smooth out the “bumps” in the
rectified sine wave. When the diodes are conducting, the capacitor stores enough charge
to maintain the minimum voltage required until the next charge cycle. (In practice, we
wouldn’t want to cut it that close.) The input to the transformer is 60 Hz, but because
of the characteristics of full-wave rectification, the charging cycles occur at 120 Hz.
The capacitor charges up during one 8.3 ms cycle, and, as the regulator draws power
from it to satisfy the load demands, it must continue to provide at least the highest
minimum input voltage required by the regulator until the next charge cycle, 8.3 ms
later. This periodic charge/discharge phenomenon is shown in photo 1.3. The
magnitude of the voltage fluctuation between the two peaks of the cycle is referred to
as ripple. The highest magnitude of the waveform including the ripple is designated as
peak voltage. Both are important to remember and are shown in figure 1.4.

VRIPPLE W/Y

VPEAK Vc

o vous
VPEAK=VR1PPLE+VC

Figure 1.4 Output voltage as a combination of a certain steady-state voltage (Vc) plus a ripple voltage

Given a basic understanding of the individual components at this stage, we can pro-
ceed to the case at hand: a 5 V, 5 A power supply. For reasons we’ll discuss later, the
5 V regulator section of this supply will require an absolute minimum of 8.5 V for
proper operation. This means that whatever the magnitude of VPEAK and Vmpnz, the
final Vc level must not go below 8.5 V, or the regulator will not work. By giving
ourselves some leeway, say Vc = 10 V, we can take a little more poetic license with
the calculations and still produce a good design. Going much above 10 V, while still
satisfying the input criteria, would increase power dissipation and possibly destroy the
regulator. There is an answer to this Vicious circle and that’s to be conservative. Ex-
perience shows that adding a little insurance is worthwhile.

Now that 10 V is the goal, we can appropriately select the other filter components to
meet it. Figure 1.5 is the filter circuit of our 5 V supply. R5 is the resistance of the sec-
ondary winding of the transformer. For a 5 to 8 A transformer, it will average about
0.1 ohms. The first values to recognize follow:

VC = VREGULATOR MINIMUM INPUT VOLTAGE = 10 V
Iour = IREGULATOR LOAD = 5 A

R5 = RTRANSFORMER SECONDARY RESISTANCE = 0-1 Ohms

VPEAK can be any voltage up to the maximum input for which the regulator is rated.
However, this will increase the circuit power dissipation. The rule of thumb I use when
designing supplies of this type is that VPEAK should be approximately 25% higher than
Vc. In this way, the capacitor value will be kept within reasonable limits. The ratio of
Vc to (VPEAK — Vc) is referred to as the ripple factor of the filter capacitor.

_ VPEAK _ Vc __ 12.5 — 10 __
YF _ VC ‘— 10 "' 25%

A ripple factor of 25 % at 5 A will fall well within the acceptable capacitor ripple cur—
rent ratings and eliminate the need for the hobbyist to dig into manufacturers’ specifi-
cations of capacitors. This ripple factor is arbitrary, but it is best to keep it as low as
possible. ‘



Rs Ac FULL-WAVE
BRIDGE

TRANSFORMER
SECONDARY

—‘ :2 RL Vc
REGULA-
TOR
LOAD

> o \I l o

Figure 1.5 The input filter circuit of the 5 V power supply.

SIZING THE CAPACITOR
We now know that the capacitor must sustain 10 V from a peak input of 12.5 V.

VPEAK = 12.5 V

Vc = 10 V } Vc = VPEAK "‘ VRIPPLE

VRIPPLE = 2-5 V

The next consideration is to choose a capacitor that will accomplish this goal. Another
rule of thumb calculation that saves considerable labor is

_ iC — dv I

where C = capacitor value in farads = 7
I = maximum regulator current = 5 A

dt charging time of capacitor = 8.3 ms (120 Hz)
dv allowable ripple voltage = 2.5 V

Plugging in the values of our circuit,

(5)(8.3><10‘3)(2.5) = 16.6)(10'3 faradsC:

or,

C = 16,600 microfarads (,uF)

Generally available commercial electrolytic capacitors have a tolerance of +50 and
—20%. To be on the safe side and to make it easier to find a standard stock compo-
nent, a value of 20,000 [LP is better. The added 3,400 [LF reduces the ripple by another
0.4 V and gives us a little “insurance.” The only other item to consider with the capaci-
tor is operating voltage. Because the design dictates that VPEAK is 12.5 V, this should
be a satisfactory rating. However, experience shows that transformers end up running
at higher output voltages than labeled and that 12.5 V at 115 VAC hits 13.6 V when
the line voltage goes up to 125 VAC. A capacitor voltage of 15 VDC would appear to
satisfy the requirement, but I recommend using the next increased standard value of
20 VDC.

The capacitor is therefore 20,000 [LF at 20 VDC. The rectifier can be a monolithic
full-wave bridge, or it can be four discrete diodes. Note that because a bridge is usual-
ly encapsulated, the four terminals are labeled instead of showing the polarity mark—
ings of the individual diodes. The designations for the four terminals are two AC input
terminals, and a + and — output terminal.

POWER SUPPLY 5



6 POWER SUPPLY

THE RECTIFIER
There are three considerations when choosing a rectifier: surge current rating, con-

tinuous current, and PIV (peak inverse voltage) rating. These choices are not inconse-
‘ quential and must be considered carefully.

When a power supply is first turned on, the capacitor is totally discharged. In fact, it
will instantaneously appear to be a 0 ohm impedance to the voltage source. The only
aspect of the circuit that limits the initial current flow is the resistance of the secondary
transformer windings and the connecting wiring; designers often add a series resistance
to limit surge current.

The surge current in this circuit is

VPEAK 12 .5
1ISURGE = Rs = —0. = 125 A

and the time constant of the capacitor is

T E R; X C E (0.1)(20X10‘3) = 2 ms

As a rule of thumb, the surge current will cause no damage to the diode if ISURGE is less
than the surge current rating of the diode and if

7' < 8.3 ms (which it is)

We can't check surge rating until after we choose a diode bridge, but the other two
parameters can be defined.

The bridge can be either of the following:

Motorola MDA 980-21 ICONT = 12 A, ISURGE = 300 A, PIV = 100 V

Motorola MDA 990-2: Icozvr = 27 A, ISURGE = 300 A, PIV = 100 V

Both of the above bridges have a surge current rating of 300 A, so our surge require-
ment is also satisfied.

PIV
PIV (peak inverse voltage) is the maximum voltage that may appear across the diode

before it self-destructs. Diodes, unlike capacitors, are unforgiving; transients will wipe
them out. It is not unusual to have 400 V transients on the 115 VAC input line. This
causes our 12.5 V to shoot up momentarily to 43 V! The bridge rectifier should there-
fore have a minimum PIV rating of 50 V. For a few pennies more, you can get a bridge
rated for 100 PIV. Remember, insurance costs less than computers.

CONTINUOUS CURRENT
The last consideration is continuous current rating. Whereas the regulator may be

designed for a 5 A output, the particular regulator I have chosen will draw 7 A if
shorted. This is not standard operating procedure, but it can happen. The suggested
standard component would be a 12 A, 50 PIV bridge. A preferred component would be
one rated for 12 A at 100 PIV or, for an additional 15% cost premium, a 27 A at 100
PIV. This last design choice is strictly brute force, but it saves the diode bridge should
the capacitor ever short-out accidentally. A 6 A transformer might put out more than
12 A in a short-circuit mode, but it’s unlikely that it would be capable of 27 A. Either
choice will satisfy the design, but only one saves the design from the builder.

THE TRANSFORMER
Now let’s consider the transformer. We have determined the voltage drops‘across the

various components. The values are used to calculate the required RMS (root mean



square) secondary voltage in the following way:

V + V + V
ncams, =W ncr = Voltage drop across each diode—

(approximately 1 V per diode)
_ 10 + 2.5 + 2.0
_ 1.414

= 10.25 V

In practice, a 10 V, 6 A standard value transformer will be close enough.
The components of the + and —12 V supplies are chosen in a similar manner, with

the exception that required current is only 1 A, and a 200 PIV bridge is recommended
because of the particular rectifier configuration. The finished schematic of the trans-
former and filter section of our computer is illustrated in figure 1.6.

MDA 990-2
AC

|=5 was
vc =10 VOLTS
VRIPPLE =2.5VOLTS

10 VAC
@ 6 AMPS

20,000,;
T20 voc

- GROUND
120 VAC

MDA 970-3

30 VOLT
CENTER TAP
@ 2 AMPS
or.

AC

|=1 LVD

‘—" Vc=15 VOLTS
VRIPPLE= 4 VOLTS

4.
2000yF
25VDC

|=1AMP
. ‘———‘— Vc=—mv0Lrs

VRiPPLE = —4VOLTs

Figure 1.6 A schematic diagram of a transformer and input filter section.

VOLTAGE REGULATORS
The voltage regulator section of our power supply is the next consideration. All

voltage regulators perform the same task: they convert a given DC input voltage into a
specific, stable DC output voltage and maintain this setpoint over wide variations of
input voltage and output load. The typical voltage regulator, as shown in figure 1.7,
consists of the following:

o a reference element that provides a known stable reference voltage
0 a voltage translation element that samples the output voltage level
0 a comparator element that compares the reference and output level to produce an

error signal
0 a control element that can utilize this error signal to provide translation of the input

voltage to produce the desired output

The control element depends on the design of the regulator and varies widely. The
control determines the classification of the voltage regulator: series, shunt, or switch-

POWER SUPPLY 7



8 POWER SUPPLY

ing. For the series regulator, the control element regulates the output voltage by
modulating the series element, usually a transistor, and causes it to act as a variable
resistor (figure 1.8). As the input voltage increases, the series resistance R; also in-

creases, causing a larger voltage drop across it. In this way, the output voltage (Vow) is
maintained at a constant level.

UNREGULATED INPUT SERIES OUTPUT REGULATED
INPUT = CONTROL OUTPUT
VOLTAGE ELEMENT VOLTAGE

“CONTROL

VOLTAGE
raANsEA
TOR

VOLTAGE VREF COMPARATOR
REFERENCE

,7, ,L
Figure 1.7 A block diagram of a typical voltage regulator.

a) b)

ILOAD
———O

l—_______7 F“"“"'"‘
l l lVINo———~y¢———cvom VIN I c VOUT
: Rs i l

I
L.__._._____l L.

-————-—F

ILOAD

Vour= VIN-(l‘l'Lvl) VOUT=VlN—VcE
WHERE VcE=ilL0Aas

Figure 1.8 A series control element in the voltage regulator.
a) The series control element acts as a variable resistance, Rs.
b) The series element is most often a transistor.

To accomplish this closed-loop control, a reference comparison and feedback system
is incorporated into the hardware. A fixed and stabilized reference voltage is easily pro-
duced by a zener diode. The current produced is low, however; the device could not

serve as a power regulator by itself.
The voltage translator connected to the output of the series control element produces

a feedback signal that is proportional to the output voltage. In its simplest form, the
voltage translator is a resistor-divider network. The two signals, reference and feed-

back, provide the necessary information to the voltage comparator for closed loop
feedback to occur (figure 1.9). The output of the comparator effectively drives the base
of the series pass transistor so that the voltage drop across the transistor will be main-
tained at a stabilized preset value when subtracted from the input voltage.

Modern power supply designers can still use individual components to construct the
modular elements of a series voltage regulator, but most reserve this laborious
endeavor for specialized applications. The ZAP computer system outlined here re-
quires +5 V, +12 V, and ~—12. V. The combined temperature, stability, and drift



tolerances cannot exceeu i5% on any of the three set points. The easiest way to
minimize risk is to reduce the number of circuit components to the bare minimum.
Other designers had the same idea and thus the three-terminal regulator was invented.
Figure 1.10 is the block diagram of such a device.

VCE

————————— | AD[- Rs . } LO

WN ‘ 1 c ‘ VOUT
I

R L— ————————— R1 R1= __ vVou‘r 1+< R2)( REF)

VREF

VZ R2
COMPARATOR

VOUT =VIN —VCE THIS IF YOU THINK OFIT AS A TRANSISTOR
AND

VCE ‘ ILOAoll

VOUT = VIN «Mono (Rsi) THIS IF YOU THINK OF IT As A SERIES
RESISTANCE

Figure 1.9 A schematic diagram of a series voltage regulator.

r_____ __

. iI l
SERlEs-DASS |

uNSEGULATEDl TRANs.5T0R | REGULATED
"[7 i VOUT

i i
I CURRENT l

CURRENT| LIM‘T SOURCE R1 |

| z ‘ :
o ______l E g

| E
| E SAFE
l OPERATING l
I g AREA l

l—W ,

| 3‘5 .
I g; ————-—— V :2 l

“0 ERROR 'VOLTAGE l: gggagm WWW REFERENCE 3

i | ‘ ‘l - l
ll |

|_.__________ _____________ .l

CRouND

Figure 1.10 A block diagram of a three-terminal voltage regulator.

Basically, a three-terminal regulator incorporates all the individual transistors,
resistors, and diodes into a single integrated circuit. While simple to use, these devices
have a far more complicated internal structure than the series regulator of figure 1.9.
Only three terminals are necessary in applications where the fixed output is a standard
value such as: i5 V, i6 V, :8 V, i12 V, i15 V or :24 V. The three connections
are unregulated DC from our input filter, a ground reference, and finally, regulated DC
output.

POWER SUPPLY 9
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In a three-terminal regulator, the voltage reference is the mOSt important part
because any abnormality or perturbation will be reflected in the output. Therefore, the
reference must be stable and free from noise or drift. More advanced designs use band-
gap reference circuits rather than zener diodes. Because of its complexity, such an ap-
proach is practical only in the integrated circuit (IC) environment. Essentially, a band-
gap reference voltage is derived from the predictable temperature, current, and voltage
relationships of a transistor base-emitter junction.

Another advantage of the three-terminal regulator is that in monolithic circuits,
stable current sources can easily be realized by taking advantage of the good matching
and tracking capability of monolithic components. Also, as in the previous case, the
designer can add as many active devices as necessary without significantly increasing
the IC circuit area. Operation of the reference circuit at a constant current level reduces
fluctuations due to line-voltage variation. Thus, the output has increased stability. The
error amplifier is also operated at a constant current to reduce line-voltage influence.

The most important consideration for the hobbyist is that these chips incorporate
protective circuitry, guarding the regulator from certain types of overloads. They pro-
tect the regulator against short-circuit conditions (current limit); excessive input/out-
put differential condition (safe operating area); and excessive junction temperatures
(thermal limit). Of course, all this circuitry is designed to protect the regulator, not the
computer.

CHOOSING A REGULATOR
The 5 A uA78I—IOS hybrid voltage regulator has all the inherent characteristics of the

monolithic three—terminal regulator (ie: full protective circuitry). Each hermetically-
sealed TO-3 package contains a pA78M05 monolithic regulator chip driving a discrete
series-pass transistor Q1 and two short-circuit-detection transistors Q2 and Q3 (see
figure 1.11). The pass transistor is mounted on the same beryllium oxide substrate as
the regulator chip, thus insuring nearly ideal thermal transfer between Q1 and the tem-
perature-sensing circuit of the 78M05.
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"
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Figure 1.11 A block diagram of a 5A pA78H05
and M78HGOS hybrid voltage regulator.
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ELECTRICAL CHARACTERISTICS: TJ = 25°C, 'OUT = 2.0 A unless otherwise specified.

uA78H05C
CHARACTERISTICS CONDITIONS UNITS

MIN TYP MAX

Output Voltage 'OUY = 2.0 A. VIN = 10 V 4 8 5.0 5.2 V

Line Regulation VIN = 8 5 to 25 V I0 50 mV

Load Regulation 10 mA S 'OUT S 5.0 A, VIN = IO V 10 50 mV

Outescent Current 'OUT : 0, VIN = VOUT + 5.0 V 10 mA

Ripple RBIECUOH 'OUT = 1.0 A, I = 210 Hz. 5 O V P-P 60 (13

Output Norse 10 Hz ‘5 1:; 100 kHz. VIN '— VOUT t 5 O V 40 #VRMS

I0 = 5 o A 3 o v
Dropout Voltage

lo = 3 o A 2 6 v
Short Circuit Current lll VIN =‘ IO V 7 O Apk

Figure 1.12 Electrical characteristics of the M78H05 voltage regulator.

The output circuit is designed so that the worst-case current requirement of the Q1
base, added to the current through R2, always remains below the current-limit thresh-
old of the 78M05. Resistor R1, in conjunction with Q2 and Q3, makes up a current
sense and limit circuit to protect the series-pass device from excessive current drain.

Safe area protection is achieved by brute force and is designed with the hobbyist in
mind. The series-pass transistor is capable of handling the short-circuit Current at the
maximum input voltage rating of the 78H05. (See figure 1.12 for the electrical charac-
teristics of the 78H05.)

The output of the device is nominally 5.0 V but can vary between 4.8 and 5.2 V. Even
though this falls within the 5.0 V i 15 % tolerance necessary to run the computer, there
might be a problem with the voltage drop in the cabling between the power supply and
the computer. Up to 0.5 V could be lost in the wiring and connectors. Remember that
at 5 A, a resistance of only 0.1 ohms can cause a 0.5 V drop. Unfortunately, the 78H05
is a fixed-output device when referenced to ground. If 4.8 V happens to come out,
”that's all you gets” (sic). But, in a classic case of engineering razzle—dazzle, we can fool
the regulator by making the ground reference adjustable. Figure 1.13 shows the circuit
that makes this possible. A potentiometer sourced from the —12 V supply creates a
relative-ground reference for the 78H05. If the particular device in question had an out-
put of 4.95 V, and we adjusted R1 for a potential of 0.20 V on the common regulator
pin, the output referenced to ground would change to 4.95 + 0.20, or 5.15 V. For the
fanatics in the crowd, this particular circuit also allows a high-output device to be
reduced to 5.00 V by selecting an appropriate negative voltage ground reference pin.

1 2pur IN cw Vourpu‘r
10V pAYBHCSKC +5v¢5°/.

ccvvw
3

;§1ur 120.0 m
‘ 35v 1|—-——wy——>§‘

soup 1K +
TANTALUM 71: IOuF

10vI
I

J7
FROM 12V
REGULATED OUTPUT

Figure 1.13 Adding ”trim adjust" to the ”A 78H05 three-terminal voltage regulator.
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With the 5 V supply complete, our next concern is the +12 V and —12 V supplies.
Other devices within the 7800 family of regulators will satisfy the requirements. The
7812 and a 7912 are 1 A positive and negative regulators respectively; they exhibit the
same protectionwcharacteristics as the 78H05. Figures 1.14 and 1.15 outline the exact
specifications. Because we are dealing with much lower currents than the +5 V supply,
there is considerably less concern over voltage losses through connecting cables, and it
is unnecessary to add trim adjustment circuitry. Figure 1.16 is the finished schematic of
the ZAP power supply. Additional regulator circuit diagrams (figures 1.17a, b, c and
d) are included to demonstrate how the 7800 series of regulators can be used in our ap-
plication. Are we finished yet? Of course not. Close examination of figure 1.16 shows
two items not discussed previously: heat sinks and overvoltage protection. These two
subjects and a short discussion of the importance of correct layout complete the
chapter.

“A7812 5'
ELECYRICAL CHARACTERISTICS: VIN =19 V. 'OUT - 500 mA. —55°C < TJ < 150°C, Cm =0.33 uF, COUT - 0.1MF,

unlessotherwise specifiedi

CHARACTERlSTlCS CONDITIONS MIN TYP MAX UNITS

Outputltage TJ=25°C 11.5 120 12.5 V

Linemguwn “=2“; 145v<vm<3ov 10 120 mV
rsv<vw<22v 30 60 mV

Load Regulation TJ = 25°C 5 ”m < IOUT ‘15 A 12 120 mV
250 mA < IOUT < 750 mA 6.0 60 mV

15.5V < VIN < 27 V

Output Voltage 5mA< lou1< LOA 11.4 12.6 V

‘ P < 15w
Quiescent Current TJ = 25°C 4 3 I 6.0 mA

, wtth line 15V<VW <30V 0.8 mA
Quiescent Current Change

with load 5mA< 'OuT‘ LOA 05 mA

Output Noise Voltage TA ‘ 25°C, 10 Hz < f < 100 RH! 8 40 UV/VOUT

Ripple Rejection 0-120H2,15V<V|N<25V 61 71 63‘

Dropout Voltage log‘r '1.0 A, TJ = 25°C 2.0 2,5 V

Output Resistance is 1 kHz 18 mn

Short Circuit Current TJ ‘ 25°C, VIN - 35 V 0.75 1.2 A

Peak Output Current TJ = 25‘6 1 3 2.2 3,3 A

45%: < n < +25°c 0.4 mVI°CI
Average Temperature Coetficient of Output Voltage ’OUT - 5 mA

+2s°c<n<+tso°c 0.3 VouT

Figure 1.14 Electrical characterlstlcs of the ltA7812 voltage regulator.

“A7912
ELECTRICAL CHARACTERISTICS: V‘N - —19 V,iou1' . 500 mA, Cm - 2HF.C0UT =1uF,—55°C < TJ <150°C. unless otherwise

sneaked.

CHARACTERISTICS CONDITIONS MIN TYP MAX UNITS

Output Voltage TJ - 25°C —11.5 —12.0 —12.5 V
— . < V < _.Line Regulation TJ - 25°C 1‘ 5 V 'N 30 V m 120 mV
—16V<V|N<—22V 3.0 60 mV

5 A < < .
Load Regulation 7_, . 25°C m lour 1 5 A 12 120 mV

250 mA < IQUT < 750 mA 4.0 so mV
—1s.5 v < VIN < —27 v

Output Voltage 5 am < 'OUT < 1.0 A —1114 —12.6 V
p < 15 W

Oumnt Current TJ = 25°C 1.5 3.0 rnA
' h I - V < V _

Quiescent Current Change w“ me ‘5 IN < 30 V 1'0 rnA
WI"! load 5 mA < 'OUT < 1.0 A 0.5 mA

Output No.» Voltage TA-25”C,1o Hz<1< 100 kHz 25 so MV/VOUT
Ripple RIjICYlO 0-120 Hz,—15V<V.N <—25V 54 60 dB

Dropout Voltage IOUT‘1.0A,TJ-25°C 1.1 2.3 V

-Peek Ontput Current TJ - 25°C 1.3 2.1 3.3 A

Average Temperature Coe icient at - a o mVl‘Cl
0mm Von”. IOUT 5 mA. —55 c < TJ < 150 c 0-3 Vour

Short Circuit Current VIN = —35 V, TJ = 25°C 1.2 A

Figure 1.15 Electrical characteristics of the “A 7912 voltage regulator.
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Figure 1.16 A schematic diagram of the finished power supply for the ZAP computer.
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d) A dual 1- 12 V tracking voltage reg-
u/ator.
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LAYOUT IS IMPORTANT
Integrated circuit regulators employ wide-band transistors in their construction to

optimize response. As a result, they must be properly compensated to ensure stable
closed—loop operation. Their compensation can be upset by stray capacitance and line
inductance of an improper layout. Circuit lead lengths should be held to a minimum,
and external bypass capacitors in particular should be located as close as possible to the
regulator control circuit.

Figure 1.18a illustrates a typical layout of the components of our supply, and figure
1.18b details the areas that can cause problems. Improper placement of the input ca-
pacitor can induce unwanted ripple on the output voltage. This occurs when the current
flowing in the input circuit influences the common ground line of the regulator. The
voltage drop produced across RZ’ will cause the output of the regulator to fluctuate in
the same manner as the voltage trim circuit we discussed previously. The peak currents
in the input circuit (which consists of the rectifier and filter capacitor) can be tens of
amperes during charge cycles. These high-current spikes can cause substantial voltage
drops on long-lead lengths or thin-wire connections. They can also degrade perfor-
mance to the point that proper input voltage to the regulator cannot be maintained ex-
cept during low—current operation.

The output current loop is also susceptible to circuit layout. In a three-terminal
regulator, the fixed-output voltage VonG, is referenced between “out” and “com-
mon" of the chip. Because the load current flows through R2', R3', and R4’, as well as
the load itself, these combined voltage losses may reduce VOUT to an intolerable level.
Notice that the ground for this circuit is at point C while the present R load is between
points A and B. If another load, more memory for example, is connected to this supply
between points A and C, it would have a different Vow. Adjusting the trim setting of
such a seesaw supply can be dangerous; it’s possible to have one load completely
within tolerance and another over or under voltage. One last point to consider is that
R4’ serves to negate the purpose of the regulator because it continually reduces Vour as
the load current increases.

TRANSFORMER RECTIFIER REGULATOR

IN OUT
COMMON l

a) LOAD
”COIN

H ’ .;RL0ADi

/77

R4. A

W OUT
COMMON 1

v 1 RLOADb) , OUTtREGl a
vH ”N our

"R I |
l’ 2 LOAD

RI. C R3'
"f . a

x77

Figure 1.18 A typical layout of the power supply components and associated problems.
a) A typical layout.
b) Errors contributed by the layout in figure 1.78a.
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Figure 1.19 is the block diagram of a proper layout. All high-current paths should
use heavy wire to minimize resistance and resultant voltage drops. You’ll notice now
that the input and output circuit current paths are separated effectively. Note that the
wires from the rectifier go directly to the capacitor and that two wires from the capaci-
tor send power to the rest of the circuit. If you follow this convention and use two
separate pairs of leads, you can eliminate input-circuit induced errors.

Finally, we need to discuss the concept of the single-point ground. One point in the
power supply must be designated as ground; the grounds of all other supplies and loads
are connected to it. In practical terms, the best way to implement this ground connec-
tion is to use a metal strip or several lengths of heavy wire soldered together. The strip
is a ground bus with such a low resistance that a voltage measured between point A
and any place along the bus will be virtually undetectable. Another +5 V bus should
be connected to the output of the supply so that voltage distribution throughout the
circuit is consistent. Use thick wire in power supplies. Even if zero-resistance wire isn’t
easily obtainable, always remember—there is no such thing as wire that is too thick!

TRANSFORMER RECTIFIER REGULATOR

lN OUT
COMMON

'lN ILOAD
'REG

0 IN
N ‘,RLOAD

/

ILOAD IS HIGH CURRENT PATH

VOUT

I SINCLE PC NTREGIS Low CURRENT PATH 53;. 3 FOR ALL
liN IS HIGH CURRENT PATH gciivec7.ons

Figure 1.19 A b/ock diagram of a proper layout for the power supply components.

THERMAL CONSIDERATIONS
You’ve just built the power supply I've outlined, flipped on the power, and every-

thing works. After a few minutes, something happens and the computer suddenly stops
running. Naturally, you start looking around and touching things. Eventually, your
fingers will end up on the regulator chip. Immediately you scream, jump back, and in
the process knock over the computer and your celebration martini. If you are lucky,
your fingers will be the only thing burned!

When not properly cooled, the regulators will protect themselves from destruction
by reducing their output or completely shutting off. In this case, the system could cease
to function. A more catastrophic problem arises from ICs that use all three voltages for
normal operation. Loss of one or more of these voltages could permanently damage the
device. This will never happen if power dissipation is limited and the proper cooling
methods are employed.

The first step is to check the power dissipation of our design with the ratings of the
particular devices. In practical terms, power, expressed in watts, is volts times
amperes:

PD=EXI

In our 5 V regulator we have Vc = 10 V and VPEAK = 12.5 V at 5 A.

POWER SUPPLY 15 ///
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PD(NOM) = (Vc _ Vour) X 5 A

= (10 — 5) x 5
= 25 W

Po<psm= (mx ~ Vow) X 5 A
= (12.5—5) X 5

= 37.5 W
37.5 + 25

PD(AVERAGE)= —2—_ = 31.25 W

This means that under full load conditions, about 30 W of heat will be produced by the

78H05. The device is fortunately rated for 50 W at 25 OC and is still capable of handling
30 W up to 75°C.

Although the internal power dissipation is limited, the junction temperature must be
kept below the maximum specified temperature (125 CC) in order for the device to func-
tion at all. To calculate the heat sink required, there are specific equations to solve.

The required thermal data and calculations follow:

Typical 01c = 2.0 Maximum 010 = 2.5
Typical 0],, = 32 Maximum 6“ = 38

TnMAX) — TA
PD(MAX) = 91c + 0m for 0m = 005 + 65A

Solving for T1,

T1 = TA + PD(61C + 6m)

or without a heat sink,

T - T
PD(MAX) = “Al/13M A

T] = TA + Poem

where T; = junction temperature
T,. = ambient temperature
PD = power dissipation
9x = junction to case thermal resistance
0],, = junction to ambient thermal resistance
0a.; = case to ambient thermal resistance
6c; = case to heat sink thermal resistance
05A = heat sink to ambient thermal resistance

0 0

9“ = T; PDTA = 1253525‘i15 C = 3.2°C/W

Because 61A as calculated is less than 0],, from the specification sheet, a heat sink is

definitely required, and a TO-3 type heat sink of 3.20C/W is the minimum desired.
Before you size a heat sink for the 78H05, realize that there are two more regulators

and two bridge rectifiers that will need heat sinking. Each 12 V regulator will average
about 5 W dissipation. The diode bridge associated with the +5 V supply (remember
the 2 V drop) dissipates about 10 W while the other is good for 2 W. Therefore, any
heat sinks in the power supply must handle more than 50 W.

WHAT IS THE PRACTICAL METHOD FOR CHOOSING HEAT SINKS?
Choosing a heat sink can be easy or hard depending upon your outlook on rule of



thumb measures. We already know that we need a 50 W heat sink. It’s easy to assume
that buying one ”rated for 50 W" from a local electronics supply will solve the prob-
lem. What this rating usually means, however, is that if 50 W is applied through a tran-
sistor to this sink, and the ambient temperature is 25 0C, the surface temperature of the
sink will climb to 100 oC. Fried eggs anyone?

We must not forget that manufacturers’ specs always refer to limiting maximum
junction temperature, not to keeping the case cool enough to touch. Personally, I hate
red-hot power supplies. To get a heat sink that would take our 50 W and stay about
60-7OOC would probably mean getting one rated for 200-300 W! Remember that heat
sinks are expensive—and big.

The simplest solution is best. I prefer forced air cooling. Put the 50 W on an
economical heat sink of, say, a 100 W rating and put your money into a good fan. You
can still run through all the calculations and determine how many square inches you
need, but the effect of blowing a little air over a heat sink multiplies its capabilities
enormously.

OVERVOLTAGE PROTECTION
The final area to be addressed in the power supply is overvoltage protection. As

designed by manufacturers, regulators protect themselves by reducing output voltage
or complete shutoff. The chances of computer component damage from low voltage is
miniscule by comparison to overvoltage. It is unlikely to happen, but if the 78H05 were
to accidentally short out, as much as 12.5 V would be applied to the +5 V bus. You
could then kiss the computer good-bye!

+5 volt OVP 12 volt OVP
D1 5.6V 1N4734 D1 13V 15.4743
SCR; 50V 25A 2N682 SCR1 50V 8A 2N4441
Fuse 6amp fast-blow Fuse 1.5amp fast-blow

The semiconductor components of this
12 volt OVP are reversed in polarity
for the —12 volt OVP.

REGULATOR!
FUSE

REGULATOR Hv—E—i
OUTPUT —f

TOCOMPU‘TERBUS 4I
I
I
I
II
I
I
I
|I
I
|
I
I G'No ' 0‘7 ' '
L.________________|

’

Figure 1.20 A simple overvoltage protection circuit.

The circuit of figure 1.20 is a simple OVP (over-voltage protector). It can be used as
shown on the 5 V and 12 V supplies. The appropriate components are listed in the
tables of figure 1.20. You’ll notice that the fuses are rated higher than the output we’ve
previously discussed. The fuse is for the CV? and not to protect the regulators. Unfor-
tunately, the nature of fast-blow fuses is not to pass 5 A, if it is a 5 A fuse, but to open
at 5 A. The fuse must have a higher rating in order to allow circuit operation at 5 A.
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FUSE
FROMINPUT ‘W’r47 REGULATOR
FILTER

A7
OUTPUT

Z1

5603

zt=5£v FOR
4 5v SUPPLY

*5 -|3v FOR
l2V SUPPLY

Figure 1.21 A schematic diagram of a more complex overvoltage protection circuit. The crowbar sec-
tion of the OVP can be located next to the fuse while the OVP sensor 21 is located at the regulator out-
put. This is a preferred placement of the parts it the sensor and clamp can be adequately separated.
Low-current sensor 21 fires SCH1 in an overvoltage condition. SCHl in turn fires high-current SCRz. The
combination of SCHs allows considerable leeway in the choice of SCHz since the question ofgate cur-
rent becomes less relevant.

Because the short-circuit current of the 78H05 is 7 A, the 25 A silicon—controlled rec-
tifier (SCR) will certainly make short work of the fuse if it triggers. Figures 1.21 and
1.22 are slightly more complex OVP circuits and can also be used.

’5609
NEWAA

A

10K VTRIGGER
ADJUST

5)
2N3904

'

‘2203
:>1/2W

FROM
REGULATOR ‘ ‘ ‘ T0 LOAD

£569
1N914

2N2904

500“

0)

1K

GND

Figure 1.22 Schematic diagrams of adjustable-voltage overvoltage protection circuits.
a) An adjustable-voltage OVP circuit with an internal current amplifier to drive the SCH gate.
b) An alternate circuit for a simple adjustable-voltage OVP circuit.

18 POWER SUPPLY



What does an OVP (often called an ”overvoltage crowbar") do? It monitors a par-
ticular bus voltage and shuts it down if it goes above a predetermined level. OVP cir-
cuits can be designed to trigger 1 mV above our 5% tolerance band. Such circuits are
not only complicated, but they may also create additional problems through accidental
triggerings. The failure modes that are most likely to occur concern a regulator short or
accidentally tying two buses together, for example the +5 V and +12 V. In either
case, the result is a rapid voltage rise on the output lines. As voltage rises above the
zener value, current flows into the SCR gate. At a certain point, usually below where
any components would have been damaged, the SCR fires and shorts the output line to
ground. The excessive current blows the fuse, eliminating the problem regulator or
regulators (both fuses would blow if the +5 V and +12 V were connected). All this
occurs very fast. The test circuit of figure 1.23 demonstrates what happens when the
+5 V OVP suddenly has + 12 V applied. Test circuits are the only way you ever want
to see the action of an OVP. If your power supply functions properly, it should never
trigger. The SCR never allows the line to go to 12 V before clamping it to ground. Re-
placing the fuse with a 220 ohm resistor allows multiple applications of the push button
without replacing fuses.

+12V

j PUSH BUTTON
'PRESS TO CREATE OVERVOLTAGE'

1009.

22051 OSC‘LLCSCODE
+5V 41v»

W

OV g;
p

0

GND Q

6ND ' \J
VER‘HCAL INPUT
+2V/DIV
1ms/cm

Figure 1.23 A test circuit to demonstrate the action of the overvo/tage protector.

POWER SUPPLY 19



CHAPTER 2
CENTRAL PROCESSOR
BASICS

There are many different microprocessors on the market and while instruction
nomenclature is somewhat different for each one, the basic logical computing processes
are similar in all devices. The rule to remember the next time a discussion turns to the
capabilities of two computers is that ”a computer is a computer.” I don’t wish to imply
that they are all the same, but similarities abound and I would not like to spend a life—
time analyzing instruction sets and interfacing details before choosing one.

I once had lunch with the designer of one of the largest selling personal computer sys-
tems on the market. Thousands of computers had been sold, generating immense prof-
its for the manufacturer. Our conversation eventually centered on the cost-effective-
ness of his design. I had fanciful thoughts of a design team spending months reducing
component count and analyzing instruction sets to determine minimum memory re-
quirements. In actuality, my designer friend was given two months to come up with a
manufacturable design. The investors' only question was the price and availability of
the particular components he had chosen. Being an avid personal computer enthusiast,
he simply built a computer around the microprocessor he already owned. The eventual
advertising for his system touted the advanced architecture embodied in the central
processor, but no machine-language programming facility was available to the user. It
had only a high—level language BASIC interpreter and was, from an engineering point
of View, simply a black-box computer. He could have used any microprocessor. So
much for textbook engineering design.

Unfortunately, the hobbyist who is building a microcomputer from scratch, and
who won’t be making a black box, has to try to pick a device that is somewhere in the
middle of the performance and capability spectrum. The general rule that all computers
perform similar functions is true, but a printed-circuit board is a luxury. The hobbyist
who has to do all the wiring by hand will surely be interested in efficient design. It’s a
fact that some of the more esoteric microprocessors require very expensive peripheral
circuitry. Even devices that seem quite straightforward, with limited instruction sets,
can require 50 or more ICs as interface elements. The ultimate configuration should be
a trade-off between circuit complexity, ease of testing, and component price.

MICROPROCESSOR ARCHITECTURE
The internal architecture of the microprocessor determines the support devices re-

quired to make a microcomputer system. Perhaps the best place to start is to briefly
discuss the major architectural differences.

Definition: A microcomputer is a logical machine that manipulates binary numbers
(data) and processes this information by following an organized sequence of program
steps referred to as instructions.

All microcomputers, like all computers, have the following features:

1. Input — Facilities must exist to allow the entrance of data or instructions.
2. Memory -— The program sequence must be stored before and after execution, and

resources must be available to store the result of any computations.
3. Arithmetic logic unit — Performs arithmetic Operations on input or stored data.
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4. Control section — Makes decisions regarding program flow and process control
based on internal states of the results of arithmetic computations.

5. Output — The results are delivered to the user or stored in an appropriate
medium.

The microprocessor is the single integrated circuit around which a microcomputer is
constructed. The microprocessor is a device; the microcomputer is a system. In their
least complex form, microprocessors include only the functions of items three and four
and must rely on external devices attached to buses to perform the other tasks. Figure
2.1 is the basic block diagram of an 8-bit microcomputer and shows the interconnec-
tion of these buses and support elements. The computer in figure 2.1 uses six separate
buses: memory address, memory data in and out, I/O address, and data input and out-
put. The microprocessor contains a central processor that consists of the circuitry re-
quired to access the appropriate memory and I/O locations and interpret the resulting
instructions that are also executed in this unit. The central processor also contains the
ALU (Arithmetic and Logic Unit), which is a combination network that performs arith-
metic and logical operations on the data. Additionally, the central processor includes a
control section that governs the operations of the computer, and the various data
registers used for manipulation and storage of data and instructions.

MEMORY
DATA OUT (8)

MEMORY DATA REGISTER MEMORV DATA IN (a)

' MEMORY
MICROPROCESSOR _.

3 MEMORY ADDRESS REGISTER ‘ .' .-
V I; MEMORY ADDRESS

0 (16)
‘-’ ARITHMETIC/LCGlC UNIT

ACC-IV'JLATOR

DATA ouT iI/o DATA IN
\8) (8)

Ct‘=J INPUT

Figure 2.1 A basic block diagram of a microcomputer illustrating the data busing concept. Numbers
in parenrceses are the usual required quantity of physical wires to perform bus functions for an 8-bit
microprocessor.
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Actually few microprocessors support six separate buses. The number of pins that
would be required on the IC is out of the question. Instead, to reduce pinouts, compo-
nent manufacturers often combine the data input and output buses and make them "bi-
directional.” During an output instruction, data flows from the microprocessor to the
output device and vice versa during an input instruction. To further cut the number of
pins required on the central processor, the memory address bus can also serve as the
address bus for input and output devices. During input/output instructions, the ad-
dress present on the address lines references a particular input/output device(s). The
resulting reduced configuration is shown in figure 2.2.

The concept of two buses is easy to understand and, from a hardware point of view,
easy to utilize. The buses are time and function multiplexed. That is, during memory
operations, the bits on the address bus refer to a memory location, and data on the data
bus represent the content of memory. The direction of the data flow (to or from the
central processor) is controlled within the microprocessor. Activities with input/out-
put devices are performed in a similar fashion. During those instructions, input or out-
put data and device addresses occupy the buses.



MICROPROCESSORiv

MEMORY ADDRESS
BUS
(16)

DATA
BUS
(8)

OUTPUT

INPUT

Figure 2.2 A block diagram of a microcomputer utilizing multiplexed bi-directional busing techniques
to reduce pinout.

The number of bus wires can be further reduced by combining both data and address
on the same lines and time multiplexing the data transfer along them. Figure 2.3 il-
lustrates this final configuration. This method requires additional circuit elements to
demultiplex and store pertinent data. The additional external components necessary to
use this architectural feature defeat its purpose and make its use inadvisable for the
hobbyist. There are other microprocessors that are simpler to use.

S‘NELE CCNBiNATlON BPDIRECTIONAL ADDRESS/DATA BUS

MICROPROCESSOR
;

STATUS

,_._________, A—F————.w—~

TIMING — MEMORY v———““—"v
AND
CONTROLLOGIC _.______._JV

OUTPUT ———————-——/

___... '"PUT C:_
DERiVED ADDRESS

Figure 2.3 A block diagram of a microcomputer utilizing a single multiplexed bidirectional bus for
both memory and input/output functions.

When building rather than buying a personal computer, the following criteria must
be carefully considered:

1. Circuit complexity — Keep components to a reasonable minimum. The more com-
ponents in a design, the more likelihood of wiring errors and faulty devices.

2. Cost — While cost is important, it should not be the primary consideration. Any
microprocessor function could be simulated by using small scale integrated logic;
however, indirect costs resulting from using 200 chips to replace 3 or 4 L81 (large
scale integration) devices would negate the value of using cheaper parts initially.
On the other hand, in the semiconductor industry, density means dollars. The
more functions a device can provide, and the fewer components necessary to ac-
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complish these tasks, the higher the price. The level of integration incorporated in
a homebrew computer should fit somewhere in the middle. The ZAP computer
outlined in this book is a prime example of this philosophy. It uses a combination
of cost~effective LSI (large scale integration) and inexpensive 581 (small scale in-
tegration) to produce a computer that the hobbyist can truly build, test, and use.

3. Software compatibility and availability - Building the hardware of a microcom-
puter is only half the job. It must be programmed to perform useful work. Initially,
the builder will by necessity hand code and assemble his own programs. Eventual-
ly, however, the need may arise for the computer to do a task requiring a very
large program which cannot be easily hand assembled. The user must rely upon an
assembler program in a larger machine. The assembler program would, of course,
have to be compatible with the instruction set of the microcomputer.

A further consideration is that personal computer enthusiasts are forever ex-
changing software. It is possible to convert programs to run on any central pro-
cessor, but the effort would be the same as writing the entire program from
scratch. This defeats the purpose of exchanging software. The personal computer
owner should choose a microprocessor that is somewhat compatible with the com-
puters already on the market. My statement that all computers are alike is theoreti-
cally true, but a book on how to build an esoteric one-of—a-kind computer is of lit-
tle practical value.

Each criterion could be analyzed and answered individually, but we must give some
credit to the manufacturers of personal computers for doing some of the thinking for us
already. The fact that so many personal computers are in use has established de facto
standardization of central processor choice. To be compatible with existing software
and to have sufficient documentation available, the builder should consider choosing
among those central processors in commercial use. The four most used microproces-
sors are

Intel 8080A
Motorola 6800
MOS Technology 6502
Zilog Z80P

9
P

!"

As a result of each device's wide following, documentation and software are readily
available. The availability of 8080A compatible software is highest; cost is low, but its
circuit complexity is also the greatest of the above. The 8080A, while described as a
“single-chip computer,” relies on various external drivers and support devices. Its
minimum functional configuration consists of three chips as shown in figure 2.4. Its
central processor bus structure is similar to figure 2.3, but when combined with the
8224 and 8228 support chips, it emulates the more desirable bus architecture outlined in
figure 2.2.

} ADDRESS eus.
8080A
PROCESSOR

8224CLOCK ”W.
BUS »
DRIVER
AND , . . .
CONTROLLER _ :1 > CONTROL BUS

TIMING a Sinus

Figure 2.4 A minimum three-chip 8080A configuration illustrating the necessary support devices. The
control bus contains the timing functions necessary to decode the contents of the data and address
buses.
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The best of both worlds is incorporated within the ZSO. Not only does it execute the
complete instruction set of the 8080A, but it also has additional instructions that serve
to make it a very powerful processor. The 280 bus structure is illustrated in figure 2.5.
The 280 is slightly more expensive than the other processors listed. However, its re-
duced external circuitry results in an effective cost comparison. Further, the ease of in-
terfacing the 280 makes it the natural choice when building a microcomputer from
scratch.

(16)

(8)

‘X . CONTROL BUS
(13)

280

Figure 2.5 A block diagram of the Z/'/og Z80 bus structure.
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CHAPTER 3
THE 280
MICROPROCESSOR

Many books have been written on the software and hardware attributes of the Z80.
Although I am not attempting to duplicate the efforts of other authors, any book
dedicated to the construction of a microcomputer would be incomplete without a sec-
tion describing the processor in some detail. By completely understanding the internal
logic and external control functions of the central processor, you will be able to under-
stand better the way I've designed the rest of the system hardware. You have many op-
tions when constructing a computer from scratch. The deeper your degree of under-
standing, the greater your confidence in the outcome, and it is more likely that you will
add enhancements to your own design.

The ZAP computer allows considerable latitude in the selection of peripheral inter-
facing. The choice depends primarily upon the design philosophy of the system, which
starts with the central processor.

CENTRAL PROCESSOR ARCHITECTURE
The Z80 is a register-oriented microprocessor. Eighteen 8-bit and four 16-bit registers

within the central processor are accessible to the programmer and function as static
programmable memory. These registers are divided into two sets, main and alternate,
each of which contains six general purpose 8-bit registers that may be used either in-
dividually, or as three pairs of 16-bit registers. Also included are two sets of ac-
cumulators and flag registers. Figure 3.1 illustrates the internal architecture of the Z80
central processor. Figure 3.2 shows that within the 280 there are accumulators and flag
registers, along with general and special purpose registers.

280 CPU BLOCK D/AGH’AM
S‘BIT
DATA BUS(:

3

DATA BUS
CONTROL

Z)

INST. .
INSTRUCTION C REG \ INTERNAL DATA BUS? ALU

DECODE U
AND
cpu CPU

<:> CONTROL REGISTERS
13

CPU AND >CPU
SYSTEM CONTROL
CONTROL

ADDRESST T T CONTROL
SIGNALS

+5V GND CLOCK 16-BIT
ADDRESS BUS

CZ
)

Figure 3.1 A block diagram of the internal architecture of the Z80 centra/ processor.
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MAIN REGISTER SET ALTERNATE REGISTER SET
~——-————/¥—-—-_—\ \

ACCUMULATOR FLAGS ACCUMULATOR FLAGS
A I: A- F.

. .
C GENERAL 0
5 PURPOSE 9' E!

REGISTERS . ‘
L H L

INTERRUPT MEMORY
IVECTOR REFRESH

R
lND x REGIST R Ix SPECIAL

E E PURPOSE
INDEX REGISTER IY REGISTERS
STACK POINTER SP

PROGRAM COUNTER Pc

Figure 3.2 Z80 central processor register configuration.

The following is a description of the function and structure of the major components
of the central processor.

1. Registers
A. Accumulators and Flag Registers

The central processor contains two independent accumulator and flag-
register pairs, one in the main register set and the other in the alternate
register set. The accumulator receives the results of all 8-bit arithmetic
and logical operations, whereas the flag register indicates the occur-
rence of specific logical or arithmetic conditions in the processor such
as parity, zero, Sign, carry, and overflow. A Single exchange instruc-
tion allows the programmer to select either accumulator or flag-regis-
ter pair.

B. General Purpose Registers
There are two similar sets of general purpose registers. The main regis-
ter set contains six 8-bit registers called B, C, D, E, H, and L; the al-
ternate register set also contains six 8-bit registers referred to as B',
C’, D', E', H', and L’. For 16-bit operations, these registers can be
grouped in 16-bit pairs (BC, DE, HL or BC', DE’, HL'). A Single ex-
change instruction allows the programmer to alternately choose be-
tween the register—pair sets.

C. Special Purpose Registers
1. PC (program counter)

The program counter contains a 16-bit address in memory
from which the current instruction will be fetched. Follow-
ing execution of the instruction, the PC counter is either in-
cremented, if the program is to proceed to the next byte in
memory, or the present PC contents are replaced with a
new value, if a jump or call instruction is to be executed.

2. SP (stack pointer)
The 280 allows several levels of subroutine nesting
through use of a “stack” and a “stack pointer”: when cer-
tain instructions are executed, or when calls to subroutines
are made, the PC counter and other pertinent data can be
temporarily stored on a stack. A stack is a reserved area of
several memory locations, the top of which is indicated by
the contents of the stack pointer. That is to say, the stack
pointer shows the address of the most recently made entry,
because the memory locations are organized as a last-in,
first-out file. By looking at particular entries in the stack,
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D.

the central processor returns to a main program regardless
of the depth of nested subroutines. Theoretically, the stack
could be 64 K bytes long; however, program space must
not be overwritten by an expanding stack.

IX and IY Index Registers
These registers facilitate table data manipulation. They are two in-
dependent 16-bit registers that hold the base addresses used in indexed
addressing modes, and point to locations in memory where pertinent
data is to be stored or retrieved. Incorporated within the indexed in-
structions is a two’s complement signed integer that specifies displace-
ment from this base address.
Interrupt Page Address Register (I)
This is an 8-bit register that can be loaded with a page address of an in-
terrupt service routine. During a mode 2 interrupt program, control
will vector to this page address.
Memory Refresh Register (R)
To enable dynamic memories for the 280, a 7-bit memory refresh
register is automatically incremented after each instruction fetch.

II. Arithmetic and Logic Unit
Arithmetic manipulations and logical operations are handled eight bits at a time
in the 280 ALU (arithmetic and logic unit). The ALU communicates internally
to the central processor registers and is not directly accessible by the program-
mer. The ALU performs the following operations:

LEFT or RIGHT SHIFT
INCREMENT
DECREMENT
ADD
SL'BTRACT
AND
OR
EXCLUSIVE OR
COMPARE
SET BIT
RESET BIT
TEST BIT

III. Instruction Register and Central Processor Control
The instruction register holds the contents of the memory location addressed by
the PC (program counter) and is loaded during the fetch cycle of each instruc-
tion. The central processor control unit executes the functions defined by the in-
struction in the instruction register and generates all control signals necessary to
transmit the results to the proper registers.

IV. Central Processor Hardware
A. Figure 3.3 details the pinout of the 280. It comes in an industry stan-

dard 40 pin dual in-line package. The following is a listing and ex-
planation of the pin functions:

A0 —A15 Three-state output, active high. A0 —A15 constitute a
(Address 16-bit address bus. These signals provide the address for
Bus)

Do—D

memory data exchanges (up to 64 K bytes) and for I/O
device data exchanges. I/O addressing uses the eight
lower address bits to allow the user to directly select up
to 256 input or 256 output ports. A0 is the least signifi-
cant address bit. During refresh time, the lower seven
bits contain a valid refresh address.

7 Three-state input/output, active high. Do—D1 consti-
(Data Bus) tute an 8—bit bi-directional data bus which is used for

M1
data exchanges with memory and I/O devices.
Output, active low. M1 indicates that the current ma-

(Machine chine cycle is the operation-code fetch cycle of an in-
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Cycle One) struction execution. Note that during execution of

MREQ
(Memory
Request)

IORQ
(Input/
Output
Request)

RD
(Memory
Read)

WR
(Memory
Write)

RFSH
(Refresh)

HALT
(Halt
State)

WAIT
(Wait)

INT
(Interrupt)

NMI
(Non-
Maskable

2-byte opcodes, M1 is generated as each opcode byte
is fetched. These 2-byte opcodes always begin with
CBH, DDH, EDH, or FDH.—I\71Talso occurs with
IORQ to indicate an interrupt acknowledge cycle.

Three-state output, active low. The memory request
signal indicates that the address bus holds a valid ad-
dress for a memory-read or memory-write operation.

Three-state output, active low. The IORQ signal indi-
cates that the lower half of the address bus holds a valid
I/O address for an 1/0 read or write operation. An
IORQ signal is also generated with an M1 signal when
an interrupt is being acknowledged to indicate that an
interrupt response vector can be placed on the data bus.
Interrupt acknowledge operations may occur during
Wtime while I/O operations are prohibited.

Three-state output, active lowfR indicates that the
central processor wants to read from memory or an I/O
device. The addressed I/O device or memory should use
this signal to gate data onto the central processor data
bus.
Three-state output, active low. WR indicates that the
central processor data bus holds valid data to be stored
in the addressed memory or I/O device.

Output, active low. RFSI—I indicates that the lower
seven bits of the address bus contain a refresh address
for dynamic memories and the current MREQ signal
should be used to do a refresh read to all dynamic
memories.

Output, active low. HALT indicates that the central
processor has executed a HALT instruction and is
awaiting either a nonmaskable or a maskable interrupt
(with the mask enabled) before operation can resume.
While halted, the central processor executes NOPs (no
operation) to maintain memory refresh activity.

Input, active low. WAIT indicates to the 280 central
processor that the addressed memory or I/O devices are
not ready for a data transfer. The central processor con-
tinues to enter wait states as long as WAIT is active;
this signal allows memory of I/O devices to be syn-
chronized to the central processor.
Input, active low. The Interrupt request signal is gener-
ated by I/O devices. A request will be honored at the
end of the current instruction if the internal software
controlled interrupt enable flip-flop is enabled and if the
BUSRQ signal is not active. When the central pro-
cessor accepts the interrupt, an acknowledge signal
(IORQ during M1 time) is sent out at the beginning of
the next instruction cycle. The central processor can re-
spond to an interrupt in the three different modes.

Input, negative edge triggered. The nonmaskable inter-
rupt request line has a higher priority than INT and is
alv‘vays recognized at the end of the current instruction,



Interrupt) regardless of the status of the interrupt-enable flip-flop.
m forces the 280 central processor to restart to loca-
tion 006615. The program counter is automatically saved
in the external stack so that the user can return to the
program that was interrupted. Note that continuous
WAIT cycles can prevent the current instruc from
ending, and that a BUSRQ will override an NMI.

A0
A1
A2

SVSTEM A3
CONTROL A4

A5
A6
‘7 ADDRESS
A8 BUS
A9
A10
A11

CPU A12
CONTROL A13

A14
A15

1

CPU BUS \
CONTROL K—‘ DO

D1
D2
03 DATA
D4 BUS
05
06
D7 /

Figure 3.3 Pin configuration for the Z80 microprocessor.

The actual timing of these signals will be discussed in the hardware sections.

V. Z80 Instruction Types
The Z80 can execute 158 separate instructions including all 78 of the 8080A.
They can be grouped as follows:

A. LOAD AND EXCHANGE
Load instructions move data between registers or between registers
and memory. The source and destination of this data is specified
within the instruction. Exchange instructions swap the contents of two
registers.

B. ARITHMETIC AND LOGICAL
These instructions operate on data in the accumulator, a register, or a
designated memory location. Results are placed in the accumulator
and flags are set accordingly. Arithmetic operations include 16-bit ad-
dition and subtraction between register pairs.

C. BLOCK TRANSFER AND SEARCH
The Z80 uses a single instruction to transfer any size block of memory
to any other group of contiguous memory locations. The block search
uses a single command to examine a block of memory for a particular
8-bit character.

D. ROTATE AND SHIFT
Data can be rotated and shifted in the accumulator, a central pro-
cessor register, or memory. These instructions also have binary-coded
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decimal (BCD) handling facilities.
E. BIT MANIPULATION

Bit manipulation includes set, reset, and test functions. Individual bits
may be modified or tested in the accumulator, a central processor, or
memory. The results of the test operations are indicated in the flag
register.

F. JUMP, CALL AND RETURN
A jump is a branch to a program location specified by the contents of
the program counter. The program counter contents can come from
three addressing modes: immediate, extended, or register indirect. A
call is a special form of jump where the address following the call in-
struction is pushed onto the stack before the jump is made. A return is
the reverse of the call. This category includes special restart instruc-
tions.

G. INPUT AND OUTPUT
These instructions transfer data between register and memory to ex-
ternal I/O devices. There are 256 input and 256 output ports avail-
able. Special instructions provide for moving blocks of 256 bytes to or
from I/O ports and memory.

H. CPU CONTROL
These instructions include halting the CPU or causing a NOP (no
operation) to be executed. The ability to enable or disable interrupt in-
puts is a further control capability.

VI. Instruction and Data Formats
Memory for the 280 is organized into 8-bit quantities called bytes (see figure
3.4). Each program byte is stored in a unique memory position and is referenced
by a 16-bit binary address.

Total direct addressing capability is 65,536 bytes (64 K) of memory, which
may be any combination of ROM (read-only memory), EPROM (erasable-pro-
grammable read-only memory), or programmable memory. Data is stored in
the formats of figure 3.5.

D7 06 05 D4 03 DZ D| DO

I | I I I I I
MSB LSB

(MOST SIGNIFICANT BIT) (LEAST SIGNIFICANT BIT)

Figure 3.4 Organization of a data byte in the Z80.

SINGLE-BYTEINSTRUCTIONS THREE-BYTE INSTRUCTIONS

BVTEI D7—————D0 OPCODE BYTEI D7————Do OPCODE

EYTE 2 D7——-——————-—Do DATA ORADDRESS
BYTE 3 D7———-—————-—Do

TWO-BYTEINSTRUCHONS FOUR-BYTEINSTRUCHONS

BYTEI D7-———-———-Do opcoos BYTEI D7——————————Do
ATA on OPCODE

BVTEZ D7——————-———Do XDDRESS BYTEZ D7—————————Do

BYTE3 D7———————-—Do
DATA OR
ADDRESS

Figure 3.5 Machine—language instruction formats for the 280.
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VII. 280 Status Flags
The flag register (F and F’) supplies information to the user regarding the status
of the central processor at any given time. There are four testable and two
nontestable flag bits in each register. Figure 3.6 shows the position and identity
of these flag bits.

BlT7 BITS BITS BIT4 BIT3 BITZ BlTl BITO

8 Z X H X P/V N C

MSB LSB

C=CARRY FLAG
N=ADD/SUBTRACT FLAG
P/V=PAR|TY/OVERFLOW FLAG
H=HALF-CARRY FLAG
Z:ZERO FLAG
S=S|GN FLAG
X=NOT USED

Figure 3.6 Position and identity of status flag bits in the flag register.

Instructions set (flag bit = 1) or reset (flag bit = 0) flags in a manner rele-
vant to the particular operation being executed.

VIII. The 280 Instruction Set
The following symbols and abbreviations are used in the subsequent description
of the 280 instructions:

Symbol

accumulator
address
high-order address
low-order address
data
high-order data
low-order data
port
r, r’
n
nn
d
b
e
cc

XXI-I
qq
ss

Meaning

Register A
A 16-bit address quantity
The most significant 8 bits of the 16-bit address
The least significant 8 bits of the 16-bit address
An 8— or 16-bit quantity
The most significant 8 bits of the 16-bit data
The least significant 8 bits of the 16-bit data
An 8-bit address of an I/O device
One of the registers A, B, C, D, E, H, or L
A 1-byte expression in the range of 0 thru 255
A Z—byte expression in the range of 0 thru 65,535
A 1-byte expression in the range of ~128 to 127
An expression in the range of 0 thru 7
A 1-byte expression in a range of —126 to 129
The state of the flags for conditional JR and JP instructions:

_c_c Condition Relevant Flag
i‘ 000 NZ non zero Z
L 001 Z zero Z
0 010 NC non carry C
3, 011 C carry C
H 100 PO parity odd P/V
Kw 101 PE parity even P/V

110 P sign positive 5
P» 111 M sign negative S

Denotes hexadecimal address value
Any one of the register pairs BC, DE, HL, or AF
Any one of the register pairs BC, DE, HL, or SP
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PP
rr
5
dd
m
(HL)

(nn)

PC
SP
t
C, N, P/V, H, Z, S

|+
<

0
>

l
3

Any one of the register pairs BC, DE, IX, or SP
Any one of the register pairs BC, DE, IY, or SP
Any of r, n, (HL), (IX+d), or (IY+d)
Any one of the register pairs BC, DE, HL, or SP
Any of r, (HL), (IX+d), or (lY+d)
Specifies the contents of memory at the location addressed

by the contents of the register pair HL
Specifies the contents of memory at the location addressed

by the 2-byte expression in nn
Program counter
Stack pointer
An expression in the range of 0 thru 7.
Condition flags:

C
N

P/V
H
Z
S

“is transferred to”
Logical AND
Exclusive OR
Inclusive OR
Addition
Subtraction
“is exchanged with”

Carry
Add/Subtract
Parity/Overflow
Half-Carry
Zero
Sign

EIGHT-BIT LOAD GROUP

LD r, r’
r—r’
The contents of any register r’ are loaded into any other register r.

Cycles:
States:
Flags:

LDr,n
r—n

1
4

I I I I I I I
l4—r—><——r'—>

I I I I I I I
O

none

The 8-bit integer n is loaded into any register r.

Cycles:
States:
Flags:

LD r, (HL)
r — (HL)

2
7

I I I I I I I
0 0"_Y‘—’l 1 0

l I l l l l l

none

The 8-bit contents of memory‘location (HL) are loaded into register r. I?
;I I I I I I I ,y'

1<—~r—>1 1 0
l l I I l l l

f I,
r) /



Cycles: 2
States: 7
Flags: none

LD r, (IX+d)
' r «— (IX+d)

The operand (IX+d) (the contents of the Index Register IX summed with a
displacement integer d) is loaded into register r.

I I l I
1 1 0 1 1I I l I 101

ll

I I I I I I I
0 1‘—Y‘—*l 1 O

Cycles: 5 I I I I I I I

States: 19 I I I I I I I
Flags: none s d ?

LD r, (IY+d)
r ~ (IY+d)
The operand (IY+d) (the contents of the Index Register IY summed with a
displacement integer d) is loaded into register r.

I I I I I I I
1 1 1 1 1 1 0 1

I I I I I I J
I I I I I I I

O 14—r—">1 1 O
Cycles: 5 I I I I I I I

States: 19 I I r I I I I
Flags: none V d >

I I I I I ‘ l I

LD (HL), r
(HL) — r
The contents of register r are loaded into the memory location specified by
the contents of the HI. register pair.

I I I I I I I
O l 1 1 0 <—-Y‘—>

l I I I l I I

Cycles: 2 </‘\
States: 7 “‘I
Flags: none

LD (IX+d), r
(IX+d) ~ r
The contents of register r are loaded into the memory address specified by the
contents of Index Register IX summed with d, which is a two’s complement
displacement integer.

Cycles: 5
States: 19 V l ' d ' >
Flags: none I I I
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LD (IY+d), r
(IY+d) ~ I
The contents of register r are loaded into the memory address specified by the
sum of the contents of the Index Register IY and d, a two’s complement
displacement integer.

I I I I I I I

1 1 1 1 1 1 0 1
I I II I I l

I I I I I I I
O 1 1 1 0“—"I"—>

I I I I I I I
Cycles: 5
States: 19 I I I I I I I
Flags: none I I I l l I I

LD (HL), n
(HL) - n
Integer n is loaded into the memory address specified by the contents of the
HL register pair.

Cycles: 3 n
States: 10
Flags: none

LD (IX+d), n
(lX+cl) - n
The n operand is loaded into the memory address specified by the sum of the
contents of the Index Register IX and the two's complement displacement
operand d. IIIIIII

1101110
I I l J l I I

I I I I I I I

0 O 1 1 0 1 1 OI I I I I I I
I I I I I I I

I | I I I I |
Cycles: 5
States: 19 I I I I I I I
Flags: none I I I I I I I

LD (IY+d), n
(IY+d) .— n
Integer n is loaded into the memory location specified by the contents of the
Index Register IY summed with a displacement integer d.

I I I I I I I

1 1 l 1 1 1 0 1
I I I I I I I
I I I I I I I

0 0 1 1 0 1 1 0
I I I I I
I I I I I I I

‘ (j ‘
I I I I I I I

Cycles: 5
States: 19 A I I I I I I I _
Flags: none I I I n I I I I



LD A, (BC)
A -— (BC)
The contents of the memory location specified by the contents of the BC
register pair are loaded into the Accumulator.

I I I I I I I
0 0 0 0 1 0 1 0

I 1 1 1 1 1 1
Cycles: 2
States: 7
Flags: none

ID A, (DE)
A — (DE)
The contents of the memory location specified by the register pair DE are
loaded into the Accumulator.

I I

LD A, (nn)

I I I I I

O 0 0 1 l 0 0
I I l I I l I

Cycles: 2
States: 7
Flags: none

A «— (nn)
The contents of the memory location specified by the operands nn are loaded
into the Accumulator. The first n operand is the low-order byte of a 2-byte
memory address. 2; A

I I I I Io 0 1 1 1 0 ' 1 I o
l l I I I l I

I I I I I I I

LD (BC), A

< n V
1 1 1 1 1 1 1

Cycles: 4
States: 13 V I I I n I I I I r
Flags: none 1 1 1 1 1 1 1

(BC) ‘- A
The contents of the Accumulator are loaded into the memory location
specified by the contents of the register pair BC.

I I I I I I I

0 0 0 0 0 0 l 0
1 1 1 1l I l

LD (DE), A

Cycles: 2
States: 7
Flags: none

(DE) ~ A
The contents of the Accumulator are loaded into the memory location
specified by the DE register pair.

1 1 1 1 1 1 1
O 0 0 1 O 0 1 O

1 1 1 1 1 1
Cycles: 2
States: 7
Flags: none
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LD (nn),

LD A,I

LD A,R

LD LA
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A
(nn) — A
The contents of the Accumulator are loaded into the memory address
specified by the operands nn. The first 11 operand is the low-order byte of
operand nn.

I I I I I I I
0 O 1 1 0 O 1 0

l I l I I l I

f n =
I I I I I I I

Cycles: 4
States: 13 V I I I n I I I I V
Flags: none I I I I I I I

A -— I
The contents of the Interrupt Vector Register I are loaded into the
Accumulator.

I I I I I I I
1 1 l 0 1 1 0 1

I I I I I I I
I I I I I I I

0 1 O 1 0 1 1 1
Cycles: 2 I I I I I I I
States: 9
Flags: S, Z, H,N,P/V

S: set if I < 0; reset otherwise
2: set if I=O; reset otherwise
H,N: reset
P/V: contains contents of IFFZ

A — R
The contents of Memory Refresh Register R are loaded into the Accumulator.

IIIIIII
11101101

I I l l l I I

I I I I I I I

Cycles: 2 0 1 O 1 1 1 1
States: 9 I I I I I I I
Flags: S,Z,H,N,P/V

5: set if R < 0; reset otherwise
Z: set if R=0; reset otherwise
H,N: reset
P/V: contains contents of IFFZ

I ~— A
The contents of the Accumulator are loaded into the Interrupt Control Vec-
tor Register I.

I I I I I I I

1 1 1 0 1 1 O 1
I l l I I I l

I I I I I I I

Cycles:2 011I010l0l1l1I1
States: 9
Flags: none



LDR,A
R~A
The contents of the Accumulator are loaded into the Memory Refresh
Register R.

Cycles: 2
States: 9
Flags: none

I I I I I I I

1 1 1 O 1 1 O 1
I I I I I I l

I I I I I I I

0 1 0 0 1 1 l l
I I I I I I I

SIXTEEN-BIT LOAD INSTRUCTIONS

LD dd, nn
dd - nn
The Z-byte integer mm is loaded into the dd register pair, where dd defines the
BC, DE, HL, or SP register pairs, assembled as follows in the object code:

BC
DE
I-IL
SP

Cycles: 3
States: 10

d_d
00
01
10
11

Flags: none I

LD IX, nn
IX - nn

I
I I I I I I I

0 0 d CI 0 0 0 l
I I I I I I I
I I I I I I I

I I I I l I I

I I I I I I I

I L I I I I I

Integer nn is loaded into the Index Register IX.

Cycles: 4
States: 14
Flags: none

LD IY, nn
IY ~— nn

I l I I I I I
l l O 1 l 1 0 l

I I I II I I

I I I I I l I
O O l O 0 O 0 l

I Il I I l I

I I I I I I I
V n V

I I I I I I I

I I I I I I |
V n a

L I I l I I I

Integer mm is loaded into the Index Register IY.

Cycles: 4
States: 14
Flags: none

1'1'1'1'1'1'0'1
II I I I I I

0'0'1'0'0'0'0'1
I
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LD HL, (nn)
H — (nn+1), L <— (nn)
The contents of memory address nn are loaded into register L, and the con-
tents of the next highest memory location (nn+1) are loaded into register H.

Cycles:
States:
Flags:

LD dd, (rm)

5
16
none

0'0‘1'0'1'0'1'0

I I I I I I I

I I I I I I I

I I I I I I I

dd” ‘— (nn+1), dd; - (nn)
The contents of address mm are loaded into the low-order portion of register
pair dd, and the contents of the next highest memory address (nn+1) are
loaded into the high portion of dd.

Cycles:
States:
Flags:

LD IX, (nn)

6
20
none

0
1'1’1'0'1'1'0'1

I I I I I I I

I I I I I‘?>I I0 1d d 1011
IIIIIII}

I I I I I I I

V n ‘

I I I I I I I

I I I I | I I

V n t

IXH ¢- (nn+1), IX], — (mm)
The contents of the address nn are loaded into the low-order portion of Index
Register IX, and the contents of the next highest memory address (nn+l) are
loaded into the high-order portion of IX.

Cycles:
States:
Flags:

LD IY, (nn)

6
20
none

1'1'0'1'1‘1' '1
I I I I I I I

0'0'1‘0'1'0‘1'0
I I I I I I I

I | I I I I I

I I I I I I I

I I I I I I I

IY,, ‘— (nn+1), IYL ‘— (mm)
The contents of address nn are loaded into the low-order portion of Index
Register IY, and the contents of the next highest memory address (nn+ 1) are
loaded into the high-order portion of IY.

:LA



LD (rm),

LD (nn),

LD (nn),

LD (nn),

I I I l I I I
l l l 1 l l 0 lI I I I I I I

I I I I
0 0 l 0 1l I I I

I I
0

l

I
l 0l

I I I

Cycles: 6 I I I I I I
States: 20 I I I I I I
Flags: none f :

I I I I I I
HL
(nn+1) ~— H, (nn) ~ L
The contents of register L are loaded into memory address rm, and the con-
tents of register H are loaded into the next highest address location nn+1.

I I I I I I I

0 0 l 0 0 0 l 0
I I I I I I I
I I

I I

I I

Cycles: 5
States: 16 I I I I I A
Flags: none ‘ I I I I I '

dd
(nn+1) ._ dd”, (nn) — ddL
The low-order byte of register pair dd is loaded into memory address nn; the
upper byte is loaded into memory address nn+1.

I I I I I I I
l l l 0 l l 0 l

I I I I I I I

IIIIIII
01dd001l

Cycles: 6 I I I I I I
States: 20 ‘ 'I I I I I I
Flags: none

4 I I I I I IA

I I I I I I 7
IX
(nn+1) ~ IXH, (rm) ~ IXL
The low-order byte in Index Register IX is loaded into memory address mm;
the upper-order byte is loaded into the next highest address nn+1.

1'1'0'1'1'1'0'1
I I l l

IIIIIII
00100010

I I

Cycles: 6 I I I I I I
States: 20 : I I I I I I:
Flags: none

I I I I I I

V I I I I I 1'
IY
(nn+1) ~— IYH, (nn) ~ IYL
The low'order byte in Index Register N is loaded into memory address nn;
the upper-order byte is loaded into memory location nn+1.
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Cycles: 6 I I I I
States: 20 f n g
Flags: none I l ' I I I

LD SP, HL
SP ~ HL
The contents of the register pair HL are loaded into the SP (stack pointer).

I I I I I I I

Cycles:1 1I1I1I1I1I0I0I1
States: 6
Flags: none

LD SP, IX
SP — IX
The 2-byte contents of Index Register IX are loaded into the SP (stack

pointer). I I I I I I I
1 1 0 1 1 1 O 1

I I I I I I I

Cycles: 2 I I I I I I I
States: 10 1 1 1 1 1 0 0 1
Flags: none ' ' ' ‘ ' l '

LD SP, IY
SP ~— IY
The 2-byte contents of Index Register IY are loaded into the SP (stack
pointer).

I I I I I I I

1 1 1 1 1 1 0 1
l I I4! I l I

Cycles: 2 I I I I I I I
States: 10 1 1 1 1 1 0 0 1I I I I I I IFlags: none

PUSH qq
(SP—2) — qqy (SP-1) ~ q
The contents of the register pair qq are pushed into the external memory
LIFO (last-in, first-out) Stack. The Stack Pointer (SP) register pair holds the
16-bit address of the current “top” of the Stack. This instruction first
decrements the SP and loads the high order byte of register pair qq into the
memory address now specified by the SP; then decrements the SP again and
loads the low order byte of qq into the memory location corresponding to
this new address in the SP.
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Cycles:3 llllqlqlollloll

States: 11 I I I I I l l
Flags: none



PUSH IX

PUSH IY

POP qq

POP IX

(SP-2) ~ IXL, (SP—1) «- IXH
The contents of the Index Register IX are pushed into the Stack. This instruc-
tion first decrements the SP and loads the high-order byte of IX into the
memory address now specified by the SP; it then decrements the SP again
and loads the low-order byte into the memory location corresponding to this
new address in the SP.

llllollllllloll

I l

llllllolollloll

l l l I lCycles: 3 1 |
States: 15
Flags: none

(SP—2) ~ IYL, (SP—1) ~ IYH
The contents of the Index Register IY are pushed into the Stack. This instruc-
tion first decrements the SP and loads the high-order byte of IY into the
memory address now specified by the SP; it then decrements the SP again
and loads the low-order byte into the memory location corresponding to this
new address in the SP.

Cycles: 4 I J 1
States: 15
Flags: none

«1% ;- (SP+1), q - (SF)
The top 2 bytes of the Stack are popped into register pair qq. This instruction
first loads into the low-order portion of qq the byte at the memory location
corresponding to the contents of SP; then SP is incremented and the contents
of the corresponding adjacent memory location are loaded into the high-
order portion of qq, and the SP is now incremented again.

llllqlqlolololl

lllllll

Cycles: 3
States: 10
Flags: none

IXH ~ (SP+1), IXL ~ (SP)
The top 2 bytes of the Stack are popped into Index Register IX. This instruc-
tion first loads into the low-order portion of IX the byte at the memory loca-
tion corresponding to the contents of SP; the SP is incremented and the con-
tents of the corresponding adjacent memory location are loaded into the
high-order portion of IX. The SP is now incremented again.

1'1 [0 [1|1 l1 loll

l | l l l 1 l

1'1 '1 ‘0 '0 '0 '0'1Cycles: 4
States: 14 I I I l I l '
Flags: none
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POP IY
IYH ~ (SP+1), IYL ~— (SF)
The top 2 bytes of the Stack are popped into Index Register IY. This instruc-
tion first loads into the low-order portion of IY the byte at the memory loca-
tion corresponding to the contents of SP; then the SP is incremented and the
contents of the corresponding adjacent memory location are loaded into the
high-order portion of IY. The SP is now incremented again.

I I I I II I

1 1 1 1 1 1 0 1
I l I I I I I

I I I I I I I

Cycles: 4 1 1 1 0 0 O 0 1
States: 14 I I I I ' I '
Flags: none

EXCHANGE, BLOCK TRANSFER AND SEARCH GROUP

EX DE, HL
DE ~ HL
The 2-byte contents of register pairs DE and HL are exchanged.

I I I I I I I

1 1 1 O 1 O 1 1
| I I l l l I

Cycles: 1
States: 4
Flags: none

EX AF, AF'
AF —- AF’
The Z-byte contents of the register pairs AF and AF’ are exchanged.

I I I I I I I
0 0 0 0 1 0 0 0

I I I I I I I
Cycles: 1
States: 4
Flags: none

EXX
(BC) ~ (BC’), (DE) ~ (1313'), (HL) ~ (HL')
Each 2-byte value in register pairs BC, DE, and HL is exchanged with the
2-byte value in BC’, DE', and HL’ respectively.

I I I I I I I

1 1 O 1 1 O 0 1
l l I l l I I

Cycles: 1
States: 4
Flags: none
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EX (SP), HL
H .. (SP+1), L ~ (SP)
The low-order byte contained in register pair HL is exchanged with the con-
tents of the memory address specified by the contents of register pair SP, and
the high-order byte of HL is exchanged with the next highest memory address
(SP+1).

I I I I I I I

l 1 1 O 0 0 .1 1
I I I I I I I

Cycles: 5
States: 19
Flags: none

EX (SP), IX
IX” .. (SP+1), IXL ~ (SP)
The low-order byte in the Index Register IX is exchanged with the contents of
the memory address specified by the contents of register pair SP, and the
high—order byte of IX is exchanged with the next highest address (SP+1).

l I I I l I I

1 1 O 1 1 1 0 1
I I l Il | I

I I I I I I I

Cycles: 6 1 1 1 O O 0 1 1
States: 23 ' ' ' ' I ' '
Flags: none

EX (SP), IY

LDI

IYH ~ (SP+1), IYL ~ (SP)
The low-order byte in Index Register IY is exchanged with the contents of the
memory address specified by the contents of register pair SP, and the high-
order byte of lY is exchanged with the next highest memory address.

I I I l I I I
1 1 1 1 1 1 0 1

I I I I II I

I I I I I I I

Cycles: 6 1 1 1 O 0 O 1 1
States: 23 I 1 I I I I I
Flags: none

(DE) ~ (HL), DE ‘— DE+1, HL .— HL+1, BC ~ BC—l
A byte of data is transferred from the memory location addressed by the con-
tents of the HL register pair to the memory location addressed by the contents
of the DE register pair. Then both register pairs are incremented and the BC
(byte counter) register pair is decremented.

I I I I I I I

1 1 1 0 1 1 O 1
Il I l I I l

Cycles: 4 1IOI1IOIOIOIOIO
States: 16 I I I I ' ' '
Flags: H,N,P/V

H,N: reset
P/V: set if BC—lqéO; reset otherwise
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LDIR

LDD

LDDR

(DE) ~ (HL), DE — DE+1, HL — HL+1, BC ~— BC—l
This 2-byte instruction transfers a byte of data from the memory location ad-
dressed by the contents of the HI. register pair to the memory location ad-
dressed by the DE register pair. Then, both register pairs are incremented and
the BC (byte counter) register pair is decremented. If decrementing causes the
BC to go to 0, the instruction is terminated. If BC is not 0, the program
counter is decremented by 2 and the instruction is repeated. Note: if BC is set
to 0 prior to instruction execution, the instruction will loop through 64 K
bytes. Also, interrupts will be recognized after each data transfer.

I I I I I I I
1 1 l 0 1 1 O 1

I I I

| I I I I I I
1 O 1 1 0 O O O

I I ll l I l
For BC 7': 0:

Cycles: 5
States: 21

For BC = O:

Cycles: 4
States: 16

Flags: H,N,P/V: reset

(DE) ~— (HL), DE ~ DE—l, HI. -— HL-l, BC ~ BC—l

This Z-byte instruction transfers a byte of data from the memory location ad-
dressed by the contents of the HL register pair to the memory location ad-
dressed by the contents of the DE register pair. Then both register pairs in-
cluding the BC (byte counter) register pair are decremented.

I I I I I I I
1 1 1 O 1 1 0 1

I Ii l l l l

I I | I I I I
l O 1 O 1 O 0 O

I II l l l l

Cycles: 4
States: 16
Flags: H,N,P/V

H, N: reset
P/V: set if BC-lt; reset otherwise

(DE) ~— (HL), DE - DE—1,HL ~— HL—l, BC ‘— BC—l
This Z—byte instruction transfers a byte of data from the memory location ad-
dressed by the contents of the HL register pair to the memory location ad-
dressed by the contents of the DE register pair. Then both registers, as well as
the BC (byte counter), are decremented. If decrementing causes the BC to go
to O, the instruction is terminated. If BC is not 0, the program counter is
decremented by 2 and the instruction is repeated. Note: if BC is set to 0 prior
to instruction execution, the instruction will loop through 64 K bytes. Also,
interrrupts will be recognized after each data transfer.



CPI

CPIR

For BC ¢ 0: L 1 I

Cycles: 5
States: 21

For BC = 0:

Cycles: 4
States: 16

Flags: H, N, P/V: reset

A-(HL), HL ~ I-IL+1, BC ~ BC-l
The contents of the memory location addressed by the HI. register pair are
compared with the contents of the Accumulator. In case of a true compare, a
condition bit is set. Then HL is incremented and the byte counter (register
pair BC) is decremented.

I I I I I I I

l 1 1 O 1 1 0 1
l l I l I ll

I I I ICycles:4 10'1'0 0'001
States: 16 I l l I I I I
Flags: S,Z,H,N,P/V

S: set if result is negative; reset otherwise
Z: set if A=(HL); reset otherwise
H: set if no borrow from bit 4; reset otherwise
N: set
P/V: set if BC—lsto; reset otherwise

A—(HL), HL — HL+1, BC ~ BC—l
The contents of the memory location addressed by the I-IL register are com-
pared with the contents of the Accumulator. In case of a true compare, a con-
dition bit is set. The HL is incremented and the BC is decremented. If
decrementing causes the BC to go to 0 or if A=(HL), the instruction is ter-
minated. If BC is not 0 and if A¢ (HL), the program counter is decremented
by two, and the instruction is repeated. Note: if BC is set to 0 before instruc-
tion execution, the instruction will loop through 64 K bytes, if no match is
found. Also, interrupts will be recognized after each data comparison.

For BC?t O and A¢ (HL):

Cycles: 5
States: 21

For BC=0 or A=(HL):

Cycles: 4
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CPD

CPDR

States:

Flags:
16
S, Z,H,N,P/V

S: set if result is negative; reset otherwise
Z: set if A=(HL); reset otherwise
H: set if no borrow from bit 4; reset otherwise
N: set
P/V: set if BC—latO; reset otherwise

A—(HL), HL «— HL—l, BC «- BC—l
The contents of the memory location addressed by the HL register pair are
compared with the contents of the Accumulator. In case of a true compare a
condition bit is set. The HL and the BC are decremented.

l l l l I | l

1 l 1 O l l OI I I I I Il

l ll I l l I

Cycles:4 llolllOlllOlOl
States: 16
Flags: S,Z,H,N,P/V

S: set if result is negative; reset otherwise
Z: set if A=(HL); reset otherwise
H: set if no borrow from bit 4; reset otherwise
N: set
P/V: set if BC-lt; reset otherwise

A-(HL), HL — HL-l, BC — BC-l
The contents of the memory location addressed by the HL register pair are
compared with the contents of the Accumulator. In case of a true compare a
condition bit is set. The HL and BC register pairs are decremented. If
decrementing causes the BC to go to 0 or if A=(HL), the instruction is ter-
minated. If BC is not 0 and Ash (HL), the program counter is decrementecl by
2 and the instruction is repeated. Note: if BC is set to 0 prior to instruction ex-
ecution, the instruction will loop through 64 K bytes if no match is found.
Also, interrupts will be recognized after each data comparison.

l l l l l l l

lI I I I I I
l O l l l O O lI I I I I I I

For BCatO and A= (HL):

Cycles: 5
States: 21

For BC=0 or A=(HL):
Cycles: 4
States: 16

Flags: S,Z,H,N,P/V
S: set if result is negative; reset otherwise
Z: set if A=(HL); reset otherwise
H: set if no borrow from bit 4; reset otherwise
N: set
P/V: set if BC—1¢o; reset otherwise



EIGHT-BIT ARITHMETIC AND LOGICAL GROUP

ADD A, r
A ~— A+r
The contents of register r are added to the contents of the Accumulator, and
the result is stored in the Accumulator.

I I I I I I I
10 0 0 0‘—Y‘—’I I I I I I I

Cycles: 1
States: 4
Flags: S,Z,H,N,C,P/V

S: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
C: set if carry from bit 7; reset otherwise
P/V: set if overflow; reset otherwise

ADD A, n
A ~ A+n
The integer n is added to the contents of the Accumulator, and the results are
stored in the Accumulator.

I I I I I l I
l l. O O 0 1 1 O

I I I I I Il

Cycles: 2
States: 7
Flags: S,Z,H,N, C,P/V

5: set if result is negative; reset otherwise
Z: set if result is 0; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
C: set if carry from bit 7; reset otherwise
P/V: set if overflow; reset otherwise

ADD A, (HL)
A — A+(HL)
The byte at the memory address specified by the contents of the HL register
pair is added to the contents of the Accumulator, and the result is stored in
the Accumulator.

I 1 I I I I I
1 0 0 0 0 1 1 0

I I I I I I I

Cycles: 2
States: 7
Flags: 5, Z, H, N, C, P/V

5: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
C: set if carry from bit 7; reset otherwise
P/V: set if overflow; reset otherwise
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ADD A, (IX+d)
A ~ A+(IX+d)
The contents of the Index Register IX are added to a displacement d to point
to an address in memory. The contents of this address are then added to the
contents of the Accumulator, and the result is stored in the Accumulator.

I I I I I I I
1 1 O 1 1 1 0 l

I I l I I ll

I I I I I l I
1 0 0 0 0 1 1 O

I I I l l l l

Cycles: 5
States: 19
Flags: S,Z,H,N,C,P/V

5: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
C: set if carry from bit 7; reset otherwise
P/V: set if over ow; reset otherwise

ADD A, (IY+d)
A ~ A+(IY+d)
The contents of the Index Register IY are added to a displacement d to point
to an address in memory. The contents of this address are then added to the
contents of the Accumulator, and the result is stored in the Accumulator.

I I I I I I |
1 O O O O 1 l O

l I I I l lI

Cycles: 5
States: 19
Flags: S,Z,H,N,C,P/V

8: set if result is negative; reset otherwise
: set if result is O; reset otherwise
: set if carry from bit 3; reset otherwise
: set
: set if carry from bit 7; reset otherwise

P/V: set if overflow; reset otherwise

Z
H
N
C
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ADC A, s
A -- A+s+CY
The s operand is any of r, n, (HL), (IX+d), or (IY+d) as defined for the
analogous ADD instruction. These various possible opcode operand corn-
binations are assembled in the object code as follows:

I I I I
ADC A, r 1 O O O l *—I‘—>
ADC A, n I I I I I

‘ n r
l I I I I I I

I I I I I I I
ADC A, (HL) 1 0 0 O 1 l l 0

I I I I I I I

I I I I I I I
ADC A, (IX+d) 1 l O 1 l 1 0 l

I 1 I I I I I

I I I I | I |
l 0 O O l l l O

I I l l I l l

I I I I I | I

I I

ADCA,(IY+d) 1 1 1'1'1'1'0 1
I I I I I I

The s operand, along with the Carry Flag (”C” in the F register) is added to
the contents of the Accumulator, and the result is stored in the Accumulator.

Instruction Cycles States
ADC A, r 1 4
ADC A, n 2 7
ADC A, (HL) 2 7
ADC A, (IX+d) 5 19
ADC A, (IY+d) 5 19

Flags: 8, Z, H, N, C, P/V
S: set if result is negative; reset otherwise
Z: set if result is 0; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
C: set if carry from bit 7; reset otherwise
P/V: set if overflow; reset otherwise
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SUB s
A :— A—s
The s operand is subtracted from the contents of the Accumulator, and the
result is stored in the Accumulator.

I I I I I I I
SUBr l 0 0 1 O"“Y"—‘>

I l I I I I I
I I I I I I l

SUBn l l 0 l 0 l l 0
I I I I I I I
I I I I I I I

‘ n 5
I I I I I I I
I I l I l I I

SUB(HL) l 0 0 l 0 1 1 O
I I I I I I I
I I I I I I I

SUB(IX+d) llllollllllloll

SUB<IY+d) 1‘1'121'11110'1
l I l I

I I I I I I I
l 0 0 l O 1 l 0

I I I I I I I

- d V
I I l I I I I

115mm 222152 51%
SUB r 1 4
SUB n 2 7
SUB (HL) 2 7
SUB (IX+d) 5 19
SUB (IY+d.) 5 19

Flags: S,Z, H, N, C,P/V
S: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: set if no borrow from bit 4; reset otherwise
N: set
C: set if no borrow; reset otherwise
P/V: set if over ow; reset otherwise
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SBC A, s
A ~ A-s-CY
The s operand, along with the Carry Flag (”C" in the F register) is subtracted
from the contents of the Accumulator, and the result is stored in the
Accumulator.

SBC A, r

SBC A, n

SBC A, (HL)

SBC A, (IX + d)

SBC A, (IY+d)

Instruction
SBC A, r
SBC A, n
SBC A, (HL)
SBC A, (IX+ d)
SBC A, (IY+ d)

I l I I I l I

l 0 0 l l<—r—>
l l I I I l l

I I I I I I I

l l 0 1 l l l 0
I I I I I I l

I I I I I I I

l 0 0 l l l l 0I I I I I I I
I I I I I I I

l l 0 1 l 1 0 lI I I I I II

I I I I I I I
l 0 0 .1 l l l OI I I I I I I

I I I I I I I
l l 1 l 1 l 0 l

I I I I I I I

1‘0‘0'1'1‘1‘1‘0

Cycles States

\1
\1

>I
=~

19
19(R

U
IN

N
H

Flags: S, Z, H, N, C, P/V
set if result is negative; reset otherwise
set if result is O; reset otherwise

set

5:
Z:
H: set if no borrow from bit 4; reset otherwise
N:
C: set if no borrow; reset otherwise
P/V: set if overflow; reset otherwise
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AND 5
A ~ AA 5
A logical AND operation, bit by bit, is performed between the byte specified
by the s operand and the byte contained in the Accumulator; the result is
stored in the Accumulator.

I I | I I I I

ANDr llOIJIOIOr—Irf

I I I I I I I

ANDn l l l O O 1 0
I I I I I I I

I I I I I I |

f n >
| I I I I I J

I I I I I I I

AND(HL) 1 O l 0 0 l l O
I I I I I I I

I I I I | I I

AND(IX+d) l l 0 l l 1 0 l
I I I I

‘ d >

ANDaY+m 1'1'1'1'1‘1 o 1
I I I I

‘ (2] :
I I l l I I I

EEEEEE El a 3E5:
ANDr 1 4
ANDn 2 7
AND%&) 2 7
ANDux+d) 5 19
ANDax+w 5 m

Flags: S,Z,H,N,C,P/V

S: set if result is negative; reset otherwise
Z: set if result is 0; reset otherwise
H: set
N: reset
C: reset
P/V: set if parity even; reset otherwise
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ORs
A—Avs
A logical OR operation, bit by bit, is performed between the byte specified
by the s operand and the byte contained in the Accumulator; the result is
stored in the Accumulator.

ORr 1'0'1'1'0L—1r'—>
I I I I I I I

I I I I I I I

OR 11 l 1 1 1 O 1 l 0
I I I I I I I

I I I I I I I

w n
I I I I I I I

I I I I I I I
OR(HL) 1 O 1 l O l l O

I I I I I I I

I I I I I I I

OR(IX+d) l 1 0 1 1 1 O 1
l I I I I I I

I I I I I I I
l 0 1 1 0 l 1 0

I I I I I I I

I | I I I I I
f d V

l I I I I I I

I I I I I I I
OR(lY+d) l 1 1 1 l 1 0 1

i I I | I I I

I I I I I I I

1 O 1 1 O 1 1 O
I I I I I I l

I I I I I I I

t d v
I I I I | I I

Instruction Cycles States
OR r 1 4
OR n 2 7
OR (HL) 2 7
OR (IX+d) 5 19
OR (IY+d) 5 19

Flags: S, Z,H, N, C,P/V
set if result is negative; reset otherwise
set if result is 0; reset otherwise

S:
Z:
1-1: set
N: reset
C: reset
P/V: set if parity even; reset otherwise
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XORs
A — A63 5
A logical exclusive-OR operation, bit by bit, is performed between the byte
specified by the s operand and the byte contained in the Accumulator; the
result is stored in the Accumulator.

I I
XOR r 1 I O 1 O 1 <—- Y‘ —>

I I I I I I I

I I I I I I I
XOR n 1 1 1 O 1 1 1 O

I I I I I I I

I I I I I I I
V n t

I I I I I I I

I I I I I I I
XOR (HL) 1 0 1 O 1 1 1 O

I I I I I I I

I I I I I I I
XOR (IX+d) 1 l O 1 1 1 0 1

I I I I I I I
XOR<IY+d) 1I111I1I1I110I1

: d >
i I I l l l 1

We Qd S_tate_s
XOR r 1 4
XOR n 2 7
XOR (HL) 2 7
XOR (IX+d) 5 19
XOR (IY+d) 5 19

Flags: S,Z,H,N,C,P/V
S: set if result is negative; reset otherwise
Z: set if result if 0; reset otherwise
H: set
N: reset
C: reset
P/V: set if parity even; reset otherwise
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CPS
A—s
The contents of the s operand are compared with the contents of the Ac—
cumulator. If there is a true compare, a flag is set.

CPr

CPn

CP (HL)

CP (IX + d)

CP (IY + d)

Instruction
CP r
CP n
CP (HL)
CP (lX+d)
CP (IY+d)

e d r
l l l l l l l

cm 52%
1 4
2 7
2 7
5 19
5 19

Flags: S,Z,H,N,C,P/V
5:
Z:
H:
N:
C:

set if result is negative; reset otherwise
set if result is 0; reset otherwise
set if no borrow from bit 4; reset otherwise
set
set if no borrow; reset otherwise

P/V: set if overflow; reset otherwise
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INC r
r - r+1
Register r is incremented.

Cycles:
States:
Flags:

" INC (HL)

I I I I I I I
0 O<—Y‘—>1 0 0

I I I I I I I

1
4
S,Z,H,N,P/V
5: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
I-I: set if carry from bit 3; reset otherwise
N: reset
P/V: set if r was 7FI-I before operation; reset otherwise

(I-IL) ~ (HL) + 1
The byte contained in the address specified by the contents of the HL register
pair is incremented.

Cycles:
States:
Flags:

INC (IX + d)

I I I | I I I
O O 1 l 0 1 0 O

l I | I I l I

3
11
5, Z, H, N, P/V
S: set if result is negative; reset otherwise
2: set if result is O; reset otherwise
I-I: set if carry from bit 3; reset otherwise
N: reset
P/V: set if (HL) was 7FH before operation; reset otherwise

(IX+d) ‘- (IX+d)+l
The contents of the Index Register IX are added to a two’s complement
displacement integer d to point to an address in memory. The contents of this
address are then incremented.

Cycles:
States:
Flags:

INC (IY + d)

I I I I I I I
1 1 0 1 1 1 0 1

I I I I l l I

I I I I I I I
O 0 1 1 0 1 0 0

L I I I I I I

6 I I I I I I I
23
S, Z, H, N, P/V
5: set if result is negative; reset otherwise
2: set if result is 0; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
P/V: set if (IX+d) was 7FH before operation; reset otherwise

(IY+d) — (IY+d)+1
The contents of the Index Register IY are added to a two’s complement
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DEC m

displacement integer d to point to an address in memory. The contents of this
address are then incremented.

I I I I I I I1 1 1 1 1 1 0 1
I II l I I I

I I I l I I I
O 0 1 1 0 1 0 0

I I I I I I l

Cycles: 6 I l
States: 23
Flags: S,Z, H,N,P/V

S: set if result is negative; reset otherwise
2: set if result is 0; reset otherwise
H: set if carry from bit 3; reset otherwise
N: reset
P/V: set if (IY+d) was 7FH before operation; reset otherwise

m ~— m-l
The byte specified by the m operand is decremented.

I I I I I I I

DEC r O 0 <— 1” -—-> 1 O 1
l_ I l I I I I

I I I I I I I

DEC (HL) 0 O l 1 0 1 O 1
I I I I I I I

I . I I I I I I

DEC (IX+d) l 1 l 1 l 0 1
I I I I I I I

I I I I I I I

O O 1 O 1 0 1
I I I I I I I

I I I I I I I

: d :
I I I I I I l

I I I I I I I

DEC (IY+d) 1 1 l 1 1 O l
I I I I I I I

I I I I I I I

O O 1 1 O 1 O 1
I I I I I I I

I I I I I I IV d ,
I J I I I I I

Instruction Cycles States
DEC r 1 4
DEC (HL) 3 11
DEC (IX+d) 6 23
DEC (IY+d) 6 23

Flags: S, 2, H, N, P/V
S: set if result is negative; reset otherwise
2: set if result is 0; reset otherwise
H: set if no borrow from bit 4; reset otherwise
N: set
P/V: set if m was 80H before operation; reset otherwise
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GENERAL PURPOSE ARITHMETIC AND CPU CONTROL GROUPS

CPL

NEG

CCF

SCF

A -— X
Contents of the Accumulator are inverted (1’s complement).

I I I II I I

O O 1 O 1 1 1 1
I l I I I I I

Cycles: 1
States: 4
Flags: H,N

H: set
N: set

A -» O—A
The contents of the Accumulator are negated (two's complement). This is the
same as subtracting the contents of the Accumulator from O.

I I I I I I I

1 1 1 O 1 1 O 1
l I I l l I I

I I I I I I I

Cycles: 2 0 1 O O O 1 0 0
States: 8 1 I l I l I l
Flags: S,Z,H,N,C,P/V

set if result is negative; reset otherwise
: set if result is O; reset otherwise
: set if no borrow from bit 4; reset otherwise
: set
: set if Accumulator was not OOH before operation; reset other-

wise
P/V: set if Accumulator was 80H before operation; reset otherwise

O
Z

E
N

E
”

CY ~ CY
The C flag in the F register is inverted.

I I I I I I I
O 0 1 1 1 1 1 1

| I J I I I I

Cycles: 1
States: 4
Flags: H, N, C

H: previous carry will be copied
N: reset
C: set if CY was 0 before operation; reset otherwise

CY ~— 1
The C flag in the F register is set.

I I I I I I I
O O 1 1 O 1 1 1

II I I I I I

Cycles: 1
States: 4
Flags: H, N, C



H: reset
N: reset
C: set

NOP

The central processor performs no operation during this machine cycle.
I I I I I I I

0 0 0 O O D O 0
I I I l I I I

Cycles: 1
States: 4
Flags: none

DAA

This instruction conditionally adjusts the Accumulator for BCD addition and
subtraction operations. For addition (ADD, ADC, INC) or subtraction (SUB,
SBC, DEC, NEG), the following table indicates the operation performed:

HEX HEX
VALUE VALUE NUMBER

C IN H IN ADDED C
BEFORE UPPER BEFORE LOWER TO AFTER

OPERATION DAA DIGIT DAA DIGIT BYTE DAA
( b i t ( b 1 t;
7 - 4 ) 3 - 0 )

0 0 - 9 0 0 - 9 0 0 0
0 0 - 8 0 A- F 0 6 0
0 O - 9 1 0- 3 0 6 0

AD D O A - F 0 0 - 9 6 0 1
ADC 0 9 - F 0 A— F 6 6 1
IN C O A - F 1 O - 3 6 6 1

1 0 - 2 0 O - 9 6 0 1
1 O - 2 0 A- F 6 6 1
1 O - 3 1 0 - 3 6 6 1

SUB o 0- 9 0 0-9 0 o 0
S B C 0 0 -— 8 1 6 - F FA 0
D EC 1 7 - F 0 O - 9 A 0 1
NEG 1 6 -F 1 6 -F 9A 1

1‘1 CYCLES: 1 T STATES: 4 4 MHZ E.T.: 1.00

Cycles: 1
States: 4
Flags: S,Z,H,C,P/V

S: set if most significant bit of Accumulator is 1 after operation;
reset otherwise

Z: set if Accumulator is 0 after operation; reset otherwise
H: see instruction
0 see instruction
P/V: set if Accumulator is even parity after operation; reset other-

wise

THE 280 MICROPROCESSOR 61



62 THE 280 MICROPROCESSOR

HALT

DI

EI

IMO

1M1

The HALT instruction suspends the central processor operation until a subse-
quent interrupt or reset is received. While in the halt state, the processor will
execute NOPs to maintain memory refresh logic.

I I I | | I I
O l 1 l O l 1 O

I I I1 I I I

Cycles: 1
States: 4
Flags: none

IFF :— 0
D1 disables the maskable interrupt by resetting the interrupt enable flip-flops
(IFFl and IFFZ). Note: this instruction disables the maskable interrupt during
its execution.

I I I I I I I
l l l l O O l 1

l I I I I I I

Cycles: 1
States: 4
Flags: none

IFF ~ 1
El enables the maskable interrupt by setting the interrupt enable flip-flops
(IFFl and IFFZ). Note: this instruction disables the maskable interrupt during
its execution.

Cycles: 1
States: 4
Flags: none

The IM 0 instruction sets interrupt mode 0. In this mode the interrupting
device can insert any instruction on the data bus and allow the central pro-
cessor to execute it.

I I I I I I I
l l l 0 l 1 0 l

I I I I I I I

I I | I I I I
0 l 0 O O l l 0

I I I I l lL

Cycles: 2
States: 8
Flags: none

The IM 1 instruction sets interrupt mode 1. In this mode the processor will
respond to an interrupt by executing a restart of location 00381-1.



I I I I I I I
l l l 0 l 1 0 l

I I I I Il l

Cycles=2 0‘1'0'110'1'1'0
States: 8 I I I I I I I
Flags: none

IM 2

The IM 2 instruction sets interrupt mode 2. This mode allows an indirect call
to any location in memory. With this mode, the central processor forms a
16-bit memory address. The upper 8 bits are the contents of the Interrupt
Vector Register I and the lower 8 bits are supplied by the interrupting device.

I I l l I I l1 1 1 O 1 1 O 1
l l l l l Il

l l l I l I l
O l O 1 1 1 l

Cycles: 2 | I I I I I I0
States: 8
Flags: none

SIXTEEN-BIT ARITHMETIC GROUP

ADD HL, ss
HL -— HL+ss
The contents of register pair 55 are added to the contents of register pair HL
and the result is stored in HL.

l l l l l l l

00351001
Jllllll

Cycles: 3
States: 11
Flags: H, N, C

H: set if carry out of bit 11; reset otherwise
N: reset
C: set if carry from bit 15; reset otherwise

ADC HL, ss
HL - HL+ss+CY
The contents of register pair 55 are added with the Carry Flag to the contents
of the register pair HL, and the result is stored in HL.

I I I I I I I
1 1 1 O 1 l O 1

I l l l l 1 l

I I I I I II
Cycles:4 Olllslslllolllo
States: 15
Flags: S, 2, H, N, C, P/V

: set if result is negative; reset otherwise
Z: set if result is 0; reset otherwise
H: set if carry out of bit 11; reset otherwise
N: reset
C: set if carry from bit 15; reset otherwise
P/V: set if overflow; reset otherwise

U)
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SBC HL, ss
HL ~ HL-ss-CY
The contents of the register pair 55 and the Carry Flag are subtracted from the
contents of register pair HL, and the result is stored in HL.

1'1'1'0‘1'1'0'1
l l I I I I I

4 0'1's's'0'0'1'0
l I l I I I lCycles:

States: 15
Flags: S,Z,H,N,C,P/V

S: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: set if no borrow from bit 12; reset otherwise
N:
C:

set
set if no borrow; reset otherwise

P/V: set if overflow; reset otherwise

ADD IX, pp
IX — IX+pp
The contents of register pair pp are added to the contents of the Index
Register IX, and the results are stored in IX.

1'1'0‘1'1'1'0'1
I I I I I I I

Cycles: 4
States: 15
Flags: H, N, C

H: set if carry out of bit 11; reset otherwise
N: reset
C: set if carry from bit 15; reset otherwise

Dlolplpllloloil

I I I I I I I

ADD IY, rr
IY — IY+rr
The contents of register pair rr are added to the contents of Index Register IY,
and the result is stored in IY.

I I I I I | I
l l 1 l 1 1 O 1

Il I I I I I

I I I I I I I
O O r r 1 O O 1

Cycles: 4 I I I I I 1 I
States: 15
Flags: H, N, C

H: set if carry out of bit 11; reset otherwise
N: reset
C: set if carry from bit 15; reset otherwise

INC ss
55 — ss+1
The contents of register pair 55 are incremented.

0'0's's'0'0'1‘1
I I l I I l
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INC IX

INC IY

DEC 55

DEC IX

DEC IY

Cycles: 1
States: 6
Flags: none

IX -— IX+1
The contents of the Index Register IX are incremented.

I I I I l I I
1 1 O 1 1 1 O 1

I I l

I I I I I I I

Cycles: 2 O O l O O 0 1 1
States: 10 I I I I I I I
Flags: none

IY — IY+1
The contents of the Index Register IY are incremented.

I | I I

Cycles: 2 O O 1 0 0 O 1 1
States: 10 I I I I
Flags: none

ss —— 55—1
The contents of register pair 55 are decremented.

IIIIIII
00851011

I I I I I I I

Cycles: 1
States: 6
Flags: none

IX ~ IX—1
The contents of the Index Register IX are decremented.

I I I I11011'1‘0'1

I

Cycles: 2 O 0
States: 10
Flags: none

IY — IY—l
The contents of the Index Register IY are decremented.

I I I I I I I
0 0 1 0 1 0 1 1

I I I I I I I
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Cycles: 2
States: 10
Flags: none

ROTATE AND SHIFT GROUP

RLCA CY ‘ 7"“:
A

The contents of the Accumulator are rotated left. The content of bit 7 is
copied into the Carry Flag, and also into bit 0.

I I I I I I I

0 0 0 0 0 1 1 1
l I | l I I

Cycles: 1
States: 4
Flags: H, N, C

H: reset
N: reset
C: data from bit 7 of Accumulator

74—0

A
The contents of the Accumulator are rotated left. The content of bit 7 is
copied into the Carry Flag, and the previous content of the Carry Flag is
copied into bit 0.

IIII
00010111

I l I l l l A

Cycles: 1
States: 4
Flags: H,N,C

H: reset
N: reset
C: data from bit 7 of Accumulator.

7->o
A

The contents of the Accumulator are rotated right. The content of bit 0 is
copied into bit 7 and also into the Carry Flag.

I
0 O

II I I I

0 0 1 1 1 1
l I I I I I I

Cycles: 1
States: 4
Flags: H,N,C

H: reset
N: reset
C: data from bit 0 of Accumulator.

7—»0
A

The contents of the Accumulator are rotated right. The content of bit 0 is
copied into the Carry Flag, and the previous content of the Carry Flag is



copied into bit 7.

Cycles: 1
States: 4
Flags: H, N, C

H: reset
N: reset
C: data from bit 0 of Accumulator.

CY 7
RLCr I «0

r

The 8-bit contents of register r are rotated left. The content of bit 7 is copied
into the Carry Flag and also into bit 0.

Cycles: 2
States: 8

I T I I l I I
l l 0 0 l 0 1 1

I I I I Il l

I I I I I I I
O 0 0 O O<—r—->

L I I I I I I

Flags: S,Z,H,N,C,P/V
S: set if result is negative; reset otherwise
2: set if result is 0; reset otherwise
H
N

: reset
: reset

C: data from bit 7 of source register
P/V: set if parity even; reset otherwise

RLC (HL) 7“-—'0

The contents of the memory address specified by the contents of register pair
HL are rotated left. The content of bit 7 is copied into the Carry Flag and also

(HL)

into bit 0.

Cycles: 4
States: 15

I l I
l l 0 0
g l

|

l l

l I l
1 0 l 1

l l l

lllllll
00000110

L I l l I l l

Flags: S,Z,H,N,C,P/V
S:
Z:
H
N
C:

set if result is negative; reset otherwise

reset
reset

set if result is O; reset otherwise

data from bit 7 of source register
P/V: set if parity even; reset otherwise

RLC (IX+d) E:
The contents of the memory address, specified by the sum of the contents of
the Index Register IX and a two’s complement displacement integer d, are
rotated left. The content of bit 7 is copied into the Carry Flag and also into bit
0.

760]

(IX+d)
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RLC (IY+d)

RLm

Cycles
States:
Flags:

The contents of the memory address, specified by the sum of the contents of
the Index Register IY and a two’s complement displacement integer d, are
rotated left. The content of bit 7 is copied into the Carry Flag and also into bit
0.

Cycles:
States:
Flags:

: 6
23

0'0'0'0‘0'1'1‘0
! l J l l l l

5, Z, H, N, C, P/V

(I)

Z:
H: reset
N: reset
C:

: set if result is negative; reset otherwise
set if result is O; reset otherwise

data from bit 7 of source register
P/V: set if parity even; reset otherwise

7‘—‘0

(IY+d)

6
23

1'1'1'1'1'1'0'1
l ll l l l l

1'1'0‘0'1'0'11
l l l I I l l

I I I | I l I

l I l l l l I

0’0'0'0'0'1'1'0
l l l I l l l

S,Z,H, N, C, P/V

3: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
I-I: reset
N: reset
C: data from bit 7 of source register
P/V: set if parity even; reset otherwise

la 7"“0

The contents of the m operand are rotated left. The content of bit 7 is copied
into the Carry Flag and the previous content of the Carry Flag is copied into
bit 0.

m



RLr 1'1‘0'0‘1'0'1'1 RL(IY+d)
I I I I I I I

1111111 111111100010.__r_, 11111101
1111111 IIIIII]

1111111 I111111
RL(HL) 11001011 11001011

1111111 llllll:

O1111111 I||d1111

jololljolllllo ‘IIIIIII

1111111 1111111
RL(IX+d) 11011101 00010110

111111; 1111111

1 I I 1 1 I 1
1 1 0 0 1 0 1 1

l

IIIIIII
00010110

I I l | I l I

Instruction Cycles States
RL r 2 8
RL (HL) 4 15
RL (IX + d) 6 23
RL (IY + d) 6 23

Flags: S,Z,H, N, c, P/V
S: set if result is negative; reset otherwise
2: set if result is O; reset otherwise
H: reset
N: reset
C: data from bit 7 of source register
P/V: set if parity even; reset otherwise

RRCm 7"”
m

The contents of the operand m are rotated right. The content of bit 0 is copied
into the Carry Flag and also into bit 7.

1 1 I 1 1 1 1
RRC r 1 1 O O 1 O 1 1

I I I l I I I

I I I I I I I
0 0 0 0 1+—r—>

I I I I I I I

RRC(HL) 1'1'0'0'1‘0'1'1
I I II I I I

1 1 1 1 1 1 1
0 0 0 O 1 1 1 0

1 1 1 I I I I

1 1 1 1 1 1 1
RC (IX ‘1' d) 1 1 0 1 1 1 O 1.

1
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RRm

RRC (IY + d)

Instruction
RRC r
RRC (HL)
RRC (IX + d)
RRC (IY + d)

Cycles States
2 8
4 15
6 23
6 23

Flags: S,Z, H,N,C,P/V
S: set if result is negative; reset otherwise
Z: set if result is 0; reset otherwise
Ii: reset
PI: reset
C: data from bit 0 of source register
P/V: set if parity even; reset otherwise

m

The contents of operand m are rotated right. The content of bit 0 is copied in-
to the Carry Flag, and the previous content of the Carry Flag is copied into
bit 7.

RRr

RR (HL)

RR (IX+ d)

7—»0-1

I I I I I I I

1 1 0 O 1 0 1 1
I I l I I l l

I I I I I I I
O 0 0 1 1<—r—>

I I I I I I I

I II I I I l

1 1 O 0 1 0 1 1
I I I I l I I

I I I I I I I
0 0 O 1 1 1 1 0I I I I I I I

I I I I I| I

1 1 O 1 1 1 O 1
I I I I I I I



SLA m

RR(IY+d) 00011110

Instruction Cycles States
RR r 2 8
RR (HL) 4 15
RR (IX + d) 6 23
RR (IY + d) 6 23

Flags: S,Z,H, N, C, P/V
8: set if result is negative; reset otherwise
2: set if result is 0; reset otherwise
H: reset
N: reset
C: data from bit 0 of source register
P/V: set if parity even; reset otherwise

7<——0 4-0
m

An arithmetic shift left is performed on the contents of operand m. Bit 0 is
reset. The content of bit 7 is copied into the Carry Flag.

I I I I I I I
SLAI‘ 1111010111011

1 i

I I I I I I I
O 0 1 0 O<——r—>i I I I l I I

I I I I I I I
SLA<HL) 11110101110111

I

l l l l l l I

O 0 1 O O 1 1 O
l l I l l I l

l | I ll I I

SLA(IX+d) 110I111111011
l l
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I I | I I

1 1 O 0 1 O 1 1
I I I I I I I

II I I I I I
0 0 l 0 O 1 l 0I I I I I I I

I I I I I
SLA(IY+CI) lllllllilllloll

I I I I I I I
1 1 0 0 1 0 l l

I I I I I I I

Instruction Cycles States
SLA r 2 8
SLA (HL) 4 15
SLA (IX + d) 6 23
SLA (IY + d) 6 23

Flags: S,Z, H, N,C,P/V
S: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: reset
N: reset
C: data from bit 7
P/V: set if parity even; reset otherwise

7—>0 ->'

m
SRAm

An arithmetic shift right is performed on the contents of operand m. The con-
tent of bit 0 is copied into the Carry Flag, and the previous content of bit 7 is
unchanged.

I I I I I I I

SRAr 1 1 0 O 1 O 1 1
I I I I I I I

I I I I I I I

O O 1 O 1<—-r—>
I I | I I I I

I I I I I I I

SRA(HL) 1 1 O O 1 O 1 1
I l I l I I l

I I I I I I I

A O O 1 O 1 1 1 O
I I I I I I I

I I I I I I I

SRA(IX+d) llllollllllloll
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SRL m

SRA (IY+ d)

Instruction
SRA r
SRA (HL)
SRA (IX+d)
SRA (IY+d)

Cycles States
2 8
4 15
6 23
6 23

Flags: S,Z,H,N,C,P/V
5:
Z:
H:
N:
C:

set if result is negative; reset otherwise
set if result is O; reset otherwise

data from bit 0 of source register
P/V: set if parity even; reset otherwise

0-» 7—90

m

The contents of operand m are shifted right. The content of bit 0 is copied in-
to the Carry Flag and bit 7 is reset.

SRL r

SRL (HL)

SRL (IX + d)

I I I I I I l
1 1 O 0 l O 1 1

I I II I 1 I

I I I I I I I
0 0 1 1 1<-—r—>

I I I I I I I
IIIIIII

11001011
I I I I I I I

I I I I I I I
O O 1 1 1 1 1 O

II I I l I I

I I I I I I I
1 1 O 1 1 1 0 1

I I I I I l I
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RLD

I

SRL(IY+d) 1'1'1'1'1'1'01
I l I I

F I I I I I I
1 1 0 0 1 0 l l.

I l I I I I I

I I I I I I I
0 0 l 1 1 1 1 0

I I I I I I I

IIIIIII
11001011

Instruction Cycles States
SRL r 2 8
SRL (HL) 4 15
SRL (lX+d) 6 23
SRL (IY+d) 6 23

Flags: S,Z, H, N, C,P/V
S: set if result is negative; reset otherwise
Z: set if result is O; reset otherwise
H: reset
N: reset
C: data from bit 0 of source register
P/V: set if parity even; reset otherwise

A“III (HL)
. I

The contents of the low-order 4 bits of memory location (HL) are copied into
the high-order 4 bits of that same memory location. The previous contents of
those high-order 4 bits are copied into the low-order 4 bits of the Ac-
cumulator, and the previous contents of the low-order 4 bits of the Ac-
cumulator are copied into the low-order 4 bits of the memory location (HL).
The contents of the high-order 4 bits of the Accumulator are unaffected.

Cycles:
States:
Flags:

I I l l | l I

1 1 1 O 1 1 O 1
l l l I l

I I I I I I I
5 O 1 1 O 1 1 1 1

l I I I I I I
18
5, Z, H, N, P/V
S: set if Accumulator is negative after operation; reset otherwise
2: set if Accumulator is 0 after operation; reset otherwise
H: reset
N: reset
P/V: set if parity of Accumulator is even after operation; reset

otherwise



I
RRD A mlmmu

The contents of the low-order 4 bits of memory location (HL) are copied into
the low-order 4 bits of the Accumulator. The previous contents of the low-
order 4 bits of the Accumulator are copied into the high-order 4 bits of loca-
tion (HL), and the previous contents of the high-order 4 bits of (HL) are
copied into the low-order 4 bits of (HL). The contents of the high-order 4 bits
of the Accumulator are unaffected.

I I I I I I I
1 1 1 0 1 1 O 1

I I I I I I

I I I I I I I

Cycles: 5 O 1 1 O 0 l 1 1
States: 18 I I I I I I I
Flags: 5, Z, H, N, P/V

S: set if Accumulator is negative after operation; reset otherwise
Z: set if Accumulator is 0 after operation; reset otherwise
H: reset
N: reset
P/V: set if parity of Accumulator is even after operation; reset

otherwise

BIT SET, RESET AND TEST GROUP

BIT b, r
Z :— Tb
After execution of this instruction, the Z flag in the F register will contain the
complement of the indicated bit within the indicated register.

I I I I I I I
1 1 0 0 1 0 1 1

I I I I Il I

I I I I I I I
0 14—b—-+4—r‘—~>

I I I I l I ICycles: 2
States: 8
Flags: S,Z,H,N,P/V

S: unknown
Z: set if specified bit is O,- reset otherwise
H: set
N: reset
P/V: unknown

BIT b, (HL)
Z ‘- (HL)b
After the execution of this instruction, the Z flag in the F register will contain
the complement of the indicated bit within the contents of the HL register
pair.

I I I I I I I
1 1 O 0 1 O 1 1

l l l l I l l

I I I I I I I
Cycles: 3 0 1 <—b—> 1 1 0
States: 12 I I I I I I I
Flags: S,Z,H,N,P/V

S: unknown
Z: set if specified bit is O; reset otherwise
H: set
N: reset
P/V: unknown
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BIT b, (IX +d)
Z ~ (IX+d),,
After the execution of this instruction, the Z flag in the F register will contain
the complement of the indicated bit within the contents of the memory loca—
tion pointed to by the sum of the contents of register pair IX and the two’s
complement displacement integer d.

1'1'0'1'1'1'0'1
Il I l I l I

1'1'0'0'1'0'1'1
I

I l I l I I I
Cycles: 5 O l <— b —>1 1 0
States: 20 I I I 1 l l I
Flags: S,Z,H,N,P/V

S: unknown
Z: set if specified bit is O; reset otherwise
H: set
N: reset
P/V: unknown

BIT b, (IY+d)
Z ~ (IY+d)l,
After the execution of this instruction, the Z flag in the F register will contain
the complement of the indicated bit within the contents of the memory loca-
tion pointed to by the sum of the contents of register pair IY and the two’s
complement displacement integer d.

1'1'1'1‘1'1'0'1
I I I l I I I

1'1'0'0'1'0'11

Cycles: 5 0 ‘1.__bL_.'1 1 0
States: 20 ' 1 ' ' ‘ ' '
Flags: S,Z,H,N,P/V

S: unknown
2: set if specified bit is O; reset otherwise
H: set
N: reset
P/V: unknown

SETb,r
13-1

Bit b (any bit, 7 thru 0) in register r is set.

1'1'0'0'1'0'1'
I l I I l I I

Cycles: 2 1'1' 'b' L—lr‘l
States:8 ll,,,,,
Flags: none
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SET b, (HL)
(HL)b "
Bit b in the memory location addressed by the contents of register pair HL is
set.

Cycles:
States:
Flags:

SET b, (IX+d)
(IX + d),,
Bit b in the memory location addressed by the sum of the contents of the IX
register pair and the two's complement displacement integer d is set.

Cycles:
States:
Flags:

SET b, (lY + d)
(IY+d)b
Bit b in the memory location addressed by the sum of the contents of the IY
register pair and the two’s complement displacement integer d is set.

Cycles:
States:
Flags:

1

4
15
none

—1

6
23
none

-1

6
23
none

llllololllollll

I II I I I I

1'1L_—'.b—.1 10
I I l I I I l

I I l I I I I
l 1 1 l l 1 0 1

I I I I

I I I I I I I
1 l 0 0 1 0 1

I I I
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RES b, m
51, ‘— 0

Bit b in operand m is reset.

I I I I I I T
RES b, r l 1 0 0 1 O 1 1

Il I I l I I

I I I I I I I
1 O <— —><-—Y‘—>

I I I I I I I

RESb,(I-IL) 1'1'0'0'1'0'1'1
II I I I I I

1'oi.—'b'—.'1 l1 ‘0

RESb,(IX+d) 1 1 0 1 11110,1l I I I

1I I I I I I
l 1 0 0 l 0 l 1

I I I I I I I

I I I I I
RES b, (IY+d) 1 1 1 1 1 1 IO 1

I I I I I I

Instruction Cycles States
RES b, r 4 8
RES b, (HL) 4 15
RES b, (IX+d) 6 23
RES b, (IY+d) 6 23

Flags: none

IUMP GROUP

JP nn
PC ‘— nn
Operand nn is loaded into register pair PC (program counter) and points to
the address of the next program instruction to be executed.
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JP cc, nn

JRe

Cycles:
States:
Flags:

3
10
none

IF cc TRUE, PC - nn
If condition cc is true, the instruction loads operand nn into register pair PC,
and the program continues with the instruction beginning at address nn. If
condition cc is false, the program counter is incremented as usual, and the
program continues with the next sequential instruction.

Cycles: 3
States: 10
Flags: none

PC ~— PC+e
This instruction provides for unconditional branching to other segments of a
program. The value of the displacement e is added to the PC and the next in-
struction is fetched from the location designated by the new contents of the
PC. This jump is measured from the address of the instruction opcode and

l I l I I I l

1 1<—cc—>O l 0
l l l l l I l

l | I I l l |

I l l I l l l

has a range of —126 to +129 bytes.

Cycles:
States:
Flags:

3
12
none

I I I I I I I
0 0 0 l l 0 0 0

I l I I l I l
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IR C, e

JR NC, e

JR Z,e

If C=0, continue
If C=1, PC — PC+e
This instruction provides for conditional branching to other segments of a
program depending on the results of a test on the Carry Flag. If the flag is set,
the value of the displacement e is added to the PC, and the next instruction is
fetched from the location designated by the new contents of the PC. If the
flag is reset the next instruction is taken from the location following this in-
struction.

l l I I I I
0 0 1 l l O O

I J

l

If the condition is met:

Cycles: 3
States: 12

If the condition is not met:

Cycles: 2
States: 7
Flags: none

If C=1, continue
If C=0, PC — PC+e
This instruction provides for conditional branching to other segments of a
program depending on the results of a test on the Carry Flag. If the flag is
reset, the value of the displacement e is added to the PC, and the next instruc-
tion is fetched from the location designed by the new contents of the PC. If
the flag is set, the next instruction to be executed is taken from the location
following this instruction.

I
0 0

1

lllll
11000

I l i l l

I
O

l

If the condition is met:

Cycles: 3
States: 12

If the condition is not met:

Cycles: 2
States: 7

Flags: none

If Z=O, continue
IfZ=1, PC — PC+e
If the Zero Flag is set, the value of the displacement e is added to the PC and
the next instruction is fetched from the location designated by the new con-
tents of the PC. If the Zero Flag is reset, the next instruction to be executed is
taken from the location following this instruction.



I I I I I I I

O 0 1 O l O 0 0
l I L l 1 l l

I I I l I l l

c e—2 V
J I l l l l l

If the condition is met:

Cycles: 3
States: 12

If the condition is not met:

Cycles: 2
States: 7
Flags: none

JR NZ, e
If Z=1, continue
If Z=O, PC — PC+e
If the Zero Flag is reset, the value of the displacement e is added to the PC,
and the next instruction is fetched from the location designated by the new
contents of the PC. If the Zero Flag is set, the next instruction to be executed
is taken from the location following this instruction.

IIIIIII

00100000

If the condition is met:

Cycles: 3
States: 12

If the condition is not met:

Cycles: 2
States: 7
Flags: none

JP (HL)
PC ~— HL
The PC is loaded with the contents of the HL register pair. The next instruc-
tion is fetched from the location designated by the new contents of the PC.

1'1'1'0'1'0'0'1
l I l I l l l

Cycles: 1
States: 4
Flags: none

JP (IX)
PC ._ IX
The PC is loaded with the contents of the 1X Register Pair. The next instruc-
tion is fetched from the location designated by the new contents of the PC.
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1'1'0'1'1'1'0'1
l l I l I l I

IIIIIII
11101001

I l I I l l l

Cycles: 2
States: 8
Flags: none

JP (IY)
PC -— IY
The PC is loaded with the contents of the lY Register Pair. The next instruc-
tion is fetched from the location designated by the new contents of the PC.

I l I I I I I
1 1 1 1 l 1 0 1

I I I I Il l

I I I I I I I

1 l 1 0 1 0 O 1
I I I I I I I

Cycles: 2
States: 8
Flags: none

DJNZ, e

The B register is decremented, and if a non 0 value remains, the value of the
displacement e is added to the PC. The next instruction is fetched from the
location designated by the new contents of the PC. If the result of decrement-
ing leaves B with a 0 value, the next instruction to be executed is taken from
the location following this instruction.

I I I I I I I
O 0 0 1 0 0 0 0

I l I I I I I

: 6—2 ;
I I I I I I I

lstO:

Cycles: 3
States: 13

IfB=O:
Cycles: 2
States: 8

Flags: none

CALL AND RETURN GROUP

CALL nn
(SP—1) ‘- PCH, (SP—2) — PCL, PC ._ nn
After pushing the current contents of the PC onto the top of the external
memory stack, the operands nn are loaded into PC to point to the address in
memory where the first opcode of a subroutine is to be fetched. Note:
because this is a 3-byte instruction, the PC will have been incremented by
three before the push is executed.
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I I I I I I I
1 1 0 0 1 1 0 1

I I I I I I

I I I I I I I

l I I I I I I

I I I I I I I

Cycles: 5
States: 17
Flags: none

CALL cc, nn

RET

RET cc

If cc TRUE: (SP-1) ‘- PC”, (SP—2) — PCL, PC — nn
If condition cc is true, this instruction pushes the current contents of the PC
onto the top of the external memory stack, then loads the operands nn into
PC to point to the address in memory where the first opcode of a subroutine
is to be fetched.

I I I I I I I
l 1<—cc—>1 0 0

I I I l l l I

IIIII.IyI_
‘ n r

I I I I I I I

I I I I I I I
. V n 7

If CC 15 true: I I I I I I I

Cycles: 5
States: 17

If cc is false:

Cycles: 3
States: 10
Flags: none

PCL - (SP), PC" — (SP+1)
Control is returned to the original program flow by popping the previous
contents of the PC off the top of the external memory stack, where they were
pushed by the CALL instruction. On the following machine cycle, the central
processor will fetch the next program opcode from the location in memory
now pointed to by the PC.

I I I I I I I
l l 0 O l 0 0 l

I I I I I I I

Cycles: 3
States: 10
Flags: none

If cc TRUE: PCL — (SP), PCH — (SP+1)
If condition cc is true, control is returned to the original program flow by
popping the previous contents of the PC off the top of the external memory
stack where they were pushed by the CALL instruction. On the following
machine cycle, the central processor will fetch the next program opcode from
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RETI

RETN

RST p

the location in memory now pointed to by the PC. If condition cc if false, the
PC is simply incremented as usual, and the program continues with the next
sequential instruction.

llll—.ICCI IOIOIO

I I I I I I I

If cc is true:

Cycles: 3
States: 11

If cc is false:

Cycles: 1
States: 5

Flags: none

Return from interrupt
This instruction is used at the end of an interrupt service routine to

1. Restore the contents of the PC.
2. Signal an I/O device that the interrupt routine has been completed.

The RETI instruction facilitates the nesting of interrupts allowing higher
priority devices to suspend service of lower priority service routines. This in-
struction also resets the IFFl and IFFZ flip-flops.

l I I I I I I
l l l 0 1 .l 0 l

I I I I I I I

0'1'0'0'1r1'011
II I I I I I

Cycles: 4
States: 14
Flags: none

Return from nonmaskable interrupt
Used at the end of a service routine for a nonmaskable interrupt, the instruc-
tion executes an unconditional return which functions identically to the RET
instruction. Control is now returned to the original program flow; on the
following machine cycle the central processor will fetch the next opcode from
the location in memory now pointed to by the PC. Also, the state of IFFZ is
copied back into IFFl to the state it had prior to the acceptance of the NMI.

I I I I I I I
l l l 0 l 1 0 l

I I I I I I I

I I I I I I I
O l O O 0 l O 1

I l I I I II
Cycles: 4
States: 14
Flags: none

(SP—1) ~ PC”, (SP-2) - PCL, PCH - 0, PCL — p
The current PC contents are pushed onto the external memory stack, and the



page zero memory location given by operand p is loaded into the PC. Pro-
gram execution then begins with the opcode in the address now pointed to by
PC. The restart instruction allows for a jump to one of 8 addresses as shown
in the table below. The operand p is assembled into the object code using the
corresponding t state.

lIl ItI I1

I l I l l

I I
l l

I l

_R_ __t_
00H 000
08H 001
10H 010
18H 011
20H 100
28H 101
30H 110
38H 111

Cycles: 3
States: 11
Flags: none

INPUT AND OUTPUT GROUP

IN A, (n)
A - (n)
The operand n is placed on the bottom half of the address bus to select the
I/O device at one of 256 possible ports. The contents of the Accumulator also
appear on the top half of the address bus at this time. One byte from the
selected port is then placed on the data bus and written into the Accumulator
in the central processor.

‘ {I *
I l | l I l l

Cycles: 3
States: 11
Flags: none

IN r, (C)
r - (C)
The contents of register C are placed on the bottom half of the address bus to
select the I/O device at one of 256 possible ports. The contents of register B
are placed on the top half of the address bus at this time. One byte from the
selected port is then placed on the data bus and written into register r in the
central processor.

Cycles:
States:
Flags:

3
12
5, Z, H, N, P/V

I
1 1

I

I I
1

l l

I I I
O 1 1 O

I I I

I
1

I

L

I I I I I I
O l<—Y‘—>O 0 O

l
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INI

INIR

8: set if input data is negative; reset otherwise
2: set if input data is 0; reset otherwise
H: reset
N: reset
P/V: set if parity is even; reset otherwise

(HL) — (C), B ~— B-l, HL ~ HL+1
The contents of register C are placed on the bottom half of the address bus to
select the 1/0 device at one of 256 possible ports. Register B may be used as a
byte counter, and its contents are placed on the top half of the address bus.
One byte from the selected port is then placed on the data bus and written to
the central processor. The contents of the HL register pair are then placed on
the address bus, and the input byte is written into the corresponding location
of memory. Finally, the byte counter is decremented, and register pair HL is
decremented.

IIIIIII
11101101

L I l l I I I

I I | I I I |

1 O 1 O O 0 1 O
Cycles: 4 I I l I I I I

States: 16
Flags: S, Z, H, N, P/V

S: unknown
Z: set if B—1=0; reset otherwise
I-I: unknown
N: set
P/V: unknown

(HL) ~ (C), B .— B—1,HL — HL+1
The contents of register C are placed on the bottom half of the address bus
to select the I/O device at one of 256 possible ports. Register B is used as
a byte counter, and its contents are placed on the top half of the address
bus. One byte is selected and is placed on the data bus and written into the
central processor. The contents of the HL register pair are placed on the
address, and the input byte is written into the corresponding memory loca-
tion. The byte counter is then decremented and the HL register pair is in-
cremented. If decrementing causes B to go to 0, the instruction is ter-
minated. If B is not 0, the PC is decremented by two and the instruction
repeated. Interrupts will be recognized after each data transfer.

I I I I I I I
1 1 1 0 1 1 O 1

II I I I I I

I I | I I I

1 O 1 1 O 0 1 O
IIf Bat O- I_I I I I I

Cycles: 5
States: 21

If B=02

Cycles: 4
States: 16

Flags: 5, z, H,N, P/V



IND

INDR

S: unknown
Z: set
H: unknown
N: set
P/V: unknown

(HL) «- (C), B <— B-1,HL — HL—l
The contents of register C are placed on the bottom half of the address bus
to select the I/O device. Register B may be used as a byte counter, and its
contents are placed on the top half of the address bus. One byte from the
selected port is placed on the data bus and written to the central pro-
cessor. The contents of the HL register pair are placed on the address
bus, and the input byte is written into the corresponding memory location.
Finally, the byte counter and register pair HL are decremented.

I I I I I l I
1 1 1 0 1 1 0 1

I I I I I I I

1'0'1'0'1'0'1'0Egg; JIM...
Flags: S,Z,H,N,P/V

5: unknown
Z: set if B—1=0; reset otherwise
H: unknown
N: set

P/V: unknown

(HL) — (C), B ~— B-1,HL — HL—l
The contents of register C are placed on the bottom half of the address bus to
select the I/O device. Register B is used as a byte counter, and its contents are
placed on the top half of the address bus. One byte from the selected port is
placed on the data bus and written to the central processor. The contents of
the HL register pair are placed on the address bus and the input byte is writ-
ten into the corresponding memory location. The HL register pair and the
byte counter are then decremented. If decrementing causes B to go to O, the
instruction is terminated. If B is not 0, the PC is decremented by 2, and the in-
struction is repeated. Interrupts will be recognized after each data transfer.

l l I l

IfB¢O: 1 O 1 1 1 0 1 O
I I I I I I I

Cycles: 5
States: 21

lfB=0:

Cycles: 4
States: 16

Flags: S,Z,H,N,P/V
S: unknown
Z: set
H: unknown
N: set
P/V: unknown
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OUT (n), A
(n) ~ A
The operand n is placed on the bottom half of the address bus to select the
I/O device. The contents of the Accumulator appear on the top half of the
address bus. Then the byte contained in the Accumulator is placed on the
data bus and written into the selected peripheral device.

I I I I I I I
1 1 0 1 0 O 1 1I I I I I I

Cycles: 3
States: 11
Flags: none

OUT (C), r

OUTI

(C) ~ r
The contents of register C are placed on the bottom half of the address bus to
select the I/O device. The contents of register B are placed on the top half of
the address bus. The byte contained in register r is placed on the data bus and
written into the selected peripheral device.

l l I l I l l

Cycles: 3
States: 12
Flags: none

(C) ... (HL), B — B—l, HL ~— HL+1
The contents of the HI. register pair are placed on the address bus to select a
location in memory. The byte contained in this memory location is tem-
porarily stored in the central processor. After the byte counter (B) is
decremented, the contents of register C are placed on the bottom half of the
address bus to select the I/O device. Register B may be used as a byte
counter, and its decremented value is placed on the top half of the address
bus. The byte to be output is placed on the data bus and written into the
selected peripheral device. Finally, the register pair HL is incremented.

I I I I I I I
1 1 1 O 1 1 0 1

I I I I I I I

I I I I I I I
1 O 1 0 O 0 1 1

I I I I I I
Cycles: 4
States: 16
Flags: S,Z,H,N,P/V

S: unknown
Z: set if B-1=0; reset otherwise
H: unknown
N: set
P/V: unknown
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OUTD

(C) -— (HL), B — B-l, HI. — HL+1
The contents of the HL register pair are placed on the address bus to select a
location in memory. The byte contained in this memory location is tem-
porarily stored in the central processor. After the byte counter (B) is
decremented, the contents of register C are placed on the bottom half of the
address bus to select the I/O device. Register B may be used as a byte
counter, and its decremented value is placed on the top half of the address
bus at this time. The byte to be output is placed on the data bus and written
into the selected peripheral device. Then register pair HL is incremented. If
the decremented B register is not 0, the PC is decremented by two and the in—
struction is repeated. If B is 0, the instruction is terminated. Interrupts will be
recognized after each data transfer.

I I I I I I I

1 1 1 O 1 1 O 1
I I JI I l I

I I 1 I I I I
1 O 1 1 0 0 1 1

I I II l I I
If B at O:

Cycles: 5
States: 21

If B = O:

Cycles: 4
States: 16

Flags: S,Z,H,N,P/V
S: unknown
2: set
H: unknown
N: set
P/V: unknown

(C) — (HL), B — B-1,HL — HL—l
The contents of the HL register pair are placed on the address bus to select a
location in memory. The byte contained in this memory location is tem-
porarily stored in the central processor. Then, after the byte counter (B) is
decremented, the contents of register C are placed on the bottom half of the
address bus to select the 1/0 device. Register B may be used as a byte
counter, and its decremented value is placed on the top half of the address
bus. The byte to be output is placed on the data bus written into the selected
peripheral device. Finally, the register pair HL is decremented.

1‘1'1'0'1'1'0‘1
l l l [4 i I

1'0‘1'0'1'0‘1'1
I l l I I I I

Cycles: 4
States: 16
Flags: S,Z,H,N,P/V

5: unknown
Z: set if B—1=O; reset otherwise
H: unknown
N: set
P/V: unknown
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OTDR
(C) - (HL), B «— B—1,HL — HL—l
The contents of the HL register pair are placed on the address bus to select a
location in memory. The byte contained in this memory location is tem-
porarily stored in central processors. Then, after the byte counter (B) is
decremented, the contents of register C are placed on the bottom half of the
address bus to select the I/O device. Register B may be used as a byte
counter, and its decremented value is placed on the top half of the address
bus. The byte to be output is then placed on the data bus and written into the
selected peripheral device. Register pair HL is then decremented. If the
decremented B register is not 0, the PC is decremented by 2, and the instruc-
tion is repeated. If register B is 0, then the instruction is terminated. Inter-
rupts will be recognized after each data transfer.

I I I I I I I
l l 1 0 1 1 0 1

l I l I I l l

IIIIIII
10 111I110I11

I I l

If B i O:

Cycles: 5
States: 21

If B = 0:

Cycles: 4
States: 16

Flags: s,z, H,N,P/V
S: unknown
2: set
H: unknown
N: set

P/V: unknown



CHAPTER 4
BUILD YOUR OWN
COMPUTER—Start With
the Basics

The computer to be built from the design described in this book is called ZAP, for
Z80 Applications Processor. Building a computer from scratch is both educational and
utilitarian (and it saves money). I explain each section of the construction process in
detail. Ideally, each step should be tested before proceeding on to the next stage. While
this is not possible in all cases, there is a beneficial side effect in taking this route. Often
good designs fail to work because the level of construction is beyond the ability of the
builder.

I’ve made the assumption that most hobbyists do not possess sophisticated test
equipment, such as oscilloscopes or logic analyzers, and as a result, I’ve kept testing
procedures as simple as possible. By dividing ZAP into logical milestones for checkout
and test (and using proven components), problems can be identified at earlier stages
and rectified more easily.

The initial implementation of ZAP will constitute a minimum operable configura-
tion. It is important that this works before you attempt to add any of the optional pe-
ripherals. Every effort will be made to familiarize the reader with the components of
each section and the philosophy of design. While it is' necessary to assemble all the
components of this minimum configuration completely in order to check proper central
processor operation, comprehensive subassembly pretesting should (I hope) correct
any wiring errors.

The basic ZAP is divided into four major subassemblies: Z80 busing and control,
memory and I/O chip select decoding, memory, and input/output registers. These
major divisions are further divided at the component level. Schematics include a com-
plete explanation of their logical function, and test procedures are outlined after each
construction presentation.

The Processor

Figure 4.1 is a detailed block diagram of the basic ZAP computer.

I. 280 Busing and Control Logic
A. Clock Generation

The ZAP computer runs on a 2.5 MHz TTL clock. Unlike the 8080A, the
280 requires only a single-phase clock and can be driven from DC to
2.5 MHz (the Z80A runs to 4 MHz). Figure 4.2 illustrates the basic timing
cycle of the computer.

Each basic operation (MN) of the computer is completed in three or six
clock periods. Figure 4.2 shows a typical instruction cycle which consists of
three machine cycles: fetch, memory read, and memory write. After the op-
code of the instruction is fetched during M1, the subsequent cycles move the
data between memory and the central processor.

Figures 4.3a and 4.3b illustrate two possible clock designs for the 280. Both
clock circuits have a 330 ohm pull-up to +5 V. This will satisfy both the AC
and DC clock signal requirements, but it is best to use a separate inverter gate
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section to drive the pull-up whatever the oscillation technique.
The crystal controlled circuit of figure 4.3a is preferred if consistent execu-

tion time is to be maintained. Thus, the circuit of figure 4.3b, though other-
wise acceptable, should be avoided if the computer is to be used as an event
timer. It can serve a very useful purpose in the development stages, however,
by allowing the user to slow the clock down (by increasing the values of R
and C) to a rate where it is possible to directly monitor the central processor
operation. Should it ever be necessary to single-step the clock, the circuit in
figure 4.4 should be used. Given the multiple clock cycles necessary to ex-
ecute a single instruction, it would take a lot of button pushes to follow a pro-
gram through execution.

A much easier diagnostic method would be to use an instruction single-
stepping circuit. The circuit, shown in figure 4.5, is not part of the finished
schematic of ZAP because it is necessary only if the builder has a problem
and needs to follow the execution of a program instruction by instruction.
This single—stepping function is accomplished by using the control signals
generated by the Z80 during program execution. The two particular signals
of concern are M1 and WAIT. M1 is an output, and WAIT is an input.
As shown in figure 4.6,Wgoes to a logic 0 level at the beginning of every
instruction fetch cycle. Wsignifies that the computer has completed one in-
struction and is starting on the next. The objective is to stop the microproces—
sor before it executes this next instruction.

The WAIT input to the 280 does just that. A logic 0 level applied to this in-
put will suspend the program execution of the computer and indefinitely hold
it in the M1 cycle. During T2, the central processor samples the WAIT in-
put line with the trailing edge of the clock. If, at this time, WAIT is at a
logic 0 level, an additional wait state will be entered, and the line will be
sampled again. The central processor will hang in this mode until WAIT is
raised to a logic 1. It should be noted that this is not a computer halt com-
mand.

The real purpose behind these signals is to allow the relatively slow mem-
ory and peripherals to be used with a very fast central processor. Extra wait
states should be inserted only when necessary for the central processor to ac-
cess these devices. The effect is to synchronize the timing between the central
processor and its I/O devices. The circuit of figure 4.5 allows us to control
the WAIT state and to execute only one instruction with each press of the
button. The Output at IC 1, pin 8 (the WAIT input) is normally low, causing
an indefinite wait. When the button is pushed, a single debounced pulse
clocks IC 2, which is a D-type flip-flop. The duration of this pulse (the time
you hold the button down) is irrelevant, because the flip-flop is edge trig-
gered and is only concerned with the leading edge. Pressing the button sets
IC 2 and raises the WAIT line. No longer told to wait, the central processor
executes the instruction at full clock speed. As it is about to start the next in-
struction fetch cycle,T/l_1_goes low as before, and triggers the one-shot.
When it fires, IC 3 resets 1C 2 and returns the central processor to a wait con-
dition until the next time the button is pushed.

The single-step feature isn’t of much use in a computer unless there is some
way to monitor the contents of all the registers and to determine what the
computer is trying to do at any one time. To accomplish this, ZAP must be
completely operational and be running a breakpoint-monitor program which
allows the user to single-step with a software routine. We’ll discuss such pro-
grams later.

This fact is of small consolation to a person with a partially debugged com-
puter or hardware error that keeps side-tracking large programs. While it
would be nice to see all the register contents, it is virtually impossible to do so
without having a central processor that can run a dump and display routine.
This cannot be done using the hardware stepping circuit of figure 4.5. It is
possible, however, to look at the contents of the address and data buses while
the central processor is stopped. This should give a good indication as to



whether the computer is operating properly.
Many instruments can be used to read the TTL levels on the buses. A scope

or high-impedance voltmeter can be used, but a visible display of the bus
contents is a better idea. The circuits in figure 4.7 show simple methods to
display the contents of the address and data buses. The circuits are included
as aids and are not necessary for the operation of ZAP.

Basically, the circuit of figure 4.7a is a simple LED driver that is duplicated
16 times for the address bus and 8 times for the data bus. Because the 280
should drive only one TTL load from each output pin (bus driver inputs are
already attached), any display drivers of this type must be attached on the
output side of the bus drivers. This circuit will serve as a rudimentary front
panel for any builders who feel a computer isn't complete without flashing
lights.

Sometimes the need arises to monitor a single point in a circuit and watch
for level changes. While the LED driver of figure 4.7a would detect a slowly
changing level, it would miss short pulses such as—Mf To monitor the occur-
rence of such events, especially if no oscilloscope is available for testing pur-
poses, it is advisable to build the circuit in figure 4.7b. This simple logic
probe is adequate for most applications, but care must be taken in its use. It
cannot detect an open circuit and the pulse detector only triggers on the
negative edge of any transition. Should that present any problems, add the
optional circuit using the 7486; that will allow it to detect either edge.

The logic probe or similar logic level detector (scope, DVM, VOM, etc.) is
necessary to statically test the subassemblies.

POWERCLOCK SJPPU

i

RESET 230
' M‘CRCPRCVESSOR

A

ADDRESS BUS

EXTERNAL
INTERFACES

~
f——"‘—/\—"—\

INPUT OUTPUT

MEMORY >
AND
l/O
ADDRESS Kc)

i DECODERS

27 x: 2

PARALLEL PARALLEL

DATA BUS W

Figure 4.1 A block diagram of a minimum ZAP system.

MbT CYCLE
l | I l | l l |

WM
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MACHINE CYCLE
M1 M2 7. M3

(OP CODE FETCH) (MEMORY READ) (MEMORY WRITE)

+——_-—-————-—TNSTRUCTION CYCLE __.___—__,.

Figure 4.2 An example of timing during a typical instruction cycle.
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2.5MHz
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CLOCK

_ +5v

b) 7404 3300.

3 4 5 6
CLOCK

VALUES OF R AND C
SET OUTPUT FREQUENCY

Figure 4.3 Typical 25 MHz clock circuits for the 280.
a) With crystal control.
b) With a variable-frequency oscillator.

+5V

3303

c a CLOCK

7400

Figure 4.4 A single-cycle clock-generator circuit.
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Figure 4.5 An instruction singlestepping circuit.
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Figure 4.6 Instruct/on operationcode fetch (AT1) timing.
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Figure 4.7 Typical LED drivers and a simple logic probe to monitor logic level changes.
a) Visible logic level indicators that can be attached to the address and data buses to provide

a display.
b) A simple logic probe.
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B. Reset Circuit

Often ignored, the reset function is one of the most necessary controls of a
computer. Its importance is immediately recognized when running an incor-
rectly executing program. The reset command on the 280 stops execution and
loads the program counter with 00 hexadecimal (the lowest memory
address). This allows the programmer to restart the program. When com-
bined with the instruction single-stepping circuit previously outlined, pro-
grams may be started, stopped, and started again at any time.

A reset input can be manual, automatic, or a combination of both. Figure
4.8a is a standard push-to—reset circuit. Its output is normally high until the
button is pushed, and then it goes low. The 280 will remain reset for as long
as the button is held and will only begin to execute again when released.
Manual reset is a necessity for initial program checkout, and this circuit is
employed in the basic ZAP.

When computers are used in applications where no human attendant is
present, such as a traffic light controller, the manual reset cannot be used; an
automatic reset must be employed instead. Figure 4.8b is the circuit of a total-
ly automatic power-on reset. When power is first applied to the computer,
the 10 mF capacitor will be completely discharged. The resultant logic 0 level
on the input of the 7404 pin 1 will be maintained for approximately 50 ms,
long after the +5 V supply has powered up the rest of the computer. The
long charging rate of the capacitor will, in turn, generate a logic 0 (a reset
condition) to the computer until the input level rises to approximately 2 V (a
TTL logic 1). Once full power is applied, the time it takes the reset circuit to
reach 2 V will constitute about a 35 ms power-on Reset pulse. Resetting the
machine would require turning the power off.

Manual and automatic reset are combined in figure 4.9. This circuit allows
the computer to start program execution immediately after power is turned
on. The program can be stopped and restarted by pressing the reset button.
Slightly different components and additional functions are included in this
diagram. Schmitt-triggered inverters (7414s) increase the reliability of the de-
sign. When the power is turned off, the use of a diode to discharge the capaciv
tor quickly assures that a pulse will be generated if power is suddenly reap-
plied. Because power line glitches are usually short in duration, the discharge
rate of the capacitor has to be fast enough not to miss generating a reset pulse
once power is restored.

While this reset circuit is not necessary for initial computer check-out, it
should eventually be employed if ZAP is to be expanded to include any of the
options outlined later. To synchronize the central processor and peripherals,
they should be tied into the reset signal from this circuit.

+5V
+5V

2.2K
PUSHBUTTON 7404 14

_J_ __
. l 2 3 4 RESET 280 PIN 26.1 7

+5V

a) I
‘ 15K

0.001
\I1|

+5V

7404

2 3 14 4 ——
1 ARESET 2150 PIN 26

—— lOFF 7
Figure 4.8 Reset circuits. 3;

a) A manual reset circuit.
b) An automatic power-in reset circuit. b)
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+5V
RESET
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IN914

+5V
10K

PUSH BUTTON l4 —_._
_J_ 9 9 8 ll 10 RESET

I» v v To 250 PIN 26
PUSH T0 RESET + 7414 7

J: 47ILF

RESET
TO OTHER PERIPHERALS

Figure 4.9 A circuit to combine manual and automatic reset functions.

C. Address Bus and Control Output Buffering

The 280 has the ability to directly address 65,536 (often called 64 K) indi-
vidual bytes of program memory and 256 individual input and output ports.
Because the microprocessor is a binary device, it is only natural that this ad-
dress be binary. There are 16 binary address lines labeled A0 thru A15. A0 is
the LSB (least significant bit), and A15 is the MSB (most significant bit).

The logic levels on this bus are not arbitrary. The control section of the
central processor sets the program counter to the next instruction to be ex-
ecuted, and on the fetch cycle, it places the program counter contents on the
address bus. During I/O instructions, additional timing cycles place the I/O
device address on the 8 least significant bits (A0 thru A7). Because this bus
has to drive the inputs of many parallel devices, all of which draw some input
power, the address bus must have an output current that will meet the load
demand. The Z80 by itself can sink 1.8 mA maximum or one TTL load on
each pin. This is no problem if the designer uses low power memories and pe-
ripheral interface chips. These are expensive devices, and their use would not
necessarily serve to educate the builder in the same way as configurations of
less complex circuits.

Using lower density ICs and TTL devices for decoding functions is less ex-
pensive but requires considerably more power from the bus. The following
table lists the input loading of various devices:

Dike, WW

Standard TTL (7404, 7442,6tc) 1.6 mA
Low-power Schottky TTL (74LSO4, etc) 0.18 mA
2708 (1KX8 EPROM) 10 MA
2114 (1KX4 programmable memory) 10 MA
2716 (2KX8 EPROM) 10 MA
2102 (1KX1 programmable memory) 10 uA
8212 (8-bit latch) 0.25 mA
8T97 (6-bit driver) 1.0 mA

It is easy to see that the real power eaters are TTL devices. Low—power
Schottky TTL (LSTTL) devices can be substituted throughout the ZAP com-
puter. They save power at slightly additional cost, but the circuit has suffi-
cient power to support straight TTL. If LSTTL is substituted, it must be sub-
stituted throughout.

The loading caused by memory, especially with only 2 K bytes in the basic
ZAP unit, is insignificant. With 1.8 mA drive current available from the Z80,
we could use LSTTL for the I/O and memory address decoding but would
have to limit the fanout (total input connections) on each address line to 9
LSTTL inputs. This is sufficient for the basic ZAP and would probably be an



acceptable procedure, but it is not recommended.
The first time a user attaches the logic probe (figure 4.7b) to an unbuffered

address line, the computer may die. The load presented by the probe, as well
as by the other circuitry, will exceed the drive capability of the bus. It’s im-
portant that the monitoring devices not impede circuit operation.

Rather than try to optimize the design to a degree that forces the user to be
aware of every uA (microampere) consumed by test probes and LED drivers,
it’s easier to add buffering that increases the bus output power to a point
where loading is not an important factor. This is the philosophy behind ZAP
busing, and as a side benefit, it will provide enough power to expand ZAP to
64 K should the user ever desire to do so. It also allows the user to add his
own TTL circuitry without becoming overly concerned with bus loading.

To achieve high power output from the address bus, a buffering device
(called a non-inverting bus driver) is used. The A0 thru A15 outputs of the
280 make only one connection: to the drivers’ input. All other devices that
use the address are attached to the output of the drivers.

Figure 4.10 is the diagram and truth table of the 8T97 bus driver. (An
equivalent bus driver is the 74367.) This three-state device is capable of sink-
ing 48 mA and can accommodate any combination of TTL, LSTTL, and
memory connections a user would want to make. The final address bus con-
figuration is shown in figure 4.11.

The three-state function of the 8T97 is controlled by the BUSAK signal.
This signal turns over control of the address bus to an external device during
direct memory access operations. In a non-DMA situation, BUSAK is high
and the 8T97 passes all outputs from the 280. When a DMA request is ac-
knowledged, BUSAK goes low, putting the 8T97 in a high impedance output
mode. This facility allows memory to be written into or read by an external
device and is usually reserved for high-speed operations that are faster than
the central processor can achieve.

+5V

T1.
TRUTH TABLE

Vcc
1 BT97 DATA

CONTROL INPUT— 0154 74357 0134 DISZ INPUT OUTPUT
20'54 — 1N1 our13—— o o o o
4 5 o o 1 1

”‘2 “”2 —‘ x 1 x HIGH 2
s 7 1 x x HIGH 2
" 'N3 OUTa — BUFFERED

DA” 'N 1° 9 DATA OUT
12 ”‘4 WM 11 X=DON'T CARE
_ T _ HIGH 2 IS A TRISTATE OUTPUT

14 1N5 W 5 13 CONDITION
: INS OUTS —

CONTROL INPUT— msz
DISZ GND

Figure 4.10 The whom and truth table of an 8T97/74367 bus driver.
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Figure 4.11 The final buffered address bus con guration,

D. Data and Control Bus

The fourth and last area of direct central processor connections is the data
bus and the remaining lines of the control bus. The reason for buffering the
data bus is similar to the argument for the address bus with one exception——
the data bus is bi-directional.

A bi—directional bus means, of course, that data flows in both directions.
When the Z80 is writing a byte of data into a memory location, the data
flows from the central processor to memory. When the central processor is
reading a memory byte, data flows from memory to the central processor.
The bi-directional nature of the data bus requires that the bus drivers be
either bi-directional internally, or attached in such a way that the same func-
tion is performed.

One way of making this bi-directional driver is to use two 82125. The 8212
(figure 4.12) was originally conceived and produced by Intel as an 8—bit
latched input or output port. The 8212 can be latched continuously so that
data flows through it, or it can be turned off to block the flow. It is well
suited to this application because it has a three-state output.

Two 82125 (figure 4.13) are wired in opposite directions. IC 6 directs data
from the central processor toward memory, while 1C 7 channels data into the
Z80. Control is exercised through a single line connected to the T313 control
signal of the central processor. ~13515 normally low except during write oper-
ations. This causes IC 6 to be off, in a three-state mode, and IC 7 on, which
allows data from memory or I/O devices to reach the central processor.
When R_D goes high during a write operation, the process is reversed; IC 6
turns on and IC 7 turns off. It is only necessary to use the if) line to control
data direction. We’re assuming, of course, that when the central processor
isn’t writing data, it must be reading it. While not exactly true, the concept



works well enough in practice, and the two 82123 are connected schemati-
cally as in figure 4.14.

It is not absolutely necessary to use 82125 to perform this function. Either
8T97s or 743675 work equally well but take 41C packages. If you don’t mind
the extra wiring and have a source for 8T97s, they can be wired as illustrated
in figure 4.15.

The final connections to the central processor to be discussed are the con-
trol bus signals, shown in figure 4.16. They coordinate peripherals and chan-
nel data and addresses into and out of the central processor at the proper
times. Each was briefly explained on the 280 pinout. Exact timing will be
detailed when we discuss attachments of memory, I/O, and enhancements to
ZAP. For the time being, unused control inputs are tied high (through
resistors) to inhibit false triggering.

The output lines are buffered for the same reasons as was the address bus.
Furthermore, because this is a development computer, with expansion in
mind, both the inverted and noninverted control signals are brought out to
the user. 82/2

The areas discussed thus far are combined into a single diagram (figure Log/c pug/MM
4.17) called the 280 bus and control diagram.
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Figure 4.14 A schematic diagram of two 8212 8-bit latches configured as bidirectional data bus
drivers.
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E. Testing
Insert all l except the Z80 and turn on the power. Each section is then in-

dividually tested as follows:
Clock — Testing the 2.5 MHz clock of figure 4.3a will require an oscilloscope

or frequency counter to register the exact clock rate. Using the logic
probe from figure 4.7b to monitor this clock rate would light all three
LEDs. This indicates that the clock functions, but it will not indicate the
rate. A similar test can be performed on figure 4.3b.

Single Cycle — The logic probe (without the addition of the 7486 edge
detector) is perfect for checking the single-cycle circuit of figure 4.4.
With the probe on section C pin 8, the indication should be low. Press-
ing and holding the button down should change the indication to a high
level and cause the "pulse" LED to flash once. Releasing the button
should not flash the pulse indicator as it returns to its initial logic condi-
tion.

Single Step - With the switch in the single-step mode position (figure 4.5),
take a clip lead and momentarily ground IC 3, pin 3. The output at
IC 1, pin 8 should be low. Pressing the single-step button will cause this
output to go high. It will stay high until IC 3, pin 3 is momentarily
grounded again. Check out the pushbutton debouncing circuit (which
consists of IC 1 sections a and b) in the same manner as you did the
single-cycle test. Finally, with the switch on the run mode, IC 1, pin 8
should always be high.

Power-on Reset — The circuits of figures 4.8a and 4.8b should have a nor-
mally high output. When power is first applied to figure 4.8b, or the
button pressed in figure 4.8a, the output should go low. Either situation
will cause a logic low level to occur from the circuit of figure 4.9.

Address Bus Drivers - The Z80 should not be inserted! With IC 9, pin 5
grounded, all outputs of ICs 3, 4, and 5 on schematic figure 4.11 should
appear high. In actuality, this will be the three-state output mode and
the proper test equipment will register them as open circuits. Tying
IC 9, pin 5 to +5 V through a 2.2 K resistor will turn on all the bus
drivers. Their outputs will all be logic high levels. Successively ground-
ing the A0 thru A15 lines at the 280 connector should result in a low-
level indication on the respective buffered output line. When all 16 lines
can do this successfully, the address bus Checks out.

Bi-directional Data Bus — The data bus is tested in a similar manner except
that the procedure is done twice—for data flow in either direction.

N Grounding IIC'8, pin 1 (figure 4.14) simulates a read condition. Data
,A should flow from right to left. Applying ground and +5 V (through a

2.2 K resistor) alternately to the data input pins of IC 6 should produce
;\’ similar levels on DOl thru D08 of 1C 6. Raising IC 8, pin 1 to +5 V

allows similar data transfer, but only from left to right this time.

Control Bus — Referring to the schematic of figure 4.16, testing is simply a
case of applying a known logic level to the input side of the series in-
verters and noting the output levels one gate at a time. For example, if
Z80 pin 19 was a logic low, IC 9, pin 2 would be a logic high and con-
versely, IC 9, pin 4 would be low. Each inverter section which the
signal passes through inverts the signal.

‘ II. Memory and I/O Decoding

Before we can utilize the memory or I/O devices we must learn how the Z80 address-
ing works. Remember, the address FF hexadecimal could refer to memory, or an input
or an output port. The computer must have the ability to differentiate among the three
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possible meanings.
The control outputs of the 280 contain the necessary routing information, and by

properly gating them together, the correct signals are obtained. For basic I/O and mem-
ory_operations, the four signals of particular interest are MREQ, IORQ, R—D, and
W—R. Their definitions are as follows:

A. MREQ
Memory Request. Whenever a transaction occurs between the central proces-
sor and memory, the MREQ line goes to a logic 0.

B. IORQ
Input/Output Request. Whenever a transaction occurs between the central
processor and either an input port or an output port, the IORQ line goes to a
logic 0.

C. RD
Read Request. Whenever the central processor reads input data from either
memory or an input port, the RD line goes to a logic 0.

D. WR
Write Request. Whenever the central processor is writing data to either mem-
ory or to an output port, the WR line goes to a logic 0.

To differentiate between input and output ports during I/O instructions, :ORQ,
RD, and W—R are gated together as shown 1n figure 4 18. In a similar manner, MREQ,
RD and WR are gated during memory transfers as shown in figure 4.19. Unlike the
I/O decoding, but similar to the address bus driver discussed earlier, a memory-read
condition does not have to be decoded. It is assumed that when the memory is not in a
write mode, it is in the read state.

The resulting three decoded strobes define the operations of Input Port Read (IORD),
Output Port Write (IOWR), and Memory Write (MEMWR). If only three functions
were required in your particular computer configuration, then no other decoding
would be necessary. Such a computer would have one input port, one output port, and
one bank of memory. To alleviate this problem, additional decoding of HO and
memory is necessary so that these control strobes can serve more than a single device.
With the extra circuitry, the Z80 can independently address 256 input and output ports
and 64 K bytes of memory.

During an I/O request (either input or output), the 8-bit binary address of the par-
ticular I/O port appears on lines A0 thru A7 of the address bus. An explanation of ad-
dress coding is shown in figure 4.20. Additional examples are illustrated in figure 4.21.

Using this information, if an instruction were to designate output port 7 as its
destination, then the circuitry of figure 4.22 could be used. When a code of 007 octal
(07 hexadecimal or 00000111 binary) appears on the address lines with an IOWR
strobe, the signals present on the data bus would be stored in an 8—bit register as output
data.

7404 I
ioao I {>v I ' U

l 7400 I/O WRITE sraoae (Iowa)W I [\ I
V' .|

CPU l :
ssNALs | |

l | .
I | \ ‘Lr

7400 I/O READ STROBE UORD)
R_D I l\.. l

L____J ‘
IORQ GOES TO LOGIC 0 ON AN INPUT/OUTPUT OPERAT’ON

WE GOES To LOGIC 0 WHEN THE cpu ATTEMPTS TO WRITE DATA To AN
OUTPUT on MEMORY
RT) GOES TO LOGIC 0 WHEN THE CPU ATTEMPTS TO READ DATA FROM
MEMORY 0R AN INPUT DEVICE

Figure 4.18 Input/output read and write decoding.
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device code.
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I/O Decoding

Of course, ZAP needs more than 1 port, even as a basic system. In fact, if it is ex-
panded to include some of the optional peripherals, it will require 6 or 8 ports.
Decoding these additional ports need not require 8 separate circuits like figures 4.20 or
4.21. By incorporating a 4 to 10 line demultiplexer into the design, 8 port strobes can be
derived. The circuit of figure 4.23 can be used for either input or output port decoding
(by selecting—RDor ”W—R) and is addressed for 000 octal to 007 octal. It works by select-
ing either of the two unconnected outputs (1C 3, pin 9 or 10) when an undecodable ad-
dress is presented on the address bus. A3 thru A7 still must be treated in the same man—
ner as that presented in figure 4.20, but A0 thru A2 serve as the 7442 address inputs.
These 3 bits will designate 1 of 8 possible lines when IC 1’s output goes low.

Duplicating this circuit to provide 8 separate input and output stobes (addressed 000
thru 007) would require a total of 7 chips. The number of chips can be reduced to 3 if
we take a little poetic license with the design. So far, we have decoded all 8 bits of the
I/O portion of the address bus, making our decoder select 1 of 256 or, as in the
previous circuit, 8 of 256. In either case, only the designated addresses are of any im-
portance; all others are meaningless. For all practical purposes we could decode lines
A0 thru A2 and ignore the rest. A circuit that does just that is shown in figure 4.24.

The difference between this circuit and those previously described, besides having
fewer Chips, is that this one requires an intelligent user to recognize the advantages and
disadvantages of taking such liberties. As in figure 4.23, this circuit decodes ports 000
octal thru 007 octal. What the user should realize, however, is that it also decodes 010
thru 017 and 020 thru 027, etc. The 3 LSB (least significant bits) repeat every 8 ad-



dresses. This is not a problem as long as the user is aware of repetitive addressing and
watches his programming. Should more than 8 stobes be required, the 7442 can be re-
placed with a 74154 (4 to 16 decoders). This will give 16 I/O port strobes that repeat
every 16 addresses. ‘

IC3
A3 7442

2 0— PORTI

10—— PORTO

OR 9w—R lC4
a 0— PORT 7 ‘U'

D 7 0—— PORT 6 'U 7‘
A2 c 6 0— PORT 5 If

5 o— PORT4 ‘U’
A1 a a o—Ponra 13'
no A SO—PORTZ ‘U'

‘U'
‘U'

Figure 4.23 A formal input/output port address decoding method that decodes all 8 address lines.

+5v

16
RD H313

9 .—..__._4 7442 a 057 no
1011 6 '0” 7 —————5 7400 12 D 0———-—————. use RD

— 6 ——' C 035 no
__ \’ 5I R0 - , o——————————. 1354 RD I/O READ‘ 4 INPUT

o—————. 0533 RD STROBES
3A2 13 c c Ds2 RD
2A1 1‘ a c os1 RD
1A0 15 A o 1130 RD

if+5v

T16
mu 9

9 7442 c 087 WR
"— |Cll 8 'OWR 12 D c7 036 WR

WR 10‘ 7400 6
or oss WR
b5 034 We l/O WRITE

4 OUTPUT
C 053 WR STROBES

1 3 c ca 052 Wk
4 21 a c 1351 WR

115 A c Dso WR

if
Figure 4.24 A method for decoding input/output Strobes with a reduced amount of circuitry.
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Memory Decoding

Decoding the memory address bus is accomplished in a similar manner. It is inadvis-
able to take the same tack and allow repetitive memory addressing because there is
more likelihood of error. Even though 16 lines are involved, in actual application,
memory decoding turns out to be less complicated. ZAP uses 1 K x 8-bit banks of
programmable memory and 1 K—byte erasable read-only memory. Both of these de-
vices require 10 address lines to define the 1 of 1024 locations in each bank. This leaves
only 6 lines that have to be individually decoded to define any 1 K block of memory.
Figure 4.25 illustrates how this can be accomplished. A 7442 (4- to 10-line decoder) is
used to generate 8 separate chip-select lines. Because the address lines of the 7442 are
tied to A10 thru A12, each strobe pulse will have a boundary of 1 K. It is not by chance
that 1 K X 8 was chosen as the memory capacity of each bank.

+5V

MREQ H H

NC.
NC.
7K T0 8K
6K T0 7Kd
5K T0 6K
4K T0 5K
3K TO 4K
2K TO 3K
1K TO 2K
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TO OTHER
MEMORY BANKS

A12

A11
A10

H
m

w
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g
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A9 C3

A8
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A5 MEMORY
A4 BANK

A3

A2

A1

A0

Figure 4.25 Memory bank decoding for 8 K of memory.

.

While the basic configuration of ZAP provides decoding for 8 K of memory and 8 in-
put and output ports, not all of these chip selects and port strobes are used. The extra
lines are left for expansion. Figure 4.26 is a completed schematic of the I/O and mem-
ory decoder for the builder to add to the circuit in figure 4.17.
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Testing

After you have added the components of figure 4.26 to figure 4.17, you are ready to
test the memory and I/O decoding. Insert ICs 10, 11, 12, 13, and 14, but don’t insert
IC 20 yet. ICs 1, 3, and 9 should remain inserted from the previous test. The 280
should still be left out. The logic level at the D address input of each of the 74425 (ICs
12, 13, and 14) should be high. Pulling out ICs 8 and 9 (with power off) will cause this
input to immediately change to a logic low level.

Next, ground pins 30, 31, and 32 and tie 23 high on the 280 socket. With the address
bus buffers enabled, and a 000 address jumpered on A0 thru A2, a chip-select low
should appear on the lowest strobe address. In this case, pin 1 of ICs 13 and 14 should
be low and the other strobe lines high. Changing the 3 jumpers on A0 thru A2 will
enable other device chip-select strobes. The memory bank decoder works the same way
except that the jumpering should be applied to address lines A10 thru A12.

After testing, insert all chips except the 280.
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1 T16A15

3 7 3 Mcs7
A14 ma 6 5 Moss

5 7442 5% MCSS MEMORY
A13 4 4 MC:4 BANK CHIP
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1%—————-—> Mcs1
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Figure 4.26 The memory and input/output decoding section of ZAP.
a) Memory bank chip—se/ect strobes. —'
b) Input/output device chip-se/ect strobes.
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III. Memory

Of course, a major consideration for any computer system is memory. Both program
instructions and data must be stored and recalled at the appropriate time so the com-
puter can perform its function. Even though the 280 central processor has a quantity of
8-bit storage registers, these can be only used for temporary manipulation of data and
cannot store program instructions. Program instructions must be stored in external
memory elements.

The external memory may be divided into two broad classes: ROM (read-only mem-
ory) and RWM (read/write memory). ROM is used to store specific, unchanging pro-
gram steps or data. The contents of these memory locations are considered permanent
and cannot be easily changed. Read/write memory, on the other hand, is used to store
data that changes while the computer is operating. Examples would be the results of
calculations or programs that change frequently. For either type of memory, the
ultimate function is still the same: to provide, on demand, either an instruction for ex-
ecution or a location where data may be stored.

Read-Only Memory

ROM (read-only memory) is an important part of the computer system. ROM func-
tions as a memory array whose contents, once set by special programming techniques,
cannot be altered by the central processor. There are few exceptions to this rule.

By its nature, ROM is non—volatile. When power is turned off, the program contents
are not lost. Reapplication of power allows immediate program execution.

Within this basic category of ROMs there are three subcategories — ROM, PROM,
and EPROM — which are defined more by usage and application than their names
might imply.

ROM -— Read-Only Memory
This is storage which can be written into only once. The information is fixed and
cannot be changed. A ROM is usually mask programmed by the manufacturer
and is bought with a preset bit pattern. These types of ROMs are considered to be 1
custom programmed.

PROM —— (User) Programmable Read-Only Memory
This storage can also be written into only once and the information is fixed.
These devices are typically bipolar fusable link PROMs, which are programmed
by the user rather than the manufacturer. ROMS and PROMs do not generally
use the same semiconductor construction technology. Storage is much denser on
a ROM than on a PROM, and cost-per-bit is generally lower on a ROM.

EPROM -—- Erasable-Programmable Read-Only Memory
This device combines the best parts of a ROM and a PROM. When received from
a manufacturer, all storage locations are unprogrammed. Using a special inter-
face, the EPROM can be programmed by the user as a PROM would be, with the
result utilized as a ROM. If the EPROM content must be changed, it can be erased
and reprogrammed. Depending upon the particular device, an EPROM can be
either electronically alterable (often differentiated by the separate abbreviation
EAROM) or ultraviolet erasable. The latter is sometimes called a UVEPROM, but
is more often just called an EPROM. They are easily recognizable because they
have a quartz window over the integrated circuit. This window is transparent to
ultraviolet light and facilitates erasure.

While there can be considerable discussion as to the merits of each option, all ROMs
perform the same ultimate function. For each independently addressable location,
there is specific stored-bit pattern. Only the processor can determine whether this is
data or an instruction. The method of storage is the same in either case. Figure 4.27
details the block diagram of a ROM.

A ROM is simply a logical block which, under program control, provides a preset



pattern. Figure 4.28 is a 3-bit read—only memory. When switch SW1 is closed (the posi-
tion it would take when the central processor wanted the stored information), the 3-bit
code of ”101” would appear at the outputs. The diode grounds the input signals to the
7404 inverters when SW1 is closed. Expanding to more than 3 bits is simply a matter of
adding more diodes, resistors and buffer stages. Such a circuit is referred to as a diode-
matrix ROM and in this case would be a 1-line by n—bit ROM.

A 3-bit memory is not much use. This concept can easily be expanded to 16 bytes by
adding an address decoder as diagrammed in figure 4.29. A completed schematic with
the diodes specifically arranged to perform a simple 9—byte program is illustrated in
figure 4.30. This short test program will be used later during the checkout phase.

The diode-matrix ROM is presented for its educational value only. This is not a
method that should be employed in the ZAP computer. Realizing that there are inte-
grated circuits that would successfully fulfill the requirements in each of three
categories, we must analyze our needs a little more closely.

The pertinent questions are: memory size, and the cost and ease of programming.
The size of a ROM is determined by the user. When power is first applied, how much
effort does the user want to expend to make the computer execute a specific program?
ZAP has no front panel and no banks of address and data switches to toggle in instruc-
tions. This being the case, ZAP must have a program that executes immediately (when
power is applied or the reset button is pushed), and that allows the central processor to
communicate with its peripherals and set itself in a mode that is directly programmable
through these devices. Once power is applied, a simple 50- to 100-byte program can be
written, which facilitates keyboard to memory loading. But perhaps we need to enter a
large program in memory? Are we to enter it all through the keyboard?

High-speed data entry can be accommodated through a serial interface. This can be
added at the expense of another 100 or 200 bytes. Another consideration is the necessi-
ty for some operator address and data display to ease program development.

In conclusion, to incorporate all the functions necessary for a single-board develop-
ment system, the ROM can easily require 500 to 1,000 bytes of storage. Many comput-
er systems use a 64- t0 256-byte ROM to store a bootstrap program. A bootstrap is a
program that coordinates the minimum amount of necessary peripherals to load a
larger program into the computer. In most personal computer systems, this bootstrap
controls a cassette interface, and the program that is subsequently loaded is called a
monitor.

A monitor (explained in Chapter 6) is a very important piece of software that re-
quires about 1 K of program storage. Our decision is whether to make the monitor
totally resident in ROM (ready for immediate execution), or to reduce ROM to the
barest minimum and load the monitor from either a keyboard or a cassette storage sys-
tern.

This is an important consideration for someone building a computer from scratch.
When given a choice, I feel, you should almost always opt for the solution that calls for
the fewest components and you should include the ROM monitor in the hardware. It’s
like putting the cart before the horse to require that a cassette interface be used to load
all the diagnostic software. It’s quite possible that the monitor program, resident in a
1 K ROM, would be required to troubleshoot and align the serial interface and cassette
modem sections. A further consideration is that the ZAP computer can be brought on
line sooner. With a ROM monitor, useful programs can be entered via the keyboard
without having to build a serial interface.

I suggest that the preferred ROM memory size for ZAP be 1 K. As previously men-
tioned, ROM is mask-programmed by the manufacturer. However, let’s not forget that
for a home-built computer, you are the manufacturer. Fusable link PROMs are an ex-
pensive proposition when configured in a 1 K block. As a 64—byte bootstrap loader
they are ideal.

The suggested alternative for the ZAP read-only memory is to use an EPROM that is
programmed by the user. A 1 K EPROM such as the 2708 (or the 2 K 2716) is cost-
effective for the home—built computer. The Intel 2708 ultraviolet erasable read-only
memory is recommended for this application. (The 2716 is a 2 K EPROM with a single
+5 V power supply.)
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Figure 4.27 A block diagram of a read-only memory.
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The EPROM is a read-mostly memory. It is used as a ROM for extended periods of
time, erased occasionally and reprogrammed as necessary. Erasure is accomplished by
exposing the chip substrate, covered by a transparent quartz window, to ultraviolet
light. The EPROM memory element used by Intel in the 2708 is a stored-charge type
called a FAMOS transistor (Floating-gate Avalanche injection Metal Oxide Semicon-
ductor storage device). It is similar to a p-channel silicon gate field-effect transistor
with the lower or ”floating" gate totally surrounded by an insulator of silicon dioxide.
The 1 or 0 storage value of the FAMOS cell is a function of the charge on the floating
gate. A charged cell will have the opposite storage output of an uncharged cell. By ap-
plying a 25 V charging voltage to selectively addressed cells, particular bit patterns that
constitute the program can be written into the EPROM. Surrounded by insulating
material, the charge can last for years. When this silicon dioxide insulator is exposed to
intense ultraviolet light it becomes somewhat conductive and bleeds off the charge on
the floating gate. The result is erasure of all programmed information.

Appendices C1 and C2 detail the pin layout and electrical specifications of the 2708
and the 2716 respectively. Chapter 7 explores various methods to program and test the
chip.
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Read/Write Memory

Read/write memory is just what its name implies. Such memory allows data to be
written into it as well as be read from it. Read/write memory for microcomputers is
generally configured from semiconductor programmable memory devices that retain
data only while the power is on.

ROMS are technically random access devices; however, read/write memory, which
is composed of semi-conductor devices and is primarily intended for use in microcom-
puters, has come to be called RAM (random access memory). From this point on, we
shall refer to RAM as programmable memory.

There are two classes of programmable memories: static and dynamic. Static pro-
grammable memory stores each bit of information in a bi-stable storage cell such as a
flip-flop. This information is retained as long as the power is supplied to the circuit.
Dynamic programmable memories have a simpler internal structure, smaller size, dissi-
pate less power, and are inherently faster. They store information as an electric charge
on the gate to substrate of a MOS transistor. This charge lasts only a few milliseconds
and must be refreshed. This necessity to refresh the stored information is one of the ma-
jor distinctions between static and dynamic programmable memories.

Refreshing dynamic memories can be bothersome, however. The process requires
that all storage cells be addressed at least once every few (usually 2) milliseconds. A
counter circuit is usually incorporated to exercise the memory address lines when the
computer is not accessing memory. In most systems, memory refresh requires addi-
tional external circuitry. The 280 contains this circuitry within the central processor
chip and greatly facilitates the use of dynamic memory. However, this facility is lost
when the ZBO is reset. Therefore, extra refresh circuitry is necessary.

The choice between dynamic and static programmable memory technology is
predicated on cost and convenience. Even with the expense of external refresh circuitry,
dynamic memory is less costly. In a prototype system such as ZAP, however, dynamic
memory is more trouble than it is worth. Once built and operational, dynamic memory
might well be the best answer to memory expansion. But at this point in the building
process, the inclusion of dynamic memory would over-complicate the design. This
book, which emphasizes getting a beginner on-line, deals exclusively with semiconduc-
tor static programmable memory applications.

Static Programmable Memory

Figure 4.31 is a block diagram of a static programmable memory element typical of
the type used in the ZAP computer. There are five basic components of a program-
mable memory: 1) addreSS input lines, 2) data input, 3) data output, 4) chip select,
and 5) a read/write- or write—enable strobe line. The address input lines are connected
to the address bus of the computer. In the case of a N by M bit programmable memory,
where N is the number of words and M is the length of each word, there must be
enough address lines to address all N bytes. For example, in a 1 K programmable mem-
ory it would take 10 bits to address all 1024 bytes within this memory (eg: 21°=1024).
Static programmable memory chips that contain fewer bytes of data, such as a 64-byte
programmable memory, would obviously require fewer address lines. For a 64-byte
memory, only 6 bits of address are necessary.

Because the function of a static programmable memory device is to allow storage
and retrieval of data, provisions must be made for data input and data output from the
device. The data input and data output lines (shown in figure 4.31) are designated as
separate functions.

During the read function, the stored data within the addressed memory cell is avail—
able on the data output lines. During the write function, data that is placed upon the
data input lines would be stored at the address designated by the code on the address
input lines. It is not necessary that static programmable memory devices have indepen-
dent data input and data output lines.

In most cases, these devices are configured with three-state outputs. Data input and
data output can be attached together to a bi—directional data bus, or they can be the



same lines and time multiplexed. Figure 4.31 illustrates a three-state method of data
busing. During a read function, the data input lines are disabled internally within the
memory device. The contents of the memory cell addressed by the address input lines
are available on data out and are fed directly to the bi-directional data bus. During a
write function, the opposite is true. The data output lines are set in the three-state mode
(which you may recall is effectively an open circuit), and draw no current from the bi-
directional data bus. The contents of the bi—directional data bus are stored at the
designated memory cell.

All of these multiplexing functions are dependent upon the read/write and chip-
select lines. No operation can occur without the memory device being selected through
the chip—select line. To select a particular bank, as outlined earlier, it is necessary to
have decoding logic that enables these banks through the chip-select lines. Once a chip
or bank of chips has been selected, the computer determines whether data should be
read from or written into these memory locations. Under normal operation all static
programmable memory is left in the read state, and only enabled during a write com-
mand by setting a level 0 on the write enable. This is called a write-enable strobe.

Figure 4.32 is a detailed timing diagram of the memory read and write cycles. The
write/enable is a combination of memory request and write. A read/enable is a com-
bination of memory request and read. Proper decoding of these signals and the chip
select were discussed previously. In its basic form, ZAP has 8 chip-select lines, each ad-
dressing a 1 K bank of memory.

Figure 4.33 illustrates the memory map of the basic ZAP computer. As initially con-
figured, ZAP contains 3 K bytes of memory. Location 0 thru 3FF is a 1 K EPROM.
Locations 400 thru BFF are static programmable memory locations. The 1 K EPROM is
configured to reside in locations 0 thru 3FF so that ZAP can be easily started with a
power-on reset. Programmable memory located at locations 400 and above is con-
sidered to be user programmable memory. At least 2 K is recommended for satisfac-
tory operation. ZAP will work with 1 K, but 2 K is recommended for basic peripheral
expansion.

Figure 4.33 also shows how memory is attached to the computer. All three banks of
memory are attached in parallel between the address and data buses. Each bank has a
separate decoded chip-select. When the EPROM is enabled and MCSO is at a logic
level 0, EPROM data is impressed upon the data bus lines. The other two banks of
memory are in the three-state mode and have no effect on the bus. When the computer
accesses programmable memory, the chip for that particular bank of memory is set to a
logic 0, and only that bank of memory has access to the data bus.

While all banks of memory would have the same address applied to them, only the
selected bank would be in the active mode. The logic flow is similar for the computer to
write into a bank of memory. You will notice that there are write-enable lines leading to
each of the 1 K static programmable memory banks, but not to the 1 K EPROM. A 1 K
EPROM can only be written into with a special interface. Therefore, the write-enable
strobe is only attached to the programmable memories.

If, for example, the computer were to write into location 400, the chip-select for
bank 1 and the write enable for bank 1 would both have to be at a logic 0 to allow data
on the data bus to be stored into location 400. This type of programmable memory
configuration is both multiplexed and three-state. In the read mode, data flows from
the programmable memory chip; in the write mode it flows into it, and when not se-
lected it’s three-state.

Up to this point, we have discussed block diagrams of static programmable memory.
To produce an operational computer, it’s necessary to configure this memory with ac-
tual parts. Unfortunately, single chip I K by 8-bit programmable memories were ex-
tremely expensive when ZAP was designed. Therefore, these 1 K blocks are designed
from multiple components. Two relatively inexpensive and popular static program-
mable memory chips are the Intel 2102A (Appendix C3) and the Intel 2114 program-
mable memory (Appendix C4).

The 2102A is a 1 K X 1 static programmable memory. Configuring a 1 K X 8 block
of memory requires eight 2102s attached in parallel. By comparison, configuring a
1 K X 8 block with 2114s would require only two chips. This is because the 2114 has a
higher internal density than the 2102. Because the objective of any hand-wired comput-
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er project is to get the device on line easily, 2114s are the recommended programmable
memory devices for ZAP. While 21025 will work, the added wiring necessary to use
these devices far outweighs the additional cost of the 21145.

Figure 4.34 illustrates how two 2114s are attached together to produce a 1 K X 8
programmable memory bank. They share a common chip-select line. The data input
lines are divided so that 4 bits of data are stored on each chip. Because each has a
1024—byte address capability, the 10—bit address lines are commonly shared. To build
the basic ZAP, two circuits of the type illustrated in figure 4.34 should be constructed.
The total memory for the basic computer is 3 K. It can be expanded to 8 K without ad-
ditional address decoding. It is not absolutely necessary to have 2 K of programmable
memory if the user wishes only to check the operation of the system. At a minimum,
the EPROM must be wired as 1 bank of memory.

The 1 K EPROM contains the monitor which allows ZAP to function. This monitor
contains many smaller programs that are called subroutines. When the main program
calls a subroutine, it places the return address on a software stack located in program-
mable memory. At the conclusion of the subroutine, the central processor pulls this ad-
dress from the stack and returns to the main program. Usually the stack requires no
more than 64 bytes. However, it is no less trouble to wire two 2114s for a full 1 K X 8
bank of memory than to try to wire a 64-byte memory.

An additional bank of 1 K, designated as bank 2, could be added at the user’s discre-
tion. This bank is necessary if you plan to write programs that will occupy more than
1 K of memory including the stack. As the computer is presently configured, 1 K may
appear adequate; however, for the additional programs outlined in this book, 2 K is
recommended. This is especially true when a buffer area is required to communicate
with external peripherals. The schematic for the final memory configuration is shown
in figure 4.35. It should be added to the circuitry of figures 4.17 and 4.26.

Unlike the other sections of the computer, the memory cannot be checked except
under program control. Theoretically, the address lines can be preset and data read or
stored, but it’s not worth the effort. Memory checks will occur after the input/output
section is wired. Basically, it will be checked first with EPROM alone, then with the ad-
dition of the programmable memory. I mentioned previously that EPROM and pro-
grammable memory are related yet operate independently. While a program is often
stored in PROM, it usually requires programmable memory for proper execution.

In a short program that loads the accumulator, writes to an output port, and jumps
back to itself again, with no subroutine calls, programmable memory is not necessary.
It can be completely located on EPROM. The exact procedure for this test will be out-
lined at the end of the I/O section.
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Figure 4.31 A block diagram of a static programmable memory element of N X M bits.
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Figure 4.33 A block diagram of the memory map for the ZAP computer.
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Figure 4.35 A schematic diagram of the final memory configuration for the basic ZAP computer.
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IV. Input/Output

Thus far we have discussed the central processor control and memory decoding. The
input and output functions are equally important. For the computer to display useful
information, it must be ”interfaced” to peripherals. "Interface" is an overworked term
that refers to a capability of communicating with external devices such as keyboards,
video or LED displays, and memory storage systems. Communication can be either
data input or output.

Input data can come from keyboards, audio cassette mass storage, or special data ac—
quisition interfaces. Similarly, output data flows from the computer to peripherals (eg:
video displays, numeric readouts, printers, and external control interfaces). The func-
tion and format of the data communication between the central processor and the pe-
ripherals might vary considerably, but the internal routing of the data is fundamentally
the same.

The 280 microprocessor provides both an input and output instruction. An output
from the processor is logically the same as writing to memory, and receiving an input
from an external device is similar to a memory—read command. They are differentiated
from memory operations by gating the read and write status lines with the I/O request
control line. Logical concurrence of an I/O request and a read or write status output
designates the direction of the communication with the peripheral device. Simulta-
neously with the control signals, the address code (1 of 256) of the subject device is
placed on the address bus. A timing diagram of these signals is shown in figure 4.36.
The decoding logic was detailed in section II of this chapter.

Wiring the I/O ports for ZAP is a two-stage process. When hand wiring a computer,
the most important consideration is to see that the input/output function works by the
least complicated method. A successful test of the ZAP I/O section also indirectly tests
memory. This is so because input and output instructions cannot be exercised except by
a program stored in memory.

280 input and output is handled 8 bits at a time. It does not matter whether the exter-
nal interface configuration is serial or parallel. Data transfer between the central pro-
cessor and 1/0 is 8 bits parallel and basically occurs as follows.

T1 T2 Tw T3 T1

s _i \ i \ i \__l \__i \__
A0-A7 x PCDT :«SDRESS X

__ r—j
DATA BUS m\__J

DATA BUS —'———'( OUT )—

Figure 4.36 A timing diagram of input or output cycles for the Z80.
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Build Your Own 280 Computer:
Design Guidelines and Application Notes

”There is a major need for a book such as this. The information is not readily
available elsewhere. Or anywhere. There are dozens (hundreds?) of microprocessor
books. but nearly all deal with software and treat hardware as abstractions or block
diagrams. Ciarcia's book is literally lled with very useful and practical "hands-on"
hardware advice. tips and techniques....The book will do for the reader what no
other microprocessor book or manufacturer's literature I know of does: It will
enable a person to actually buy individual parts and assemble them into a working
microcomputer—with peripherals and options! That's very important. Too bad we
couldn't have had such a book years ago."

—Forrest Mims, III
Contributing Editor of POPULAR ELECTRONICS

"To my knowledge the material covered in this book is not available elsewhere.
There is sufficient detail to enable an individual with previous experience to assemble
a working ZBO-based microcomputer from the component level. The design trade-
offs. the circuits, the software. and the test circuits and procedures are discussed at
a level sufficient for the book to have educational value even if one did not actually
construct a ZSO—based system."

—joseph Nichols
Digital Analysis Corporation

About the Author
Steve is a computer consultant. eleCtrical engineer. author of BYTE magazine's most popular column.
"Ciarcia's Circuit Cellar," and a “national technological treasure."

Is'BN 0-01-0l0962-I
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