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Preface

At the age of 11 in the early 1980s I began exploring the world of micro-
computers, first with the Sinclair ZX81, and then with the ZX Spectrum. I
marvelled at the seemingly endless possibilities they offered, and was in awe
of the engineers who conceived, designed and built the machines.

From the moment I acquired my first microcomputer, I started designing and
building electronic add-ons for them. My ambition however, was to build my
own computer.

The biggest obstacle to realising my dream was designing the television or
monitor interface. I bought and borrowed many electronic and microelectronic
books, trying to cross-reference and compile enough information to learn the
concepts and techniques I needed to master. However, the information I found
was generally very high level and vague, or written for the professional elec-
tronics engineer and therefore almost impossible to decipher by the untrained
eye. There simply were no books that dealt with the subject of building your
own microcomputer, or the techniques involved in graphical display genera-
tion, and so I could not achieve my goal.

Many years later, in 2007, I uncovered some of my notes that had lain hidden
for 20 years, and was inspired to revisit my childhood dream and apply the
benefit of further education and experience. To that end I decided to design
and build my own the ZX Spectrum from scratch, aiming for 100 per cent
compatibility. In the course of my work, I made several previously undocu-
mented discoveries about the ZX Spectrum’s design, and was encouraged by
my friends and enthusiasts of the ZX Spectrum to document my findings in a
short book.

In writing a book, I wanted to ensure that every detail was factual, and not
merely inferred through non-invasive reverse engineering and experimenta-
tion. Achieving this was going to be a major hurdle, as 25 years had passed
since the ZX Spectrum was designed, and there was little hope of obtaining
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the original circuit diagrams.

My luck changed in November 2008 when Mike Connors of Datel Ltd offered
to optically image the silicon chip of the ULA. With these images and the help
of the Ferranti archive at the Museum Of Science and Industry in Manchester,
I was able to work out the component structure of the ULA and back-annotate
the entire ZX Spectrum ULA schematic.

To do justice to the wealth and quality of information I now had, I felt com-
pelled to write a bigger, definitive guide to the ZX Spectrum ULA, and per-
haps the book I had sought during the 1980s.

The back-annotation of the ULA images into a full schematic took approxi-
mately one year to complete. I first produced a paper schematic that matched
the physical layout of an uncommitted 6000 series logic array, and copied onto
this the connections from between the 2,500 transistors in the ULA image.

From this transistor-level schematic I went on to produce a NOR gate
schematic of the same size and structure. Within it I outlined individual
functions such as flip-flops and latches, and grouped them into functional
units such as counters, identifying and labeling signals as I proceeded. Once
this schematic was complete, functional analysis was possible.

The most difficult chapter to write has been Chapter 13, Video Memory Access.
The circuit itself is functionally quite simple, however the signal timings mea-
sured at the ULA pins do not match those suggested by the circuit. The param-
eters of the 6C001 logic gates are currently unknown, and this makes it dif-
ficult to predict the timing of signals that are intentionally subjected to prop-
agation delay. Because of this, where discrepancies exist due to insufficient
information being available, a comment has been made to this effect.

The most rewarding chapters to research and write have been Chapter 5, The
Ferranti ULA, Chapter 6, Sinclair and the ULA, Chapter 16, Analogue Video
and Chapter 23, Hidden Features and Errors. Each chapter offered its own
challenges, and made them all the more enjoyable to work on.

I hope the reader finds the information presented in this book informative
and useful, and that it answers the questions they have about microcomputer
design and the Sinclair ZX Spectrum ULA.
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Chapter 1
Introduction

The objective of this book is to present the design and implementation of the
Sinclair ZX Spectrum’s core and custom chip, the Uncommitted Logic Array
(ULA), and so doing introduce the concepts and methodologies required to
design a microcomputer based around an 8-bit microprocessor.

The ULA contains the video display logic responsible for converting data
stored in video RAM into a television picture. It controls the CPU and man-
ages its access to memory, along with decoding the keyboard and cassette
interfaces. In effect, the ULA glues the CPU, RAM and ROM together so that
they form a ZX Spectrum, and as such it is the soul of the machine.

The book is intended for two different audiences:

« The electronics hobbyist or professional researching the designs and tech-
niques pioneered and used by home computers of the 1980s, either wishing
to design their own computer or for purely academic reasons.

« The ZX Spectrum enthusiast wishing to discover the secrets that the ZX
Spectrum ULA holds.

Material is presented in a form that is accessible to the amateur, but thorough
enough for the expert. Some familiarity with basic circuit design, digital elec-
tronics and boolean algebra is assumed.

Accurate schematics are given for the complete ZX Spectrum ULA and are
accompanied by comprehensive analysis and discussion. With these schemat-
ics it is possible to implement a 100 per cent compatible clone of the 48K ZX
Spectrum using discrete or programmable logic, such as a CPLD.

In addition, for the first time, a full discussion of the Ferranti ULA technol-
ogy and manufacturing process is given, a technology without which Sinclair
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Research and others could not have brought home computing within reach of
the general public.

To present the details of the ZX Spectrum ULA, its design has been divided
into logical sections and a chapter assigned to each. On the whole, a chapter
builds upon the material presented in previous chapters, and where possible
cross-references have been provided to assist the reader who is using the book
as a reference text.

The operation of the ZX Spectrum’s PCB circuit is not discussed, except
where specific details are relevant to the ULA design. Circuit schematics for
the ZX Spectrum PCB are freely available via the Internet.

Ferranti’s ULA technology occupies a unique place in the development of
the microelectronics industry. It relied on an advanced transistor fabrication
method called Collector Diffusion-Isolation (CDI). To understand what made
the ULA significant, an understanding of CDI and how it differs from other
fabrication methods is required. A reader familiar with such semiconductor
transistor fabrication techniques may wish to skip the overview provided by
Chapter 2, Integrated Circuits.

Chapter 3, The Standard Microcomputer, introduces the standard design on
which all computers of the late 1970s and beyond were based, including the
modern PC. It also presents an overview of the Z80 microprocessor, around
which the ZX Spectrum was designed.

Chapter 4, Semi-Custom Devices, discusses advances in microelectronic fabri-
cation that allowed manufacturers to realise the potential of custom designed
integrated circuits, without resorting to the prohibitively expensive custom
made silicon chip.

Chapter 5, The Ferranti ULA, introduces Ferranti Semiconductors, their CDI
process and range of ULA products. The ULA customisation process is then
described in detail, starting with the customer specification and moving
through design, fabrication and testing.

Chapter 6, Sinclair and the ULA, gives a brief history of the development of
the ZX80 and ZX81, predecessors of the ZX Spectrum, and discusses Sin-
clair’s first use of the Ferranti ULA. This is followed by a description of the
development process and testing of the ZX Spectrum. Although the MK14
was technically Sinclair’s first computer, it does not fit the category of a home
microcomputer, and therefore it is not discussed here.

Chapter 7, The ZX Spectrum Overview, introduces the functional areas of
the ZX Spectrum’s design, and the relationship between them. Those read-
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ers familiar with these may wish to skip this chapter.

Chapter 8, The Memory Map, describes how the memory of the ZX Spectrum
is allocated to the system, display and user.

Chapter 9, The Video Display, introduces the principles of television display
generation, and describes the concepts required to design a computer display.

Chapter 10, The Internal Clocks, discusses the various clocks and counters
required to track the position of the television’s electron beam as it scans the
screen. These counters are at the core of the ZX Spectrum’s ULA design, and
control all aspects of its operation.

Chapter 11, Video Synchronisation, explains how the television electron
beam is synchronised with the counters described in Chapter 10, The Internal
Clocks, allowing a stable and flicker-free picture to be displayed.

Chapter 12, Generating The Display, describes how a computer display is
designed, what resolution it should have, and how the digital information that
is stored in memory can be processed into a form suitable for conversion into
a video signal.

Chapter 13, Video Memory Access, discusses the control signals that the video
generator must produce to enable it to access the computer’s video memory.
Specific reference to the ZX Spectrum’s signal timing is given.

Chapter 14, Video Control Clocks, gives a full analysis and design of the video
control signals identified in the preceding chapters.

Chapter 15, Video Addressing, introduces the memory addressing schemes
suitable for use with the video system discussed so far, both theoretical and
practical. In doing so, the ZX Spectrum’s peculiar video memory arrangement
is explained.

Chapter 16, Analogue Video, gives a thorough discussion and analysis of the
techniques required to generate a video signal composed of luminance and
chrominance signals. The design of the ZX Spectrum’s analogue video output
is covered in detail.

Chapter 17, CPU Memory Access, discusses the control signals that must be
generated to enable the CPU to access the memory within the computer.

Chapter 18, CPU Clock and Contention, describes the conflict that exists
between the CPU and the video generator when they simultaneously require
access to the video RAM. Several conflict resolution methods are discussed,
culminating in the explanation of the techniques used by the ZX Spectrum,
including the differences between the three issues of ULA.
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Chapter 19, Input-Output Devices, discusses the input and output (I/O) capa-
bilities of the ZX Spectrum and the design behind these interfaces, making
reference to Chapter 3, The Standard Microcomputer.

Chapter 20, Cassette Storage and Sound, discusses the analogue requirements
of the ZX Spectrum’s cassette and loudspeaker interfaces, and describes their
patented design.

Chapter 21, Interrupts, follows on from the topic introduced in Chapter 3, The
Standard Microcomputer, and analyses the interrupt timing implemented in
the ZX Spectrum ULA. The cause of the "late timing" interrupt detection is
also discussed.

Chapter 22, Signal Interfacing, gives the complete list of signals passed in
and out of the ZX Spectrum ULA, describing their purpose, signal level and
capability.

Chapter 23, Hidden Features and Errors, uncovers undocumented errors and
hidden features of ZX Spectrum ULA design, and examines the cause and
effect of design and production errors such as the "snow effect".

Chapter 24, ULA Versions, gives a complete overview of each ZX Spectrum
ULA revision, highlighting the significant differences between them.

Appendix A, The ULA Die Plot, illustrates the physical layout of the ZX Spec-
trum ULA’s silicon die at a functional level, and relates each area to the circuit
designs presented in this book.

Appendix B, Component Library, gives the basic circuit building blocks used
in the design of the ZX Spectrum ULA. All of the complex components used,
but not described elsewhere in this book (such as flip-flops, shift registers and
TTL outputs), are given here.

Appendix C, ULA Configuration, explains how ULA matrix cells are inter-
connected and intraconnected to provide different logic gate configurations
and speeds. This chapter supplements Chapter 5, The Ferranti ULA.

A glossary of terms is provided at the end of the book, along with a compre-
hensive bibliography.



Chapter 2
Integrated Circuits

Integrated circuits became possible with the invention of the Planar process in
1959 by Jean Hoerni at Fairchild [HOERNI]. This viewed the silicon wafer
substrate as a flat two-dimensional plane onto which successive layers of sil-
icon could be deposited through oxide masks and Photolithography, allow-
ing all components of a transistor to be fabricated from one side of the sil-
icon wafer. Shortly afterwards in July of that year Robert N. Noyce, also at
Fairchild, devised the monolithic integrated circuit [NOYCE] where several
transistors are formed and interconnected on a single silicon die, and pro-
duced the first working ICs in May 1960. Publicly available devices were
announced in March 1961, photographs of which appeared in LIFE magazine.
It is generally recognised that Jack Kilby of Texas Instruments independently
conceived the monolithic integrated circuit at about the same time, and though
both companies fought legal battles over patents, they eventually settled and
cross-licensed their technologies.

In 1960, Bell Labs introduced a process of growing a thin layer of silicon
on the substrate by chemical-vapor deposition to provide isolation between
a transistor’s base and collector regions. This epitaxial process reduced cur-
rent leakage, increased the breakdown voltage and dramatically increased the
switching speed of the transistor. In 1961, Jean Hoerni increased the switching
speed of silicon transistors further, to exceed that of germanium, by doping sil-
icon with gold impurities. Silicon is preferable to germanium as it has a wider
temperature tolerance and is stable at up to 150°C, twice that of germanium.
This allowed the first high speed computers to be produced, incorporating
many hundreds of transistors that generate considerable amounts of heat. Ger-
manium transistors do not switch reliably at the temperatures found within
these machines, making them unsuitable.

The UK-based Ferranti Semiconductors began experimenting with monolithic
ICs around 1961, having successfully marketed a range of diffused transistors
such as the 1960 ZT20 Mesa transistor. They introduced the Micronor I IC in
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1963/64, Europe’s first integrated circuit, followed in 1965 by the Micronor
I1, both Diode-Transistor Logic (DTL) devices [SWANN].

In addition to bipolar transistor technologies, Fairchild was also developing
the Complimentary Metal Oxide Semiconductor transistor, which was first
described by Sah and Wanlass in 1963. CMOS combines n-channel and p-
channel MOS transistors in a complementary symmetry configuration, which
draws almost zero power in standby mode. These early CMOS devices were
however plagued by manufacturing and reliability issues, and it would be sev-
eral years before they saw high volume adoption, eventually becoming the
dominant technology of modern integrated circuits.

It was during 1963 that the first mass market for digital ICs began, initially
based around Signetics SE100 Series Diode-Transistor Logic, followed by
Farichild’s cheaper and better performing 930 Series. At the same time, Sylva-
nia introduced its SUHL Transistor-Transistor Logic (TTL) series, the success
of which encouraged Texas Instruments to introduce its SN5400 TTL Series
the following year. In 1966 TI announced the SN7400 series and quickly
gained more than 50% of the market.

The significant weight and size reduction of integrated circuits compared to
discrete transistors prompted the Massachusetts Institute of Technology and
NASA to select a Fairchild Micrologic 3-input Resistor-Transistor NOR gate
for the Apollo Guidance Computer, becoming the largest single user of ICs in
1965.

Driven by the demands of high power mainframe computing, circuit con-
figurations offering significant improvement in speed and performance were
sought. To this end, mainframe manufacturer RCA developed the concept
of Current-Mode Logic (CML) circuits, custom produced for their Spectra
70 series computer by various IC manufacturers (1965). Fairchild developed
a similar Complementary Transistor Logic (CTL) family to power the Bur-
roughs B2500/3500 and Hewlett-Packard’s 3000 Series (1966).

Epitaxial Transistor Fabrication

There are a variety of methods of fabricating bipolar transistors, and we shall
consider those used in IC manufacture and which specifically use the epitaxial
process.

Bipolar transistors use both hole and charge carriers, and their fabrication is a
planar process where regions of an n-type or p-type silicon substrate are doped
using high temperature gas diffusion. The areas to be doped are typically made
through windows in a silicon dioxide mask, and depending on the doping



Chapter 2. Integrated Circuits

element used, n-type or p-type areas are formed. Where two different types
of silicon are in contact, a PN Junction is created which acts as a conductor
when voltage is applied in one direction, and a nonconductor in the other, as
in Figure 2-1.
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Figure 2-1: PN junction showing hole and charge carriers

Doping an n-type area with a group 13 element such as boron produces a p-
type area of electron acceptors (also known as holes). Doping a p-type area
with a group 15 element such as arsenic, produces an n-type area of electron
donors.

The Standard Buried Collector Process

The general transistor fabrication of an NPN transistor using the Standard
Buried Collector (SBC) process is as follows (Figure 2-2):

1. An area of highly doped n+ is diffused into a p-type substrate. This is
referred to as the buried sub-collector.

2. An epitaxial layer of n-type silicon is grown over the substrate.

3. A deep diffusion of p+ is made through the epitaxial layer, creating a deep
moat around the device to form an isolated island.

4. A shallow diffusion of lightly doped p-type silicon is made, creating the
base region.

S. A shallow diffusion of n+ is made in the base region forming the emitter,
and in the epitaxial layer forming the collector.

6. At the emitter, base and collector regions, aluminium is deposited to cre-
ate the transistor contacts.
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Figure 2-2: Junction-isolated bipolar transistor fabrication

The epitaxial layer and diffusions are thin, so the NPN transistor currents flow
vertically from the emitter, through the base to the collector.

Isolation between multiple devices on the same silicon die is achieved by mak-
ing the p-type substrate the most negative point. A PN junction therefore exists
between the p-type moat and the n-type collector region, and will be reverse-
biased, creating what is termed junction or diode isolation.

The n+ buried layer prevents the formation of a vertical parasitic PNP tran-
sistor between the base, collector and substrate. The shallow diffusion of the
n+ ohmic collector contact is required as aluminium and n-type silicon will
together form a slight PN junction. Buffering the aluminium contact with a
highly doped n+ region prevents such a junction forming.

SBC transistors do not make efficient use of the silicon die as the active area
of the SBC transistor is only in the region directly below the emitter. Also,
due to lateral diffusion the minimum width of the p+ isolation moat is twice
the depth of the epitaxial layer, so that the useful area of the transistor is less
than 5% of the total device area, with the active area beneath the emitter being
only 2.67% of the total device [HURSTVLSI].

Integrated circuits are generally constructed from NPN transistors, as the alter-
native PNP transistor has a lower performance, with holes, not electrons, form-
ing the majority charge carrier. Also, the transistor action tends to act horizon-
tally in SBC PNP transistors.

Other components such as diodes and resistors are created by a similar process
of isolating epitaxial regions of n-type silicon with p+ diffusions.
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Standard Resistor Fabrication

Resistors are formed by surrounding a region of epitaxial layer above a buried
p+ layer, with a deep diffusion of p+. This creates an isolated region of n-type
silicon with a characteristic sheet resistance. Metal deposits at either end of
the region provide the resistor contacts.

By varying the width of the n-type silicon region and the distance between the
contacts, different resistor values can be formed. The sheet resistance of an
epitaxial layer is usually given in units of ohms per square, where one square
is the distance between the resistor contacts divided by the width of the region.

1. An area of highly doped n+ is diffused into a p-type substrate. This is
referred to as the buried layer.

2. An epitaxial layer n-type silicon is grown over the substrate.

3. A deep diffusion of p+ is made through the epitaxial layer, creating a
rectangular boundary around the resistor, creating an isolated region of
n-type silicon.

4. Aluminium deposits are placed at either end of the longest resistor dimen-
sion, forming the resistor contacts.

Logic Gate Technology

A single bipolar transistor provides only the simplest logic function, that of
the inverter. To build more complex logic functions, transistors must be inter-
connected to form functionally complete' gates which can be built up into
higher functional units.

Various families of bipolar logic have been used by manufacturers to produce
a range of off-the-shelf logic devices, with each family having particular use-
ful characteristics.

Resistor-Transistor Logic

Resistor-Transistor Logic (RTL) is one of the simplest and earliest class of
logic gate, and was used to create the first integrated circuits in March 1961.
A typical three input NOR gate is shown in Figure 2-3.

The disadvantage of RTL devices is their high current consumption and slow
switching speed due to transistor saturation and charge storage. This high
power requirement leads to issues with heat dissipation, which limits the gate
packing density and therefore the number of gates per chip.
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Figure 2-3: Three input RTL NOR gate

Transistor-Transistor Logic

This is the standard and most popular bipolar logic family used in small and
medium scale integrated circuits. Figure 2-4 shows a typical TTL three input
NAND gate with a totem pole output, giving active pull up to Vcc for logic 1
and push down to Ov for logic 0.

@

ut

Figure 2-4: TTL NAND gate with totem pole output

The disadvantage with this logic family is it’s high power consumption, slow
propagation times caused by transistor saturation, and large current spikes
when the output switches between logic levels due to a moment when both
transistors conduct, shorting Vcc to Ov.

To address these problems several advances in TTL design have occurred,
most importantly the Schottky TTL gate. Here a Schottky diode is placed
between the base and collector of the switching transistors to prevent them
becoming saturated and storing charge, greatly improving their switching
speed. Figure 2-5.

10
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A Schottky diode is formed between lightly doped n-type silicon and alu-
minium, which may be considered a weak p-type dopant, thus forming a PN
junction. However, as few holes are produced by the weak p-type aluminium,
most of the semiconductor action consists of electron donors which gives rise
to junction characteristics that are different from normal PN junctions; for
instance, a forward voltage drop of approximately 0.35v and practically zero
storage time. A Schottky diode placed across the transistors base-collector
junction will therefore conduct before the transistor (at 0.35v compared with
0.6v), redirecting current and preventing transistor saturation.

Figure 2-5: Schottky diode and transistor

Fabrication of a Schottky diode across the collector-base junction is easily
achieved by extending the aluminium that forms the ohmic contact with the
p-type region of the base, so that it overlaps the area of n-type silicon at the
collector, where it reaches the transistor surface. Figure 2-6.

Aluminium
Guard band interconnect
(Metal Layer)
Schottky Oxide n+ ohmic Device
diode contact isolation
l—] B \ E C

p-

]
K n+ buried layer j

p type substrate

Figure 2-6: Schottky TTL fabrication

11



Chapter 2. integrated Circuits

Emitter-Coupled Logic

Emitter-Coupled Logic (ECL) is one of the fastest switching class of logic
gate, at the expense of high power dissipation which limits the number of
gates per device. They have generally been used for the highest performance
computers, such as the CRAY-1.

ECL gates work by directing a fixed current through one of two paths, depend-
ing on the input logic levels. In this way a current always flows, removing volt-
ages spikes during output switching but contributing to the overall power con-
sumption. Figure 2-7 shows a simple ECL NOR gate. Multi-input NOR/OR
gates are created by connecting multiple input transistors in parallel. With a
Vin less than VRef, T1 will be off and T2 will be conducting. As Vin exceeds
VRef, T1 begins to conduct and T2 shuts off. Two complementary outputs
are produced by the two switching transistors, allowing both NOR and OR
functionality to be simultaneously implemented. The resistors are chosen so
neither transistor saturates when it conducts, achieving the maximum switch-
ing speed. The low output voltage swing produced as a result complicates
external interfacing, where Sv signals are normal.

Figure 2-7: Typical ECL gate

Current-Mode Logic

Unlike ECL, where a constant current is switched between one of two paths,
Current-Mode Logic (CML) allows a preset current to flow or not to flow
through the switching transistors, depending on the state of the logic input. Its
basic circuit configuration is shown in Figure 2-8.

12
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The value of the preset current supplied by the current source is small enough
to prevent the transistors saturating, so that they only operate in their off or
active mode, thus enabling them to switch rapidly.

Figure 2-8: CML NOR gate and signal thresholds

Vs = 0.95v

>
E
[=]
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Output
Input
121 OuA
0.7v Current
Source
Ov

Figure 2-9: CML NOR gate showing output voltage swing

CML gates may be produced in a wide range of speed and power configura-
tions, as their speed power product is directly proportional to the supply volt-
age and logic swing; therefore by reducing the size of the load resistor, RL,

13
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or increasing the supply voltage, the gate switching speed may be increased at
the expense of increased power dissipation.

Typical CML gates have a minimum supply voltage of 0.6 to 0.95 volts, and
a logic swing range which is determined by noise considerations. Under LSI
chip conditions, where noise is controlled, a margin of 200mV is equivalent to
a 1V noise margin found within a printed circuit board; therefore a logic swing
of approximately 360mV within the gate is more than sufficient (Figure 2-9),
and is defined by the current source and load resistors.

The low on-chip voltage swings achieved, however, means that signals require
amplification and buffering before they can be connected to external devices.

The constant current source in the emitter circuit is provided by a multi-emitter
transistor operating in inverse mode. That is, its collector is used as the emitter
and its emitters as multiple collectors, one of which has a particular base-
collector bias that causes it to act as a current mirror, setting the current that
will be passed by the other collectors. See Figure 2-9.

This current source action demands a transistor that exhibits extremely good
inverse-mode operation, something that Collector-Diffusion Isolation (CDI)
fabrication in particular provides.

Collector-Diffusion Isolation Process

Collector-Diffusion Isolation (CDI) process was invented by B. T. Murphy et
al at Bell Labs in 1969 [MURPHY]. The technology proved troublesome for
Fairchild and Bell Labs who, to date, had only managed to make Collector-
Diffusion Isolation integrated circuits that operated at 3 volts, and not at the
industry standard of 5 volts. Ferranti Electronics Limited licensed and fur-
ther developed this technology for mixed digital and analogue applications,
becoming the worlds first microelectronics supplier to successfully utilise
CDI in the production of VLSI integrated circuits [WILSON2].

The CDI process is similar to that of the SBC, except that a p-type epitax-
ial layer is grown instead of an n-type layer, eventually becoming the final
transistor base regions. The CDI process is as follows:

1. A low-resistance n+ buried layer is diffused into the p-type substrate.
2. A p-type epitaxial layer is grown over the substrate, eventually forming
the base region of the transistor.
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3. A deep n+ isolation moat is diffused through the epitaxial layer form-
ing an isolated region of p-type silicon. This n+ diffusion also forms the
collector of the transistor, surrounding the base region.

4. A p+ diffusion is made to create a shallow p+ skin over the whole silicon
slice. The concentration of this diffusion is so low that it does not alter
the polarity or resistivity of the n+ isolation diffusion. It does however
perform the important task of ensuring that no inversion occurs at the sur-
face, and creates a sheet resistance of 470 ohms per square for fabricating
resistors.

5. A shallow n-type diffusion into the epitaxial layer forms the emitter. This
pushes the p+ skin diffusion down into the epitaxial layer creating a
graded base transistor with controlled current gains and a high gain band-
width product.

6. At the emitter, base and collector regions, aluminium is deposited to cre-
ate the transistor contacts.

Aluminium Non-selective
interconnect p+ type diffusion p ty?e
(Metal Layer) skin epitaxial layer

Collector contact
and isolation
g diffusion moat

k n+ buried layer J
200um
p type substrate

. Vertical npn
emitter-base-collector

Figure 2-10: Collector diffusion-isolation fabrication

The CDI process is far simpler than the SBC process, and provides many
benefits. In particular it has a thin epitaxial layer, of the order of 2um, and
very shallow diffusion depths of approximately 1um, creating a very narrow
base width and good operating speed. Silicon is therefore used economically,
achieving circuit packing densities 2.5 times higher than obtainable using the
standard buried collector structure with the same masking tolerances [ULA-
HAND][MURPHY].

Another feature of the CDI process is that the heavily doped n-type collector
region gives the transistor a good inverse-mode operation, required for current
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sources in Current Mode Logic circuits. In addition to allowing the p-type
substrate to be used as the ground connection, CDI devices allow n+ diffusions
to be used to distribute the supply rail around the chip.

CDI process resistor fabrication

As with the SBC process, resistors are formed by surrounding a region of
epitaxial layer by a deep moat of diffused n+, over a buried n+ layer. This
creates a completely isolated region of p-type silicon which, due to its diffused
p+ skin, has a defined sheet resistance. Metal deposits at either end of the
region provide the resistor contacts.

Altering the length and width dimensions of the resistor alters the value of the
resistor.

1. An area of highly doped n+ is diffused into a p-type substrate.

2. An epitaxial layer, or skin, of p-type silicon is grown over the substrate.

3. A deep diffusion of n+ is made through the epitaxial layer, creating a rect-
angular boundary around the resistor which connects with the n+ buried
layer, creating an isolated region of n-type silicon.

4. Aluminium deposits are placed at either end of the longest resistor dimen-
sion, forming the resistor contacts.

Aluminium Non-selective
interconnect p+type diffusion P W?e
{Metal Layer) skin epitaxial layer

Isolation

Oxide diffusion moat

n+ buried layer J

\l p type substrate

Figure 2-11: CDI process resistor fabrication

1. A functionally complete gate is one that may be used as the building block
of any other logic gate. NOR and NAND are such gates.
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The Standard Microcomputer

The standard microcomputer of the late 1970s and early 1980s consisted of
four separate components: a microprocessing unit (MPU or CPU), Read Only
Memory (ROM) for program storage, Random Access Memory (RAM) for
data and program storage and some form of input and output (I0O). These
components were produced as standalone devices, designed to be integrated
into such a system architecture, as the degree of fabrication density possible
at the time did not permit integration of memory and I/O directly into the
microprocessor chip itself, what would later become termed the System-on-a-
Chip (SoC).

All microcomputers of the era followed this design, using common off the
shelf memory ICs and peripheral components. It was only the choice of micro-
processor and custom /O circuits that stood them apart.

The Architecture

The microprocessor prevalent at the this time was the 8-bit processor. Such
devices could transfer eight data bits at a time and were usually provided with
up to a 16 bit address bus, enabling access to 65536 (2'®) memory locations.
Control signals were also necessary to coordinate the activity of devices con-
nected to the processor, up to 14 lines in total, as well as the power supply.
Typically as many as 40 pins would be used. Producing ICs with more than 40
pins was prohibitively expensive due to their size, and this limited the number
of CPU data and address lines that could be made available to memory and
I/O devices. The few 16-bit devices that were produced at the time provided
the additional data and address bus signals by multiplexing them over existing
signals, which increased the complexity of the system design greatly, and was
generally considered not worth the effort.

The basic architecture of the standard microcomputer is shown in Figure 3-1.
To the far left, a clock circuit provides the CPU with a regular time signal

17



Chapter 3. The Standard Microcomputer

with which to synchronises its internal state machine. Next is the CPU itself,
providing address, data and control buses through which it interfaces with
ROM, RAM and I/O devices, shown to the right.
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( 8-bit Data Bus
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Figure 3-1: The standard microcomputer

The Control Bus

The control bus contains signals that allow the processor to control the opera-
tion of devices to which it is connected, and allows devices to control certain
aspects of the processors operation. In general the signals provide the follow-
ing activities:

1. To notify memory devices that the processor is about to access a memory
location and that they should use the address on the bus to determine
which location is required.

2. To notify I/O devices that the processor is about to access an /O port and
that they should use the address on the bus to determine which port is
required.

3. To interrupt the processor and have it perform a time critical task.

4. To pause the processor, allowing slow memories or other devices time to
prepare for the requested memory or I/O operation.

5. To request and acknowledge a direct memory access (DMA).

6. To specify the direction of data flow.

7. To reset the processor.

The exact nature of these control signals, and which are provided, depends on
the microprocessor. For example, some processors provide signals to select
memory or I/O devices along with read and write signals; whereas others make
1/0 devices synonymous with memory and provide just read and write signals.
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A typical memory write by the processor would see it place the address of the
required memory location on the address bus and activate the memory access
signal. While the memory device is responding to this signal, the processor
places the data to be written on the data bus and activates the write control
signal. The memory detects this write indication and stores the data in the
pre-prepared location. The processor then deactivates the two control signals.

Memory Devices

Memory ICs may be either ROM or RAM and generally provide fewer stor-
age locations than the 65536 that may be addressed by a 16-bit address bus.
Several devices will therefore be necessary to provide both ROM and RAM
at the quantity of memory required. These devices must be connected to the
CPU in such a way that they appear at their appropriate place in the memory
map and provide contiguous pools of memory locations.

The placement of devices within the memory map is achieved through address
bus decoding, which may take the form of linear(partial) or full address decod-
ing.

Linear decoding works by assigning the more significant signals of the address
bus to the select pins of individual memory devices. This simple decoding
results in a fragmented memory map because devices are mapped to blocks
of address that increase in powers of two. This type of address decoding is
therefore not suitable when several memory devices must be placed one after
another in the memory map.

Full address decoding considers combinations of address bus signals and acti-
vates specific memory devices when certain ranges of address appear on the
bus. This decoding is more complicated than linear addressing and requires
additional logic, but it does allow devices to be placed at any location within
the memory map.

Dynamic RAM

The memory capacities prevalent in the 1970s and 1980s were small by
today’s standards, but back then silicon die sizes were very much larger, and
fabrication of as little as 32 or 64K RAM was expensive - comparable in
price to the multi-megabyte devices available today.

There are two types of RAM generally used in computers: dynamic RAM
and static RAM. Dynamic RAM employs a capacitor charge method of stor-
ing the binary value of bytes. However this state leaks away as the capaci-
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tors discharge, so it must be regularly refreshed by external control circuitry.
Static RAM by contrast uses flip-flops to store binary values, which do not
forget their state. Flip-Flops are relatively complicated and therefore take up
more space on a silicon wafer than a capacitor, consume a larger current and
are more expensive to produce. Dynamic RAM (DRAM) therefore offers a
higher density and cheaper overall cost than static RAM (SRAM), even with
the added complexity of refresh control.

Internally RAM is arranged as a matrix, or grid, of storage locations. To access
any one location, its row and column must be selected, the location being
accessed being at the intersection of the two.

To reduce cost further, the physical package size of a RAM device is kept to
a minimum, the limiting factor being the number of connection pins required.
DRAM designers reduce the number of pins by dividing the address bus in
two, and have both halves share the same address pins. This makes interfacing
more complicated as the CPU address bus must be presented to the DRAM in
two stages.

This technique is call multiplexing, and DRAM chips provide two special pins
to achieve this: a Row Address Strobe (RAS) and a Column Address Strobe
(CAS).

Systems using DRAM place the lower half of the memory address on the
DRAM address bus and pull RAS low, causing the DRAM to select the corre-
sponding matrix row. Shortly after this the upper half of the memory address
is presented to the DRAM on the same bus, and the CAS signal pulled low,
selecting the required matrix column and thus the desired memory location.

In addition to selecting a memory location, the state of the RD/WR signal
determines whether the chosen location is to be read from or written to.

To keep the contents of the dynamic RAM refreshed and prevent the stored
charge leaking away, each matrix row must be read every 2 milliseconds (ms)
or less. This is performed by initiating a RAS-only refresh cycle by placing
a refresh row address on the RAM data bus, and activating the RAS control
line. The refresh row address is then incremented and used for the next refresh
cycle, 2ms later.

ROM

The interfacing requirements of ROM are simpler than for dynamic RAM
because they are non volatile devices that do not forget their contents when
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power is removed, and do not require refreshing. They are programmed once
when they are manufactured, and their contents cannot be changed.

Input and Output

A computer essentially takes a number of inputs and processes them to pro-
duce one or more outputs. To be useful, the standard microcomputer described
above must be provided with both input and output devices. Output devices
may consist of LEDs, seven-segment displays, a CRT monitor, digital to ana-
logue converters (DAC), printers or tape recorders. Inputs devices include
switches, keyboards, analogue to digital converters (ADC) and tape recorders.

Interfacing such I/O peripherals to the microprocessor can be achieved in two
ways. One, through memory mapping the device, or two, by I/O mapping the
device, if supported by the CPU.

Memory mapping input—output devices may be a matter of choice, or the
only option if the microprocessor does not provide /O specific control sig-
nals and instructions. Here the I/O device is allocated a region of the memory
map through memory address decoding. This has the advantage of allowing
input and output to be performed through the processor’s wide range of pow-
erful memory instructions. The disadvantage being that memory mapped 1/0
reduces the amount of system memory that can be provided.

For I/O mapped input—output, the processor provides a set of I/O specific
enable and direction control signals, complementing those for memory
devices. It also provides a set of I/O related instructions through which input
and output may be performed. The advantages of this scheme are: One,
the full address space is available for memory devices. Two, the processor
provides instruction timings and features specifically for I/O. Three, program
code that accesses an /O device is easily distinguishable from that which
accesses memory. The disadvantages are the loss of the powerful memory
instructions and the need for the processor to provide additional control
signal pins.

Serial VO

Many peripherals of the era communicated with the microcomputer via a
serial 1/O interface. Data transfer rates were slow, around 300 bits per sec-
ond typically, but required only a single connection wire for each direction of
data flow and another for synchronisation.
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The basis of serial communication is to convert each byte to be sent into a
stream of 1s and Os, and to reassemble a stream being received back into bytes.
This can be achieved in two ways: through software or through a dedicated

I/O communications IC called a universal asynchronous receiver-transmitter
or UART.

With software, a program takes responsibility for the serialisation and deseri-
alisation of data. For output, the program takes each byte in turn and shifts bits
out of it with one of the processor’s shift instructions, at a fixed rate. For each
bit examined, a single bit of an output port is set or reset. Where handshaking
is required, an additional output port bit is set and reset as required. For input,
the program samples the input port bit until it detects a start bit, after which it
samples the port at the required rate, shifting the bits read into the receiving
byte with another of the processor’s shift instructions.

The advantage of software serialisation and deserialisation is its flexibility and
the use of specialised UART hardware is avoided. The disadvantages are: one,
the software can be complicated and ties up the processor, preventing it from
carrying out other tasks, and two, it is slow.

Hardware UART ICs take the burden of converting bytes to and from a serial
data stream away from the processor, freeing it to perform other tasks like
processing the data that is being received or handling other events. It is inter-
faced to the microprocessor through two I/O ports: one for bi-directional data
input and output, and another for interface control. UARTSs simplify soft-
ware design, lighten processor load and increase data throughput, however
this comes with increased hardware complexity and cost.

Keyboard Input

Keyboards may be interfaced to the microcomputer in two ways: One, as a
serial peripheral that sends information about key presses over a serial data
connection. Two, as a bank of switches connected to the microprocessor
through a number of input ports.

Serial keyboards are self contained peripherals using a standard serial and
handshaking protocol. This makes them expensive and requires the microcom-
puter to provide a UART or software serial interface to which it may connect,
again adding to system cost.

Alternatively, a keyboard may be implemented as a matrix of switches directly
connected to the microcomputer buses as a number of 8-bit input ports. This
method of interfacing is simple and inexpensive, but has the disadvantage that
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the keyboard scanning must be performed by software, placing an additional
load on the processor.

CRT Display

CRT display interfacing is complicated and requires specialised hardware.
Dedicated CRT monitors that required nothing more than a serial data feed
and appropriate controlling software were available, but were expensive and
offered limited graphical capability. Microcomputer manufacturers therefore
often sought cheaper direct connection displays, and commonly targeted the
domestic television set.

It was usual for such microcomputers to make use of dedicated display con-
troller ICs, which interfaced to the processor as an I/O device. Typically the
display controller and processor shared an area of memory known as display
RAM, through which software passed information to be displayed to the dis-
play controller. Because this RAM was shared, the processor and display con-
troller could not both access it at the same time. One device had to be given
priority.

Where the processor was given priority, the display controller would be pre-
vented from accessing the display RAM while the processor was writing to
it, causing a momentary screen flicker. Such flicker could be avoided by care-
fully written software that wrote to the display RAM only when the display
controller was not updating the display.

Where the display controller was given priority, the processor would be briefly
halted while attempting to write to the display RAM if the video controller was
performing a display update. This guaranteed the display would not flicker, but
meant that the processor would slow down when making accesses to the dis-
play RAM. This side effect could be minimised by restricting these processor
writes to periods when no display update was being carried out.

Alternatively, some microprocessors released control of memory devices at
frequent and regular clock cycles, allowing microcomputers based on them to
hide display controller memory accesses within these cycles.

Architecture Evolution

This standard architecture formed the basis of the original 8-bit IBM 5150 Per-
sonal Computer of 1981, and the later 16-bit IBM 5170 PC AT that became the

23



Chapter 3. The Standard Microcomputer

basis of all modern personal computers. The processor bus was supplemented
by the Industry Standard Architecture (ISA) bus which abstracted 1/O devices
and their direct memory accesses (DMA) from the processor bus. The ROM
became known as the BIOS, and contained enough program code to instruct
the processor in how to load the first program from disk into RAM, and then
execute it.

The architecture has changed little since then; the CPU still remains as a dis-
tinct component in its own right, the data, address and control buses have
become more complicated with the advent of 16, 32 and 64-bit buses, and
have been supplemented by additional system buses such as EISA and PCI.
Most I/O is performed through dedicated I/O controller chips that interface
directly to these buses, at clock speeds independent to that of the processor.

The Z80 Microcomputer

The Z80 microprocessor was developed by Zilog Inc. in 1976. A more pow-
erful processor than its predecessor, the Intel 8080, which was developed by
Zilog founder Federico Faggin at Intel in 1974, the Z80 went on to become
one of the most dominant processors of the late 70s and 80s.

The Z80 is binary compatible with the 8080, but provides many additional
instructions and registers, as well as improved interrupt handling, 16-bit 1/O
addressing, simple power requirements and on-chip dynamic memory refresh
control.
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Figure 3-2: The Z80 microcomputer

24



Chapter 3. The Standard Microcomputer

A basic Z80 system is shown in figure Figure 3-2, illustrating the signals pro-
vided by the processor for the control of system devices.

Dynamic RAM Interface

Dynamic Random Access Memory (DRAM) was the only type of RAM with
a capacity large enough and at a cost economical enough to be used for data
and program store in microcomputers of the 70s and 80s. Dynamic RAM has
complicated interfacing and timing requirements due to its address bus being
multiplexed, at its need to have its ‘memory’ refreshed every few milliseconds.
See the section called Dynamic RAM.

One of the advantages of the Z80 over its competitors, such as the 6502, is that
it provides all of the control signals, and at the necessary timing, to interface
directly to dynamic RAM without the need for additional hardware' such as a
refresh controller.

The Z80 exploits the instruction decode cycle of an instruction fetch, which
does not need access to the address bus, to perform a dynamic RAM refresh.
During this cycle, a 7-bit refresh address is placed on the address bus and the
/RFSH control signal is activated. This tells the RAM to perform a refresh of
the addressed dynamic RAM row, recharging the capacitors storing the data.
The 7-bit address is incremented every instruction fetch, so that every row of
the dynamic RAM is refreshed within the critical period common to dynamic
memories designed at the time of the Z80.

The remaining interfacing requirement is address bus decoding, so that mem-
ory devices appear at their correct place in the memory map. For this the Z80
provides a memory request signal, /MREQ, which indicates that a memory
operation is taking place and the address on the address bus should be decoded
and the appropriate device selected. In addition it provides separate read and
write signals, /RD and /WR, that indicate when the memory should perform
the required operation.

ROM Interface

As with dynamic RAM interfacing above, the Z80 control signal /MREQ is
used to enable decoding of the address bus, and the subsequent selection of
the appropriate memory device. Following this the read request signal, /RD,
activates the ROM output enable, causing it to place the requested byte onto
the data bus for the processor to read. A Z80 system will always find ROM
mapped to the start of its address space, as the processor begins execution at
address zero on powering up.
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I/O Interface

The Z80’s 1/O interfacing facilities mirror those for memory, and have signal
and instruction timings that are tailored specifically to I/O operations.

When the Z80 wishes to access an I/O device, it places the address of the
required I/O port on the address bus, and activates the I/O request signal,
/IORQ. This indicates that an I/O operation is taking place and that the address
on the address bus should be decoded and the appropriate I/O device selected.
A short time later, one of the read and write request signals, /RD and /WR, is
activated indicating that the device should perform the request.

Interrupts

Some I/O devices are asynchronous in design, and do not require the proces-
sor to be reading or writing to them for them to be performing I/O activities.
For example, a printer may be sent a line of text to print, and as printing is
generally slow, the processor may get on with some other action while that
is happening. For the processor to send a second line of text to the printer it
needs to know when it has finished with the first. It could determine this by
periodically reading an /O port to get the current status of the printer. How-
ever, this requires repeated effort by the processor and limits the tasks it could
be doing while waiting. Alternatively, the system designers could arrange for
the printer to interrupt the processor when it is ready for more data, freeing the
processor completely and allowing it to direct its attention to other activities.

The Z80 provides several interrupt mechanisms for use by I/O devices. A
device that wishes to inform the processor that it requires attention can do so
by activating the Z80 control signal /INT. On receipt of an interrupt signal, the
Z80 will complete the current instruction and then begin execution of a special
section of code called the Interrupt Service Routine. The ISR usually looks to
see what I/O device raised the interrupt, and executes the appropriate code to
handle that device. Once the interrupt has been satisfied, execution returns to
the point the processor was interrupted, where it continues. The interrupted
program is generally unaware that interruption took place.

Microcomputer Implementation

Microcomputers of the 70s were typically implemented through small scale
integration (SSI) using off the shelf integrated circuits such as 74L.S NOR and
NAND gates, counters and flip-flops. As the complexities of these comput-
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ers rose, so did their size, power consumption and manufacturing costs. In
order to stay competitive, computer and other original equipment manufac-
turers (OEM) increasingly turned to large scale integration (LSI), where more
complete functional units were implemented within a single integrated circuit.

Initially the only option available to the original equipment manufacturers was
through the custom design of silicon devices, an expensive and time consum-
ing process where a positive return on investment could only be realised after
large volumes of the product had been sold.

Later, semi-custom options became available which filled the gap between SSI
and LSI by reducing the development cycle and cost of producing OEM spe-
cific solutions. This allowed manufacturers to increase the complexity of their
products, whilst simultaneously lowering their cost, promoting competition
and innovation.

1. A simple address bus multiplexer is the only external interfacing require-
ment when using dynamic RAM that provided more than 128 bytes of
storage.
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Semi-Custom Devices

Prior to the advent of semi-custom devices, the OEM in need of a microelec-
tronic solution could either use off the shelf SSI integrated circuits or invest
in the development of a fully-custom LSI device.

SSlis a cost effective option for simple designs because these generic ICs are
mass produced, and are therefore:

1. inexpensive to use
2. available from multiple sources, giving the OEM supplier independence
3. highly reliable

As circuit complexity rises, so does the number of SSI devices and the area of
printed circuit board (PCB) required, increasing manufacturing costs. If com-
plexity rises further, these manufacturing costs may become so great that SSI
ceases to be an economic option and a custom LSI solution must be sought.

Furthermore, the OEM conscious of commercial security would be aware of
how easily SSI designs can be copied, and may seek an LSI solution to protect
its intellectual property.

Fully-custom design has the advantage that only the necessary functionality
is implemented, removing the redundancy associated with SSI, where chip
features generally exceed design requirements. Additionally, the transistor and
gate structures used may be varied to optimise performance and/or the silicon
area consumed.

Development of a fully-custom LSI device requires that every aspect of the sil-
icon device be designed from the oxide masks and Photolithography process,
through to the metal interconnect layers. This is a skilled and time consum-
ing activity, which can only be reasonably undertaken by the microelectronics
manufacturer. Once designed, the device can be produced on a standard inte-
grated circuit production line.
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The cost of the fully-custom device, therefore, depends largely upon the
design time and the level of skilled resource required [HURSTCSIC].

Semi-custom devices neatly fill the gap between fully-custom design and SSI
by reducing the expertise and time required to produce a custom design, plac-
ing it within the capability of the OEM.

The techniques used fall broadly into two categories. One, the cell-library or
macrocell approach, and two, the uncommitted masterslice approach. Today,
these technologies have been replaced by the structured application-specific
integrated circuit (ASIC), the field-programmable gate array (FPGA) and the
complex programmable logic device (CPLD).

Semi-custom devices that were designed using the cell-library approach
required the generation of a full mask set, much like a fully-custom design.
However, their distinguishing feature was that the custom device was
constructed from a library of proven standard components. This was similar
to the SSI approach, except that precisely the required number of gate, latch
and flip-flop "cells" would be interconnected on the silicon to form the
custom integrated circuit.

The use of a cell-library considerably reduced the design time compared will
a fully-custom device, at the expense of increased chip size and possibly a less
than optimum performance.

The alternative masterslice approach is divided into two categories; the
uncommitted gate array (UGA) and the uncommitted component array
(UCA).

A component-array consists of a slice of silicon upon which there are an array
of unconnected cells, each cell containing a number of unconnected compo-
nents such as transistors and resistors. These uncommitted devices were pro-
duced ahead of requirement and stored until needed, and were, thus, given the
name uncommitted component array.

The alternative to the component array was the gate array, where cells operate
at the functional level instead of at the component level. These functional units
could be anything from simple logic gates to fully realised logic modules.

The subsequent dedication of the pre-produced arrays to a customer’s specific
requirements was achieved by adding a number of final metallisation layers
over the array. These layers provided the required inter-cell and between-cell
connections necessary to achieve the desired circuit functionality. A major
advantage of the component array was that they could be configured for ana-
logue or digital operation or both.
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For the original equipment manufacturer, this method was far cheaper than
producing a fully-custom or cell-library semi-custom design, as special pro-
duction plant tooling was not required, and design to production times were
considerably shorter. The disadvantage was that component density was usu-
ally the lowest of the three LSI technologies, and there was often a percentage
of component wastage due to the limitations of connection routing via the
metal layer.

Semi-Custom Gate Technologies

Various silicon technologies have been employed by companies in
the production of gate arrays, in particular bipolar transistor and
metal-oxide-semiconductor (MOS) transistor.

One of the first component array manufacturers was Fairchild who in 1967
produced the worlds first two-layer metal process, 32-gate, 20 nanosecond
custom DTL component-array - the Fairchild Micromatrix 4500 [MICRO-
MATRIX]. This was followed by Sylvania in 1968 with a 30 cell, four gate
per cell TTL array. When Motorola joined the market, they introduced 25 and
80 TTL gate arrays, with propagation delays of just Sns.

In 1972, UK semiconductor manufacturer Ferranti Electronics Ltd introduced
its bipolar Uncommitted Logic Array (ULA), an uncommitted component
array. This was based on the advanced CDI process and offered an efficient
cell routing capability through a single metal interconnection layer. Ferranti
quickly dominated the international semi-custom device market, and by the
1980s had a 40% world market share.

Ferranti and its ULA are discussed fully in Chapter 5, The Ferranti ULA.
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In the 1960s Ferranti achieved great technological success with semiconductor
products such as the Mesa transistor and the Micronor I and II DTL integrated
circuits. Their commercial success was limited however, as American compa-
nies such as Fairchild, Motorola and Texas Instruments began manufacturing
and marketing their devices in Britain, competing directly with companies
such as Ferranti in a fledgling market. ‘

However superior the Micronor II was at the time, companies such as ICT
(which later became ICL) purchased the cheaper Texas Instruments 5400 and
7400 TTL ICs for their 1906 computer series, despite the fact they had prop-
agation delays of 10ns, compared to Micronor II’s 8ns.

In order to reach this level of technical achievement, Ferranti were naturally
reliant upon patent licences from Bell Labs, Texas Instruments and Fairchild
as the early innovators of silicon technologies. Much of the funding for this
and Ferranti’s research and development activities came from government
loan schemes such as the Advanced Computer Techniques Project, launched
by the UK Ministry of Technology in 1966.

It was this availability of funds that allowed Ferranti to pursue and
develop the CDI process, paying Fairchild £150,000 for the use of its
patents [WILSONTT]. Though invented by Bell Labs in 1969 [MURPHY],
both Bell Labs and Fairchild had failed to turn it into a viable semiconductor
technology, managing only to produce prototype devices that operated at
three volts, and not at the industry standard of five volts.

Towards the end of 1969 Ferranti engineers Alan Bardsley and Dick Walker
visited Bell Labs to learn all the could about the CDI process and technical
issues that had been experienced. On returning to the UK they reworked the
entire process, and by early 1970 they had improved production yields at each
stage of manufacture and increased the operating voltage to five volts. At this
point of development Ferranti began planning a range of CDI integrated cir-
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cuits and applications, setting out a strategy based on this, their latest, and
highly significant technical achievement.

In June 1970 the Labour government lost the general election to the Con-
servative Party, who were keen to reduce the interference of government in
industry. In the months that followed, they abolished the ACTP scheme and
effectively ended the availability of credit on which Ferranti and others had
been so reliant [CPMAN1970][WILSON2]. Coupled with diminishing sales
on standard ICs, Ferranti was clear that it would be unable to compete in price
with their U.S. competitors, and was forced to review its product portfolio and
strategies in a drive to remain in the semiconductor manufacturing arena.

Inspired by their technical strengths, Ferranti adopted a strategy of finding a
niche market for their new advanced CDI process. One such niche was the
manufacture of non-standard ICs for original equipment manufacturers who
required custom designs.

It was this direction of research that gave birth to the Uncommitted Logic
Array (ULA). This unique bipolar semi-custom LSI device could be cus-
tomised to an individual customer’s requirements quickly and cheaply, offer-
ing the most cost effective technique for designing and producing LSI for
customer specific applications.

In 1972 Ferranti Semiconductors pioneered and introduced the first commer-
cially available ULA, providing an economic large scale integration solution
to a customer’s requirements in a fixed, fast and dependable timescale, what-
ever the market sector [FERRANTISG1].

The following year Ferranti received an unexpected boost in the form of
renewed funding from the UK Department of Trade and Industry and its
Microelectronics Support Scheme. This allowed Ferranti to claim 50 per cent
of all research and development costs and enabled it to perfect the CDI
process even further, significantly improving production reliability.

ULA’s were initially produced in two categories, a digital/linear optimised
ULA Digilin Array using RTL technology, and a ULA Gate Array using CML
with increased operating speeds and packing densities. Like other component
arrays, each ULA contained an array of ‘uncommitted’ active and passive
components, but uniquely required only a single final layer of interconnecting
aluminium which allowed a high degree of chip utilisation and complexity.

The interconnection pattern connecting the individual components to provide
system integration was generated from the customer’s own specification either
by Ferranti or by the customer themselves.
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By the end of the 1970s, the ULA family was composed of 12 arrays offering
complexities from 200 to 1000 gates, with speeds of up to 20MHz. These were
marketed as the ULA 1000, 2000 and 5000 series, with each providing a range
of performance and power ratios coupled with flexible digital and analogue
capability.

By 1982 the family had increased to 50 arrays, following the introduction of
a new buffered-CML technology. These new ‘R’ series arrays offered up to
10,000 gates at frequencies up to 80MHz, with low power consumption in
four performance and power ratios.

Ferranti also began offering the automated ULA CAD Complex services at
this time, based on the Applicon AGS860/870 interactive graphics and the
VAX11/780 computer system supported by PDP11/60, PDP11/05, design sta-
tions and high speed plotters. This facility automated the routing of ULA met-
allisation layers to VLSI complexity, and was linked to the automatic ULA
test centre and microlithography centre.

Over 40 man-years of dedicated gate array software was available, with an
extensive design library and all the programs necessary for ULA design and
verification, including layout and design rule checking, logic validation and
simulation, high level test language, test program generation and test schedule
verification. The ULA Designer was the first system of its kind, worldwide,
that could be installed at a customers premises, allowing an engineer to con-
trol and carry out the full ULA design cycle up to the manufacturing stage.
This powerful multi-user system consisted of a DEC PDP11/23 minicomputer
running the RSX-11M operating system, high quality graphical display, digi-
tising tablet, printer/plotter and control console. A verified design for a 1000-
gate array would typically take three to four weeks, with prototypes available
after an additional four to seven weeks. Verification was achieved by commu-
nicating with the Ferranti CAD Complex using a 2400 baud dial-up modem
using the DECNET protocol. The ULA Designer was announced on the 23rd
February 1982, at a base price of $99,000.

ULA Organisation

Each ULA chip has a matrix of identical cells containing uncommitted compo-
nents, whose role is to satisfy the functional logic of the system, surrounded
by peripheral cells of uncommitted components for input/output and linear
functions.
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Matrix Cells

The number of matrix cells on any given array determines the logic complexity
that can be achieved.

Each matrix cell contains a number of unconnected components, which when
connected in their basic form provide two 2-input NOR gates.

There are three types of matrix cell, RTL, CML and buffered CML, each of
which provide performance advantages depending on the particular applica-
tion.
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Figure 5-1: Location of matrix and peripheral cells of the ULA5000

Peripheral Cells

Arranged around the periphery of the chip, the peripheral cells provide /O and
linear functionality. The number of peripheral cells available is governed by
the physical chip dimensions, which is related to the number of matrix cells.

ULA Gate Arrays have peripheral cells whose components provide 1/0O inter-
face capability with bipolar, MOS and CMOS technologies. They may be con-
figured to drive LCD and LED displays and switch outputs, and in addition
will provide linear functions such as oscillators and Schmitt triggers.
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ULA Digilin Arrays (those with combined digital and enhanced linear capa-
bility) have peripheral cells whose components provide high performance lin-
ear functions such as amplifiers, precision analogue switches, comparators
and op-amps, as well as digital I/O. In addition, the later generation of Digilin
Array peripheral areas contain special supporting linear elements such as volt-
age reference sources, high current drive transistors and shaping capacitors.

ULA Design Process

Prior to the availability of the ULACAD system, the ULA design process
was relatively manual, though simple and efficient. The later CAD process
followed the same key steps, but through automated tools, reducing the turn
around times and producing more automatically correct designs.

The general sequence is as follows:

1. Determine the type of array, define and agree the logic specification.

2. Generate a single interconnection pattern from agreed specification.

3. Produce single interconnection mask.

4. Fabricate prototype samples by applying aluminium interconnection pat-
terns to uncommitted wafers held in stock.

5. Prototype testing.

Steps one to three could be carried out by the Ferranti ULA engineering team
or by the customer. Fabrication and production testing was carried out by Fer-
ranti, and usually followed by a level of customer testing.

Determine Array Type and Agree Logic

The choice of ULA depends on the complexity of the logic to be implemented,
once it had been designed down to the gate level. Deciding factors would be
the amount and accuracy of the linear function required, the number of pins
and cells needed, the power requirements and propagation delays.

Since each ULA array provided different internal component values, the
choice of ULA array and final circuit design were closely related. It was
usual for a suitable array candidate to be chosen before the design was
finalised, so it could be expressed in terms of the component values and
propagation delays found in the selected array.

Once a suitable array type had been chosen, the logic and linear circuit design
would be prototyped on breadboard or simulated. Once verified, the design

37



Chapter 5. The Ferranti ULA

would be agreed with Ferranti and signed-off. This was particularly important
if Ferranti were carrying out the design and development life cycle.

Generate Interconnect Pattern

Converting the agreed logic diagram into an interconnect pattern was the most
complex and time consuming task. A manual 250 magnification drawing of
the interconnect pattern was created in pencil on mylar, laid over a routing grid
identifying the matrix and peripheral cell component connection points. The
approach used to place the logic gates on the matrix was to divide the logic
diagram into blocks of strong affinity. These blocks would then be placed on
the array matrix, leaving room for inter-block routing. Detailed gate placement
within the blocks would then be performed.

Figure 5-2: Generation of 250x ULA interconnection pattern

The interconnect co-ordinates of the 250 interconnect pattern was digitised
into Ferranti’s Applicon system and verified before being used to produce
magnetic steering tapes for the final stage mask generation. The mask artwork
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would then be automatically cut and then checked, producing a negative 250
light-field mask, where significant parts of the mask were opaque. The mask
was then inspected for flaws (Figure 5-3) before being optically reduced to a
10x magnification mask called a reticle (see Figure 5-4).

Figure 5-3: Inspection of machine cut 250x artwork

The main problem with a user supplied pencil interconnect pattern occurred at
the verification phase, as the user had to allocate time to visit Ferranti to solve
any problems found by the system.

Finally the single reticle was used to create a 1x magnification multi-chip
wafer mask of 552 individual masks, using an optical step-and-repeat proce-
dure, through optical projection and a precision stepper table.

Prototype Fabrication

The final full-size wafer mask (Figure 5-5) containing the grid of 2324 indi-
vidual masks was used to optically expose an entire wafer.
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The uncommitted wafer was first coated with a layer of aluminium and a UV
sensitive negative photoresist. A few microns above this was placed the full-
size wafer mask, which was then exposed to UV light. The chemical bonds in
the negative photoresist strengthen under UV so that the areas not illuminated
can be etched away, leaving the aluminium interconnection tracks.

Figure 5-4: Final 10x optical interconnect mask or reticle

Testing

Before the prototype committed arrays were assembled and packaged, some
verification of the individual integrated circuits would be performed. This was
followed by functional testing by Ferranti and then the customer. The essential
checks being [HURSTVLSI]:

 Fabrication Checks: Test that all the fabrication steps have been imple-
mented during the wafer manufacture.

+ Design Checks: Test that the prototype ICs are functionally correct and meet
the specification.
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» Production Checks: Test that production ICs to be used in the final product
are free from defects.

Fabrication checks were carried out by Ferranti through special drop-ins dis-
tributed across the wafer. Drop-ins, or process evaluation devices, are small
circuits that allow various parameters of a wafers fabrication to be checked
such as resistivity, transistor junction breakdown voltage and capacitance.
These features were checked before any functional verification of the sur-
rounding committed array dies was carried out. Five drop-ins can be seen
arranged in a cross pattern over the full-size interconnect mask in Figure 5-5.

Figure 5-5: Full-size wafer interconnection mask with five drop-ins

Customer testing of prototypes was essential, as there was no guarantee that a
committed array that passed Ferranti’s production and functional tests would
work correctly when subjected to real product conditions by the customer.
These may not be production faults, but minor design or specification errors
that occurred due to changes in the product specification after the ULA logic
design had been agreed, or from incomplete design verification and simulation
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at the initial design phase.

Production testing of committed arrays was always carried out, as the fabrica-
tion of integrated circuits can never be considered defect free. Each die on the
wafer was individually tested through an automated wafer probe that rapidly
applied the customer supplied test vectors. Those dies that failed were painted
with an ink spot so that they could be discarded after dicing.

ULA Computer Aided Design

From approximately 1981, Ferranti offered computer aided design and veri-
fication of gate array designs at their ULACAD complex [RAMSAYAUTO],
and from 1982 at the customers own premises through the ULA Designer sys-
tem.

Both systems implemented the same design sequence consisting of four sim-
ple steps, which were straightforward enough that no expertise was required
to use the ULA Designer [FERRANTIUDB]:

1. Enter Logic Diagram: The logic diagram, the key reference database
for layout and logic verification routines, was digitised into the ULA
Designer as a complete graphical drawing and syntax checked.

2. Design ULA Layout: The user carried out the layout design using standard
and user-defined functions. When complete, the layout data was digitised
into the ULA Designer and a check plot produced. Interactive editing
of any errors or modifications could be performed at the graphics termi-
nal where special ULA window and backcloth facilities were available to
help the operator determine the locations of contact holes on the matrix.

3. Enter Test Schedule: The test schedule was written in Ferranti’s high-level
SAM Integrated Circuit Testing Language, which was used by the ULA-
CAD Applicon host computer. After it had been entered into the ULA
Designer and a complete syntax check performed, the schedule would
be used for both logic verification and for production of the final ATE
program [RAMSAYREM].

4. Verify Design: For this stage the user would transmit three files via
modem to the ULACAD centre for processing: logic, layout and
test schedule, along with processing commands (ULASIM for logic
simulation, ULACHECK for layout checks and ULATEST for test
program generation). Ferranti would automatically process each file with
the appropriate program and return the results to the users ULA Designer
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later that day. The user therefore had full access to the specialised ULA
software necessary for complete design verification.

Once the design was complete, the user would transmit instructions to the
ULACAD complex to proceed with mask and prototype device manufacture.

Logic diagram entry was considered to be one of the key stages of the automa-
tion process, as nearly all subsequent stages of the process, from logic simula-
tion and interconnect routing, through to layout checking, would be performed
by referring to the logic design and related information.

& FERRANTY

Figure 5-6: Digitising logic diagram into the ULA Designer

The logic diagram produced by the CAD system served as the master ref-
erence database, once it had been checked by the original designer. Several
items of reference data were required to be held against the logic drawing:

1. Network interconnections, generated through the digitisation process.
2. Gate types.
3. Gate propagation delays.

4. Gate supply currents.
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5. ULA type.

6. Peripheral cell type (for instance the ULA2UQOO array contains two dif-
ferent types of peripheral cell).

7. Peripheral cell propagation delays.

8. Peripheral cell supply currents.

Figure 5-7: Interactive editing of layout in the ULA Designer

Once layout paths had been stored in the ULA Designer or ULACAD system,
they could be edited or modified through the interactive graphical terminal,
Figure 5-7. Such modification could be carried out during the digitising pro-
cess, allowing immediate correction.

The design verification stage automated the process of layout checking by
comparing against the logic drawing master database. Since this was per-
formed at the ULACAD Complex, layouts produced using a remote ULA
Designer were required to be transmitted to Ferranti by modem link.

Based on experience gained through the 1970s, Ferranti found that most rout-
ing errors were between components within a cell. Ferranti therefore split the
layout checking into two phases:
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1. Intra-cell checking: Verify that each logic cell is wired correctly in terms
of transistors and resistors. This was necessary due to the possibility of
errors in manual or hand finished routing.

2. Inter-cell checking: Verify that logic cells are correctly routed against the
logic diagram.

Designs that were carried out by Ferranti engineers at the ULACAD complex
could be laid out using automatic logic placement and routing. Automatic
placement of a layout followed the same process as manual placement, in
that the logic was split into a few blocks of strong affinity which were placed
allowing for inter-block routing. Once the blocks had been placed, cell orien-
tation had to be considered. A ULA cell may be routed in multiple ways to
perform the same logic function, the complexity of which increased as you
went above a 4 input NOR gate, such as a D-type latch which could require
between four and six matrix cells. The CAD system employed a center of
gravity tree calculation for each net to calculate the best configuration.

Automatic routing of the array was carried out using algorithms derived from
the Applicon PCB routing application. The common conduction routes of the
matrix cells, such as cross-unders and the path between multiple common
collectors of a transistor, were held as fixed routes on a virtual second routing
layer, so that the router had the necessary information about pre-connected
points.

One hundred per cent full automatic routing was generally not achieved due to
the high packing density required on most ULA array designs. Some degree
of hand finishing was therefore required on many layouts, often involving
modification of internal cell routing to achieve a fully interconnected design.

ULA Construction

The ULAs discussed in this chapter were produced using the Ferranti
Advanced Bipolar LSI process (FAB-2), a successful implementation of the
Bell Labs/Fairchild CDI process discussed in Chapter 2, Integrated Circuits.

This semiconductor process utilised N+ diffusions to provide both isolation as
well as transistor base and resistor areas. By employing a thin epitaxial layer
of 2um and shallow diffusion depths of 1xum, a component packing density
equivalent to NMOS was achieved [ULAHAND].

Figure 5-8 shows an exploded view of the FAB-2 construction of a ULA tran-
sistor and resistor.
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Figure 5-8: Exploded FAB-2 CDI transistor and resistor

The entire p-type substrate is used to provide the ground rail for the ULA,
being brought to the die surface by the p-type epitaxial layer which surrounds
transistor areas. Vcc on the other hand is provided by highly doped n+ dif-
fusions, such as that surrounding resistors, allowing the ULA supply connec-
tions to be made without metal, and the single aluminium layer to be used
entirely for component interconnection. As ULA sizes increase, Vcc routing
features are incorporated into the array to ensure an even distribution of supply
voltage across the ULA.

Matrix Cells

There were three types of ULA matrix cell in use by 1982:

1. RTL or Resistor-Transisor Logic cells
2. CML or Current-Mode Logic cells
3. BCML or Buffered Current-Mode Logic cells

Resistor-Transistor Logic cells were used by the first available ULA arrays.
The resistor values used in each type were carefully chosen to provide a par-
ticular speed to power ratio. Diffused resistors were generally used, except for
values over 10K which were implemented as pinch resistors. Figure 5-9 shows
the components of an RTL matrix cells, typically with Rin and RL of 10K for
standard array types, and of 120K for low power array types.

A wide supply voltage was supported by RTL arrays, and the matrix cells
themselves could operate between 1.0v and 5.0v.
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Figure 5-9: ULA 2000 RTL matrix cell schematic

Current-Mode Logic offered a faster switching speed and lower current con-
sumption than RTL, and was used in the later ULA gate arrays as the range
was extended. Like RTL cells, the resistor values of each CML array type con-
figured a particular speed to power ratio. Figure 5-11 shows the ratio operating
frequency to gate current for the RTL and CML arrays of the ULA1000-5000
series. CML arrays supported a wide supply voltage but as their matrix cells
operated at a fixed voltage of between 0.84 and 0.95v, current consumption
was considerably reduced.
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Figure 5-10: ULA 2C000 CML matrix cell schematic
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Figure 5-11: RTL and CML frequency to current ratio

The operation of CML circuits was discussed in Chapter 2, Integrated Cir-
cuits. The simplest configuration of the CML cell is that of a NOR gate pro-
vided by the common-collector switching transistors. The current source and
load resistors defining the voltage swing between logic states, and also the
power consumption of the gate. Low power device types therefore employed
high value resistors in the matrix cells; 90K in the case of the 2U000 type.

Figure 5-12 shows the voltage levels within half a SC000 matrix cell, config-
ured as a two input NOR gate.

Buffered current-mode logic cells were first used at the end of 1981 with the
introduction of the R series ULA. These matrix cells contained CML gates
with buffered outputs that increased the fan-out of each gate, and resistor val-
ues that when combined with an improved manufacturing process, improved
the switching speed to power product ratio by a factor of 4 to 1 (Figure 5-13).
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Peripheral Cells

External interfacing and linear functionality is provided by specially designed
peripheral cells arranged around the periphery of the array. The complexity
of these cells and the component values used was determined by the intended
use of the array, and were specifically matched to the matrix cells.
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There were three general configurations of peripheral cell depending on the
type of array: one for RTL arrays, another for CML arrays and a third for DIG-
ILIN arrays. The component values used by an array established its switch-
ing speed and power consumption and therefore differed between ULA array
types of the same family.

RTL peripheral cells were of limited complexity and generally had high value
pinch resistors.
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Figure 5-14: ULA2000 RTL peripheral cell schematic

CML peripheral cells had a high complexity and a good spread of low value
resistors. Figure 5-15 shows a 2C000/5C000 series peripheral cell.
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Figure 5-15: ULA2C000 CML peripheral cell schematic
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The Digilin peripheral cells contained high performance components such as
matched transistors and a good spread of high value resistors, contributing
to their low power consumption. For instance, the 2U000 very low power
CML device contained 40K, 80K, 160K and 500K resistors. In addition, the
2U000 device provided two different complexities of peripheral cell, avoiding
component wastage where simpler I/O was required.

Power Rails

In a fully utilised array the largest power consumers would be the peripheral
cells. Because of this, the power rails were routed along the inside edge of
the peripheral cells, surrounding the central matrix square, as shown in Figure
5-16. Not only did this provide power precisely where it was needed, but was
the most efficient way to supply the matrix cells by guaranteeing that no cell
was further than half the matrix width from the Vs supply. These main power
rails were the only fixed metal interconnections required in a ULA design, as
shown schematically in Figure 5-15.

Figure 5-16: ULA power rails
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Peripheral cells operated from Vcc whereas matrix cells operated from Vs
which, in the case of CML arrays, was a regulated noise-free supply
of between 0.84v and 0.95v generated by temperature compensated
series-regulators located at the base of each peripheral cell. These regulators
drove the Vs rail from Vreg (usually Vcc), and were controlled by a Bandgap
reference voltage of between 1.35 and 1.5v provided by discrete components
at two opposing corners of the chip. Since there are many Vs regulators
evenly distributed around the outside of the array, the total current available
was much greater than a single regulator could provide. Furthermore, as the
number of cells in the matrix increased, so did the circumference of the array.
This allowed more peripheral cells and series regulators to be fabricated,
which in turn provided the additional current required by the increase in
matrix cells.

All arrays could be powered from a single supply, where the internal Vcc and
regulator supply Vreg were commoned. Alternatively, CML arrays permitted
the use of two separate supply voltages for Vcc and Vreg, producing a lower
power dissipation without compromising speed.

The basic chip organisation of a CML ULA is shown in Figure 5-17.

o Vce
I 3.5v-5.5v
VRe
VRef }—{ Regulator o stq Voc
Vs = 0.95v
Peripheral ; Peripheral
| Matrix Cells L
nput — Cell Cell Output
l © Qv

Figure 5-17: Basic CML chip organisation

The ULA1000, 2000 and 5000 Series

The ULA1000-5000 series of arrays were developed from the first ULA intro-
duced in late 1972, and by 1979 offered complexities from 200 to 1000 gates
at a range of power and performance levels (see Figure 5-11). Early low-speed
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versions were implemented using RTL and were later supplemented by faster,
lower power CML types.

The speed and power ratings that were available are shown in Table 5-1, the
type code determines the ULA device. For instance a SNOOO ULA would be a
Low Power, Medium speed 5000 series ULA.

Type |Description Clock |Gate Gate Logic
Code (MHz) |Delay Current | Type
(ns) (A)

L Low Power Digilin |0.250 |200 36 RTL

U Very Low Power 0.800 |450 3 CML
Digilin

- Normal 3 25 420 RTL:

N Low Power Medium | 6 25 60 CML
Speed

H High Speed 10 10 560 RTL

C Very High Speed 20 8 210 CML

Table 5-1: Ferranti ULA1000-5000 speed and power ratings

Each array in the series has its own geometry, accommodating the varying
complexities available. The ULA1000 and ULA2000 arrays both contain a
single central matrix, however the much larger ULA5S000 matrix may be
divided by the Vs supply rail into four quarters, shown in Figure 5-18.

Series | Types Matrix Size Matrix Peripheral |Average
Cells Cells Gates
1000 |-LH | 10x 10x 1 (100 28 150
1000 (U 11 x13x1 [143 26 215
2000 [-LH | 15x15x1 |225 40 337
NC
2000 |U 16 x 16 x 1 [256 40 384
5000 |-() 11 x 11 x4 |484 48 726
5000 |L 22 x 22 x 1 |[484 48 726
5000 [NC 11 x 10 x4 (440 48 660

Table 5-2: Ferranti ULA1000-5000 array sizes

The size and cell count for each array type is given by Table 5-2.
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The simple coupled transistors and resistors in a single ULA cell were not very
useful on their own other than for implementing a basic switch. To create the
more common logic functionality used as the basic building blocks of more
complex designs, ULA cells must be combined and interconnected. The more
complex the logic function, the more ULA cells required. For instance, NOR
and NAND gates are the simplest ‘complete’ gates and require single cells,
flip-flops and counters on the other hand require far more. This is illustrated
by Table 5-3 for a SC000 ULA device.

Logic Function Cell Count
TTL Buffer 1

3 Input NOR Gate
2 Input NAND Gate
Monostable

Binary Divider with Preset and Clear
Data Latch

D-Type Flip Flop with Preset and Clear
Differential Amplifier

QN |W | W N |= =

Table 5-3: Cell count for typical logic functions

The 5000 Series ULA

The 5000 Series ULA is show in Figure 5-18. The matrix cells are arranged as
four blocks of 11 X 11 cells', separated by a channel containing six cross-
unders per matrix row and column. Running over this channel, above the
cross-unders, is the Vs power rail which distributes power evenly across the
matrix. The exception is the SLO00 device which contains a single block of 22
x 22 matrix cells, being a low power type it does not require elaborate supply
routing, and better use is made of available space by have additional matrix
cells rather than power routing channels.
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Figure 5-18: Uncommitted ULA 5000 standard type CML die

The ULA 2000/5000 CML matrix cell has the structure shown in Figure 5-
19, which is described by schematic Figure 5-20 and contains the following
components:

« Two pairs of collector coupled transistors

A dual current source supplying 120 pA (T5)

» Two load resistors (RL): ULA Type N = 5K7, Type C = 1K7

« One current source resistor (Rcs): ULA Type N = 5K7, Type C = 1K7
» A Vs supply connection

+ A GND connection

« Three cross-unders
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Figure 5-19: ULA 5C000 / 2C000 CML matrix cell
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Figure 5-20: ULA 5C000 / 2C000 CML matrix schematic

Surrounding the central gate-array cell matrix are the peripheral cells,
arranged around the edge of the chip. These cells are similar to the matrix
cells but have a higher current handling capacity and a larger component
count, making them suitable for linear and interfacing functions. Each
peripheral cell contains a bond pad for connection to the external pin of the
IC package. There may be between 26 and 48 peripheral cells, depending on
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chip size, but up to a maximum of 40 package pins,
of DIL package.

The ULA 2000/5000 CML peripheral cell contains:

» Two coupled transistors rated at SmA and 16mA
One transistor rated at 16mA

One transistor rated at SmA

Two general purpose transistors

+ A 16K pull-up resistor

Chapter 5. The Ferranti ULA

determined by the choice

« Six resistors of value 200R, 1K, 2K, 3K, 5K and 5K

« One voltage divider of 4K and 400R

« A Vs supply rail at 0.84 or 0.95v, depending on ULA type

« A Vcc supply rail at between 3.5 and 5.5v
« A reference voltage rail

+ A ground rail

« Three cross-unders

« An IC pin bond pad

sma [ 18]
Bond Pad
—#— 16mA =
C —
v
s am] |
5K - |
=
Vee | 16K
=L
I GND
I 11 - INEN 1 AL
- | L B ]
@
T
c
3
z Vce
v
o
&) Tvs
- e —— i
{8 § ININ Hmll i Vref
[rr— Vs

e
GND |

Figure 5-21: ULA 2C000 / 5C000 CML. peripheral cell
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Figure 5-22: ULA 2C000 / 5C000 CML peripheral cell schematic

Note that the Vs rail at the base of each peripheral cell connects directly to
the n+ diffusion that surrounds all matrix and peripheral cells, providing an
evenly distributed supply (white area at bottom of Figure 5-21). Figure 5-19
shows the matrix cell Vs connection attached to the same layer. The GND
rail is similarly distributed by bonding to the p-type epitaxial layer at each
peripheral cell (grey), where it is carried through to the substrate.

The power dissipation of a 5C000 ULA is given by:

ULADissipation = MatrizDissipation + Peripheral Dissipation

where the matrix cell dissipation is 0.95mW per gate, and the peripheral cell
11mW for a Vcc of Sv.

A 5C000 ULA powered at Sv utilising 300 active gates and 40 peripheral cells
has a total power dissipation of:

(300 x 0.95mW) + (40 x 11mW) = 725mW
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The R Series ULA

Developed from the range of digital CML arrays ULA2NOOO through to
ULA9CO000, the R Series ULAs improved the speed to power product by
a factor of 4 to 1, reducing the current consumption of a gate, increasing
switching speed, improving peripheral cell capability and reducing the
number of matrix cells required to implement a design [FERRANTIRS].

They were initially available in three speed/power options: high speed type
RA, offering 2.5ns typical gate delay, standard type RB offering 7.5ns gate
delay, and a low power type RC with 30uW per gate, 15.0ns delay (Figure
5-23). Each came in five configurations offering between 500 and 2000 gates.
Later, the lower speed and power RD type was added, offering 8 uW per gate.

1mwW

100w

GATE POWER

10uwW :

, 21/P NORGATE  HH
FAN OUT =2 T
Vec = 20V TO 50V

1

W 1 l l
100Kz MHz 10OMHz 100MHz

Figure 5-23: R Series speed / power comparison

The matrix cells were more advanced that the earlier CML series, having an
additional emitter follower added to each gate with two electrically isolated
emitter outputs. The dual gate outputs permitted a wired-OR arrangement
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which reduced the gate count required by the earlier ULA types.

Quad Current Source

e
RL
Double Transistor - -

.
D1
ﬂ Tes
(m] ' (m]
(w] (m]
. T
3
|| m e
8 T2
@ L @ E} n Double
|| Transistor
3 T4 (]|
.

: J
I—— Crossunder ——J

Figure 5-24: R Series matrix cell
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Figure 5-25: R Series matrix cell schematic

In total the R Series matrix cells contain six transistors, one diode, a quad
current source and seven cross-unders. A typical dual 2-input NOR gate con-
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figuration, supporting two independent outputs per gate is shown in Figure
5-26.

k4
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Figure 5-26: R Series matrix cell configured as a dual 2-input NOR gate

The peripheral cells were also more advanced as they contained 11 resistors
and eight transistors. The resistor values themselves differed between R series
types, providing the range of power and speed options. With lower values the
ULA switched faster, but at the expense of power consumption. The resistor
values for each type are shown in Table 5-4.

The R Series peripheral cell shown in Figure 5-27 contains the following com-
ponents:

« Three cross-unders

« Three Vcc connections

+ Three GND connections

+ AnIC pin bond pad

+ A Vs supply rail at 0.95v

+ A Vcc supply rail at between 3.5 and 5.5v

+ A reference voltage rail

+ A ground rail

- A series regulator to generate the matrix cell supply Vs

« Four transistors T1, T2, T3, T6 rated at 7TmA, 6mA, 6mA and 16mA
« Two collector coupled transistors T4 and TS5, rated at 6mA and 18mA
 Two general purpose transistors T7 and T8, rated at 1 ImA

« One voltage divider of 500R and 1K$5

+ Nine resistors, Rp1-9, the values of which depend on ULA type
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Figure 5-27: R Series peripheral cell

Rp6 Rp7

| Rpl Rp2

GND

Vce

Vref
Vs

Resistor RA RB RC

Rcs 3K 11KS 30K
RL 2K6 10K 26K
Rpl14 4K1 7K2 45K
Rp5 3K6 6K3 38K
Rp6,7 3K1 5K4 32K
Rp8 2K1 3K7 20K
Rp9 100R 100R 100R

Table 5-4: R Series matrix and peripheral cell resistor values
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Figure 5-28: ULA R series peripheral cell schematic

The 6000 Series ULA

The 6000 series ULA advanced the 5000 series by incorporating features from
the R series ULA, and appears to have been produced specifically for Sinclair
Research Limited to reduce the ZX Spectrum’s power consumption and heat
output.

Ferranti product selection guides from the early to mid 1980s, when Sinclair
was using the 6C001 ULA, provide several array comparison tables between
early ULA2C and later ULA12C devices and the R-series arrays. At no point
is reference made to the ULA6C array (Figure 5-29).

Sinclair was Ferranti’s single largest user of ULAs [WILSON2] and it is con-
ceivable that a special array satisfying Sinclair’s requirements could have been
produced from Ferranti’s existing technologies, considering the high produc-
tion volumes that Sinclair would have required.

The 6C000 matrix cell is almost identical to the SC000 in structure and lay-
out. This would have been important to reduce the amount of redesign and
re-routing required. Physically the dual-current source has been rotated 90°
clockwise and the resistors grid aligned to the transistor connections. Addi-
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tionally, Rcs and RL2 share a common connection, adjacent to which a second
Vs connection is provided. The overall structure is shown in Figure 5-30.

System Speeds to 20MHzZ

Array Type |Gate Count [Gate Delay|Gate Power|IO Cells|Max Pin
ULAZC 450 8.0 250 40 20
ULAS 900 8.0 250 a8 52

| ULASRB |
ULAL2RB 1200 75 100 52 58
ULALSRB 1800 %5 100 64 72
ULA20RB 2000 7.5 100 72 80
ULA12C 2400 8.0 120 68 70
ULA40RB 4000 7i5 100 118 130

*ULA100RB | 10000 7.5 100 138 150

Figure 5-29: Ferranti Product Selection Guide comparison chart
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Figure 5-30: ULA6000 CML matrix cell
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Figure 5-31: ULA6000 matrix cell schematic

The 6C001 peripheral cell is identical to the R Series ULA peripheral cell,
except for a slight repositioning of the cross-under (Figure 5-32). It therefore
has the schematic shown in Figure 5-28. Which R Series type it is based on
can be determined by examining the values of resister used.

As there is no documentation available for this ULA, some elementary
reverse-engineering is required to discover the resistor values used.

Ferranti’s original CDI process used for the 2C and 5C devices incorporates
a p+ skin diffusion that provides a sheet resistance of 470 ohms per square
(Figure 2-10); therefore for a given length and width of a resistor formed from
such an isolated p-type region, the effective resistance may be calculated as:

R =470 x (length + width)

The 6000 series ULA may have a different sheet resistance if it was con-
structed from the later FAB2 process of the R Series ULA. As all R Series
peripheral cells have a 100 ohm resistor in common, by measuring the dimen-
sions of the equivalent resistor in the 6C001 ULA, Figure 5-33, the effective
sheet resistance can be calculated. This allows each resistor value of the 6000
series ULA to be derived without knowing the R Series type on which it is
based.
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Figure 5-32: 6C001 peripheral cell
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Figure 5-33: 6C001 peripheral cell 100R resistor dimensions

Rearranging the previous equation in terms of resistance and dimension, and
substituting the width and height of the 6C001 ULA 100R resistor, Rp9, gives
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an approximate sheet resistance of:

R/Sqr = (100 x 19.69um) + 2.96um = 665/Sqr

Analysing the dimensions of the other resistors in the peripheral cell gives
Rp1-4 at 4189 ohms, Rp5 at 3613 ohms, Rp6 and Rp7 at 3103 ohms and Rp8
at 2105 ohms. These values match the RA ULA type exactly. This comes as
no surprise considering the RA peripheral cell resistor values are very close
to those of the SCO00 ULA, the ULA on which the Sinclair ZX Spectrum
design was initially based. The RB and RC types by comparison have resistors
which are orders of magnitude larger. Migrating to a ULA type that had very
different component values would have required a significant redesign and
testing effort.

Figure 5-34: 6C001 matrix cell resistor dimensions

Figure 5-34 shows an optical image of the 6C001 matrix cell after the met-
allisation layer has been removed. As the dimensions of all three resistors are
identical, their resistance will also be identical. For clarity the length of Rcs
and the width of RL2 are shown. Given these dimensions, the resistance of the
matrix cell resistors may be calculated as:

665 x (15.5um + 3.7um) = 27860hms
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This value is close to that of RA matrix cell resistors RL and Rcs, at 2600 and
3000 ohms respectively, again demonstrating its relationship to the RA ULA.

The Sinclair 6C001 ULA makes use of the two independent power rails, one
to supply the peripheral cells and the other to supply the matrix cells via the
series voltage regulators, Tvs. This is illustrated by Figure 5-17. By being
driven from two isolated supplies, the ULA allows current to the matrix cells
to be controlled independently of the peripheral cells, reducing power con-
sumption and heat dissipation.

Last we present two scanning electron microscope images of the 6C001 ULA
showing how advanced and precise Ferranti’s process was, being able to pro-
duce metallisation track widths of just 3.2 microns across, plus the depth of
the silicon wafer compared to the surface detail.

Ferranti 6COf
0° T4

¢ 5080x Mag
g3 ™

é

3.50um

Figure 5-35: Scanning Electron Microscope image of ULA 6C001 track widths
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Ferranti 6COO1E ULA
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Figure 5-36: SEM image of ULA 6C001 showing chip and layer depths

Package Types

ULAs were available in several packages, as shown in Table 2.4.

Package Code Description

E Plastic DIL

J Ceramic DIL

G Plastic FLATPACK
F Ceramic FLATPACK

Table 5-5: ULA package types

1. The ULA Technical Manual, 1980 [ULAHANDY] defines the 5C000 ULA
as containing 440 matrix cells, and the accompanying photo confirms this.
A Ferranti marketing publication from 1979 [FERRANTILSI] shows a
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70

large photo of a ZNA5002 ULA whose structure is almost identical to the
5N000 and 5C000 ULA, titled “ULA 5000 committed LSI circuit”, but
which has 484 matrix cells.

It is interesting that there is no performance identification in the ZNAS002 string
(i.e. no C, H, L, N or U), implying that the ULA is a normal, 3MHz maximum
device.

The ULA Technical Manual does not describe such a device in either the Prod-
uct Data Summary, section 5.3 (ULA1000 and ULA2000 being the only standard
devices listed), or in the technical product data sheets for each device.

However, further investigation of the ULA Series Numbering System reveals that
ULA 50000 devices could have 484 matrix cells: “5 - means 5000 Series - 440 to
484 cells for system complexities up to 1000 gates”, indeed, the SLO0O device has
a matrix size of 22 x 22 x 1 cells, but this RTL device has a structure entirely
different to the ZNAS5000 device. Examining a closeup of the ZNAS000 photo
shows the matrix cell to contain three resistors, a dual transistor, a single transistor
and a current source. The expectation was that this would be an RTL device, and
would not contain a current source. The peripheral cells too were unusual in that
they contain three or four resistors, and three transistors.

My suspicion is that the 5000 device is in fact an early 5000 series CML ULA, as
the SN0OOO and 5C000 devices contain four matrix cell transistors and many more
components in their peripheral cells. Therefore the ‘normal’ device type in Table
5-1 may be CML for the 5000 device. See Table 5-2.



Chapter 6
Sinclair and the ULA

Sinclair’s first home computer, the ZX80, was launched as a kit in February
1980 at a price of just £79.99, equivalent to £227.97 in 2010. To meet this price
target its designer Jim Westwood used just 17 off-the-shelf logic chips, 1K of
RAM and 4K of ROM, which contained the BASIC interpreter written by
Nine Tiles Information Handling. It was simple in design and made clever use
of specific Z80 instruction fetch cycles to maintain the output of the television
picture.

There was little improvement that could be made to the ZX80 hardware within
the £79.99 price tag, so with Sinclair’s decision to produce a more advanced
follow-up machine, came the need to reduce production costs.

The First Sinclair ULA

The design of the ZX80’s successor, the ZX81, started in the September before
the ZX80 was released. The cost associated with the proposed ZX81’s larger
and more functional ROM, again from Nine Tiles, and its increased hardware
complexity meant it would not be commercially viable and meet Clive Sin-
clair’s strict price point unless the chip count could be minimised to reduce
costs. By this time Ferranti and their CML ULA were well established in the
semi-custom device market, and being UK based were ideally placed to pro-
vided Sinclair the means with which to achieve its goal.

Westwood took what was basically a modification of the ZX80 and turned this
into a Ferranti ULA 2000 series logic design, which he wire-wrapped into a
prototype but had little success in getting to work. In frustration, Westwood
was forced to leave it in the hands of the new recruit, Richard Altwasser, while
he took a week away from the office on business. Altwasser says he doesn’t
know who was more surprised when Westwood returned and unexpectedly
found him in possession of a working prototype.
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From this design Westwood created an interconnect layer for the Ferranti
2C000 ULA, producing the 2C184E and later the 2C210E. Around this he
added the same Z80A as the ZX80, the larger 8K of ROM and again 1K RAM,
creating a machine with just four ICs.

This drastic reduction in chip count significantly reduced the power consump-
tion that was exhibited in comparison with the ZX80, which reduced the heat
output and made the computer much more stable in operation. The lower chip
count and manufacturing costs ultimately meant that in 1981, Sinclair could
sell the ZX81 in kit form for just £49.99, equivalent to £134.47 in 2010.

With the Ferranti ULA at hand through which to realise their future technical
designs, Sinclair had set the stage for the grand entrance of the ZX Spectrum.
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Figure 6-1: Sinclair ZX81 2C210E ULA

The ZX Spectrum ULA

Having completed the ZX81, Westwood’s experience with television saw him
move on to television research and development, leaving the clearly capable
Altwasser to head development of the ZX81’s successor, the ZX82, as the ZX
Spectrum was originally called. Work on the specification for the ZX Spec-
trum began in September 1981, and was mostly compiled from internal dis-
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cussions between Altwasser, Westwood and Nine Tiles. There was little ques-
tion that it should inherit much from the ZX81, notably the TV UHF output
and reuse of code from the ZX81 ROM. This meant employing the same Z80
processor, which was also a good cost choice. The design of the ZX Spectrum
was further constrained by Clive Sinclair’s desire to launch the machine at the
IPC Computer Fair at Earls Court on 23 April 1982, as well as his customarily
low price target.

Altwasser wrote and agreed the technical specification quite quickly, and very
little changed during subsequent development. One of the requirements of the
design was for it to feature sound and colour, and it was television text stan-
dards that influenced the decision to use a single colour attribute per character
which, as a design benefit, reduced the amount of memory required. Clive
Sinclair took the decision to use Ferranti CML, having been convinced that
this was a superior technical decision for the ZX81, and strongly guided Rick
Dickinson’s case designs. Overall, cost drove the choice of CML ULA and
the memory chips used, and the need for minimal silicon real estate.

Having visited Ferranti to understand the CML ULA technology and its con-
straints, Altwasser produced the logic design entirely on paper and prototyped
it using wire wrapped SSI 74S and 74LS TTL logic chips, all in just a few
weeks. The logic design required a good understanding of the capacity and
analogue capabilities of the chosen 5000 series ULA, since very few gates
would remain unused, and the analogue video output made use of periph-
eral cells intended by Ferranti for digital interfacing. Compromise had to be
made throughout as the ULA did not have the gate capacity to realise a fully
synchronous design, and the interface signals had to be kept to a minimum
by reducing functionality or through multiplexing to keep the total pin count
from exceeding 40. The design made extensive use of the Ferranti component
library, providing many of the necessary building blocks such as flip-flops and
TTL outputs. Critical paths were identified by design analysis and considering
gate loading, and mainly focused on memory access timing and the video out-
put signals. Altwasser defends the lack of computer simulation, arguing that
the simplicity of the design meant that the analysis and understanding of all
the critical paths was within the grasp of one engineer.

When the logic design and prototype were complete, the placement of func-
tional units within the ULA and layout of the interconnection layer on mylar
film was carried out by Ferranti engineers at their offices in Oldham, Manch-
ester. This was done jointly with Altwasser, who occasionally returned to Old-
ham to make layout decisions, and considered pin-out requirements that sim-
plified PCB layout and minimised high speed signal tracks. Once the intercon-

73



Chapter 6. Sinclair and the ULA

nection layout was complete, critical path analysis was repeated. Altwasser
notes that although all done manually, the steps were entirely in keeping with
modern day automated post-routing simulation. He and the Ferranti engineer
would study the mylar film and measure track lengths for the critical signals,
calculate parasitic capacitances and the resulting signal delays and slew rates,
and manually plot timing curves to ensure they were within limits. Where
necessary, Altwasser would request track routing changes or even change the
logic, perhaps adding buffers to meet the timing constraints.

Altwasser used both the clock and varying amounts of propagation delay to
establish the desired signal timings. Because the propagation delay of a matrix
cell logic gate is predictable and tunable within a range, he was able to delay
and stretch signal pulses with far less complexity than by using synchronous
flip-flops or counters.

Having finalised the interconnect layout, it was optically reduced to a 10x
magnification light-field mask and used to create a complete multi-chip wafer
mask using an optical step-and-repeat procedure, as discussed in the section
called Generate Interconnect Pattern in Chapter 5, The Ferranti ULA. From
this Ferranti produced an initial batch of prototype wafers and invited Alt-
wasser to functionally test and verify the chips in-situ, before they were diced
and packaged.

Altwasser was provided with a wafer probe that allowed connection to individ-
ual bond pads and made it possible to attach external circuitry with which to
test the devices. Altwasser and Ferranti were under extreme time pressure, and
carrying out tests during this stage saved a few precious days. However, while
performing these tests and visually inspecting the interconnection tracks under
a microscope, it was discovered that the Ferranti layout engineer had made an
error in the interconnect layer whereby the clock output from the early counter
stages was not connected to the later stages. Fortunately, and against all odds,
a tiny fleck of dust had fallen onto one of the devices of the multi-chip wafer
mask at exactly the point at which the missing interconnect should have been,
despite the usual clean room conditions of a semiconductor plant. This arti-
ficial bridge prevented etching of the aluminium at that point, connecting the
clock to the later counter stages and allowing Altwasser to complete his full
test suite on this one die, successfully proving the entire chip design of the
SC102E ZX Spectrum ULA.

The first two issues of the ULA were based on the largest version of the array
used for the ZX81, which provided twice the number of gates. The later issues
of the ULA used a new, and larger still, 6000 series array, which in the main
provided a reduced power consumption.
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The ZX Spectrum Overview

Before looking at the ZX Spectrum ULA in any detail it is useful to consider
the design of the ZX Spectrum at a high level, introducing the main func-
tional units and the relationship between them. These may be summarized as
follows:

1. Z80A CPU
2. 16K ROM
3. 16K RAM
4. 32K RAM (Optional)
5. Clock Generator
6. Colour Video Generator at a resolution of 256 x 192
7. Colour Encoder
8. Keyboard Input Port
9. Cassette 1/0 Ports
10. Internal Speaker

The complexity of these units varies, some containing just simple interface
logic, whilst others are made up of complicated state machines and a large
number of precisely timed signals.

The Z80A CPU

Even though the Zilog Z80A CPU is in itself the most complicated compo-
nent in the ZX Spectrum, its interface requirements are simple as it requires
nothing more than a clock signal of up to 4MHz and some memory, for which
it provides an address bus, a data bus and read and write control signals. In the
ZX Spectrum, the Z80 is driven by a 3.5MHz clock, generated by the ULA.

75



Chapter 7. The ZX Spectrum Overview

16K ROM

The program stored in the ROM is the work of John Grant and Steven Vickers,
contracted from Nine Tiles Information Handling Ltd. The program contained
within the ROM cannot be changed, and is the first thing that the Z80 executes
when it is switched on. The familiar "© 1982 Sinclair Research Ltd" message
is generated by the ROM.

Most importantly, the ROM contains the necessary code to get the ZX Spec-
trum’s hardware to do something useful. It monitors the cassette interface with
such precision that it is able to differentiate between binary 1s and Os, essen-
tial if programs are to be loaded into memory. It scans the keyboard 50 times
a second and works out what key combinations have been pressed, and it con-
tains code that will write the correct sequence of bytes to the video display
memory to have the TV display strings of text.

Colour Video 16K
Encoder Generator RAM
16K 32K
ROM RAM

Clock
Speaker
Tape /O U J\l @
Z80 CPU
Keyboard [«
Figure 7-1: ZX Spectrum block diagram
16K RAM

The 16K of RAM present in both 16K and 48K models of the ZX Spectrum
is used by the ROM to store important system variables and user programs. A
section of this memory is reserved as the video display memory, which is read

by the Video Generator 50 times a second in Europe (60 times a second in the
U.S. and Canada.
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The 16K RAM is of the dynamic variety and consists of eight 1-bit 4116
DRAM chips [DS4116]. Internally, the 4116 16K RAM devices contain 16384
locations, organized as a matrix of 128 rows by 128 columns and fed by a 7-bit
multiplexed address bus. The Z80 CPU does not have a multiplexed address
bus itself, so the ZX Spectrum splits the fourteen CPU address lines required
for 16K memory access into two 7-bit addresses with a pair of 4-bit multi-
plexers, and then routed to the dynamic RAM. Which of the 7-bit addresses
is presented to the DRAM at any one time is determined by one of the many
dynamic RAM control signals generated by the ULA. See Chapter 13, Video
Memory Access, and Chapter 17, CPU Memory Access, for further details.

32K RAM

The upper 32K of RAM is present in 48K models of the ZX Spectrum, and was
available as an upgrade to 16K models. As with the 16K RAM, this memory is
also of the dynamic variety and requires a multiplexed address bus, provided
by two additional 4-bit multiplexers and some control logic not present in 16K
models. The RAM itself consists of eight 1-bit 4532 DRAM chips.

Clock Generator

The clock generator is a sub-component of the ZX Spectrum. It is the 14MHz
master clock signal from which all the other timing signals used within the
ZX Spectrum are derived. The master clock is divided by two to provide the
7MHz pixel clock, and divided by four to provide the 3.5MHz CPU clock.

Video Generator

The video generator reads the first 7K or so of the 16K RAM, and generates a
video signal at a resolution of 256 pixels wide and 192 pixels high containing
the display information it found there. The video output consists of a lumi-

nance and synchronisation signal, Y, and two colour difference signals, U and
V.

Colour Encoder

The colour encoder takes the Y, U and V video signals from the video gen-
erator and combines them into a single composite video signal. The colour
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encoding may be PAL or NTSC, depending on the local video standard in use,
and is set at the time of manufacture.

Keyboard Input Port

The keyboard input port samples the keyboard matrix and calculates what
combination of keys are been pressed.

Cassette I/0 Ports

The cassette I/O ports are analogue circuits which associate voltages with the
binary states O and 1. A very low, or zero, voltage is associated with state
0, and a higher positive voltage with state 1. These voltages are sent to and
received from an external cassette recorder, and forms the basis of program
and data storage. The ROM program processes the data it is writing to cas-
sette with a clever algorithm to determine the exact sequence of high and low
voltages needed to unambiguously represent each data byte. It does this to
ensure that the data may be accurately read back from cassette at a later date.

Internal Speaker

The speaker is a small, high impedance speaker whose coil may be energized
by sending a binary 1 to the output port it is connected to, and deactivated
by sending a binary 0. Alternating between binary 1 and O at a particular
frequency causes the speaker to oscillate at that frequency, and produce the
related tone.

The ULA Chip

The ULA is the core of the ZX Spectrum. It performs the role of video gener-
ator, CPU clock generator, memory access governor, keyboard controller, cas-
sette /O and speaker controller. It coordinates CPU access to these resources
so that the television display is never interrupted, and performs the necessary
conversion between the analogue television and interface signals and the dig-
ital signals used by the processor.

How the ULA achieves all this is explained in the following chapters.
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The Memory Map

The ZX Spectrum employs the Zilog Z80 CPU, an 8-bit microprocessor hav-
ing an 8-bit wide data bus and a 16-bit wide address bus. It therefore transfers
eight bits at a time from any one of 65536 memory locations (2'¢ = 65536).

The Z80 reads from memory the instructions that it is to execute, one byte at
a time, starting at memory address zero. After each byte fetch the Z80 incre-
ments its ‘current memory location’ address by one, and reads the next byte.
Without a program to execute, the Z80 does not know what to do and becomes
nothing more than a useless collection of transistors.

To avoid this, computers provide a built in program that immediately gives
the processor something constructive to do. In this respect, the ZX Spectrum
contains a program written by Steven Vickers and John Grant that initialises
its hardware, sets all of the available RAM locations to contain the byte zero,
clears the screen and displays the familiar copyright message before going on
to perform other tasks. For such an initialisation process to be reliable, the first
instruction of this program must be located at memory address zero, so that it
is the first thing that the Z80 executes when its power is applied.

Normally memory forgets whatever it was storing when power is removed, so
to ensure that the initialisation program is always available at power on, it is
stored in non volatile ROM. This has led to the program being affectionately
called "The ROM", as featured in the title of the Dr Ian Logan and Dr. Frank
O’Hara book "The Complete Spectrum ROM Disassembly”, although they
refer to the program within the book’s opening pages as "the monitor". The
ROM program is 16 kilobytes in length, and extends from address location 0
through to 16383.

The remainder of the ZX Spectrum’s memory map contains RAM. This starts
at address 16384 and continues to 32767 in the 16K model, 65535 in the 48K
model. This memory is used to store the video display information, temporary
variable storage for the ROM program, user programs and data.
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The complete memory map of a ZX Spectrum is shown in Figure 8-1.

The lower 16K of RAM is provided by a dedicated bank of RAM chips and is
present in all models of the ZX Spectrum, and the first 6912 bytes of this are
reserved for and used by the ZX Spectrum’s video display circuitry.

:

65535

- 49152

<@ ROM 16K RAM 32IS_F_IAM
ROM Program \h;'g;\%ry E User Programs

Figure 8-1: ZX Spectrum 48K memory map

The upper 32K of RAM is provided by its own dedicated set of RAM chips,
which are only present in 48K models.

As there are three distinct memory devices connected to the Z80 (ROM, 16K
RAM and 32K RAM), the ZX Spectrum must ensure that the appropriate
one is selected for the memory address required. Memory devices provide an
enable signal for this purpose, which are activated by the ULA, depending on
what location the CPU is addressing. If the upper 32K is being accessed the
ULA does nothing, as this memory is enabled by on-board logic associated
with the 32K RAM.

No other memory mapping is carried out by the 48K ZX Spectrum' as the
ROM, 16K and 32K RAM fill the entire 64K memory space accessible by the
Z80 CPU.

1. The ZX Spectrum 128, +2 and so forth divide 128K into 16K pages, and
with additional logic allows up to four pages to be mapped into the 64K
address space.
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The Video Display

Television and Display Basics

A television works by scanning an electron beam horizontally across the
screen. When it reaches the right hand side, it is blanked and flies back to the
left and descends by one line, where the process repeats. When it reaches the
bottom of the screen, it is blanked and sent back to the top. The picture is
created by varying the intensity of the electron beam as it scans the screen.

In a UK PAL television receiver the electron beam takes a fixed time of 64us
to travel from the left of the screen to the right and back to the start of the next
line, and a complete PAL picture frame contains approximately 312 such scan-
lines. At a horizontal scan period of 64us, 15625 scan-lines will be drawn
every second, and at 312 lines per frame, the screen will be updated 50 times
in that second.

To be used as a computer display the television screen must be divided into
a grid of pixels. The number of vertical pixels may not exceed the number
of scan-lines in the display, and the number of horizontal pixels that may be
achieved is determined by the rate at which the electron beam intensity is
adjusted for each pixel; that is, the frequency of the pixel clock. In order for
pixels to appear square, the horizontal to vertical ratio should be as close to
4.3 as possible, the ratio of the dimensions of a television tube.

As the television has no memory, it requires a continuous stream of pixel infor-
mation to keep the display stable, so either the CPU must divert a great deal
of its time to this task, or dedicated electronics provided to keep the supply of
display information flowing to the television. In either case the display pixel
patterns must be stored in memory, from where they are fetched by the CPU or
video electronics when required. Using dedicated electronics allows the CPU
to get on with other tasks and increases the resolution that is possible with the
CPU alone, as higher screen resolutions require faster CPUs.
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Choosing a Display Resolution

If a scan-line were divided into 1000 pixels, they would have to be sent to the
television at a frequency of 15.625MHz. If the CPU were used to update the
video directly, it would have to operate in excess of this frequency and have
little time to do anything else. Such a method of television update would there-
fore be inappropriate for a high resolution display. Even with dedicated elec-
tronics, where a pixel clock of this frequency is quite achievable, the amount
of video memory required to hold a display of this resolution would be exces-
sive. For instance, assuming one bit of memory per pixel, then at 1000 pixels
a single scan-line would require 125 bytes of memory to be stored, which
at a full vertical television resolution of approximately 312 lines, the whole
display would occupy more than 38K of RAM. This is more than half the
memory available to an 8-bit microprocessor, and the high pixel clock would
demand expensive fast memory.

Clearly a screen resolution consuming nearly all of the ZX Spectrum’s RAM
would not have been an option, and Altwasser’s solution is two-fold in that
they use a lower frequency for the pixel clock and reduce the display area size
by introducing a non-display border around a central pixel display rectangle,
concepts inherited from the earlier ZX80 and ZX81.

The ZX81 had an effective display resolution of 256 x 192 pixels, but because
of its limited 1K of RAM, was essentially character ROM driven and had no
video memory at this granularity. Instead, the display was divided into a grid
of 32 x 24 character cells, with 768 bytes of memory reserved to store the
ASCII code of the character at each cell position. A simple and cheap hybrid
video system was used where the Z80 CPU played a part in the display update
by reading the pixel pattern for each cell from a character ROM, and sent them
to the video output circuitry at the appropriate time.

The ZX Spectrum adopts the same resolution as the ZX81, but assigns one bit
of display memory to each pixel, so that 256 +— 8 = 32 bytes are required per
scan line, and a total of 32 x 192 = 6144 bytes for the entire screen. It has
dedicated electronics to maintain the video display, relieving the CPU from
this responsibility.

Vertical Interlace

A broadcast UK PAL television picture actually consists of 625 interlaced scan
lines split between two frames of 312.5 lines each. The frames are alternately
displayed 50 times a second, with the second vertically offset by half a scan

82



Chapter 9. The Video Display

line so that it fills the gaps between the lines of the first frame. These frames
are referred to as frame 1 and frame 2. Due to persistence of vision, and the
relatively slow emission decay of phosphorus, interlacing has the effect of
doubling the vertical resolution without increasing the bandwidth per frame.

Producing a stable interlaced computer display is difficult as interlacing tends
to produce a visible vertical jitter, so most machines, including the ZX Spec-
trum, only generate a single 312 line frame 50 times a second. A single frame
should contain 312.5 lines, however as half lines are of little use, it is usual
for just the whole lines to be used.

Positioning the Display

The 192 lines of the ZX Spectrum’s pixel display rectangle are vertically
aligned centrally on the screen creating a visible top border of 56 lines. This
is preceded by eight invisible lines during which the electron beam is in its
vertical fly-back. The remaining 56 lines provide the bottom border and an
invisible off-screen region.

Once an appropriate memory-conservative screen resolution had been agreed,
a suitable pixel clock frequency needed to be established to maintain a 4:3
display ratio. If it were too high, the pixels would be drawn on the screen
before the electron beam had moved very far, creating a display that would
be squashed over to the left hand side. If the clock were too low, the elec-
tron beam would reach the right hand side of the screen before all the pixels
had been displayed, creating a display that was wider than the width of the
television.

Some of the scan-line lies outside the visible portion of the screen, and approx-
imately 6.9us is taken by the electron beam returning to the left hand side of
the screen. Similarly not all scan-lines are visible, as some exist above and
below the visible screen area including the vertical fly-back.

To determine the pixel clock that would create a square pixel, some calcula-
tions are required. As the horizontal to vertical ratio of 256:192 matches the
screen aspect ratio of 4:3 the scaling factor is 1:1. Therefore the percentage
of a scan-line used horizontally for pixel display will equal the percentage of
scan-lines used vertically.

83



Chapter 9. The Video Display

Pixel clock @ 7MHz
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Figure 9-1: PAL horizontal and vertical screen dimensions

First the percentage of non vertical retrace scan-lines that are used for pixel
display is calculated:

192

m = 63.158%
Second the same percentage of the 64us scan period, minus the horizontal
flyback time (figures from Chapter 11, Video Synchronisation), is calculated

(64 — (13.7 — (2.2 + 4.6))) s
100

x 63.158 = 36.0632us

And finally the frequency at which 256 cycles take 36.0632us:

256

At a pixel clock of 7TMHz, the time to display a row of pixels is 36.56us
or 57.14% of the total scan-line period. On an average television this pixel
area takes up approximately 74% of the visible screen width, allowing for left
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and right borders of 22% including the non visible area. As expected, these
proportions give a display dimension that produces square pixels, is aesthetic
and fits comfortably within the screen.

At this pixel clock there are 448 cycles in a 64us scan line period, and a
pixel display row consumes 256 of these, one for each pixel. Due to design
simplifications in the ZX Spectrum the pixel display is offset towards the left
hand side of the screen, as the left and right borders are slightly different
widths of 32 and 64 cycles respectively. The remaining 96 cycles are used
off-screen and during the horizontal fly-back. See Figure 9-1.

The NTSC Display

The NTSC specification defines a television frame as containing 525 scan
lines, split across two interlaced fields; therefore a single field contains 262.5
scan lines. As an NTSC scan line takes 63.55us to cross the screen, the frame
rate is approximately 60Hz.

Pixel clock @ 7MHz
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Figure 9-2: NTSC horizontal and vertical screen dimensions
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By using 264 scan lines of 63.5us each, a frame rate of 59.65Hz is produced.
This is acceptably close to the NTSC specification, and allowed the Sinclair
engineers to use same horizontal control circuits in both PAL and NTSC ver-
sions. See Figure 9-2 for the ZX Spectrum NTSC screen dimensions, and the
section called The NTSC Line Counter in Chapter 10, The Internal Clocks for
details of the NTSC scan line period.
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The Internal Clocks

The primary task of the ULA is to keep the video display updated and as this
is such as precise and exacting requirement as far as timing is concerned, the
internal state machine provides video orientated time events, from which all
other system states and time points are derived.

The Oscillator

At the heart of the ULA is its crystal controlled oscillator. Because the ULA
does not contain any capacitors, the oscillator design departs from convention
and uses transistors in an inherently unstable configuration to achieve oscilla-
tion, the resonant frequency of which is controlled by an external crystal.
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Figure 10-1: 14 MHz oscillator

The basic operation of Figure 10-1 is as follows. Two transistors, Q1 and Q2,
are configured to oscillate, the frequency of which is moderated by the 14
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MHz crystal. The sine wave produced is then amplified and processed by Q3
and Q4 into a clean square wave.

With Q1 initially off, its collector and the base of Q2 will be at Vcc. Current
will flow in the base of Q2 switching it on, raising the voltage at its emitter to
approximately Vcc. The current now flowing through Q2 and R3 causes Q1
to turn on, lowering the potential at Q1’s collector which reduces the current
flowing through Q2’s base, causing it to switch off. This reduces the voltage
at Q2’s emitter and therefore the current in Q1’s base, switching off Q1. The
cycle then repeats.

The crystal placed between the base of Q1 and ground tunes the oscillation
to its 14MHz resonance frequency, R3 buffering the crystal from the signal
output at the emitter of Q2.

The collector-follower Q3 provides some gain and inverts the oscillating sig-
nal, feeding the output emitter-follower Q4. One would expect the final signal
output to be taken from the emitter of Q4, its point of highest impedance, but
instead it is taken after the emitter resistor R6. This is to allow some signal
shaping to be performed, as a square wave and not a sine wave is desired.
This action will become apparent after we have discussed the current mirrors
Q7-10.

Q7 and QS are configured as a classic current mirror, in that the current flow-
ing in the emitter of Q8 will mirror the current flowing in the emitter of Q7,
which is set by R4. Thus R4 indirectly controls the maximum current flowing
in the emitters of Q1 and Q3.

Q9 and Q10 are similarly configured as a current mirror, however the current
being mirrored is not constant as it is modified by the current flowing in the
emitter of Q2. This is how the signal shaping into a square wave is applied.

When Q2 is on, the maximum current allowed by RS flows in the emitter of
Q9. Q3 will be on, holding Q4 off. The output CLK14 therefore goes low and
sinks up to the mirrored current through Q10. When Q2 is off, no current flows
in the current mirror. Q3 is also off, leaving R2 to pull Q4 on. As no current
can now flow through Q10 of the current mirror, CLK 14 goes high by sourcing
current through R6, which is why the output is taken after emitter resistor R6
and not before. As RS and R6 have the same value the current sourced or sunk
by CLK14 will be the same. This ensures that the positive and negative edges
of the clock pulse are symmetrical, as a transistor’s switching speed is related
to the current flowing through it.

The remaining two transistors Q5 and Q6 are configured as reverse biased
diodes connected between the collectors of Q1, Q3 and ground to introduce
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some temperature stability.

This circuit is implemented by peripheral cells 21 and 22, the former being
connected to the crystal via pin 39.

The 7MHz Clock

By driving the ULA with a master clock at twice the required frequency and
dividing internally to 7TMHz, Altwasser achieved an accurate and stable clock
at the required matrix cell voltage of Vs, and any frequency drift or duty cycle
irregularities in the master clock are halved. The inverter on the output of the
TMHz clock divider in Figure 10-2 is configured to have a large fan-out and
fast switching speed in order to drive the many circuits that require the clock,
without any deterioration in the shape of the signal.

14MHZ!

Figure 10-2: 7MHz clock

This high-drive /CLK7 signal is routed to the multitude of circuits that require
it. Routing the inverted clock allows circuits to either invert it back to CLK7 or
NOR gate it with other signals and still remain synchronous with each other.
/CLK7 is never used directly. Figure 10-3 illustrates this, showing a gate in
line with /CLK7 before each flip-flop.

All ULA timing states are synchronized to this internal 7TMHz clock, and
through its division all other clocks are generated.

The Master Counter

As discussed previously, Altwasser’s choice of 7MHz pixel clock produces
448 cycles in a 64 us display scan line period. The master horizontal counter
is configured to count through these 448 distinct states, providing the timing

89



Chapter 10. The Internal Clocks

reference for display control signals such as the horizontal sync and all other
internal system signals.

The counter is split into two stages, the first as a free running 6-bit counter con-
sisting of negative edge triggered D-type flip-flops (see Appendix B, Compo-
nent Library), the most significant bit of which, /CS, clocks the second stage,
a 3-bit synchronous counter of negative edge triggered T-type flip-flops with
reset, carry and enable.
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Figure 10-3: The master horizontal counter

The two stage counter is a compromise between the ideal design and conser-
vation of space. The simplest text-book counter consists of D-type flip-flops
configured to toggle between 0 and 1 at each clock pulse. The output of each
such flip-flop feeds the clock input of the next so that when it switches from 0
to 1 and back to 0, it causes the following flip-flop to toggle. These are called
ripple-counters, referring to the propagation of the clock along the chain of
flip-flops. The disadvantage with these counters is the delay incurred between
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the source clock and each flip-flop switching, which doubles for each succes-
sive bit.

Such counters are undesirable for state machines, as the propagation delay
ripple across the counter bits can cause glitches in the subsequently driven
logic. What is sought is a synchronous counter where all flip-flops switch
simultaneously on a common clock.

Synchronous counters are more complicated than ripple-counters and con-
sume more components, so the limited space within the ULA forced Altwasser
to strike a balance between complexity and gate count by allowing the clock
to ripple between just two of the eighteen counter flip-flops.

The first stage is a 6-bit counter consisting of D-type flip-flops that are, all but
one, connected in a synchronous configuration, such that each bit clocks only
when all the less significant bits are high. Each flip-flop is therefore clocked
by the common clock, in this case the 7TMHz CLK?7 signal, which is NOR
gated with the invert of the preceding bits. This makes conservative use of
matrix cells, requiring only three for a D-type flip-flop and between half and
one cell for the clock gate'.

However, as each successive bit of the counter uses an additional clock gate
input, the number of matrix cells required increases every four bits. To avoid
using an increasing number of matrix cells, Altwasser breaks the synchronism
between C3 and C4 and allow C3 to ripple forward as the clock of bits C4
and CS5, which are configured to be synchronous with this new clock; thus
bits C4 and C5 are synchronous with respect to each other, but asynchronous
with respect to C3-0, and clock around 24ns later. The final bit CS5 is gated by
/TCLKA, discussed in Chapter 23, Hidden Features and Errors, which may
always be assumed to be low, producing clock CLKHC6 which drives the
second counter stage. This clock delayed with respect to CLK7 as it transitions
around 48ns later.

State C8-0

0 000 000000
31 000111111
32 001 000000
447 110111111
448 000 000000

Table 10-1: Horizontal clock states
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The second counter stage is a true 3-bit synchronous counter which is reset
immediately on reaching binary 111. As the first counter stage counts from 0
through to 31, the second stage counts from O through to 6 to give 32 X 7 =
448 states in total; O to 447. Table 10-1 shows these states in terms of their
binary counter bits C8 to CO. As the T-type flip-flops have synchronous reset,
the reset is generated and held while C7 and C8 are high, forcing a reset of this
stage at the next clock transition which, had it not been for the reset, would
have advanced the counter to 7 (111 binary).

There is no reset required for bits C5-0, as they will already be at zero when
the reset of C8—6 occurs.

The Vertical Line Counter

The PAL Line Counter

In addition to keeping track of how far through a scan-line it is, the ZX Spec-
trum ULA also keeps track of how many scan-line periods have occurred and
therefore which line it is currently displaying.
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