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1.0. INTRODUCTION

The propose of this assignment is to use the Altera Max2Plus package to design, analyse and prove working
a simple CPU that can execute a few instructions.
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Figure 1.0a: Altera Max2Plus Software Application

The MAX+PLUS®II development software is a fully integrated programmable logic design environment. This
easy-to-use tool supports the Altera® ACEX", FLEX® and MAX® programmable device families and works in
both PC and UNIX environments. The MAX+PLUS Il software offers unmatched flexibility and performance
and allows for seamless integration with industry-standard design entry, synthesis, and verification tools. By
giving the designer entry freedom and the ability to mix and match design entry methodologies, the
MAX+PLUS Il software minimizes re-design work.

This report includes schematic capture and other design details, as well as an English description on how
the design works. The design is partitioned into functional blocks, each block does one task that is easy to
describe. As well as the design details, the simulation details are included for most functional blocks within
the design. The simulation results are explained, this is done by annotating the waveforms produced by the
system.

The report is split into 7 sections for clarity

EoTETL LT [ #atasi#®  (including this introduction): -
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* | 4 EdET 2.0. Background Information
- i wiln 3.0. Simple Hypothetical Computer
8 A *"ﬂ 4.0. CPU Design
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S a— < # el 6.0. Conclusions
o 7.0. Appendixes
i — doilih
- > ] Extremely powerful commercial CPU cores
: my + =pd exist; “Digital Core Design” D68000 is
br # L1y & EIS available for purchase and is compatible
g » % ; with Max2Plus (see Appendix 2, for details).
aF
: : O " The CD-ROM attached to appendix 7,
# AN contains all the Max2Plus design, symbol
: : e R and simulation files for the designed CPU.

Figure 1.0b: “Digital Core Design” D68000 32-bit Microprocessor
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2.0 BACKGROUND INFORMATION

2.1. Brief History of Microprocessors

“The first microprocessor was developed by what was then a small company called Intel (short for Integrated
Electronics) in the early 1970s. The client, a Japanese company called Busicon, declined to buy the chipset
and Intel, faced with a development cost and no customer, decided to market the chipset as a "general
purpose” micro processing system for use in applications where digital logic chips would have been used.
The chipset was a success and within a short while Intel developed a general purpose 4 bit microprocessor
called the 4004.” [W4]

1971: Intel introduces the 4-bit bus, 108-KHz 4004 chip - the first microprocessor. It operates at 60,000
operations per second. It has 2300 transistors and can address 640 bytes.

1972: Intel introduces the 200-KHz 8008 chip, the first 8-bit microprocessor. It can access 16KB of
memory, uses 3500 transistors, and has a speed of 60,000 instructions per second. Texas
Instruments introduces the TMS1000 one-chip microcomputer. It integrates 1KB ROM and 32 bytes
of RAM with a simple 4-bit processor.

1974: Intel releases its 2-MHz 8080 chip, an 8-bit microprocessor. It can access 64KB of memory.
Motorola introduces its 6800 chip, an early 8-bit microprocessor that can access 64KB.

1976: Intel introduces the 5-MHz 8085 microprocessor. It supports an 8-bit bus. Texas Instruments
introduces the TMS9900, the first 16-bit microprocessor. Zilog releases the 2.5-MHz Z80, an 8-bit
microprocessor whose instruction set is a superset of the Intel 8080.

1978: Intel introduces the 4.77-MHz 8086 microprocessor. It uses 16-bit registers, a 16-bit data bus and
can access 1 MB of memory.

1983: Intel introduces the 6-MHz 80286 microprocessor. It uses a 16-bit data bus and offers protected
mode operation. It can access 16 MB of memory, or 1 GB of virtual memory. Later versions operate
at 10-MHz and 12-MHz.

1984: Apple Computer officially unveils the Lisa computer. It features a 5-MHz 68000 microprocessor,1MB
RAM, 2MB ROM, a 12-inch B/W monitor, 720x364 graphics, dual 5.25-inch 860KB floppy drives, and
a 5MB Profile hard drive. It is slow, but innovative. It is the first personal computer graphical user
interface (GUI). Its initial price is £10,000. NEC introduces the 8-MHz V20 microprocessor, the first
clone of Intel's 8088 and the 8-MHz V30 microprocessor, the first clone of Intel's 8086. Motorola
introduces the 68020, a 32-bit microprocessor. IBM announces the PC AT, a 6MHz 80286 computer
using PC-DOS 3.0, a 5.25-inch 1.2MB floppy drive, with 256KB RAM, for £4000, which doesn't
include hard drive or monitor/card. With a 20MB hard drive, colour card and monitor: £6700.

1985: Motorola introduces the MC68HCL11 Intel introduces the 16-MHz 80386DX microprocessor. It uses
32-bit registers and a 32-bit data bus. Initial price is £299. It can access 4 gigabytes of physical
memory, or up to 64 terabytes of virtual memory.

1987: Intel introduces the 20-MHz 80386DX microprocessor. IBM introduces the IBM Personal System/2
(PS/2) line, with IBM's first 386 PC, and 3.5-inch floppy drives as standard. The PS/2 Model 30 uses
a 8-MHz 8086, the Model 50 and 60 use the 10-MHz 80286, and the Model 80 uses a 20-MHz
80386. Zilog introduces its Z-280 16-bit version of the Z-80 CPU.

1991: Intel introduces the 20-MHz i486SX microprocessor, the 486DX, but no math coprocessor. Intel
introduces the 50-MHz 486 microprocessor.

1993: Intel introduces the Pentium processor. It uses 32-bit registers, with a 64-bit data bus, giving it an
address space of 4 GB. It incorporates 3.1 million transistors. Speeds are 60-MHz (>£800) and 66-
MHz (>£900). IBM and Motorola introduce the 80-MHz version of the PowerPC 601 processor. IBM
and Motorola introduce the 66-MHz and 80-MHz version of the PowerPC 603 processor.
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The development of more recent microprocessor architectures such as the Harvard architecture and the use
of Reduced Instruction Set Computers (RISC) have led to the development of microcontrollers such as the
Microchip PIC.

2.2. Central Processing Unit (CPU)

“The central processing unit is the central component of a digital computer. Its purpose is to interpret
instruction codes received from memory and perform arithmetic, logic, and control operations with data
stored in internal register, memory words, or I/O interface units. Externally, the CPU provides a bus system
for transferring instructions, data, and control information to and from the modules connected to it.

A typical CPU is usually divided in two parts: the processor unit and the control unit. The processor unit
consists of an arithmetic logic unit, a number of registers, and internal buses that provide the data paths for
the transfer of information between the registers and the arithmetic logic unit.

The control unit consists of a program counter, an instruction register, and timing and control logic. The
control logic may be either hardwired or micoprogrammed. If it is hardwired, registers, decoders, and a
random set of gates are connected to provide the logic that determines the action required to execute the
various instructions. A microprogrammed control unit uses a control memory to store microinstructions and a
sequencer to determine the order by which the microinstructions are read from control memory.” [B1]

2.3. Von Neumann CPU Architecture
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Figure 2.3a. The classic Von Neumann CPU Architecture

Classic model for designing and building computers, (shown in figure 2.3a) which is based on three
characteristics: The computer consists of four main sub-systems (memory, ALU, Control Unit, Input/Output
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System (1/O), program is stored in memory during execution and program instructions are executed
sequentially.

2.4. Machine code

“The sequence of micro operations that are incorporated in a CPU is determined from the instructions that
are defined for the computer. The instructions are stored in memory as part of a program and are presented
to the control unit in a binary form. Each binary coded instruction contains a number of fields that provide the
pertinent information needed by the control to execute of fields that provide the pertinent information needed
by the control to execute the instruction in the CPU. The binary coded form of the instruction is defined by its
instruction format. Different computer have different instruction formats; this is one aspect that gives each
computer its special hardware characteristic.” [B1]
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Figure 2.4a. Some of the machine code instructions available on the 6800 microprocessor [W1]

A machine-code program is a sequence of machine-code instructions. To be executed, a machine-code
program must be stored in main memory, execution taken place within the CPU. Each instruction is executed
in a number of small steps (controlled by control unit, e.g. microcode): -

Fetch the next instruction from memory into the instruction register.
Change the program counter to point to the next instruction.
Decode the current instruction.

If the instruction uses a word in memory, determine where it is.
Fetch the word.

Execute the instruction.

... and repeat until the instruction is ‘sleep’

This execution follows the ‘fetch-decode-execute’ cycle

2.5. Microcode

The sequence of micro-operations in the CPU is controlled by means of a micro-program stored in control
memory. The micro-program consists of microinstructions that control the data paths and operations of the
CPU. The micro-program can control not only the micro-operations in the processor unit but also all other
data paths in the CPU. It is also capable of decoding computer instructions and obtaining the operands
according to the specified addressing code.
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Basically each microinstruction specifies which control signals are to be generated.

2.5.1. Horizontal Microcode

Horizontal microcode has one bit for each possible control signal, execution is very simple and underlying
hardware is very simple. But microinstructions are very wide as there is one bit for each control signal.

Horizontal microcode example: -

5) RNLIA Yy |a|ls|lw|l2|E C|T |8 £ 2 ¢ 512
o, oclo|w | wle|Q|8 |9 |<|<|2]2|2|c|=x|=|2|2
- < = 04 o = = < e < x o o Zz O
0001 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

2.5.2. Vertical Microcode

Controls signals are grouped into sets, two can be in the same set only if never used at the same time.
Separate field for each set and each field is encoded. Each combination of bits in each field represents either
one control signal, or “no signal”. A decoder for each field is used to execute a microinstruction.
Microinstructions are short with a minimal number of fields and a minimal number of bits per field.

Field 1 Field 2 Field 3 Field 4 Field 5

< B N B
410 16 410 16 3to8 8'8 9'8
decoder decoder decoder a3 a8
© ©

15 signals possible 15 signals possible 7 signals possible 3 signals possible

Figure 2.5.2a. Example of vertical microcode

At most 1 signal can be generate for each field at one time. A total of up to 5 signals can be generated at
one time.

2.5.3. Comparisons & Trade-Offs

Horizontal microcode requires a larger micro-memory because the microinstructions are longer, simpler
hardware can be used execute it, e.g. just generate a signal for each bit. Vertical microcode needs less
storage in micro-memory and requires more complex hardware for execution (e.g. several decoders).

2.6. Hard-wired Control Logic Vs Microcode

Hard-wired logic is faster than microcode, but has a more complex circuit design and layout and small
changes may require major revisions, e.g. layout and implementation may have to be reworked. Microcode is
easier to test and debug while prototyping, easier to change e.g. only microcode memory needs to be
altered, but its slower because it depends on memory technology.

EEE515J2 — ASICS & VLSI Design Page 5 Chapter 2: Background Information
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2.7. Microprocessors Vs Microcontrollers

The term, microprocessor, commonly refers to a general-purpose Central Processing Unit (CPU). They are
powerful, suitable for all types of computations and require additional hardware components to support
communications and storage.

The term, microcontroller, commonly refers to a Central Processing Unit (CPU) that has been specialised to
control the operation of a mechanical or electronic system. They are small and cost-effective, built-in memory
and specialised built-in interface support for some of the following: -

High-speed communication.
Parallel devices.

Serial devices.

Analogue devices.

2.8. The PIC Microcontroller

A PIC (Peripheral Interface Controller) microcontroller is an IC manufactured by Microchip.

N

MICEROCHIR @

These ICs are complete computers in a single package. The only external components necessary are
whatever is required by the 1/O devices that are connected to the PIC.

The traditional Von-Neumann Architecture (Used in: 80X86, 8051, 6800, 68000, etc...) is illustrated in Figure
2.8a. Data and program memory share the same memory and must be the same width.

“All the elements of the von Neumann computer are wired together with the one common data highway or
bus. With the CPU acting as the master controller, all information flow is back and forward along these
shared wires. Although this is efficient, it does mean that only one thing can happen at any time. This
phenomenon is sometimes known as the von Neumann bottleneck.” [B2]

Memory
CPU (Program
& Data)

Figure 2.8a. Simplified illustration of the von Neumann architecture

PICs use the Harvard architecture. The Harvard architecture (Figure 2.8b) is an adaptation of the standard
von Neumann structure with separate program and data memory: data memory is made up by a small
number of 8-bit registers and program memory is 12 to 16-bits wide EPROM, FLASH or ROM.

Memory CPU Memory
(Data) (Program)

Figure 2.8b. Simplified illustration of the Harvard architecture

Traditional CISC (Complex Instruction Set Computer) machines (Used in: 80X86, 8051, 6800, 68000, etc...)
have many instructions (usually > 100), many addressing modes and it usually takes more than 1 internal
clock cycle to execute. PIC microcontrollers are RISC (Reduced Instruction Set Computer) machines, which
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have 33 (12-bit) to 58 (15-bit) instructions, reduced addressing modes (PICs have only direct and indirect),
each instruction does less, but usually executes in one internal clock.

“The combination of single-word instructions, the simplified instruction decoder implicit with the RISC

paradigm and the Harvard separate program and data buses gives a fast, efficient and cost effective
processor implementation.” [B2]

2.8.1. Summary of the PICs Built-in Peripherals

SPI (Serial Peripheral Interface) uses 3 wires (data in, data out, clock), Master/Slave (can have multiple
masters), very high speed (1.6 Mbps), and full speed simultaneous send and receive (full duplex).

I°’C (Inter IC) uses 2 wires (data and clock), Master/Slave. There are lots of cheap I°C chips available;
typically < 100kbps.

UART (Universal Asynchronous Receiver/Transmitter) with baud rates of 300bps to 115kbps, 8 or 9 bits,
parity, start and stop bits, etc. Outputs 5V hence an RS232 level converter (e.g. MAX232) is required.

Timers, both 8 and 16 bits, many have prescalers and some have postscalers. In 14 bit cores they generate
interrupts. External pins (clock in/clock out) can be used for counting events.

Ports have two control registers: TRIS sets whether each pin is an input or an output and PORT sets their
output bit levels. Note: Other peripherals may steal pins, so in this respect peripheral registers control ports
as well. Most pints have 25mA source/sink (LED enabled), but not all pins, it is important to look up the
datasheet. Floating input pints must be tied off (or set to outputs).

ADCs (Analogue to Digital Converter) are currently slow, less than 54 KHz sampling rate (8, 10 or 12 bhits),
theoretically higher accuracy when PIC is in sleep mode (less digital noise) once the sample is complete the
ADC sends an interrupt waking the PIC. Note that the PIC must wait until the sampling capacitor is charged;
see datasheets.

2.9. RSIC VS CISC

CISC (Complex Instruction Set Computer) have many instructions, some of them being very complex, this
makes programming easier (Typical PC architecture). Historically, machines tend to add features over time,
for example IBM 70X, 70X0 series went from 24 opcodes to 185 in 10 years (performance also increased 30
times), with additional addressing modes and special purpose registers. The motivations for this complex
instruction set are to improve efficiency, since complex instructions can be implemented in hardware and
executed faster, make life easier for compiler writers and support more complex higher-level languages.

RISC (Reduced Instruction Set Computer), have few instructions, reduced addressing modes and each
instruction does less, but usually executes within one internal clock pulse (e.g. a PIC microcontroller).
Simple, limited instruction set with a large number of general purpose registers and optimised instruction
pipeline. RISC offer faster execution of instructions commonly used (e.g. 20% of the instructions do 80% of
the work) and faster design and implementation.

No. of Instruction Address
Year Instructions Size Modes Registers
IBM 370/168 1973 208 2-6 4 16
VAX 11/780 1978 303 2-57 22 16
M 88000 1988 51 4 1 32
| 80486 1989 235 1-11 11 8
IBM 6000 1990 184 4 2 32
MIPS R4000 1991 94 4 1 32

Figure 2.9a. Comparison of some architectures

Typically, RISC takes about 1/5 the design time, but CISC have adopted RISC techniques.
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2.10. Superscalar Architectures

Superscalar machines issues a variable number of instructions during each clock cycle, up to some
maximum. Instructions must satisfy some criteria of independences, for example a simple choice could be a
maximum of one fp and one integer instruction per clock, need separate execution paths for each possible
simultaneous instruction issue. Compiled code from non-superscalar implementation of same architecture
runs unchanged, but slower.

0 1 2 3 4 5 6 7 Clock

Figure 2.10a. Superscalar Example, Note each instruction path may be pipelined

A common superscalar problem is instruction-level parallelism, for example what if two successive
instructions can't be executed in parallel (data dependencies, or two instructions of slow type).

2.11. VLIW Architectures

Very Long Instruction Word (VLIW) architectures store several simple instructions in one long instruction
fetched from memory: -

¢ Number and type are fixed, e.g. 2 memory reference, 2 floating point, one integer.

¢ Need one functional unit for each possible instruction, e.g. 2 fp units, 1 interger unit, 2 MBRs all
run synchronised.

e Each instruction is stored in a single word, e.g. required wider memory communication paths
and many instructions may be empty, meaning wasted code space.

2.12. Instruction Level Parallelism

Success of superscalar and VLIW machines depends on a number of instructions that occur together that
can be issued in parallel (i.e. no dependencies, no branches). Compliers can help create parallelism and
speculation techniques try to overcome branch problems, e.g. assume branch is taken, execute instructions
but don’t let them store results until status of branch is know.

EEE515J2 — ASICS & VLSI Design Page 8 Chapter 2: Background Information
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3.0. SIMPLE HYPOTHETICAL COMPUTER

DataBUS[7..0]
%» s
i -
S Instrgctlon | PC MAR .
Register E[™ -~
= —»{ Acc | | MDR s v *
B oty
=)
~, :
A B 7 Instruction
) 2 E ROM
Control Unit 4 ~ ™| (Program)
<«———— (Micro program ROM Full of 3 _
- Micro-instructions) <
_ RAM
E (User for s
» data) <
E S
—» RESULT «—— E Input
---------- —p
Buffer
Control Signals Ui
S utpu
>
Buffer

Figure 3.0a. Simple hypothetical computer block diagram

The “Control Unit must emit signals on 22 different bits for each microinstruction. Most registers require an
‘S’ strobe signal to latch data into the register; some required an ‘E’ enable signal to allow the register
contents to appear on a BUS.

No BUS can have more than one register enabled at the same time (for instance the PC and MAR outputs).
The ALU has 3 control lines to allow addition, subtraction (A-B), inversion (NOT A and NOT B) as well as
logical operations of AND and OR also PASS function, (Output = A and Output = B). The PC (program
Counter) has an ‘I’ control to increment it, the PC is a loadable counter.

4 of the 22 control bits are fed back to the address inputs of the CU ROM via a latch L to give up to 16
microinstructions per opcode. The CU ROM (Control Unit ROM) is 2*° x 22 bits in size (bits).

Other Control bits are labelled: -
ACCs, MDRs, RESULTs, RESULTGE, IRg, PCs, PC,, PCg, MARs, MARg, ALU¢cq, ALU¢q, ALUc,, ROMg, RAMg,
RAMEg, INPg, OUTs.

The Fetch-Execute table for “immediate add”: -

Step | Action Result Comment
0 PCe=1 (PC) > AB Put program counter contents onto address bus
1 ROMeg =1 (ROM > DB Read the program ROM. Opcode now on data bus
PG, :_1’ (PC)+1 > PC, Point PC at operand, and read the ROM: Its contents
2 | PCe=1, (PC) > AB, ointo the IR
IRg = 1 (DB) > IR 9
3 ROM: = 1 (ROM) > DB Address bus settles with new value; the address of
the operand.
4 MDRs=1 (DB) > MDR Put it in the MDR.
_ ALU = (ACC) + . .
5 ALU = ADD (MDR) Execute the instruction.
6 RESULTs =1 (ALU) > RESULT
7 RESULTg =1 (RESULT) > DB Put answer onto data bus.
8 ACCs=1 (DbB) > ACC And into ACC.
EEE515J2 — ASICS & VLSI Design Page 9 Chapter 3: Simple Hypothetical Computer
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9 PC =1

10 | PCe=1 ROMeg=1 These three lines are essential “housekeeping” and must occur at the end of
11 IRs =1, PC, =1, every micro program to allow the “fetch” of the next opcode

PCE =1
Microcode ROM contents “Immediate Add” instruction, assuming an opcode of OE: -
¥ | = ) ) n|lw|dI 38 |lw|vw|w|kE

vl2 |2 | 818|818 20lc|y5|52|2/252|2|2|5]¢8
T T | = <|S||le|E|aja|a|l=|=|<|x|<|x|c|x|Z2|0|n
X 00 | OOCO |OOOL|]O]O|O}|]O|]O|]O|J]O|J1T|]0]0O]O]|]O]|]O]O]O|JO]J]O]JO]O
X 00 |0OOO1L | 0OOlIOjfO|]O|]O}|]0O|]O]O|]O]1T]|]O0OjO]O|J]O]O|2T]|O0O]J]0O]O0]O 1
X 00 | 0010 |OOCO|J]O]O|O}|]O|]2|0O0O|2|12)]0]0O]O|]O]|]O]2|0O0|]O|J]O]O] 2
X OE | 0OOO |OOO2P|]O|O|]O|lO|]1T|]O0O]|]O|J]O]O]O]O]OjO]1T]|]0O0]O|JO]O]S3
X OE | 0OO1 [OOO|O|O|O|]O|J]O]J]O]O]O|]O]|]O]|]O|O|O|]1T]|]0]0O0]O0O0]O0] 4
X OE | 0010 |0OO12 | O0O|O0O]|]O|]O]|]O|]O]|]O|J]O]O]O]O]Oj1T]O]O]O|O]O]>S
X OE | 0O11 [OlOO|O|O|2|0O|J]0O]J]O]J]O]|]O|]O]|]O|]O|O|2]0O0]0O0O]O]O]O0O] S
X OE | 0100 {0101 |O0Oj0O|j0O|J12)]0]0O]O]O}|]O]O|]O|]O|]O]J]O]J]O]O]O]0O]|T
X OE | 0101 (O120(1 | 0|01 )]0]0O]O]|]O|]O]O|]O|O|O]O]O]O]O]O0] S8
X OE | 0110 f0O121 | OO | 0O|J0O|J]O]J]O]1T]|]O0O|]O]O]O|J]O|]O]J]O]J]O]O]O]0O]Y°
X OE | 0111 1000 | O | O|O|O|JO]O]O]1]|]0]|]O0O]|]O|O|O|]0O|]0O0O]O0O]0O0]O0O]2
X OE | 1000 [OCOO | O|O|jO|JO|J1T])]0O]1T]1]|]0]0O]OjO|O|]1T]0]0]0]0]|12
X ??2 10000 | 0001 | ?2 | ?2 | ?2|?2|[?2|?2|?2|?2|?2|?2|?2|?2|?2|?2|?2|?2|?2]|?2]|X
X ??2 10001 joo10 | ? | ?2 | ?2|?2|[?2|?2|?2|?2|?2|?2|?2|?2|?2|?2]|?2|?2|?2]|?2]|X

3.1. Additional Accumulators

The simple hypothetical computer only has one accumulator, clearly this is a drawback. Figure 3.1a, and
figure 3.1b shows how the design could be modified to accommodate additional accumulators.

S D L

S C s E— Write Port Address

S S—» ( regs) E— Read Port A Address
> B Register Bank

S S —— Read Port B Address
= A | MDR |« > RDA RDB

Y o | |
A B A B
ALU ALU
Figure 3.1a. Add register bank Figure 3.1b. Add register bank version 2
3.2. Stacks

Stacks (last in first out memory) are used to save the return address when a subroutine or interrupt routine is
called. There are 2 common methods of implementing a stack: -

1. Keep a variable sized area of RAM free along with a stack pointer (SP).

2. Keep a second

(& third) shadow PC and limit subroutine nesting to one or two.
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3.3. Eight Bidirectional 8-bit Ports

The simple hypothetical computer only has one input and output port, clearly this is a drawback. Figure 3.3a
shows how the design could be modified to accommodate additional input / output ports.

Sel[2..0] PortA[7..0]
PortB[7..0]
PortC[7..0]

D[7..0]
) ) PortD[7..0]
) .E'ght et PortE[7..0]

Bidirectional Ports

] PortF[7..0]
10 PortG[7..0]
E PortH[7..0]

Figure 3.3a. Add a bank of 8-bit directional ports

3.4. 16-bit CPU

A 16-bit CPU design is more powerful, e.g. the data bus, address bus, ALU, registers, and latches are 16-
bits.
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4.0. CPU DESIGN

Several versions (e.g. mark 1, mark 2, etc...) of the CPU design have been included in this report; basically
each new version is an improvement of the last. This ensures that operational simulations are achieved, as
the more complex the design becomes the less likelihood of it simulating (e.g. design errors, does not fit on
chip, simulation results difficult to understand).

4.1. Mark 1 — Simple CPU

i MAX +plus 11 - ¢:work'colin®altera‘.cpuymark1’shcl_top - [shel_top.gdf - Graphic Editor ] = x|
:.'.3& MAX+plus I Fle Edit Yew Symbol Assign Utlites Optons Window Help = x|
. = =l o R = Lo
D& & me] o v okE R L 6= EE el =582 E A -l FL— FE =
[ CUMA.0] oo ;I
a o BBRO) o
L CLK
E s L e i e =g
) EREsET e BESEL | T cuie 3 i
& e L
A L MAR nglv..al
= e o = e _|
E 56 s qouTr?. .01 UldcB et | : LB RO
= RESET RESE S0 AB[2 ) 6] Gadres] | 3]
= .
4 ..el an
,: TER RESET H
oy cug :
it 5 H az T
CLK = ar. . RESET
RESET :::ET als, o] =. . e cLr [ CUB
: oLk
& : : Gpc
IR Insfr\ucﬁ'i(.iun register | LP ROM
d —— o, 6] Fares]
DINC7..©1 N :
sa |l qourrr. ogali1, .4 —{ineles pl cufaa, @]
BECED i L dautolok :
Iata ¢ LPW_DECODE RESET
: s7
nod pemory bata memiaver o oo | T
BE re e e : Y ocurw. a3 E g E
s i aouTC7. . 01 Lo
_RESET : fpeser G GRS
H TotE orir7.. o1 z :
e L S oP2L7. . @1 RESULTL?. . @1 8 oo :
H ACC, Accumulator =
aac ALU_FHE3. . o1 5 |n:
PR o CH] 21 {Be88=0pl) L
S1 : eouT o) {1@08=0pl+0P2) r
RESET : |gpecer RES Results Registver s E
g I=tg g TiR|— | CLK
B a3, H brue7. . 01
Tt7 o1 7. 0] . TEe. .81 s S3
o[z, . 0] o1 S T nEsET RESET
irig . . I=tE
- R poradPpL0] (T LUTE -
< _| »

Figure 4.1a Screen dump of schl_top.gdf

Notice the design has been partitioned into a number of functional blocks, each block does one task that can
be easily described. This partitioned method of design makes the design and testing of large complex
machines easy. Each functional block is tested using simulation, then when all blocks are working as
designed the entree system is tested. Note that the design of a functional block can be made-up by other
functional blocks, which in turn may have blocks within them; this cycle continues until there are no more
functional blocks.

The top layout (figure 4.1a) is a little cluttered, and it makes sense to improve the situation in future versions.
This could be achieved by splitting the design into four main functional blocks (ALU, memory, control unit
and input/output), simplifying the top layout.

This design is based on the “Simple Hypothetical Computer” (chapter 3). In order to make simulation easier
the control unit ROM and program ROM have been made much smaller than practical, but of a sufficient size
to demonstrate a simple program. By restricting the program space to 8 locations, the address bus was
reduced to 3 bits. By only supporting 3 opcodes it was possible to make the output of the Instruction register
(IR) 2 bits wide, hence this reduces the microcode ROM to a more manageable 64 locations.
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Notice functional block ‘lat8’ is used 6 times (MAR, IR, MDR, ACC, RES, portaOP), ‘tri8’ is used 4 times, and
LP_ROM is used twice (microcode, program memory). Notice an ‘LPM_DECODE’ block is used to generate
the S signals for the various registers; this saves a few microcode outputs.

A LPM_ROM block is used to store the program; functional block ‘pc’ points to the program memory
locations. Only the MAR or ‘pc’ can change the program address, only one is enabled at anyone time as the
output of each are sent into tri state buzzers (tri8) which are enabled/disable using CU10. CU10 is fed
directly into the MARE but NOT CU10 is fed into PCE, making sure that only one is enabled at any one time.
PC is incremented by the control unit using CU9 to move to the next instruction, while the MAR is used for
direct or indirect addressing modes.

Functional block ‘upc’ is the microcode program counter, e.g. each opcode instruction could have up to 16
lines of microcode (upc 4-bits = 16). The ‘upc’ specifies the microcode location of an instruction, which is
incremented using CUO. A 12-bit bit wide LPM_ROM is used for the control unit (microcode) note this is a
non-standard ROM size, two 8-bit ROMs instead may make life easier for the auto router.

The ‘ALU’ block carries out the arithmetic and logic of the CPU (e.g. A+B, not A, A AND B), note there is a
drawback, there is only one accumulator, clearly multiple accumulators could be added by adding a register
bank to the input of the ALU.

The design has one output port, clearly there is no reason why more ports cannot be added except for
increasing the number of S lines required from the control unit.

4.1.1. upc.gdf (4-bit Synchronous Counter)

MaX +plus 1T - ci\work'.colin',altera‘.cpuymarkl‘shcl_top - [upc.gdf - Graphic Editor]
i MAX+plus T Fle Edit Wiew Symbol Assign  Utlites Cptions Window Help

DES 4 E=m - o6RE 38  BRE B 222 E |

Q[3, . 6] DUTEOT

o ap.a

ool 2]

It

Figure 4.1.1a Screen dump of upc.gdf

Basically a simple four bit counter that is synchronised with the clock, which is reset when input CLR goes
high or input RESET goes low.

Ripple counters have a problem due to the accumulated propagation delay of the clock from flip-flop to flip-
flop. Synchronous counters eliminate that problem, because all the clock inputs are tied to a common clock,
so each flip-flop will be triggered at the same time (thus any Q output transitions will occur at the same time).
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To design a 4-bit synchronous counter four flip-flops (T type in this case) are required. Keep in mind that,
because all the clock inputs receive a trigger at the same time, certain flip-flops must be stopped from
making output transitions until it is their turn.

From figure 4.1.1a it is clear that the same clock input is driving all four flip-flops. The Q1 flip-flop will be in
the hold mode until Q0 goes HIGH, which will force T; HIGH, allowing the QL1 flip-flop to toggle when the next
clock edge comes in.

Flip-flop Q2 cannot toggle until Q0 and Q1 are both HIGH. Flip-flop Q3 cannot toggle until Q0, Q1 and Q2
are all HIGH.

RESET pin is connected to the CLRN of all the flip-flops, and VCC is connected to the PRN of all the flip-
flops. If the count reaches 1111 the counter returns to zero on the next clock plus and starts the counting all
over again.

Clearly the circuit is more complicated then a standard ripple counter, but the cumulative effect of
propagation delays through the flip-flops is not a problem because all output transitions will occur at the
same time. There is a propagation delay through the AND gates, but it will not affect the Q outputs of the flip-
flops.

4.1.2. lat8.qgdf (8-bit Latch)

i MAX +plus 1T - ciwork'colin®altera®.cpu‘ymark1‘lat8 - [lat8.gdf - Graphic Editor]
iﬁ, Max+plus I Fle Edt  Wiew Symbol  Assign Utites  Optons  Window  Help

DNEEsa i =| o e oRE SR8 I
Iy
A
1
N
o
L=
iy
Y
:]a:_ ..................
ﬁl - « - 5 - «
— x 5oix HHE g
il 1= 5 1= [ 1= o
= THES TS S
= =k =
< m W <L M@ <L M@
.......................... J LEE ] Jﬁ A
2 qouts E qoutf =

A LOW ON S SELECTS B
WHEN S5 IS LOW, D=&, I.E HOLD THE OLD VALUE
WHEN S IS HIGH, D = DIN2. CLOCK IN HNEW

A
| | »

Figure 4.1.2a Screen dump of lat8.gdf

8 d-type flip-flops are use to store 8-bits of data, a 2-to-1 line multiplexer is connected to the input of each
flip-flop. Input A of each multiplexer is connected to one of the din [7..0] lines, hence when S is high the new
data is stored into the latch. Input B of each multiplexer is connected to the output (Q) of the flip-flops hence
when S is low the latch will hold the old value (e.g. old value looped back into the latch).
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4.1.3. tri8.qgdf (8-bit Tri-State Buffer)

ini MAX +plus I1 - ciwork'colinaltera’,cpuymark1lat8 - [tri8.gdf - Graphic Editor ] =1 x|
:‘,’9; MAX+plus I Fle Edit Wew Symbol Assign Utites Optons Window Help = x|

EE EEE R EEE RS e ElL— =lE

2
bal
83
?
2

s Al
A
=i " LR m—— =
N ."'Lm —I
[]:] - : 10
D T
o E
a D1 L I1
= e
B E
£
’: D2 TP'! 12
o oy
e
: E
D3 ZHHTP'! i3
e
E )
D4 E i 14
o
E )
DS E i is
o
E )
D& [ i 16
o
E
D7 :""'rm 17
]
L el 0 —lTe gl e e
=
4 3

Figure 4.1.3a Screen dump of tri8.gdf

This functional block is extremely simple, basically 8 tri-state buffers are used to enable or disable a 8-bit
bus. When E is high (enabled) d[7..0] equals i[7..0] and when E is low (disabled) d[7..0] is Z (high
impedance). Obviously this functional block is useful and used many times throughout the CPU, as the CPU
has a shared data bus, and there must be some way of disconnecting devices from the data bus because
only one device can use the data bus at any one time.

4.1.4. pc.qdf (Program Counter)

Figure 4.1.4a shows the circuit diagram of this block, a functional block called “t_cell” is used. When input ‘I
is high the “t_cell” blocks function like T type flip-flops, hence the T input of each block is connected as a T-
type flip-flop would be connected to create an 8-bit binary up counter, as was done for upd.gdf (4-bit
counter).

When input ‘'S’ is high the “t_cell” functional block acts like a 1-bit latch, where the d input is latched into the
flip-flop.
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i MAX +plus IT - c:\ywork' colin®altera’,cpuimark1'pc - [pc.gdf - Graphic Editor] o =] 3]
S MAX+plusIl File Edit View Symbol Assign Utliies Options Window Help == x|
Ll A Hd—
b _ -
A L 5 |
Sl T e T IR o
N .
u
D v
g_ b o ow =0 :
| v OO O OO v O O N O J e
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Figure 4.1.4a Screen dump of pc.gdf

4.1.5.t cell.gdf (T-type Flip-Flop and Latch)

i MAX +plus 11 - ¢'work'colin'altera’cpu'markl pc - [t_cell.gdf - Graphic Editor] — ol x|
:;'ﬂ, Max+plus I Fle Edit Wiew Symbol Assign Utites Options Window Help =] x|

i E S s e TR e ) e  —

=

1
S
ﬁ THE'I' LINE IS & COUNT :
low selects B above 1 :
1 ENABLE.IFD=2 THE || e
¢ FEED EITHER THE'T*
4= O-TwPE "HOLDS" AND
| INPUT OR THE'T'
DOESN'T COUNT
— IF T =0; HOLD, D=0 TERM TO THE FLIF FLOP

Al
4

O IF T=1; TOGGLE, D=0QBAR

Figure 4.1.5a Screen dump of t_cell.gdf
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3 two input multiplexer are used: The first multiplexer will hold if T = 0 (y=q), and toggle if T =1 (y=/Q), the
middle multiplexer enables or disables the count, and the right most multiplexer feeds either the ‘D’ input or
the ‘T’ term to the d-type flip-flop.

4.1.6. alu.vhd (Arithmetic and Logic Unit)

The ALU can carry out and one of 14 mathematical operations, input line alu_fn[3..0] is used to specify which
ALU function to use. There are two 8-bit input lines opl[7..0] and op2[7..0] which are used in the
mathematical calculation of the result[7..0].

-- Arithmetic and Logic Unit --
-- By: lan McCrum -
-- Modified by: Colin McCord --
-- Date: 20/04/2002 -
-- Version: 1.1 -

LIBRARY ieee;
USE ieee.std_logic_1164._all;
USE ieee.std_logic_signed.all;

ENTITY alu IS

PORT (opl, op2 : IN std_logic_vector(7 downto 0);
alu_fn : IN std_logic_vector(3 downto 0);
result : OUT std_logic_vector(7 downto 0));
END alu;

ARCHITECTURE a OF alu 1S
BEGIN
PROCESS(alu_fn)
BEGIN
CASE alu_fn IS
WHEN ""0000™ => result <= opl;
WHEN *'0001" => result <= op2;
WHEN *"0010™ => result <= not opl;
WHEN ""0011"™ => result <= not op2;

WHEN ""0100™ => result <= opl and op2;
WHEN *'0101" => result <= opl or op2;
WHEN ""0110™ => result <= opl xor op2;

WHEN "0111" => result <= opl + ""00000001";
WHEN ""1000" => result <= opl + op2 ;
WHEN "'1001" => result <= opl + op2 + ""00000001";

WHEN ""1010™ => result <= opl - op2;
WHEN ""1011" => result <= op2 - opl;

WHEN ""1100" => result <= opl - "00000001";
WHEN 1101 => result <= op2 - "00000001";
WHEN OTHERS => result <= opl;

END CASE;

END PROCESS;
END a;
alu_fn[3..0] | result[7..0] alu_fn[3..0] | result[7..0]
0 (0000) opl 7 (0111) opl+1
1 (0001) op2 8 (1000) opl + op2
2 (0010) not opl 9 (1001) opl+op2+1
3 (0011) not op2 10 (1010) opl —op2
4 (0100) opl and op2 11 (1011) op2 —opl
5(0101) opl or op2 12 (1100) opl-1
6 (0110) opl xor op2 13 (1101) op2-1

Good selection of operations perhaps functions like divide and multiply could be added using Ipm_divide and
Ipm_multiply.
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4.1.7. Microcode

The instruction register has been limited (two address lines); hence this CPU has a maximum of three
instructions. Clearly this is not ideal and this needs to be improved.

First initialised the system on power up: -

Address Radix Data Radix ) )
54 | 3.0 | 11 [ 10 [ 9 8 7.4 [ 3.1 ] o | PCEsactvelow
S1: ACCS = 001, S2: MDRS = 010, S3: RESS =011
S4: IRS =100, S5: PCS = 101, S6: MARS = 110
% =) S7: OUTS =111, leave at 00 for unused
LLl 1 |
o u w < wn QO | ALU functions, various...e.g.
o 8 8 % 8 o 9 = % m 8 0000 = pass OP1, 1000 = PO1 + OP2
o< D x o o o (TS " D Comments
00 0000 | 1 0 0 0 0000 | 000 0 Enable (PC) > AB & Enable ROM (early)
00 0001 | 1 0 0 0 0000 | 000 0 | Enable ROM in earnest, (ROM)->DB
00 | 0010 | 1 0 1 0 0000 | 100 1 | Strobe IR and Clear UPC. Jump to New
Add immediate opcode (address 03): -
Address Radix Data Radix ) )
54 | 3.0 | 11 [ 10 [ 9 8 7.4 3.1 [ o | PCEisactvelow
S1: ACCS = 001, S2: MDRS = 010, S3: RESS =011
S4: IRS =100, S5: PCS = 101, S6: MARS = 110
Um) - S7: OUTS =111, leave at 00 for unused
L | |
% O LIEJ W ICJI)J < (%)) 8 ALU functions, various...e.g.
2B S 5 3 5 @ m % i S | 0000 = pass OP1, 1000 = OP1 + OP2
O < D x o o o (TS ] D Comments
11 0000 | O 0 0 0 0000 | 000 0 Enable (PC) 2> AB & Enable ROM (early)
11 0001 | 1 0 0 0 0000 | 000 0 | Enable ROM in earnest, (ROM) > DB
11 0010 | 1 0 1 0 0000 | 010 0 | Strobe MDR got second byte, also inc PC
11 0011 ] O 0 0 0 1000 | 000 0 | Add OP1 and OP2
11 0100 | O 0 0 0 1000 | 011 0 | Strobe the result register, got answer
11 0101 ] O 0 0 1 0000 | 000 0 | RESE, answer > DB
11 0110 | O 0 0 1 0000 | 001 0 | ACCS, Got answer in the accumulator
11 0111 | O 0 0 0 0000 | 000 0 Enable (PC) > AB & Enable ROM
11 1000 | 1 0 0 0 0000 | 000 0 | Enable ROM In Earnest, (ROM) - DB
11 1001 | 1 0 1 0 0000 | 100 1 | Strobe IR and clear UPC. Jump to new
Out A opcode (address 02): -
Address Radix Data Radix ) )
54 | 3.0 | 11 [ 10 [ 9 8 7.4 3.1 [ o | PCEisactvelow
S1: ACCS = 001, S2: MDRS = 010, S3: RESS =011
S4: IRS =100, S5: PCS = 101, S6: MARS = 110
% - S7: OUTS =111, leave at 00 for unused
L | |
% O LIEJ W ICJI)J < (%)) 8 ALU functions, various...e.g.
2B S 5 3 5 @ m % i S | 0000 = pass OP1, 1000 = OP1 + OP2
O < D x o o o (TS ] D Comments
10 0000 | O 0 0 0 0000 | 011 0 | ALU s passing OP1, Inc RES
10 0001 ] O 0 0 1 0000 | 000 0 Enable results > DB
10 0010 | O 0 0 1 0000 | 111 0 | Keep enabled, then strobe output port
10 0011 ] O 0 0 0 0000 | 000 0 Enable (PC) - AB & Enable ROM
10 0100 | 1 0 0 0 0000 | 000 0 | Enable ROM In Earnest, (ROM) - DB
10 0101 | 1 0 1 0 0000 | 100 1 | Strobe IR and clear UPC. Jump to new
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Jump Immediate opcode (address 01): -
Address Radix Data Radix ) )
5.4 3.0 | 11 | 10 | 9 8 7.4 3.1 ] o | CEisactvelow
S1: ACCS =001, S2: MDRS = 010, S3: RESS =011
%) S4: IRS = 100, S5: PCS = 101, S6: MARS = 110
(92} -] S7: OUTS =111, leave at 00 for unused
g w w <_EI (99} d
Ia) O s w _ ) oz 1 O ALU functions, various...e.g.
oA o @] O O TN w> w Q. | 0000 = pass OP1, 1000 = OP1 + OP2
O < D x o o o (TS w0 D Comments
01 0000 | O 0 0 0 0000 | 000 0 | Enable PC, get next byte
01 0001 1 0 0 0 0000 | 000 0 ROM, second byte > DB
01 0010 1 0 0 0 0000 | 101 0 PC, new value in PC
01 0011 | O 0 0 0 0000 | 000 0 Enable (PC) > AB & Enable ROM
01 0100 1 0 0 0 0000 | 000 0 Enable ROM In Earnest, (ROM) > DB
01 | 0101 ] 1 0 1 0 0000 | 100 1 | Strobe IR and clear UPC. Jump to new

This version of the CPU is limited to three opcodes; hence to add additional functions another address line is
required from the IR. For example say there were 3 OP address lines, the following opcodes could be added.

Subtract immediate opcode (address 04): -

Address Radix Data Radix ) )
54 | 3.0 | 11 [ 10 ] 9 [ 8 7.4 [ 3.1 | o | CEisactivelow
S1: ACCS =001, S2: MDRS = 010, S3: RESS =011
n S4: IRS = 100, S5: PCS = 101, S6: MARS = 110
(92} -] S7: OUTS =111, leave at 00 for unused
g w L <_EI 0 d
[a) ®) = w _ N az 3 O ALU functions, various...e.g.
(s a) o O O @) L w > w o 0000 = pass OP1, 1011 = OP1 - OP2
O« D o o o o (RTR n D Comments
100 | 0000 | O 0 0 0 0000 | 000 | O | Enable (PC) > AB & Enable ROM (early)
100 | 0001 | 1 0 0 0 0000 | 000 | O | Enable ROM in earnest, (ROM) > DB
100 | 0010 | 1 0 1 0 0000 | 010 0 | Strobe MDR got second byte, also inc PC
100 | 0011 | O 0 0 0 1011 | 000 | O | Subtract OP1 and OP2
100 | 0100 | O 0 0 0 1011 | 011 0 | Strobe the result register, got answer
100 [ 0101 | O 0 0 1 0000 | 000 | O | RESE, answer > DB
100 | 0110 | O 0 0 1 0000 | 001 0 | ACCS, Got answer in the accumulator
100 [ 0111 | O 0 0 0 0000 | 000 | O | Enable (PC) > AB & Enable ROM
100 | 1000 | 1 0 0 0 0000 | 000 | O | Enable ROM In Earnest, (ROM) > DB
100 | 1001 | 1 0 1 0 0000 | 100 1 | Strobe IR and clear UPC. Jump to new
LoadA ## opcode (address 05): -
Address Radix Data Radix ) )
54 | 3.0 | 11 | 10 | 9 8 7.4 [ 3.1 [ o | FCEisactvelow
S1: ACCS = 001, S2: MDRS = 010, S3: RESS =011
n S4: IRS = 100, S5: PCS = 101, S6: MARS = 110
n -] S7: OUTS = 111, leave at 00 for unused
g u w zil )] (_,_)
[a) ) = w _ N az 3 O ALU functions, various...e.g.
A ya) o @] O O w w>S w Q. | 0000 = pass OP1, 0001 = OP2
O« D o o o o (OETR n D Comments
101 | 0000 | O 0 0 0 0000 | 000 | O | Enable (PC) > AB & Enable ROM (early)
101 | 0001 | 1 0 0 0 0000 | 000 | O | Enable ROM in earnest, (ROM) > DB
101 | 0010 | 1 0 1 0 0000 | 010 0 | Strobe MDR got second byte, also inc PC
101 | 0011 | O 0 0 0 0001 | 000 | O |OP2
101 | 0100 | O 0 0 0 0001 | 011 0 | Strobe the result register, got answer
101 [0101 | O 0 0 1 0000 | 000 | O | RESE, answer > DB
101 | 0110 | O 0 0 1 0000 | 001 0 | ACCS, Got answer in the accumulator
101 | 0111 | O 0 0 0 0000 | 000 | O | Enable (PC) > AB & Enable ROM
101 | 1000 | 1 0 0 0 0000 | 000 0 | Enable ROM In Earnest, (ROM) > DB
101 | 1001 | 1 0 1 0 0000 | 100 1 | Strobe IR and clear UPC. Jump to new
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4.2. Mark 2 — Improved CPU
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Figure 4.2a. Screen dump of sch2_top.gdf

This CPU is more powerful than mark1; it can support up to 15 opcodes, and has many unused control lines
(CU15..CU10) for future expansion. Notice that the control unit (microcode) has now been split into two 8-bit
ROMs, this is because the auto router finds it easier to fit 8-bit ROM than a non-standard sized ROM.

A RAM block has now been added, which uses two controls line (CU8 & CU9), the data bus and the address
bus. This feature makes the CPU much more powerful as complex calculations can be carried out using the
RAM for storage of intermediate results. Also a portion of the RAM is could be reserved for us as a software
stack, for storing the program counter, when calling subroutines or interrupt routines.

Something very smart has been done with the ALU control lines, instead of the control unit controlling the
ALU function, this is set in the program ROM, and fid directly into the ALU from the instruction register.
Therefore for example the microcode for add immediate is exactly the same for any ALU function, this
dramatically reduces the amount of microcode. Therefore this CPU design can actually support many more
than 15 opcode instructions, as up to 16 instructions (16 ALU functions) could be achieved per microcode
instruction.

For example the address of the immediate opcode is 03 (11), hence these opcodes can be used: -

0x13 = 0b00010011 (ALU function, opcode address) = LDA #

0x33 = 0b00110011 (ALU function, opcode address) = NOTA #

0x73 =0b01110011 (ALU function, opcode address) = INCA

0x83 = 0b10000011 (ALU function, opcode address) = ADDA #

0xA3 = 0b10100011 (ALU function, opcode address) = SUBA #

0xC3 = 0b11000011 (ALU function, opcode address) = DECA

Note: This is just a summary, as every ALU function 0000 to 1111 can be used.
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Notice the design uses all of the functional blocks as used for markl, with the addition of one new block
called ‘REGS, this block is extremely simple basically it uses the ‘lat8’ block and the ‘tri8’ block (see figure
4.2b), this reduces clutter on the top layout (clearly top layer still too complex, still needs simplified further).

¥ REGA.gdf - Graphic Editor =lol x|
[

e ara
kI v

Figure 4.2b. Screen dump of reg8.gdf

4.2.1. Microcode

The instruction register has been limited (four address lines); hence this CPU can have a maximum of 16
instructions. But each instruction can implement up to 16 different ALU functions, hence providing up to 256
different opcodes (extremely powerful).

First initialised the system on power up: -

Address Radix Data Radix ) )
72 30 7 5 5 7 31 0 PCE is active low
S1: ACCS = 001, S2: MDRS = 010, S3: RESS =011
S4: IRS =100, S5: PCS = 101, S6: MARS = 110
% S7: OUTS =111, leave at 00 for unused
w
o u w 2 L_I) ALU function directly from IR
o O = L — n | @)
o N o o] O O L w o
O < -] @ a a x n ) Comments
0000 | 0000 1 0 0 0 000 0 Enable (PC) ©> AB & Enable ROM (early)
0000 | 0001 1 0 0 0 000 0 Enable ROM in earnest, (ROM)->DB
0000 | 0010 1 0 1 0 100 1 Strobe IR and Clear UPC. Jump to New
General immediate opcode (address #3): -
Address Radix Data Radix ) )
52 30 7 5 5 7 31 ) PCE is active low
S1: ACCS = 001, S2: MDRS = 010, S3: RESS =011
S4: IRS =100, S5: PCS = 101, S6: MARS = 110
% S7: OUTS =111, leave at 00 for unused
w
o w w 2 CI) ALU function directly from IR
o ] = L — N 1 )
a N o o] O O Ll L o
o< D o o o o ] D Comments
0011 | 0000 0 0 0 0 000 0 Enable (PC) > AB & Enable ROM (early)
0011 | 0001 1 0 0 0 000 0 Enable ROM in earnest, (ROM) > DB
0011 | 0010 1 0 1 0 010 0 Strobe MDR got second byte, also inc PC
0011 | o011 0 0 0 0 000 0 ALU operation (e.g. add OP1 and OP2)
0011 | 0100 0 0 0 0 011 0 Strobe the result register, got answer
0011 | 0101 0 0 0 1 000 0 RESE, answer - DB
0011 | 0110 0 0 0 1 001 0 ACCS, Got answer in the accumulator
0011 | 0111 0 0 0 0 000 0 Enable (PC) - AB & Enable ROM
0011 | 1000 1 0 0 0 000 0 Enable ROM In Earnest, (ROM) > DB
0011 | 1001 1 0 1 0 100 1 Strobe IR and clear UPC. Jump to new
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General purpose output opcode: (address #2): -
Address Radix Data Radix ) )
54 | 3.0 7 6 5 7 3.1 o | PeEisactivelow
S1: ACCS =001, S2: MDRS = 010, S3: RESS =011
S4:IRS =100, S5: PCS = 101, S6: MARS = 110
% S7: OUTS =111, leave at 00 for unused
E u L n d ALU function directly from IR
o O = L — ] | @)
[N o o] O O L w o
O < -] o o o ad wn D Comments
0010 | 0000 0 0 0 0 011 0 ALU function (e.g. passing OP1, Inc RES)
0010 | 0001 0 0 0 1 000 0 Enable results > DB
0010 | 0010 0 0 0 1 111 0 Keep enabled, then strobe output port
0010 | o011 0 0 0 0 000 0 Enable (PC) > AB & Enable ROM
0010 | 0100 1 0 0 0 000 0 Enable ROM In Earnest, (ROM) > DB
0010 | 0101 1 0 1 0 100 1 Strobe IR and clear UPC. Jump to new
Jump Immediate opcode (address 01): -
Address Radix Data Radix ) )
5 30 7 5 5 7 31 0 PCE is active low
S1: ACCS =001, S2: MDRS = 010, S3: RESS =011
9] S4: IRS =100, S5: PCS = 101, S6: MARS = 110
& 2 S7: OUTS =111, leave at 00 for unused
o w L n O
a)] ) = L — ) 1 @) ALU function directly from IR
o N o o O O | L o
o< ) o o o 4 n D Comments
0001 | 0000 0 0 0 0 000 0 Enable PC, get next byte
0001 | 0001 1 0 0 0 000 0 ROM, second byte > DB
0001 | 0010 1 0 0 0 101 0 PC, new value in PC
0001 | o011 0 0 0 0 000 0 Enable (PC) > AB & Enable ROM
0001 | 0100 1 0 0 0 000 0 Enable ROM In Earnest, (ROM) - DB
0001 | 0101 1 0 1 0 100 1 Strobe IR and clear UPC. Jump to new
4.2.2. Supported Opcodes
Machine Code Opcode Function
0x13 Ox## LDA # ACC=#
0x33 Ox## NOTA # ACC = /#
0x43 Ox## ANDA # ACC = ACC and #
0x53 Ox## ORA # ACC=ACCor#
0x63 Ox## XORA # ACC = ACC xor #
0x73 Ox## INCA # ACC=ACC+1
0x83 Ox## ADDA # ACC=ACC+#
0x93 Ox## ADDAI # ACC=ACC+#+1
OxA3 Ox## SUBA # ACC=ACC-#
0xB3 Ox## SUBA #,A ACC=#-ACC
0xC3 Ox## DECA ACC=ACC-1
0xD3 Ox## DECA #,A ACC=#-1
0x02 OUTA A Output port A=ACC
0x12 OUTA, B Output port A= MDR
0x22 OUTA, NOTA Output port A = not ACC
0x32 OUTA, NOTB Output port A = not MDR
0x42 OUTA, AandB Output port A = ACC and MDR
0x52 OUTA, AorB Output port A = ACC or MDR
0x62 OUTA, AxorB Output port A = ACC xor MDR
0x72 OUTA, INCA Output port A=ACC +1
0x82 OUTA, A+B Output port A = ACC + MDR
0x92 OUTA, A+B+1 Output port A=ACC+MDR +1
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0xA2 OUTA, A-B Output port A = ACC - MDR
0xB2 OUTA, B-A Output port A= MDR - ACC
0xC2 OUTA, A-1 Output port A=ACC -1
0xD2 OUTA, B-1 Output port B=MDR - 1
0x01 Ox## JMP ## PC = ##

4.3. Mark 3 — Superior CPU
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Figure 4.3a. Screen dump of sch3_top.gdf

The top layout has four functional blocks as suggested by ‘Von Neumann’ (memory, ALU, Control Unit and
Input/Output). Clearly this simplifies the design dramatically; as it is clear ‘straight away’ how the CPU works,
unlike the mark 1 and mark 2 were some time had to be spent tracing wires. This demonstrates the power of
the partitioning method, as this CPU looks simpler than the mark 1 and mark 2, but it is actually much more
complicated (e.g. if everything was on the top layout, it would be extremely difficult to understand how the
CPU worked). Clearly even the most complex of designs can be simplified dramatically if partitioned into
small enough blocks and this is the key to the design of extremely complex CPUs (different design teams
work on different blocks).

Functional block ‘inputoutput’ contains eight 8-bit bidirectional input/output ports. CU[14..12] selects a port
(e.g. 000 = PORTA, 111 = PORTH), s7 strobe data into the latch of the selected port, and CU10 specifies
the direction of the select port (0 = Output, 1 = Input). Note unselected ports are automatically set as outputs
so they don't interfere with the data bus.

Functional block ‘memory’ contains the program ROM, RAM, PC and MAR. Controls lines CU[9..5] are fed
into this block, S5 strobes the program counter and S6 strobes the MAR. Functional block ‘CU’ is the control
unit that controls the CPU, CU[23..0] are general purpose controls lines, S[7..0] are strobe lines, and FN[3..0]
set ALU functions (directly from IR).
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The ‘_ALU’ block is powerful, recall that mark 1 and mark 2 had only one ACC (and a MDR), well this ALU
has 8 accumulators any of which can be connected to the opl or op2 lines of the ALU. CU4 is used to
enable the result of an ALU operation to appear on the data bus. CU[17..15] specifies which accumulator to
write to (e.g. 000 = ACC A, 111 = ACC H), CU[20..18] specifies which accumulator is connected to opl of
the ALU and CUJ[23..21] specifies which accumulator is connected to op2 of the ALU. S1 strobes the
selected accumulator, S3 strobes the result register and FN[3..0] selects the ALU function.

4.3.1. inputoutput.gdf (Eight 8-bit Bidirectional Ports)
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Figure 4.3.1a. Screen dump of inputoutput.gdf
There are two new functional blocks within this block, ‘bidport8’ and ‘enablebus8'.

‘bidport8’ is used 8 times (one for each port); this block is basically an 8-bit latch that can be operated in two
different modes. The first mode is the input mode; this means that the latch (on strobe) will get its new value
from the port and put it onto the data bus. The second mode is the output mode; this means that the latch
(on strobe) will get its new value from the data bus and put it onto the port.

Notice the select lines (SEL[2..0]) are sent through a decoder, the output of which is connected to two
‘enablebus8’ blocks. The functional block ‘enablebus8’ operation is extremely simple basically every bit in
A[7..0] is ANDed with I, hence if | is low the output F[7..0] will be 0b00000000, else it will equal A[7..0]. The
first ‘enablebus8’ block has S connected to it's | input, this means that L[7..0] which strobes the selected
port, only operates when the S input is high. The second ‘enablebus8’ block has 10 connected to it's | input,
this means all ports are set to an output when IO is low, and the selected port is set as an input when 10 is
high (rest set as an output).
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The E input is connected to a ‘tri8’ functional block and via a not gate another ‘tri8 functional block. Basically
when E equals ‘0’ the data bus is set as an input, and when E equal ‘1’ the data bus is set as an output. Note
when the data bus is set as an input this means that the data bus (shared resource) can be used by other
devices.

4.3.2. bidport8.gdf (8-bit Bidirectional Port)
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Figure 4.3.2a. Screen dump of bidport8.gdf

This block is simple; basically four ‘tri8" blocks are used to set the direction of the port. When 10 equals ‘0’
the ‘tri8’ blocks on the left and right hand side of ‘lat8’ are enabled, hence the input of the latch is connected
to the data bus and the output of the latch is connected to port. When 10 equals ‘1’ the ‘tri8’ blocks directly
below ‘lat8’ are enabled, hence the input of the latch is connected to port and the output of the latch is
connected to the data bus.

4.3.3. enablebus8.gdf (Enable 8-bit Bus)
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Figure 4.3.3a. Screen dump of enablebus8.gdf
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This block is extremely simple, basically input | is ANDed with every bit in A[7..0], hence if | equals ‘0’ the
output F[7..0] equals zero (bus disabled) and when | equals ‘1’ the output F[7..0] equals the input A[7..0].

4.3.4. alu.gdf (Arithmetic and Logic Portion of CPU)
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Figure 4.3.4a. Screen dump of _alu.gdf.gdf

The arithmetic and logic portion of the CPU is the same as mark 1 and mark 2 except that the input of the
ALU (op1 and op?2) is determined by a new functional block called ‘regbank8’. This functional block contains
8 accumulators, where SW[2..0] selects a accumulator to write to (on strobe), SA[2..0] selects a accumulator
for OP1, SBJ[2..0] selects a accumulator for OP2 and SO strobes the selected accumulator.

4.3.5. regbank8.qdf (Reqister Bank of 8 Accumulators)

See figure 4.3.5a for a screen dump of the circuit.

A new functional block ‘ACC’ is used 8-times (one of each accumulator), basically this new functional block
contains an 8-bit latch which is connected to output A[7..0] when input ENABLE_A is 1 and connected to
output B[7..0] when input ENABLE_B is 1.

Notice the write select lines (SW[2..0]) are connected to a decoder which is fed into the functional block
‘enablebus8’. The | input of the ‘enablebus8’ block is connected to input S, hence W[7..0] will strobe the
selected accumulator when the S input is high, and all accumulators will hold there old value when the S
input is low.

Notice the OP2 select lines (SB[2..0]) are connected to a decoder which (EB[7..0]) is connected to the
ENABLE_B input of each accumulator. Hence the selected accumulator is connected to B[7..0], the rest are
not.

Notice the OP1 select lines (SA[2..0]) are connected to a decoder which (EA[7..0]) is connected to the
ENABLE_A input of each accumulator. Hence the selected accumulator is connected to A[7..0], the rest are
not.

All accumulators share the data bus.
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Figure 4.3.5a. Screen dump of regbank8.gdf

4.3.6. acc.gdf (8-bit Accumulator)
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work'.colin\altera‘.cpu‘mark 3'.cu - [acc.gdf - Graphic Editor]
3'3, MAX+plus I Hle Edt Wew Symbol Assign Utiles Optons Window Help

Deds » =2 - LRE Y4 IR EEa =222

=1
=l=| x|

Enable_B R

. INBUT
|

— Bl
- o

DUTPUT

AF.0]

Very simple;

Figure 4.3.6a. Screen dump of acc.gdf

basically Enable_A is connected to the E input of a ‘tri8’ block, which connects the output of

‘lat8’ to A[7..0] when Enable_A is a logic ‘1’, else A[7..0] is high impedance. Enable B is connect to the E
input of another ‘tri8’ block, which connects the output of ‘lat8’ to B[7..0] when Enable_B is a logic ‘1’, else
B[7..0] is high impendence. Notice that it is possible for the output of the latch to be connected to both A & B.
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4.3.7. cu.qdf (Control Unit)

il MAX +plus 11 1ol x|
:ﬁ, MAX+plusII  Fle Edit View Symbol Assign  Ubliles Options  Window Help 18] x|
B A + =l | Hrat] B
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— S0 onTO THE BATABUS. THE 1R 15 THER STROGED aND &1HULTANEGUSLY
\ THE UPC IS CLEARED. THIS CASUES THE HICROPROGRAH ROH ADDRESS
L TG JUHF TG THE SEGTIGH SET RSIGE FoR THE MEXT GFGODE.
l ....... LPMROM ......
(] ] 31 dr252]]
—linclack 5 o8]
iy Colin McCord 27/04/2002 *loutorone 90 pribiiied
I LPh_ROW
= LRI "
ey : e 3ddre5E]]
S B o RESET | BESET 1 |inclook 5
N N m
— i1 o= | 3. .1 cLR | ©uB +—{outelack al E
o cLK :
ope
..................................... TR
oL 2l ] 3 drezz]]
-~ linclock :
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— outclock al :
IR Instruction register :
N N N
e e 1
e oruge. . o :
D—Ym—_ﬂ . aourrr. . oal
......... e T — Pl
=T ; -
4 |

Figure 4.3.7a. Screen dump of cu.gdf

Same as mark 2 except for the additional ROM block. Basically this CPU has multipliable input/output ports
and multipliable accumulators additional control lines are required to control these devices. Hence the
reason why an additional microcode ROM block is required.

Note that each ROM block must have it own set of microcode. For example the microcode for all three ROMs
use the same addresses, but configure different devices; hence each one gives different simultaneous
outputs controlling their connected devices. Basically the microcode can be written as before with 23
columns, but once its time to write the text files for each of the ROM blocks, the microcode is spilt into three
columns of 8 (one for each block) with the address duplicated in all three blocks.

4.3.8. memory.gdf (Memory / Program ROM)

Screen dump of the circuit is shown in figure 4.3.8a.

This block contains the program counter, MAR, program ROM and RAM as used for mark 2, except that in
the mark 2 these items were on the top layout. Putting them into this function block simplifies the top layout.
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it MAX +plus 11 - ¢i\work'colintaltera‘.cpu’\mark 3%cu - [memory.gdf - Graphic Editor]
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Figure 4.3.8a. Screen dump of memory.gdf

4.3.9. Microcode

The instruction register has been limited (four address lines); hence this CPU can have a maximum of 16
instructions. But each instruction can implement up to 16 different ALU functions, hence providing up to 256
different opcodes (extremely powerful). But more address are required for a full functionally of opcodes, or
the accumulator bank and input/output could be configured using a latch connected to the data bus, rather
than direct control by the microcode. This would be slower, but would reduce the amount of microcode
required, for example at present a set of microcode is required to write or read each of the 8 ports (that's 16
instructions, e.g. OUTA #, OUTB #, OUTC #, INA #, INB # ,INC #), if the selection of the port is set by a
latch connected to data bus, then only two sets of microcode are required (e.g. OUT I#, IN |,#, where |
specifies the port, hence this opcode is a 3 byte instruction). Hence this CPU still needs to be improved, to
be a practical/useful CPU.

Another option to solve the configuration of the ports, accumulators and increase number of microcode sets,
is to use a 24-bit instruction register, where 8-bits are used for the microcode address (up to 256 micro
instructions) and the top 16-bits are used to configure the ALU function (4-bits), select output port (3-bits),
select accumulator for OP1 (3-bits), select accumulator for OP2 (3-bits), select accumulator to write to (3-
bits). This will reduce the amount of microcode required, as each opcode can carry out many operations, but
this makes the CPU 3-time slower as the data bus is only 8-bits wide, hence IR must be filled in three stages,
another drawback is that programs will require more space (24-bit operand instead of 8-bit).

First initialised the system on power up: -

Address )
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1: RBS = 001, S2: RESS = 010
7.4 3.0 2821 | 2018 | ] | el e a2 [ Tolo|8|7|e|s]a 3.1 0 | S4:1RS =100, S5: PCS = 101,
) S6: MARS =110, S7: OUTS = 111, leave at
0 £ = 00 for unused
o o | w
9 %) %) 8 o o|0|=2 w 1
& o b < < g (w2 S S w|_|Y| 2 |8 ALuiuncton directy from IR
a a oM < = @ s|le|<|<|O|o|O|W w a
[O3 o 7] %) 0 (%] Qo || lx|x|a|a|x 7] =]
Comments
0000 0000 001 000 000 000 0[0]|]0[0]|1]0]0]|0]| 000 |O]| Enable(PC)-> AB & Enable ROM
0000 0001 001 000 000 000 0[0]|]0]|0]|1]0]|]0]0]| 000 |O]| Enable ROM inearnest,(ROM)>DB
0000 0010 001 000 000 000 0/]0]JO]JO]J1]0]1]0] 100 1 | Strobe IR and Clear UPC. Jump
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ACCA immediate opcode (address #3, e.g. ADDA #, LDA #, # uses acc H): -

Address i
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2821 | 2018 | 3 | el s a2 [ T3 o8| 7 6|54 3.1 o | S4:IRS =100, S5: PCS =101,
= I S6: MARS =110, S7: OUTS = 111, leave at
)] 5 Elw 00 for unused
i 3 3 3 po 9|83 o |3 -
) o < < < 2 Wil s s sl < 8 | ALU function directly from IR
a Qg a 0 < = @ s|sl<|<|O|o|O|W w a
[O=3 ] 7] (%) 0 (7] Qo || x|x|a|a|x (7] =]
Comments
0011 0000 111 000 111 000 0/]0]|]0]|]0]O|O0O]O|O]| 000 |O/| Enable(PC)-> AB & Enable ROM
0011 0001 111 000 111 000 0[0]|]0]|0]|1]0]0]0]| 000 |O]| Enable ROM inearnest,(ROM)>DB
0011 0010 111 000 111 000 o/j0|OjO]J]1]0O0]1]O 001 0 | Strobe ACCH got second byte, also inc PC
0011 0011 111 000 111 000 0[0]|]0[0]|]0O|0O]|]O]|O]| 000 |O]| ALUoperation (e.g. add ACCA and ACCH)
0011 0100 111 000 000 000 0O|0O|O|O|Of[O]O]O 011 0 | Strobe the result register, got answer
0011 0101 111 000 000 000 0[0]|]0|0|0O]0O]O]1]| 000 |O]| RSE,answer-> DB
0011 0110 111 000 000 000 0j|0|]0O]J]O0OJOfjO]O]1 001 0 | Strobe ACCA, put answer here
0011 0111 111 000 111 000 0[0]|0|0|0]|0O]|O]|O]| 000 |O]| Enable(PC)-> AB & Enable ROM
0011 1000 111 000 111 000 0j|0|]0O]J]O]J1][0O0]J0O]O 000 0 | Enable ROM in earnest, (ROM)->DB
0011 1001 111 000 111 000 0/]0]JO]JO]1]0]1]0] 100 1 | Strobe IR and clear UPC, Jump to new
General purpose OUTA A opcode (address #2, e.g. OUTA A): -
Address .
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2321 | 2018 | 1 | Sl e a2 [P e || 7 6|5 |4 3.1 o | S4:1RS =100, S5: PCS = 101,
= i S6: MARS = 110, S7: OUTS = 111, leave at
) 5 Elw 00 for unused
E g g 3 po o 8, i o |2 -
a3 1) < < < 8 w ol s'ls|s|wl_ % 0 8 ALU function directly from IR
a a @ < 2 o s|le|<|<|O|o|O|W m a
O < =] 7] %) 7] (%] oo ||l |x|a|a|x 7] =]
Comments
0010 0000 000 000 000 000 0|0|]0O]J]0OjJOfjOfJO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
0010 0001 000 000 000 000 0/]0[0]0]0O]0O]|]0O]|1]| 000 | O/ EnableResults-> DB
0010 0010 000 000 000 000 o/0|O0Oj0O]JO]|O|JO]1 111 0 | Keep enabled then strobe output port A
0010 0011 000 000 000 000 0/]0]|]0]|]0]|]0O|0O]|O|O]| 000 |O/| Enable(PC)-> AB & Enable ROM
0010 0100 000 000 000 000 0j|0j0O]J]O]J1[0O0fJO0O]O 000 0 | Enable ROM in earnest, (ROM)>DB
0010 0101 000 000 000 000 0o/l0jOjO]J1]0O0]1]O 100 1 | Strobe IR and clear UPC, Jump to new
Jump Immediate opcode (address 01, e.g. JUMP #): -
Address )
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 23.21 20..18 % | é é 14..12 i é 9 8 7 6 5 4 3.1 0 S4:IRS =100, S5: PCS =101,
= I S6: MARS =110, S7: OUTS = 111, leave at
9] 5 Elw 00 for unused
i g 3 3 o o 8, A w |3 -
a %) < < < 8 idis|s|=|w|_ o 0 8 ALU function directly from IR
o o m < © slo|g<|<g<|Q|lo|Oo|W w o
o< > ] % n (7] fdlo|ld|ld|le|a|a|x %] =)
Comments
0001 0000 000 000 000 000 0]0[0]|]0]|]0O]|]0]|]0O]|0O]| 000 | O]/ EnablePC,getnextbyte
0001 0001 000 000 000 000 0j|0j]0O]JO]J1]|0O0]JO0O]O 000 0 | ROM, second byte > DB
0001 0010 000 000 000 000 0]0]0]0]1|]0]0|]0]| 101 | O] PC,newvalueinPC
0001 0011 000 000 000 000 0[0]|]0[0]|]0]|0O]|]O|]O]| 000 |O]| Enable(PC)-> AB & Enable ROM
0001 0100 000 000 000 000 0]0[0]0]1)]0]0|0]| 000 |O]/| Enable ROM inearnest, (ROM)->DB
0001 0101 000 000 000 000 0/]0]J]O0O]JO]1]0]1]0] 100 1 | Strobe IR and clear UPC, Jump to new
ACCB immediate opcode (address #4, e.g. ADDB #, LDB #, # uses acc H): -
Address .
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2821 | 2018 | 3 | el s a2 [ T3 o8| 7 6|54 3.1 o | S4:IRS =100, S5: PCS =101,
= I S6: MARS =110, S7: OUTS = 111, leave at
9] 5 Elw 00 for unused
Q 3 3 3 b o 8, X w |3 o
a 1) < < < 8 i ls|s|s|ul_I|8 0 8 ALU function directly from IR
an a o < = o s|ls|<|<|Oo|o|O|uW | a
[O3 ] 7] (%] n " Qo || x|x|a|a|x (7] =]
Comments
0100 0000 111 001 111 000 0/]0]|]0]|]0]O|O]O|O]| 000 |O/| Enable(PC)-> AB & Enable ROM
0100 0001 111 001 111 000 0[0]|]0]|0]|1]0]|]0]0]| 000 |O]| Enable ROM inearnest,(ROM)>DB
0100 0010 111 001 111 000 o/0|OjJO]J]1]0O0]1]O 001 0 | Strobe ACCH got second byte, also inc PC
0100 0011 111 001 111 000 0[0]|]0|0]|]0O|0O]|O]O]| 000 |O]| ALUoperation (e.g. add ACCB and ACCH)
0100 0100 111 001 001 000 0O/0|Oj0O]JO]JO]JO]O 011 0 | Strobe the result register, got answer
0100 0101 111 001 001 000 0[0]|0|0|0O]|]0O]O]1]| 000 |O]| RSE,answer-> DB
0100 0110 111 001 001 000 0j|0|]O0O]J]OJOfjOfO]1 001 0 | Strobe ACCA, put answer here
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0100 0111 111 001 111 000 0O/0|O0Oj0O0]JO]JO]JO]O 000 0 | Enable (PC) > AB & Enable ROM
0100 1000 111 001 111 000 0j|0|0]J]O]J1[0O0]JO0O]O 000 0 | Enable ROM in earnest, (ROM)>DB
0100 1001 111 001 111 000 0O/l0|O]JO]J1]0]1]0O 100 1 | Strobe IR and clear UPC, Jump to new
ACCC immediate opcode (address #5, e.g. ADDC #, LDC #, # uses acc H): -
Address .
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 23.21 20..18 % | é 14.12 i é 9 8 | 7 6|5 |4 3.1 0 | S4:IRS =100, S5: PCS =101,
I S6: MARS =110, S7: OUTS = 111, leave at
) = = 00 for unused
o oW
m o o 8 f': [eRNe] = w —
& o < £ < ] Wi S1S'Slwl w 2 8 | ALU function directly from IR
[\Nya) a m < 2 @ s|s|<|<|OQ|Oo|O|W | a
o< =} »n %) %) »n fdjaj@d|d|x|a|ad|x n >
Comments
0101 0000 111 010 111 000 0O/0|O0Oj0O0]JO]JO]JO]O 000 0 | Enable (PC) > AB & Enable ROM
0101 0001 111 010 111 000 0j|0|]0O]J]O]J1][0O0]0O]O 000 0 | Enable ROM in earnest, (ROM)->DB
0101 0010 111 010 111 000 0O/0|O]J0O]J]1]|0O0]|1]O 001 0 | Strobe ACCH got second byte, also inc PC
0101 0011 111 010 111 000 0j|0|]0]J]O0OJOfjO]JO]O 000 0 | ALU operation (e.g. add ACCC and ACCH)
0101 0100 111 010 010 000 0O/0|O0Oj0O]J]O|O]|JO]O 011 0 | Strobe the result register, got answer
0101 0101 111 010 010 000 0j|0|]0]J]OJOfjO]JO]1 000 0 | RSE, answer > DB
0101 0110 111 010 010 000 0|0|0]O]O]O]O]1]| o001 0 | Strobe ACCA, put answer here
0101 0111 111 010 111 000 0j|0|]0]J]0OJOfjO]JO]O 000 0 | Enable (PC) > AB & Enable ROM
0101 1000 111 010 111 000 0|0]JO]J]O]|1|0O|O|O]| o00 0 | Enable ROM in earnest, (ROM)->DB
0101 1001 111 010 111 000 O|0|J]O|jO]1]|]0]1]0O0 100 1 | Strobe IR and clear UPC, Jump to new
ACCD immediate opcode (address #6, e.g. ADDD #, LDD #, # uses acc H): -
Address i
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2821 | 2018 | 3 | : iz [ LS le |8 |7 6|54 3.1 o | S4:IRS =100, S5: PCS =101,
I S6: MARS =110, S7: OUTS = 111, leave at
@ 5 Elw 00 for unused
w 9 ) 3 o 0|0 |3 | _
x o b < < S (w2 S S |w|_|Y| @ |8 ALuiuncton directy from IR
[\Wa) a m < = o s|lel<|<|o|o|lo|W| mw |a
o< =] 0 %) n (%] Q| |¥|x|x|a|a|x " =)
Comments
0110 0000 111 011 111 000 0O/0|O0O]j0O]JO]|O]|JO]O 000 0 | Enable (PC) > AB & Enable ROM
0110 0001 111 011 111 000 0O/0|Oj0O]J]1]0]J0O]O 000 0 | Enable ROM in earnest, (ROM)->DB
0110 0010 111 011 111 000 o/j0|OjO]J]1]0O0]1]O 001 0 | Strobe ACCH got second byte, also inc PC
0110 0011 111 011 111 000 0O/0|O0OJ0O]JO]JO]JO]O 000 0 | ALU operation (e.g. add ACCD and ACCH)
0110 0100 111 011 011 000 0O/0|O0Oj0O]JO]|O]JO]O 011 0 | Strobe the result register, got answer
0110 0101 111 011 011 000 0O/0|O0Oj0O0]JO]O]JO]1 000 0 | RSE, answer > DB
0110 0110 111 011 011 000 0/0|O0O]J0O]JO]JO]|O]1 001 0 | Strobe ACCA, put answer here
0110 | 0111 | 111 | o011 111 000 [0[0[o0Jo0Jo[o[0[O0] 000 |0/ Enable(PC)-> AB &Enable ROM
0110 | 1000 | 111 | 011 111 000 [ofofJoJof[1]of[o]0[ 000 [0] EnableROMin earnest,(ROM)->DB
0110 1001 111 011 111 000 |0|0]O0O|O|21|0]|1[0] 100 |1 | Strobe IR and clear UPC, Jump to new
General purpose OUTB,B opcode (address #7, e.g. OUTB B): -
Address .
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 23.21 | 20.18 % | : w2 | Tl blols|7|6|s |4 3.1 0 | S4:IRS =100, S5: PCS = 101,
i S6: MARS = 110, S7: OUTS = 111, leave at
0 I = 00 for unused
%) o o |w
w 3 3 S o 01|02 w _
& o < < < 8 |l oS S = wl_ 8] & |8 AL ifuncton directly from IR
a a m < 2 o s|lo|<|<|O|Oo|O|wW m a
o< =] 7] %) n n Q||| |x|x|a|a|x 7] =]
Comments
0111 0000 000 001 000 001 0/0|O0Oj0O0]JO]JOJO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
0111 0001 000 001 000 001 o/0|O0O]jJO0O]JO]JO]O]1 000 0 | Enable Results > DB
0111 0010 000 001 000 001 o/0|O0Oj0O]JO]|O|JO]1 111 0 | Keep enabled then strobe output port B
0111 0011 000 001 000 001 0O/0|O0O]J0O]JO]JO]JO]O 000 0 | Enable (PC) > AB & Enable ROM
0111 0100 000 001 000 001 0|0|0O]J]O]J1[0]JO0O]O 000 0 | Enable ROM in earnest, (ROM)>DB
0111 0101 000 001 000 001 0O/j0jJOjO]J1]0O0]J1]O 100 1 | Strobe IR and clear UPC, Jump to new
General purpose OUTC,C opcode (address #8, e.g. OUTC C): -
Address )
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1: RBS = 001, S3: RESS = 011
7.4 3.0 23.21 20..18 % | é 14.12 i é 9 8 7 6 5 4 3.1 0 S4: IRS =100, S5: PCS =101,
=) W S6: MARS =110, S7: OUTS = 111, leave at
w o o 9 o |2 _1| 00 for unused
o 5] 3] < 3] =2 || w %
80l £ |5 | 5| = |is|35Euz|3|8lot| 2 |E ond
52 % 5 @ g 7 S I8 E E SI2I21818 o 5 ALU function directly from IR
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Comments
1000 0000 000 010 000 010 0O/0|O0O]j0O]JO]JO]JO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
1000 0001 000 010 000 010 0|0|0O0]J]OJOfjOfJO]1 000 0 | Enable Results > DB
1000 0010 000 010 000 010 0O/0|O0O]J0O]JO]JO]|JO]1 111 0 | Keep enabled then strobe output port C
1000 0011 000 010 000 010 0|0|]0O]J]0OJOfjOfJO]O 000 0 | Enable (PC) > AB & Enable ROM
1000 0100 000 010 000 010 0O/0|Oj0O]J]1]0O0]O]O 000 0 | Enable ROM in earnest, (ROM)>DB
1000 0101 000 010 000 010 O|0|J]O|jO]1]|]0]1]0O0 100 1 | Strobe IR and clear UPC, Jump to new
General purpose OUTD,D opcode (address #9, e.g. OUTD D): -
Address i
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2821 | 208 | 3 | : w2 |1l alo|s|7|6|5s |4 3.1 o | S4:1RS =100, S5: PCS =101,
m S6: MARS =110, S7: OUTS = 111, leave at
@ 5 Elw 00 for unused
w o 19 38 ?‘_‘ o|o|=2 w —
x o b < < S |ul oSS E w|_|Y| @ |8 ALuiuncton directy from IR
[\Wa) a m < 2 o s|ls|l<|<|C|o|lo|Ww| mw |a
o< ] 7] (%] n " Q| |¥|x|x|a|a|x 7] =)
Comments
1001 0000 000 011 000 011 0o/0|O0O]j0O]JO]JO]JO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
1001 0001 000 011 000 011 0O/0|O0Oj0O0]JO]JO]JO]1 000 0 | Enable Results > DB
1001 0010 000 011 000 011 0o/0|Oj0O]JO]O]JO]1 111 0 | Keep enabled then strobe output port D
1001 0011 000 011 000 011 0O/0|O0Oj0O0]JO]O]JO]O 000 0 | Enable (PC) > AB & Enable ROM
1001 0100 000 011 000 011 0j|0j]0O]JO]J1]|0O0]JO0O]O 000 0 | Enable ROM in earnest, (ROM)>DB
1001 0101 000 011 000 011 0jJojJojoj1j0]1]0O 100 1 | Strobe IR and clear UPC, Jump to new
General purpose OUTA,B opcode (address #A, e.g. OUTA B): -
Address .
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2321 | 2018 | 1 | : waz [P e |7 6|54 3.1 0 | S4:IRS =100, S5: PCS = 101,
I S6: MARS =110, S7: OUTS = 111, leave at
0 5 E 00 for unused
5w
m [3) o 8 f.'_' |0 2 w —
& o < & < g |w|2 SIS (S w|_|%] @ |8 ALU function directly from IR
aa a m < 2 o s|ls|<|<|O|o|O|w| m |a
O < =] " %] 7] " oo ||ld|x|a|a|x 7] =]
Comments
1010 0000 000 001 000 000 0O/0|O0OjO0O]JO]JO]JO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
1010 0001 000 001 000 000 o/0|O0O]jO0O]JO]JO]O]1 000 0 | Enable Results > DB
1010 0010 000 001 000 000 0O/0|O0OJ0O0]JO]|O|JO]1 111 0 | Keep enabled then strobe output port D
1010 0011 000 001 000 000 0j|0|]0]J]OJOfjO]JO]O 000 0 | Enable (PC) > AB & Enable ROM
1010 0100 000 001 000 000 0O/0|O0OJ0O0O]J]1]0]0O]O 000 0 | Enable ROM in earnest, (ROM)->DB
1010 0101 000 001 000 000 0o/j0jOjO]J1]0O0]1]O 100 1 | Strobe IR and clear UPC, Jump to new
General purpose OUTA,C opcode (address #B, e.g. OUTA C): -
Address .
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1: RBS = 001, S3: RESS = 011
7.4 3.0 23.21 20..18 % | é 14.12 i é 9 8 7 6 5 4 3.1 0 S4: IRS =100, S5: PCS =101,
I S6: MARS =110, S7: OUTS = 111, leave at
%) £ = 00 for unused
o o | w
@ %) o 8 o o|0|=2 w 4
& o b < < 8 (eSS S |w|_|Y| @ |8 ALUiuncton directy from IR
[\Nya) a m = @ s|le|<|<|O|o|Oo|W | a
o< =} »n 0 %) »n fjlajd|d|x|a|a|x n =}
Comments
1011 0000 000 010 000 000 oO/0|O0O]j0O]JO]JO]|JO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
1011 0001 000 010 000 000 0j|0|0O0]J]OjJOfjOfjO]1 000 0 | Enable Results > DB
1011 0010 000 010 000 000 0O/0|O0O]J0O]JO]JO]|JO]1 111 0 | Keep enabled then strobe output port D
1011 0011 000 010 000 000 0|0|0O]J]0OJOfjOfJO]O 000 0 | Enable (PC) > AB & Enable ROM
1011 0100 000 010 000 000 0O/0|O]J0O]J]1]0O0]|JO]O 000 0 | Enable ROM in earnest, (ROM)>DB
1011 0101 000 010 000 000 O|0]J]O|jO]1]|]0]1]0O0 100 1 | Strobe IR and clear UPC, Jump to new
General purpose OUTA,D opcode (address #C, e.g. OUTA D): -
Address i
Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2821 | 2018 | 3 | : i |2t ole|7]|6]|5]|a 3.1 o | S4:1RS =100, S5: PCS =101,
m S6: MARS =110, S7: OUTS = 111, leave at
@ 5 Elw 00 for unused
w o 19 38 ?‘_‘ o|o|=2 w —
x o b < < g |w| SIS s |wl_ W] @ |8/ AL function directly from IR
a a m < = o s|ls|l<|<|Co|o|lo|W| mw |a
o< ] 7] (%] n " Q| |¥|x|x|a|a|x (7] =)
Comments
1100 0000 000 011 000 000 0O/0|O0O]J0O]JO]JO]JO]O 011 0 | ALU function (e.g. passing OP1, Inc RES)
1100 0001 000 011 000 000 0OjJ0jOj0O]JO]JO]O]1 000 0 | Enable Results > DB
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1100 0010 000 011 000 000 0jJ]0]J]O]JO|JO|O]O]|1 111 0 | Keep enabled then strobe output port D
1100 0011 000 011 000 000 0j|0|]0]J]O0OJOfjO]JO]O 000 0 | Enable (PC) > AB & Enable ROM
1100 0100 000 011 000 000 |0|0]0O|0|1[0|0[0]| 000 | O]| Enable ROM in earnest,(ROM)->DB
1100 0101 000 011 000 000 O|0]J]O|jO]1]|]0]1]0O0 100 1 | Strobe IR and clear UPC, Jump to new

General purpose INA, A opcode (address #D, e.g. INA A): -

Address .

Radix Data Radix PCE is active low
Microcode ROM 3 Microcode ROM 2 Microcode ROM 1 S1:RBS = 001, S3: RESS = 011
7.4 3.0 2821 | 2018 | 3 | el s a2 [ T3 o8| 7 6|54 3.1 o | S4:1RS =100, S5: PCS =101,
= I S6: MARS =110, S7: OUTS = 111, leave at

@ 5 51w 00 for unused

W 3 3 3 po Q|93 w |2 -

g o < < < 8 Yidis|s|=|wl|_ o 0 8 ALU function directly from IR
a A o < ] s|lo|l<|<|O|lo|O|Ww w a
o< ] 7] (%] n (%] Q| |@¥|x|x|a|a|x 7] D

Comments

1101 0000 000 000 000 000 0O/1|]0]j0]JO]jO]JO]O 111 0 | Configure port A as a input
1101 0001 000 000 000 000 1/1/]0|/0|0|O0O|0O|O]| 111 | O | PortA-> DB
1101 0010 000 000 000 000 0j|0|]0]J]OJOfjO]JO]O 001 0 | DB 2> AccA
1101 0011 000 000 000 000 0| 0|0O|0|O]0O|O]|]O| 000 | O] Enable(PC)~-> AB & Enable ROM
1101 0100 000 000 000 000 0j|0j]0O]J]O]J1][0O0]O0O]O 000 0 | Enable ROM in earnest, (ROM)->DB
1101 0101 000 000 000 000 0jJ]o0jJojJoOojJ1|j0]1]0O 100 1 | Strobe IR and clear UPC, Jump to new

4.3.10. Supported Opcodes

Note: This list is not a complete list, there are more opcode available (e.g. address #A to #D not included).

Machine Code Opcode Function
0x13 Ox## LDA # A=#
0x33 Ox## NOTA # A=#
0x43 Ox## ANDA # A=Aand#
0x53 Ox## ORA # A=Aor#
0x63 Ox## XORA # A=AXxor#
Ox73 Ox## INCA # A=A+1
0x83 Ox## ADDA # A=A+#
0x93 Ox## ADDAI # A=A+#+1
OxA3 Ox## SUBA # A=A-#
0xB3 Ox## SUBA #,A A=#-A
OxC3 Ox## DECA A=A-1
0xD3 Ox## DECA #,A A=#-1
0x14 Ox## LDB # B=#
0x34 Ox## NOTB # B=/#
0x44 Ox## ANDB # B=Band#
0x54 Ox## ORB # B=Bor#
0x64 Ox## XORB # B =B xor #
Ox74 Ox## INCB # B=B+1
0x84 Ox## ADDB # B=B+#
0x94 Ox## ADDBI # B=B+#+1
OxA4 Ox## SUBB # B=B-#
0xB4 Ox## SUBB #,A B=#-B
0xC4 Ox## DECB B=B-1
0xD4 Ox## DECB #,A B=#-1
0x15 Ox## LDC # C=#
0x35 Ox## NOTC # C=/#
0x45 Ox## ANDC # C=Cand#
0x55 Ox## ORC # C=Cor#
0x65 Ox## XORC # C=Cxor#
OX75 Ox## INCC # C=C+1
0x85 Ox## ADDC # C=C+#
0x95 Ox## ADDCI # C=C+#+1
OXAS Ox## SUBC # C=C-#
0xB5 Ox## SUBC #,A C=#-C
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O0XxC5 Ox## DECC cC=C-1

0xD5 Ox## DECC #A C=#-1

0x16 Ox## LDD # D=#

0x36 Ox## NOTD # D=/#

0x46 Ox## ANDD # D=Dand#

0x56 Ox## ORD # D=Dor#

0x66 Ox## XORD # D =D xor #

0x76 Ox## INCD # D=D+1

0x86 Ox## ADDD # D=D+#

0x96 Ox## ADDDI # D=D+#+1

OxAG6 Ox## SUBD # D=D-#

0xB6 Ox## SUBD #,A D=#-D

0xC6 Ox## DECD D=D-1

0xD6 Ox## DECD #,A D=#-1

0x02 OUTA A Output port A=A

0x12 OUTA, H Output port A=H

0x22 OUTA, NOTA Output port A = not A
0x32 OUTA, NOTH Output port A=not H
0x42 OUTA, AandH Output port A=A and H
0x52 OUTA, AorH Output port A=AorH
0x62 OUTA, AxorH Output port A= A xor H
0x72 OUTA, INCA Output port A=A +1
0x82 OUTA, A+H Output port A=A+H
0x92 OUTA, A+H+1 Output port A=A+H+1
0xA2 OUTA, A-H Output port A=A-H
0xB2 OUTA, H-A Output port A=H-A
0xC2 OUTA, A-1 Output port A=A-1
0xD2 OUTA, H-1 Output port A=H-1
0x01 Ox## JMP ## PC = ##

0x07 OUTB, B Output port B=B

0x17 OUTB, H Output port B=H

0x27 OUTB, NOTB Output port B = not B
0x37 OuUTB, NOTH Output port B = not H
0x47 OUTB, BandH Output port B=B and H
0x57 OUTB, BorH Output port B=B or H
0x67 OUTB, BxorH Output port B = B xor H
0x77 OUTB, INCB Output port B=B +1
0x87 OUTB, B+H OQutputportB=B +H
0x97 OUTB, B+H+1 OutputportB=B+H+ 1
OxA7 OUTB, B-H Output portB=B - H
0xB7 OUTB, H-B Output port B=H -B
0xC7 OUTB, B-1 Output portB=B -1
0xD7 OUTB, H-1 Output portB=H -1
0x08 OUTC, C Output port C=C

0x18 OUTC, H Output port C=H

0x28 OUTC, NOTC Output port C=not C
0x38 OUTC, NOTH Output port C = not H
0x48 OUTC, CandH Output port C=Cand H
0x58 OUTC, CorH OQutput port C=CorH
0x68 OUTC, CxorH Output port C = C xor H
0x78 OUTC, INCC Output port C=C +1
0x88 OUTC, C+H Output port C=C+H
0x98 OUTC, C+H+1 Outputport C=C+H+1
0xA8 OUTC, C-H Output port C=C-H
0xB8 OUTC, H-C Output port C=H-C
0xC8 OUTC, C-1 OutputportC=C-1
0xD8 OUTC, H-1 Outputport C=H-1
0x09 OUTD, D Output port D =D
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0x19 OuUTD, H Output port D = H

0x29 OUTD, NOTD Output port D = not D
0x39 OUTD, NOTH Output port D = not H
0x49 OUTD, DandH Output port D=D and H
0x59 OUTD, DorH Output port D =D or H
0x69 OUTD, DxorH Output port D =D xor H
0x79 OUTD, INCD Output port D =D +1
0x89 OUTD, D+H OQutputport D=D + H
0x99 OUTD, D+H+1 Outputport D=D+H+1
OxA9 OuUTD, D-H Qutput port D=D -H
0xB9 OUTD, H-D Qutput port D=H-D
0xC9 OuUTD, D-1 Outputport D=D -1
0xD9 OUTD, H-1 Outputport D=H -1
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4.4. Mark 4 - Advanced 16-bit CPU

The design of this CPU is not finished, but some key functional blocks were designed and simulated.

4.4.1. alul6.gdf (Powerful 16-bit ALU)

This ALU is much more powerful than the 8-bit ALU used in the marks 1-3. Obviously being 16-bits makes it
more powerful, but the key aspect of the design is the additional flags which make this ALU extremely
powerful, allowing the programmer to carry out complex calculations easily.

i MAX +plus 11 - ciwork'colin‘altera‘.cpu*mark 4"alul6 - [alul6.gdf - Graphic Editor] - 1ol x|
:;'ﬁ MAx+plus T Fle Edit Wew Symbol  Assign  Utides Options  Window  Help =] x|
NzEEl & =el o e LARE &34 ERE EEa 223 E |Aten -t = — =l
5y N
A .................... e

1 Qris. .ol

\ a] cou

=Y 1 zFL

6 TAUXIHLS. . 0] HFLA

E& ................................................

SF

NEY
#

FN[1..0]

< 4 of

Figure 4.4.1a Screen dump of alu16.gdf

There are four output flags: -

COUT: Carry out, e.g. if X + Y creates a 16-bit number the COUT file will be set.
ZFLAG: Zero flag, e.g. if X — Y equals zero this flag will be set.

NFLAG: Negative flag, e.g. if X — Y results in a negative number this flag will be set.
OVFLAG: Overflow flag, e.g. if calculation overflows this flag is set.

There are four input flags: -

CIN Carry In, e.g. X +Y +1.

CONST1 Sets input X to 0b11111111111111111111

ENABLEX Enable X input, if X is disabled ‘0’ is used in the calculation (e.g. X + Y = 0 +Y)
COMPY Complement Y.

FN selects ALU function (e.g. 00=Add X +Y,01=X,10=Y,11=X-Y).

alu.vhd: -

-- MAX+plus Il VHDL Template
-- Clearable loadable enablable counter

LIBRARY ieee;
USE ieee.std_logic_1164.all;
LIBRARY work;
USE work.defines.all;
ENTITY onebitalu IS
port(
X, y: std_logic;
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fn: in std_logic_vector(1l downto 0);
cin: in std_logic;

constl, enablex, compy: std_logic;
Q: out std_logic;

cout: out std_logic

END onebitalu;

architecture a of onebitalu is
signal xsig, ysig, xory, xandy, xxory: std_logic;

begin

xsig <= (x and enablex) or constl;

ysig <= y Xor compy;

Xory <= Xsig or ysig;

xandy <= xsig and ysig;

XXory <= Xsig Xor ysig;

Q <= xxory xor cin when fn=ADDFN else
xory when fn = ORFN else
xandy when fn = ANDFN else
XXO0ry;

cout <= (xsig and cin ) or (ysig and cin) or xandy;

end a;

LIBRARY ieee;

USE ieee.std_logic_1164.all;
LIBRARY work;

USE work.defines.all;

ENTITY alu IS

PORT

(¢
X, Y: in std_logic_vector(wordsize-1 downto 0);
auxin: in std_logic_vector(5 downto 0);
Q: out std_logic_vector(wordsize-1 downto 0);
cout, zflag, nflag, ovflag: out std_logic

);

END alu;

ARCHITECTURE a OF alu 1S
component onebitalu
port(
X, y: std_logic;
fn: in std_logic_vector(l downto 0);
cin: in std_logic;
constl, enablex, compy: std_logic;
Q: out std_logic;
cout: out std_logic
)
end component;
signal coS, Qs: std_logic_vector(wordsize-1 downto 0);
signal ovS: std_logic;
signal cin, constl, enablex, compy: std_logic;
signal fn: std_logic_vector(l downto 0);

BEGIN
cin <= auxin(0);
constl <= auxin(l);
enablex <= auxin(2);
compy <= auxin(3);
fn <= auxin(5 downto 4);

bit0: onebitalu port map
(X(0), Y(), fn, cin, constl, enablex, compy,
Qs(0), coS(0));
gen_loop: for K in 1 to wordsize-1 generate
bitK: onebitalu port map
XK), Y(K), fn, coS(K-1), constl, enablex, compy,
Qs(K), coS(K));
end generate;

cout <= coS(wordsize-1) when fn=ADDFN else
0":
Q <= Qs;
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zflag <= "1" when Qs = ZERO_WORD else
0"
nflag <= Qs(wordsize-1);
ovS <= X(wordsize-1) xor Y(wordsize-1) xor Qs(wordsize-1) xor coS(wordsize-1);
ovflag <= ovS when fn=ADDFN else
0"
END a;

defines.vhd: -

-- MAX+plus 11 VHDL Template
-- Clearable flipflop with enable

LIBRARY ieee;
USE ieee.std_logic_1164.all;

PACKAGE defines IS
constant wordsize: integer :=16;
constant ZEROBYTE: std_logic_vector(7 downto 0) := ""00000000";
constant ZERO_DBL_BYTE: std_logic_vector( 15 downto 0) := ZEROBYTE&ZEROBYTE;
constant ZERO_WORD: std_logic_vector( wordsize-1 downto 0) := ZERO_DBL_BYTE;

-- ALU
constant ADDFN: std_logic_vector(l downto 0) := "00";
constant ORFN: std_logic_vector(l downto 0) := "01";
constant ANDFN: std_logic_vector(l downto 0) := "10";
constant XORFN: std_logic_vector(l downto 0) := "11";
-- Selecting alufns
- fn compy enx cnstl cin
constant INCY: std_logic_vector(5 downto 0) := ADDFN & "0 & ™0™ & "0 & "'1";
constant NEGY: std_logic_vector(5 downto 0) := ADDFN & "1" & ™0™ & 0" & ""1";
constant COMY: std_logic_vector(5 downto O0) := ADDFN & "1" & "0"™ & "0 & "0";
constant PSSY: std_logic_vector(5 downto 0) := ORFN & "0" & ™0™ & 0" & "0";
constant ADD: std_logic_vector(5 downto O0) := ADDFN & "0 & "1™ & "0 & "0";
constant ADDC: std_logic_vector(5 downto 0) := ADDFN & "0 & "1™ & 0" & ""1";

END defines;

One possible improvement to this design could be the use of LPM_DIVIDE, and LPM_MULTIPLY, to carry
out multiply and divide operations.

4.4.2. reqister16.9df (16-bit Reqgister)

i MAX +plus 11 - ciwork'.colinaltera‘cpuymark 4%alul6 - [register16.gdf - Graphic Editor] -[O] x|
% MAN+plus T Ele Edit ¥iew Symbol Assign Utlities Cptions Window Hep =] x|
NeEsal & =e - v sRE s 28 R EEa 5E 22 [Atena I EE— =l
D I I ]
A < SN |
1 e —{ cLock QILS. . O] ST Q15.0] :

N e oroe 2 =

™ B

O

® =
YK [ D

Figure 4.4.2a Screen dump of register16.gdf

reg.vhd: -

-- Loadable reg

LIBRARY ieee;

USE ieee.std_logic_1164.all;
LIBRARY work;

USE work.defines.all;

ENTITY reg IS
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PORT
(
D o IN STD_LOGIC_VECTOR(wordsize-1 downto 0);
clock o IN STD_LOGIC;
load - IN STD_LOGIC;
Q : OUT STD_LOGIC_VECTOR(wordsize-1 downto 0)
)
END reg;

ARCHITECTURE a OF reg 1S
SIGNAL QSignal : STD_LOGIC_VECTOR(wordsize-1 downto 0);

BEGIN
PROCESS (clock)
BEGIN
IF (clock"EVENT AND clock = "1%) THEN
IF load = "1 THEN
QSignal <= D;
ELSE
QSignal <= QSignal;
END IF;
END IF;
END PROCESS;
Q <= QSignal;
END a;

4.4.3. regmux16.gdf (16-bit Register Multiplexer)

i MAX +plus 1T - ork'.colintaltera‘.cputmark 4%alulé - [regmux16.gdf - Graphic Editor]
iﬁ, MAX+plus II Fle Edt Yiew Symbol Assign Utlites OCptions Window Help

=lol x|
== x|

NeEg & e@ < v onEsrds BDE e a 2FEE 2 |awee | [ | [— | Bl

D

a0

1 W ROOMS.0] WO roor1s. . o1

o W ROME.0] e ROLC1S. . @1 :

= - =T Wi T iae. . ol QU

6 B RUME.0] oA it g1 15 . 01 :
=1 - =T S

& B

Qal -
=k [ _'I_I

Figure 4.4.3a Screen dump of regmux16.gdf
Sel[1..0] specifies which of the input buses R0O0 to R11 are connected to the output Q.

regmux.vhd: -

LIBRARY ieee;

USE ieee.std_logic_1164.all;
LIBRARY work;

USE work.defines.all;

entity regmux is

port (
ROO, RO1, R10, R11: std_logic_vector(wordsize-1 downto 0);
sel: std_logic_vector(l downto 0);
Q: OUT std_logic_vector(wordsize-1 downto 0)

)

end regmux;

architecture a of regmux is

begin
Q <= ROO when sel = "00" else
RO1 when sel = "01" else
R10 when sel = "10" else
R11;
end a;
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4.4.4. regqmux16.gdf (Four 16-bit Accumulators)

i MAX +plus 1T - ciywork®colin®.altera’\cpuymark 4 alulé - [regsel.gdf - Graphic Editor]
:ﬁ MAX+plus I Ele Edit Vew Symbol Assign Utlities Options Window Help

EIEY
—Lsx]

e » I I Pt A
Dzgal =l o e oREsR8 825 EEa =582 2 e A = — ==
s -
Al D e
__‘ =
SO
 Fchmmoeee e . EEG
v pHs.0] | [ WELT L —loc1s. . e :
8] —cLoCcK ALLS. . O fe—
_Q Loa {iono : | REGMUX
= B ETEE0 o0
o) : = ———— .
E R1O[15. .01 QC15. . O]fe———m———] SUTPUT > REGXA[15..0]
=G S s
| Rllris. .01
4.{_ CLOCK QL1sS. . @Y e oS .
Loa LOAD .
T
— B
| I ey
DL1s. . @]
CLOCK QCL1sS. . @]
Lo= LOAD
REGMUX
: l——rooris. . 01
—D[15. .01 ROLL15. . @] 5
~—{eLoax aris.. o rioras. .01 aras..ei——4 T REGY]IS.O]
LD> — LoAD g R11[15..@] g
:q SELL1..8@]
TP B
L SEL.0) | o ear |
e RS e
T
-
4 | »

Figure 4.4.4a Screen dump of regsel.gdf

Extremely simple, basically there are four 16-bit register (one for each accumulator), LD[3..0] is used to
strobe/load data into the register. Notice the output of all four registers are fed into two register multiplexers,
SELX[1..0] is used to select a register to be outputted to REGX[15..0], and SELY[1..0] is used to select a

register to be outputted to REGY[15..0].
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5.0. CPU SIMULATION

5.1. Mark 1 — Simple CPU

: CULC11..061
— CLK FPROGL 7.0 1—
E—RESET ABEL 2 - -9]'_§
por-talOPL T - -B]'—;
SCL7..01
1

Figure 5.1a: shcl_top Symbol
Test 1: Increment output port continuously

The following program was entered into the program memory: -

000 o 03 01 ; % ADDA #1 %
010 : 02 ; % OUTA %
011 o 01 00 ; % JMP 00 %

Basically the output port should continuously increment.

&2 shcl_top.scf - Waveform Editor =1
Ref Time: interal N
0.0ns _I
=
Marme: “alue: l 10.0us 20.0us 30.0us 40.0us 50.0us 60.0us 70.0us g0.0us 90.0us
= RESET ]
= CLK 1]
\
S5 portaOP[7.0] H 0o [ X D1 X 2o
b
e 3

Figure 5.1b: Screen dump of waveform editor after simulation 1

Figure 5.1b clearly shows that portaOP[7..0] is incrementing, hence this proves that the simple 3 line
program is working and the microcode for each instruction is correct.

Test 2: Increment output port by 8 continuously

Simulate again this time increment the output port by 8 continuously (make sure testl was not a fluke): -

000 : 03 08 ; % ADDA #8 %

010 : 02 ; % OUTA %

011 : 01 00 ; % JMP 00 %
B shcl_top.scf - Waveform Editor =lolx
Ref Time; reenal -
Mare: alue: l 25.0us 50.0us 75.0us 100.0us 125.0us 150.0us
= RESET 0
= LK u]

Y

S5 portaOP[7..0] Do 0 )( 8 X 16 X 24 -
K1 L4 W)

Figure 5.1c: Screen dump of waveform editor after simulation 2

Figure 5.1c clearly shows that portaOP[7..0] is incrementing by 8, as expected.
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5.1.1. upc.qdf (4-bit Synchronous Counter)

upc

—{cLK

—CLR QL3 .-01—
—{RESET

Figure 5.1.1a: UPC Symbol

B upc.scf - Waveform Editor =10l
Ref: [*I2] Time: [1.554us Interval:  [-3.96Bus =
Marne: Valuei 500.0ns 1.0us 1.5us 2.0us 2.5us 3.0us 3.8us 4.0us 4.85us 5.0us

= clr ]

g5— RESET 1
i clk 1
59 0[E3.0] | HE

KI

Figure 5.1.1b: Screen dump of waveform editor after simulation

Counts from 0 — 15 — 0, notice when CLR line went HIGH the counter reset.

5.1.2. lat8.qdf (8-bit Latch)

dir_1 7..0] count up

dinL7..01
CLK

qoutl 7= =0 ]

Figure 5.1.2a: lat8.gdf Symbol

, S line must be high to latch in new value, else old value should be held: -

E8 I . AN OB A R A S U S
i §8' &) € 36D §8 DEEA 0 B1EA 12 13 6 6 4D El6l ER e En e~
»

v

: ol x|
Ref: [*I2] Time: [422.0ns Interval:  [422.0ns ﬂ
0.0ns
=]

Marme: Valuel 100.0ns 200.0ns 300.0ns 400.0ns 500.0ns B00.0ns 700.0ns 800.0ns 900.0ns 1.C
- ol ] L | | I
e reset 0 Q
5= CLK 0

= 5= dinf7..0] D123 123 X 124 X 125 X 126 X 127 X 128 X 129 X 130 X 131 X 132
S qout[7. 0] 0o D X 125 X 127 X 131

-
K [ 4

Figure 5.1.2b: Screen dump of waveform editor after simulation

Clearly the latch is working, as it stored new values (e.g. 125,127,131) when S was high, else the old values

were held.
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5.1.3. tri8.qgdf (8-bit Tri-State Buffer)

1

Figure 5.1.3a: tri8.gdf Symbol

I[7..0] counting up, d[7..0] should equal I[7..0] when E is 1, else d[7..0] should be Z: -
B trig.scf - Waveform Editor =o] x|

Ref: [*=I2] Time: [1B5.0ns Interval:  [-§35.0ns ﬂ
L
Marme: nvamei 1DD.IDnS ZDD.IDnS SDDIDnS 4DD.IDnS SDD.IDnS EDD.IDnS 700.0ns BDD.IDnS QDD.IDns 1

iw—E X |
&= [7.0] DX DX1X2X3X4X5X5X?XBX9

= d[7.0] DX
S d7.0] DX DX1X2X3X I XEX z

hd
< | 1y

Figure 5.1.2b: Screen dump of waveform editor after simulation
Clearly this simulation was a success, when E equalled ‘1’ I[7..0] passed through to d[7..0], and when E

equalled ‘0’ d[7..0] equalled Z (high impendence) therefore other devices can now use the data bus during
this period.

5.1.4. pc.gdf (Program Counter)

pCc
—dl?7..81

— 3 .
—s q[?--ﬂ]—é
é—clk :
— reset

Figure 5.1.4a: pc.gdf Symbol

d[7..0] counting up, S line high, hence q[7..0] should equal d[7..0]: -

B pc.scf - Waveform Editor =lolx]

Ret [DOne  |[els] Tme inteva A

0.0ns |-
Marme: n\;amei SDD.IDnS 1.Dlus 1.5|us 2.Dlus 2.5lus 3.D|u5

!
- 1
= reset ] J
- 0
o= o T T T T[T
&= d[7.0] Do D X 1 X 2 X 3 X 4 X 5 X 3 X 7 )@
= q[7.0] Do 0 )( 1 X 2 X 3 X 1 X g X 3 X 7 }
-

< | _>|_/AI

Figure 5.1.4b: Screen dump of waveform editor after simulation 1
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S line low, and | line high, hence output g[7..0] should increment on every clock pulse: -
B pc.scf - Waveform Editor =10l x|

Ref [p2ns |[el3] Time iterva -
0.2ns j

Marne: \a’aluei SDD.IDnS 1.Dlus 1.E:u5 2.Dlus 2.E:us 3.Dlus

— R

= reset 0 _J

B 1

-t Jigiginininininininininininininint

&= d7.0] Do 0 X 1 X 2 X 3 X 4 X 5 X & X 7 X:

S q7.0] DDE><1XZXLXfiXLXEMBX9X1DX11X12X13X14X15E

16
< | 2z

Figure 5.1.4c: Screen dump of waveform editor after simulation 2

5.1.5.t cell.gdf (T-type Flip-Flop and Latch)

: t_cell
— ¢

—d

R al—
— I

— clk
é—r‘eset

1

Figure 5.1.5a: t_cell.gdf Symbo

B t_cell.scf - Waveform Editor =10l x|
Ret o J[sls] Tme it 4
Marme: \/a\uei 500.0ns 1.0us 1.5us 2.0us 25us 3.0us 3.5us 4.0us 4.5us 5.0us

ﬂ =} L L L L L L L L L L
= reset 1 J
- : | |
=S ]
- u | |
o S EE e el e R e
oo~ ot nninningniyinnininii
= 0 1 J

KN AW

Figure 5.1.5b: Screen dump of waveform editor after simulation 2

The S line is high for the first 1us of the simulation, hence the cell is in latch mode from figure 5.1.5b it is
clear that the output g equalled d during this period of time (slight propagation delay). Between 1.5us and
3.5us the | line was set high, hence the cell is now in t-type flip-flop mode, notice when t was also high the
output toggled and when t was low the output is held.
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5.1.6. alu.vhd (Arithmetic and Logic Unit)

oplL7-=-01] op2Ll 7=--01]
................................................................................................................ HLU
Al u

—— oplL7--81 alu_frL3..011
;—DPEE?.-B] r‘ESult[?--@]'_;
;—all_l_'F'r'l[S--ﬂ] resultl7.-01 1
i ;

Figure 5.1.6a. Default ALU Symbol Figure 5.1.6b. Improved ALU Symbol

The Altera package allows the user to manually edit the symbols of any functional block, Figure 5.1.6.b
shows a customised symbol of the ALU, this makes the circuit layout more user-friendly and easier to
understand. But unfortunately this symbol was lost (accidentally overwritten the improved symbol with the
default, shortly after screen dump 5.1.6b was taken), hence the reason why it was not used in the CPU
design. It is a good idea to customise all function blocks, but this is time-consuming, since time was limited, it
was thought that the time would be better spent improving the CPU rather than the cosmetics.

Let OP1[7..0] = 24, OP2[7..0] = 12, and ALU_FUN]J3..0] count through all mathematical operations: -

B test_alu.scf - Waveform Editor =lolx|
Ret s |[e8] Tme rteral ﬂ
0.0ng
=]
Marna: Value: l 100.0ns 200.0ns 300.0ns 4000ns 5000ns B00.0ns 700.0ns 800.0ns 900.0ns  1.0us  1.1us 1.2us 1.3us  1.4us
= DP1[7.0) HZ4 24
= OP2[7..0] H12 12

5= AL FN[3.0] oo DX1)(2X3X4X )( )(?)( X X1DX11X12X13D
& RESULT[F.0] | H24 4 iz §oe XED){K IDED E B R E )[(3? } §iE ){(EE)I(za } D X}v

KN H oz

Figure 5.1.6¢. Screen dump of waveform editor after simulation

Check the operation of the ALU by manually calculating the result of each function and compare with the
simulated result.

ALU_FN | RESULT[7..0] | Simulated Result | Manually calculated result
0 opl 0x24 result = opl = 0x24
1 op2 0x12 result = op2 = 0x12
2 not opl 0xDB opl = 0x24 = 0b00100100, result = 0b11011011 = OxDB
3 not op2 OXED op2 = 0x12 = 0b00010010, result = 0b11101101 = OxED
4 opl and op2 0x00 result = 0b00100100 and 0Ob00010010 = Ob0O0O000000 = 0x00
5 opl or op2 0x36 result = 0b00100100 or 0b00010010 = Ob00110110 = 0x36
6 opl xor op2 0x36 result = 0b00100100 or 0b00010010 = 0Ob00110110 = 0x36
7 opl+1 0x25 result = opl + 1 = 0x24 + 1 = Ox25
8 opl + op2 0x36 result = opl + op2 = 0x24 + 0x12 = 0x36
9 opl+op2+1 0x37 result = opl + op2 + 1 = Ox24 + Ox12 + Ox01 = Ox37
10 opl —op2 0x12 result = opl — op2 = 0x24 — Ox12 = 0x12
11 op2 —opl OXEE result = op2 — opl = 0x12 — Ox24 = OXEE
12 opl-1 0x23 result = opl — 1 = 0x24 — Ox01 = 0Ox23
13 op2-1 0x11 result = op2 — 1 = 0x12 — Ox01 = Ox11

Clearly the ALU is working...
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5.2. Mark 2 — Improved CPU

: AL 7. -0 11—
—RESET abl 7 - -0 1—
—cLK POrtaOPL 7.0 1—

S[7-.01—

Figure 5.2a. shc2_top symbol
Test 1: Increment output port continuously

The following program was entered into the program memory: -

000 o 83 01 ; % ADDA #1 %
010 : 02 ; % OUTA %
011 o 01 00 ; % JMP 00 %

Basically the output port should continuously increment.

Rt ELs] Time: interval ﬂ
Marme: walue: l 1D.|Dus 15.|Dus QD.IDUS 25.|Dus 3D.IDUS 35.|Dus 4D.|Dus 45.|Dus SD.IDUS 55.|Dus|:I
g9 RESET R
-1 1 Pl
=570 O e o e e e T T
S5 portaOP[7..0] DX
= ab[7..0] 0z
= ab[7..0] DX
= d[7..0] 0z

= 47.0) DX WWMUMMIWIIU|WIM|NIW]NIWW@IWMWWHIHWIWWWWWMWHW};—I
KI M

Figure 5.2b. Screen dump of waveform editor after simulation 1

Success, the program works (portaOP counting up)... Note clock period was 100ns that's 10MHz.
Test 2: decrement output port continuously by 16

The following program was entered into the program memory: -

000 A3 10 ; % SUBA #16 %

010 : 02 s % OUTA %

011 : 01 00 5 % IJMP 00 %

101 : OF OF OF 5 %UNUSED%
B shc2_top.scf - Waveform Editor =lolx|
Ref [B05us (8] Tme. iterval ﬂ
Marme: Yalue: lS.Dus 10.0us 15.0us 20.0us 25.0us 30.0us 35.0us 40.0us 450
= RESET 1
= CLK 1
= S5[7.0] D1
S portaOP[7..0] D224
o

Figure 5.2c. Screen dump of waveform editor after simulation 2
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This time the output port should decrement by 16, note the SUBA opcode uses the same microcode as the
ADDA, the only difference is the opcode address, where the top four bits specifies the ALU function, which in
is OXA (1010) in this case (subtract opl from op2).

Success, clearly 240 — 16 =224 - 16 =208 — 16 =192 — 16 = 176 — etc....

Test 3: More Complex Program

The foIIowmg program was entered into the program memory: -

13 50 ; % LDA #80 %
02 ; % OUTA %
63 05 ; % XORA #05 %
02 5 % OUTA %
A ; % ADDA #10 %
02 5 % OUTA %
A3 05 ; % SUBA #5 %
02 5 % OUTA %
01 05 ; % JUP 06 %
OF OF OF; %UNUSED%

MOUOWOVWOOOUIWNO
[oe]
w

80 is loaded into ACC and outputted to the output port, then ACC (80 = 1010000) is XOR with 05 (101) and
outputted to the output port (85 = 1010101). 10 is added to ACC (85 + 10 = 95) and outputted to the output
port, then 5 is subtracted from ACC (95-5 = 90) and outputted to the output port, then 10 is added, etc...

B shc2_top.scf - Waveform Editor =of x|
Fef: [I2] Time: [19.32us Interval: 19.32us ﬂ
Marne: _ “alue: lS D.US 10 IDus; 15 IDus; 20 IDus; 25 IDus; 30 IDus; 35 IDus;

=}
= RESET 1

& S07.0) D1 |||Wbil]||b[ﬁ[ﬂ||DEﬂW{m|IWl{ﬂ]|miﬂ|WWDilmﬂmW{ﬂDilmml||DEMI#|IWWIMIIWWWIIWIMWWIMWH
S5 portaOP[7..0] Do % Y @ Yoy % Xmsx 10 1oy s Y115 0 )D
5= ab[7.0] Dz

S ab[7..0] Do

&= d[7..0] Dz

5 d7.0] Dz

K

Figure 5.2d. Screen dump of waveform editor after simulation 3

Success, clearly 80 xor5=85+10=95-5=90+10=100-5=95+10=105-5 =100 etc...

5.3. Mark 3 — Superior CPU

shc3I_top
ADDRESSL 7 - -0 1

FPORTHL 7 - - @ I—
PORTAL 7 - -0 I—
~—cLK FPORTGL 7 - = 8 I—
—|RST FORTBL 7 --01—
FORTFL 7.0 11—
PORTCL 7 --01—
FPORTDL 7 - - 01—
FPORTEL 7 - - 01—

Figure 5.3a. shc3_top symbol
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Test 1: Increment portA continuously

The following program was entered into the program memory: -

000 : 83 01 ; % ADDA #1 %
010 : 02 ; % OUTA A %
011 : 01 00 ; % JMP 00 %
o] x|
Start End intenvl: N
Name: _ alue: l 1D.IDus 2D.IDus SD.IDus 4D.IDus SD.IDus ED.IDUS ?D.IDus ED.IDUS SD.IDus 100
= RET 1
= CLK 1
S ADDRESS[7..0] Do
= PORTA[7..0] DZ
S PORTA[7..0] D1
= PORTE[7..0] DZ
S PORTE[?..0] Do 0
[ _ I [

Figure 5.3b. Screen dump of waveform editor after simulation 1
Success, clearly0+1=1+1=2+1=3+1=4+1=5+1=6+...
Test 2: Increment portA continuously by 7

The following program was entered into the program memory: -

000 : 83 07 ; % ADDA #7 %
010 : 02 ; % OUTA A %
011 : 01 00 ; % IJMP 00 %
=1oj x|
Rt [BOns  |[«I3] Time: Interval: [~
0.0ns =
]
Mame: “alue: l 10.0us 20.0us 30.0us 40.0us 50.0us B0.0us 70.0us B80.0us 90.0us 100
- RET T ]
5= CLK ]
S5 ADDRESS[T. O] po OO0 KO ORI ORI
5= PORTA[7.0] Dz 7
= PORTA[.0] oo ] X 7 X 14 X 21 X 28 X 35 X 42 >( 49 X 56 X B3 )(:
= PORTE? 0| Dz 7 =
4 3 A

Figure 5.3c. Screen dump of waveform editor after simulation 2

Success, clearly0+7=7+7=14+7=21+7=28+7=35+ ...

Test 3: Decrement portA continuously by 3

The following program was entered into the program memory: -

000 o A3 03 ; % SUBA #3 %
010 s 02 ; % OUTA A %
011 : 01 00 ; % JMP 00 %

Originally there was a problem, but after some time it was fixed, see appendix 5 for details on this problem
and how it was fixed.
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B shc3_top.scf - Waveform Editor =lolx|

Ref: Time: [145.2us Interval: 145205 =
0.0ns -
=]

Marmne: value: l SD.IDus 1DD.IDus 1SD.IDus 2DD.IDUS QSD.IDUS SDD.IDUS 350IDLIS 4DD.IDUS 450.IDUS 500

= RST i

o= CLK a

= ADDRESS[7..0] oo

= PORTA[? .0 0z

S PORTA[7..0] Do

TlﬁDTFH? mn nn
4

Figure 5.3c. Screen dump of waveform editor after simulation 3

Success, clearly 253 -3 =250-3=247-3=244-3=238-3=235-3=232-3=229- ...

Test 4: Using Accumulators A to D, and Ports A to D

The following program was entered into the program memory: -

83 02 ; % ADDA #2 %
02 ; % OUTA A %
84 04 ; % ADDB #4 %
07 ; % OUTB B %
08 ; % ADDC #8 %
08 ; % OUTD C %
86 10 ; % ADDD #16 %
09 ; % OUTD D %
01 00 ; % JUuP 00 %
OF OF OF; %UNUSED%

TMTOWOOOOUWNO
o0}
(&)

Basically this program increments accumulator A by 2 which is outputted to PORTA, increments accumulator
B by 4 which is outputted to PORTB, increments accumulator C by 8 which is outputted to PORTC and
increments accumulator D by 16 which is outputted to PORTD. This process repeats forever.

; =loj x|
el [ela] Tire: et Al
: 0.0ns (-

Marme: alue: T 50.0us 100.0us 150.0us 200.0us 260 0us 300.0us 350.0us 400.0us 450.0us 500
iB= RET i i I I I I I I I ' '

- CLK i

S5 ADDRESS[7.0] Do i . i itk b ik

= PORTA[7.0| Dz I

S5 PORTA[7.0| oo E)( 2 )( 4 )( & X E X 10 )( 12 )(:
S5 PORTE[7.0| oo i X 4 X E] X 12 X 16 X 20 X 24

S5 PORTC[7.0| oo i X g X 16 X 24 X a2 X 40 X 45

S5 PORTD[7.0| oo ] )( 16 X 3z X 48 X 64 X &0 X ®

4 | _»I_/ﬂl
Success, PORTA=0+2=2+2=4+2=6+2=8+2=10+...

PORTB=0+4=4+4+8+4=12+4=16+4=20+ ...
PORTC=0+8=8+8=16+8=24+8=32+8=40+ ...
PORTD=0+16=16+16=32+16=48+16=64+16=80+ ...
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5.3.1. inputoutput.gdf (Eight 8-bit Bidirectional Ports)

inputoutput

PORTHL 7 -+ @ ]
—cLK PORTAL 7 - .0 1
—RST PORTGL 7 -« 0 1
— SEL[2..01 PORTBL7.-01
—s PORTFL7-:01
— 10 PORTCL7-.01
—E PORTDL 7 - » © 1
§ PORTEL7 - - @ 1
: DL7.-01—
1

Figure 5.3.1a. inputoutput.gdf symbol
Test 1: Test all ports in output mode

10 =0, E =0, send data to all ports: -

B inputoutput.scf - Waveform Editor =10 x|
Star End intersal ﬂ
Marme: '__\/alue: l QDD.IDnS ADD.IDnS BDD.IDnS BDD.‘DI’]S W.Dlus 1.2|u5 1.4|us 1'B.US 1'B.US 2'D.US 2z

&

=3 1

gB=RST ] J

-0 0

w=E ] ’7

- o [T I T T I T I I T T I T I 110]

5= SELZ.0) Do 0 X 1 )( z X 3 X 4 X 5 X & X 7 X o j

&= D70 011 11X12X13X14X15X15X1?X18X z

= 0.0 D11 11 )( 12 )( 13 X 14 X 15 X 16 X 17 X 18 )( z X 255 }

= PORTA[7. 0] oo IX 11

S5 PORTE[7.0] Do 0 X 12

S PORTC[7.0] Do i X 13

& PORTD[7 0] Do 0 X 14

S PORTE[7.0] Do i X 15

== PORTF[7..0] oo 0 X 16

= PORTG[. 0] Do 0 X 17

S PORTH[7.0] Do 0 X 18 =

RN ay

Figure 5.3.1b. Screen dump of waveform editor after simulation 1

Clearly a success, when SEL = 0, 11 was stored into portA, when SEL = 1, 12 was stored into portB, when
SEL = 2, 14 was stored into portC, when SEL = 3, 15 was stored into portD, when SEL = 4, 16 was stored
into portE, when SEL =5, 16 was stored into portF, when SEL = 7, 17 was stored into portG, when SEL = 8,
18 was stored into portH.

Notice that when a port was not selected or the strobe line was low the ports held their existing value.
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Test 2: Test all ports in input mode

I0 =1, E =1, each input port given a unique value (101-108): -

MAX +plus IT - ¢i\work'colinaltera‘\.cpu'ymark 3\inputoutput _ = x|
MaX+plusII Ele Edt Yew Mode Assign Utltes Options Window Help

D2Eas & =el o v oRE 208 32k e 2222 |6 el

,K B inputoutput scf - Waveform Editor o [=]kd]
All| Ref  [2.285us Tirne: Interval:  [-2.2624us -
£
Narme “alue l 200.0ns  400.0ns B000ns 800.0ns  1.0us 1.2us 1.4us 1.6us 1.8us 2.0us 2
-5 ] |
KN = RsT 1
o]
N =10 1
Bl
ol =€ 1 |
[r=r
Ll = c< ]
ol = SEL2.0) o1 i }
Zz
St = D[7.0] DZ
== \
i &= D[7.0] D102 z k
S|l = PORTAT 0] D101
fic
I @@= FORTB[7.0 D102 102
= - [7.0]
= PORTC[7..0] D103 103
= PORTD[7..0] D104 104
= PORTE[7..0] D105 105
= PORTF[7 0] D106 106
= PORTG[7..0] D107 107
= PORTH[7..0] D108 108
-
KI v 4

Figure 5.3.1c. Screen dump of waveform editor after simulation 2

It is clear that the preset value of each input port was successfully put onto the data bus.

5.3.2. bidport8.gdf (8-bit Bidirectional Port)

bidport8

— 10
— RESET PORTL7..01—
— CLK DL7.-01—

Figure 5.3.2a. bidport8.gdf symbol

Figure 5.3.2b shows the simulation waveforms, the first microsecond tests the port in output mode. Clearly
this was a success as data bus data was successfully passed to the port when the strobe line was also high.
Between 1.1ps and 2.2us the port was in input mode, reading preset values on the port and placing them
onto the data bus. Clearly this was also a success, e.g. 21,22,23,24 was placed onto the data bus.
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B bidports.scf - waveform Editor =10 x|
Ref Time: interval -
Marne: _ Value: l QDD.IDns 4DD.IDn5 BDD.IDnS BDD.IDnS 1D|us 1.2|u5 1.4|u5 1.6|us 1.8lus Q.D‘US 2.2lus 2.4
.rs 1™ D I-IJ

9= RESET 1 J

-0 0 |

= CLK 0

= PORT7..0] Dz 7 X 21 X 22 X 23 X 24 X 7

S5 PORT[7.0] D% 0 )( 33 )( 34 X E K 2 X 2 X 23 X 24 X z X *

= D[7.0] D7 32 X 33 X 34 X 3 X z

== 0[7.0] DI 7] X EE] X 3 X £ X z X 3 X 2 X 22 X 73 )( 24 )@( z

< | AV

Figure 5.3.2b. Screen dump of waveform editor after simulation

5.3.3. regbank8.gdf (Reqister Bank of 8 Accumulators)

: regbankg
—surz..01

—sAr2..01 _
—SBL2.-01 BL7--01—
— CLK ALT7--01—
— RST

E_D[7--9]

Figure 5.3.3a. regbank8.gdf symbol

First fill each register with a preset value (e.g. ACCA = 10, ACCB = 20, ACCH = 80), then run through all of
the selections for output A and output B.

B regbanka.scf - Waveform Editor — ol x|
Ref Time:  [2928us Interval:  [2.928us A
0.0ns —
a
Mame: Valuei 500.0ns 1.0us 1.80s 2.0us 2.8us 3.0us 34us 4.0us 4.8us 5.0us
Lo T4 |

= RET i

i
e Sihliiiiisiaiaiaiaiyiyigipipinipipiaininiainl
S A7 0| po [ ¥ 10 (20 Y3040 Y50 Y60 70 Y50 ) 10 }
=5 B7.0] DO :)( 10 50 )70 Y60 Y50 Y40 Y50 Y20 ) 10
= D[7.0] D10 10 @@@ [
= SW[2.0] oo 0 naaﬂn 0
n 008000 3 G

5= SA2.0] Do

= 58[2.0] DO 0 20906680 o

< | 214
Figure 5.3.3b. Screen dump of waveform editor after simulation

Clearly working, selection line A counted from 0 to 7 and output A contained the correct values of each
register (10 to 80). Selection line B counted from 7 to 0 and output B contained the correct values of each
register (80 to 10).
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5.3.4. acc.gdf (8-bit Accumulator)

—s AL7..01—
—Dr7-.01 BL7.-01—
— CLK :

— Ernable_B

Figure 5.3.4a. acc.gdf symbol

B® acc.scf - wWaveform Editor =lol x|
Ret (00w |[el8] Time e -
E_I
Warne: n\falue‘ l 1'D.US Z.D‘us S'D.US 4.Dlu5 5.D‘us E.Dlus ?.Dlus B.D‘us 9.Dlus 10,
-5 0
g9 RESET % J
9= Enable_A X J—‘ | i
9= Enable_B X ||
<070 D006 0000000000000 0006 e
= a0 ox R : foyyey — w )
=070 o 2 T e S e e gy
-
i of

Figure 5.3.4b. Screen dump of waveform editor after simulation

Between 0 and 2us the Enable_A line was set high, the simulation shows that output A[7..0] was connected
to the output of the latch (e.g. 0,1,2,3,4) during this time, when Enable_A went low the output A was Z (high
impendence). From 2us to 4.5us the Enable_B line was set high, the simulation shows that output B[7..0]
was connected to the output of the latch (e.g. 5,6,7,8,9,10), notice when Enable_B was low the output B[7..0]
was Z (high impendence).

Between 6.5us and 10us both Enable_A and Enable B were set high, the simulation shows that both the
A[7..0] and B[7..0] outputs were connected to the output of the latch (e.g. 16,17,18,19). Notice when the
strobe line went low, the latch held it old value (e.g. 19).
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5.4. Mark 4 — Advanced 16-bit CPU

Note the design of this CPU is not completed due to the lack of time available, hence completed functional

blocks are simulated.

5.4.1. alul6.gdf (Powerful 16-bit ALU)

X[L15.--01]
Y[L15.-081
CIN
CONST1
ENABLEX
COMPY
FNL1--01]

ALUCUTL15..0 :|—
CDLIT—?

ZFLﬁG—é

NFLﬁG—é
DUFLAG—S

Figure 5.4.1a. ALU16.gdf symbol

X =35425, Y = 2144, cycle through all four ALU functions: -

Figure 5.4.1b. Screen dump of waveform editor after simulation 1

When FN = 0, ALUOUT = 37569, that's X + Y (e.g. 2144 + 35425 = 37569)

When FN =1, ALUOUT = 35425, that’s X.
When FN = 2, ALUOUT = 2144, that's Y.

When FN = 3, ALUOUT = 33281, that's X — Y (e.g. 35425 — 2144 = 33281).

B alu16.scf - Waveform Editor =lo] x|

Ref Tirne: interval -
100.0ns j
]

Mame: “alue| 100|0ns 200.0ns 300.0ns 400.0ns 500.0ns E00.0ns 700.0ns 800.0ns 900.0ns 1.C

— IFLAG T T I I I I I I I I

i OVFLAG ]

= NFLAG 1 u | |

= COUT ]

S5 ALUOUT[15..0] 37569 ;{( 35425 X 2144 X 33281 X 37560

5= FN[1..0] DO 0 )( 1 )( 2 )( 3 )( 0

&= v[15.0] D 2144 2144

= X[15..0] 35425

= ENABLEX 1

= CONSTI ]

= COMPY ]

= CIN ] -

< i
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X =35425, Y = 2144, CIN = 1, cycle through all four ALU functions: -

B alu16.scf - Waveform Editor =1ol x|

Ref [el2] Time: Interval:  [-16.0ns ii
400.0ns
Marme: \»’aluei 1DD.IDnS ZDD.IDnS SDD.IDnS 4DDnDnS SDD.IDnS EDD.IDnS ?DD.IDnS BDD.IDnS QDD.IDnS 1L

=g ZFLAG 0

=g OVFLAG 0

- NFLAG 1 |

=g COUT 0

S5 ALUOUT[15..0] 37570 X 36425 X 2144 X 33281 X 37570

5= FN[1..0] D2 D X 1 2 X 3 X 0

= f[15..0] 02144 2144

&= ¥[15.0] 35425

= ENABLEX 1

= CONST1 0

= COMPY 0

= CIN 1
| 47

Figure 5.4.1c. Screen dump of waveform editor after simulation 2
When FN = 0, ALUOUT = 37570, that's X + Y + CIN (e.g. 2144 + 35425 + 1 = 37570)
When FN = 1, ALUOUT = 35425, that’s X.
When FN = 2, ALUOUT = 2144, that's Y.
When FN = 3, ALUOUT = 33281, that's X - Y (e.g. 35425 — 2144 = 33281).
X =35425, Y = 2144, CONST1 = 1, cycle through all four ALU functions: -

B alul6.scf - Waveform Editor =1a] x|
Ref Time: ntenal fi
Mame: _ Valuei 1DD.IDns 2DD.IDns BDD.IDns 4DD.IDnS SDD.IDnS EDD.IDns ?DD.IDns BDD.IDns QDD.IDns

=g IF LA a

=g WFLAG a

- NFLAG i | | |

- COUT 1 | r

== ALUOUT[I5.0]  |D2143 2143 )[( B5535 X 2144 X 53391 )’( 2143

= FN[1.0] Do 0 )( 1 )( 2 )( 3 )( 0

= [15..0] 02144 2144

= ¥[15..0] 36425

= EMNABLEX 1

= COMNST1 1

= COMPY 0

= CIN 0

[ ' 4

Figure 5.4.1d. Screen dump of waveform editor after simulation 3

When FN = 0, ALUOUT = 2143, that's X + Y (e.g. 2144 + 65535 = 67679, that's greater than the maximum
16-bit value, hence the answer is 2143 carry ‘1’, e.g. 2143 = 0x085F, 2143 carry 1 = Ox1085F = 67679).
When FN =1, ALUOUT = 65535, that's CONST1 (e.g. 0b1111111111111111).
When FN = 2, ALUOUT = 2144, that's Y.

When FN = 3, ALUOUT = 33281, that's X — Y (e.g. 65535—- 2144 = 63391).
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X =35425, Y = 0, cycle through all four ALU functions: -
B alu16.scf - Waveform Editor =10l x|

Ret [ |[el3] Tme it 4
[

Fame .-.valuel 1DD.‘Dns QDD.IDns 3DD.IDns tlDD.IDns SDD.IDns BDD.IDns ?DD.IDns BDD.IDns QDD.IDns 1.

- IFLAG Tx 1 | |

—i OVFLAG ®

=i NFLAG X "

- COUT ®

S ALUOUT[15..0] DX 35425 X 35425 X 0 X 35425

5= FN[1..0] D% i X 1 X 2 X 3 X o

= Y[15.0] DX i

= X[15.0] DX 36425

= ENABLEX ®

= CONSTI ®

- COMPY ®

i@= CIN ® o

KN o

Figure 5.4.1e. Screen dump of waveform editor after simulation 4

When FN = 0, ALUOUT = 35425, that's X + Y (e.g. 0 + 35425 = 35425),
When FN = 1, ALUOUT = 35425, that's X.

When FN = 2, ALUOUT =0, that's Y (notice the zero flag).

When FN = 3, ALUOUT = 35425, that's X — Y (e.g. 35425 — 0 = 35425).

5.4.2. reqgister16.qdf (16-bit Reqgister)

| REG
—Dr15..01 _
— clock Or15..01—
E—load :

Figure 5.4.2a. register.gdf symbol

B register16.scf - Waveform Editor =10l
Ref [EI2] Time [291.0ns Interval;  [709.0ns -
-
Narne: alue: l 100.0ns 200.0ns 300.0ns 400.0ns 500.0ns B00.0ns 700.0ns 800.0ns 900.0ns 1.
- N i g g i i i i g i
=D 4 ‘ |
= LK ks
= D[15..0] DX 0 X 1 X 2 )( 3 X 4
= 0[15..0] DX 0 X 1 X 3
K1 j2

Figure 5.4.2b. Screen dump of waveform editor after simulation

Success, when LD went high the register loaded new value (e.g. 1,4), else it held its old value.
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5.4.3. regmux16.gdf (16-bit Register Multiplexer)

regmuxlé
— REOL1S5..01

—RO1[15--01
—R16[15..01 Q[15..81—
—R11C15--01

—SELL1--@1

R0OO = 1000, RO1 = 2000, R10 = 3000, R11 = 4000, cycle through all selections: -
B regmux16.scf - Waveform Editor =10l x|

Ref. [0Ons  [[€I[3] Time: Interval ii
0.0ns
=
MName: '_.\falue: l 1DD.IDnS ZDD.IDnS SDD.IDnS 4DD.IDn5 SDD.IDns EDD.IDns ?'DD.IDnS EEDD.IDnS QDD.‘DHS 1
&= SEL[1.0] T oo o Y 1 Y 2 Y 3 Y o Y 1t Y 2 ¥ 3 y o Y f
&&= RO0[15.0] D 1000 1000
&= RO1[15.0] D 2000 2000
&&= R10[15.0] D 3000 3000
&= R11[15.0] D 4000 4000
S Q[i5.0] D 1000 1000 )ﬁ( 2000 )l( 3000 ¥ 4000 Y1000 )’( 2000 )l( 3000 Y 4000 Y1000 )’( 2000
-
< 1

Figure 5.4.3b. Screen dump of waveform editor after simulation

Clearly working, as the output Q correctly displayed the value of the selected bus.

5.4.4. regsel.qdf (Four 16-bit Accumulators)

: regsel
—LDr3--01

—DL15--2]1 REGX[15..01—
— SELX[1.-81 REGY[15..01—
—BELYL1-.01 :
—cLock

Figure 5.4.4a. regsel.gdf symbol

B regsel.scf - Waveform Editor o x|
Ref [00ns  J[els] Time intervl f|
Marme: '__\a’alue: l ZDD.IDnS 4DD.IDnS EDD.IDnS BDD.IDns 1.Dlus 1.2|us 1.4lus 1.6|us 1.Blus 2.Dlus 2.2lus 2.4lus

&= D[15.0] D000 | 1000 X 1001 X 1002 X 1003 X 0

&= LD[3.0] Boo01 | 0001 X oo X o100 X 1000 X 0000

5= SEL1.0] oo [ X 1 X 2 X 3 X 0

5= SELY[1.0] Do 0 X 3 X 2 X 1 X 0

S5 REGX[15..0] oo EX 1000 K 1001 X 1002 X 1003 X 1000

S REGY[15..0] Do EX 1000 X 1003 )( 1002 X 1001 X 1000 -
< | v 4

Figure 5.4.4b. Screen dump of waveform editor after simulation
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Between 0 and 800ns, preset values are being loaded into each accumulator (e.g. A = 1000, B = 1001, C =
1002, D = 1003), then SELX is cycled from 0 to 3, notice on the REGX output during this time, the correct
value of each accumulator was displayed. SELY is cycled from 3 to 0, notice on the REGY output during this
time, the correct value of each accumulator was displayed.
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6.0. CONCLUSIONS

The purpose of this assignment was to design a simple CPU that can execute a few instructions using the
Altera Max2Plus package. Clearly this objective has been achieved successfully, as it has been proven
using simulation the design works, although further development is required as there are limitations and
flaws in the current design.

Clearly microprocessors have come a long way since they were first developed by Intel in the early 1970s
(e.g. 4004, 2,300 transistors, see appendix 4). VLSI technologies are advancing at an incredible pace;
transistors are getting smaller and smaller for example in 1988 1.2 million transistors were squeezed into
one IC, but now it is possible to produce up-to 110 million transistors in a single IC, that's an increase of
nearly 100 times in just 14 years. In fact it is expected for the transistor count to double every 2 years, for
example in 1999 it was only possible to squeeze 42 millions transistors into a single IC, 2 years later it was
possible to squeeze 110 million. Obviously modern PC microprocessor design is at the forefront of VLSI
design; companies like AMD and Intel are the world leaders. Their latest chips may be a view years behind
in terms of the transistor count (AMD latest XP processor has 37.5 Million transistors), but in terms of
performance their at the forefront of VLSI / ASICS technology running at clock speeds above 2GHz, that just
a view years ago was through to be impossible without using liquid nitrogen to cool the chip.

Obviously the design of the simple microprocessors in this report are using first generation (obsolete)
technology and cannot compete with the modern microprocessor, as the modern microprocessor is much
more powerful (32-bits / 64-bits) running at incredible clock speeds (above 2GHz), executing multipliable
instructions simultaneously (e.g. AMDs QuantiSpeed technology) with specialised instructions sets (e.g.
AMD 3D now, Intel MMX, etc...) designed to optimise common operations.

The simple microprocessors in this report are based on the classic “WYon Neumann” CPU architecture,
obviously this makes the design of the CPU simple as each device is connected to a common data and
address bus. But in recent years with the development of powerful GUI operating systems (e.g. MS
Windows) which requires an extremely fast CPUs to run smoothly, this architecture has become known as
the “VYon Neumann Bottleneck” because only one device can use the data bus at any one time (slow....).
Traditionally the solution to this problem was to increase clock speeds (now beyond 2GHz), but since the
success of the PIC microcontroller that uses the Harvard architecture (separate program memory and
separate data memory with impendent buses) and a RISC (Reduce Instruction Set Computer), but each
instruction executes faster. The next generation of microprocessors will use technology from the world of
microcontrollers, and maybe eventually a fully-functional asynchronous microprocessor could be developed
(reduced power consumption, increased speed, but difficult and perhaps impossible to design a working
reliable CPU).

Each design (e.g. mark 1 - 4) was partitioned into many functional blocks; each block did one task that was
easily described. Evidently this partitioning method of design made the design of the system extremely easy.
Screen dumps of the design of each functional block were included in this report along with an English
description on how each block operated. Notice comments are also included on the design files.

The mark 1 (Simple CPU) has many limitations: the program ROM is limited to 3 opcodes, the microcode
ROM is limited to 64 locations, one accumulator, one output port, no input port and no RAM. Clearly this
CPU has too many limitations to be a practical CPU, hence major improvements are required to design.
Evidently it has been proven using simulation that this simple CPU does work and successfully executed
three instructions. The top layout is cluttered making it difficult to understand exactly how the system works;
obviously this is bad design practice and needs to be improved.

The arithmetic and logic unit (mark 1 — 3) can carry out one of 14 mathematical operations, but there are two
operations that are not included, divide and multiply. Obviously it is possible to carry out these operations in
software using successive subtraction for divide and successive addition for multiply, but this is slow as the
program must loop several times in order to calculate the result. Clearly a hardware solution is better (e.g.
Motorola 68000 has divide and multiply instructions), this can easily be achieved in Altera Max2plus using
Ipm_divide and Ipm_multiply from the Altera Ipm library (can easily be integrated into VHDL). Floating point
division could be added, but this does not suit an 8-bit micro (e.g. IEEE-754 24-bit) and would be more
suitable for powerful 32-bit micros. Allow a separate math coprocessor (e.g. floating point divider) unit could
be developed for this task using two 24-bit registers for input (filled in 3 stages, e.g. 8-bit bus) and one 24-bit
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register for output. Microcode could be written for the floating point division opcode, were the coprocessor
unit latches are filled, and given a signal to start the calculation, which sends a signal back to the CPU when
the calculation is finished, the result is then retrieved from the 24-bit output register and placed into 3 8-bit
RAM locations.

Clearly the mark 2 (Improved CPU) is more powerful than the mark 1 as it can support up to 15 opcodes
(actually much more than this) and has many unused control lines for future expansion. Evidently the Altera
hardware is better suited to 8-bit ROM blocks; hence the reason for using two 8-bit ROMs for the microcode
rather than one non-standard sized ROM. This CPU also has a RAM block, clearly this makes the CPU
extremely powerful as complex calculations can be carried out using the RAM for storage of intermediate
results, also a portion of the RAM could be reserved for use as a software stack, storing the program
counter, when calling subroutines or interrupt routines.

It is clear that something very elegant has been done with the ALU control lines, instead of the control unit
controlling the ALU function (as in mark 1), this is set in the program ROM (top 4-bits of operand), and fid
directly into the ALU from the instruction register. Therefore each set of microcode can carry out every ALU
function, for example the microcode for ADD immediate and SUB immediate is identity the only difference is
the top four bits of the opcode instruction which specifies the ALU function. Therefore this CPU design can
actually support many more than 15 opcode instructions, as up to 16 instructions (16 ALU functions) could
be achieved per microcode instruction. Evidently this has been proven as 28 opcode exist using only three
microcode instructions, some of which have been proven to operate using simulation. Obviously it is not
practical to test every possible opcode, hence a view key opcodes were simulated, since most of the
opcodes share microcode, it is likely the other opcodes will work as each ALU function was simulated
separately and proven to work.

Obviously the mark 3 (Superior CPU) is much more powerful than the mark 2. The top layout has only four
functional blocks as suggested by “VYon Neumann” (memory, ALU, Control Unit and Input/Output). Clearly
this simplifies the design dramatically; as it is clear immediately how the CPU works, unlike the mark 1 and
mark 2 were some time had to be spent tracing wires. This demonstrates the power of the partitioning, as
this CPU looks simpler than the mark 1 and mark 2, but is actually much more complicated. Clearly even the
most complex of designs can be simplified dramatically if partitioned into small enough blocks and this is the
key to the design of extremely complex CPUs.

The mark 3 has 8 bidirectional ports and 8 accumulators making this design far more useful than the mark 1
and mark 2. Notice 3 8-bit ROMs are required for the microcode; this is because the port select lines and
accumulator select lines are control directly from the control unit. Clearly this is not a good idea and should
be changed, for example the advantages of removing the ALU function lines from the control unit in the mark
2 are clear, micro instructions are reusable. Clearly at present many microcode instructions are required for
full functionally of the CPU, for example outA A, outA B, outA C, outA D, outA E, outA F, outA G, outA H
would require 8 independent microcode instructions for outputting every accumulator to port A, but outB A-H,
outC A-H, outC A-H, outD A-H, outE A-H, outF A-H, outG A-H, outH A-H are also required that's 256
microcode instructions. Clearly this is not practical and something clever has to be done with the port and
accumulator control lines to reduce required microcode as was done for the ALU.

Clearly one option to reduce microcode is to using a latch to configure the accumulator bank and ports, this
latch is connected to the data bus, hence the program code could configure the ports and accumulators (e.g.
OUTA #, where # = 0 for accA, 1 for accB, 2 for accC, etc...) using one common microcode instruction.
Another option is to use a 24-bit instruction register, where 8-bits are used for the microcode address (up to
256 micro instructions) and the top 16-bits are used to configure the ALU function (4-bits), select port (3-bits),
select accumulator for OP1 (3-bits), select accumulator for OP2 (3-bit), select accumulator to write to (3-bits).
Clearly this will reduce the amount of microcode required, as each opcode can carry out many operations,
but this makes the CPU is 3-times slower as the data bus is only 8-bits wide, hence IR must be filled in three
stages, another drawback is that programs will required more space (24-bit operand instead of 8-bit). It is
critical that one of these solutions are implemented as the CPU is useless at present as full functionally is not
possible. Allow over 100 opcode were listed, most of which are useless and many of the key opcodes
required to write a practical program are missing, e.g. cannot get access to all ports from any accumulators
(would required 256 micro instructions, not practical). Clearly this CPU has a complex instruction set, with
probably over 300 opcodes, if the design was completed and had a full functional list of opcodes (i.e. branch
if equal to zero, call subroutine, lots of addressing modes, bit test, shift left, shift right, etc...).
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The design of the Mark 4 (Advanced 16-bit CPU) is not finished, but some key functional block were
designed and simulated. Clearly the 16-bit ALU is much more powerful than the 8-bit ALU used in the marks
1-3. Obviously being 16-bits makes it more powerful, but the key aspect of the design is the additional flags
which make this ALU extremely powerful, allowing the programmer to carry out complex calculations easily.
Evidently the ALU has been proven to work using simulation, with all flags operating correctly. Clearly it
makes since to add additional functions like divide / multiply, and perhaps floating point arithmetic. A bank of
four 16-bit accumulators have also been design, and proven to work. Undoubtedly a lot of work still needs to
be done in order to have a fully functional 16-bit CPU, but a good start has been made.

Clearly a simple CPU was successfully designed, analyses and proved using the Altera Max2Plus package.
The system (mark 3) was successfully fitted into Altera’'s EPF10K20TC144-3; appendix 6 shows the pin
layout. The system is actuate and reliable, but is a long way off being a practical useful CPU and much more
development work is required. Overall (given the amount of time available) extremely good process was
made.
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DESIGN FEATURES
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MaodelSim automatic simulation macrms
Tests wilh reference respansas
Tachnical documeniation

Installation notes
HOL core specilication
Datasheed
Synthesis scripis
Example application
Technical suppaort
IF Cora implamentation support
3 months mamtenance
« Delivery the IP Core updates, minor
and major versions changes
« [alnery the documaniation updatas
« Phons & email support

hitp:www DgitalCoreDasign. com
hitp:itwwa ded.pl
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SYMBOL Opcode Decoder - Performs an instruction
opcode decoding and the contrel functions for
all other blocks.

—Hck halt |—n Memory and SFR’s Controller - Data Mem-

_ lir f——w ory & SFR's (Special Function Register) inter-

—" Lri?q face controls access into the internal and ex-

ternal program and data memories and special

e d3131(7:0) Addr(23:0) f— registers. |t contains Stack Pointer (SP) regis-

. Ufrdataii7:0) dai?;?,‘,f;,?é _t ter, INIT register (INIT), Data Page Pointer
ufrwe f— (DPP), Stretch register (ST) and related logic.

Interrupt Controller - Interrupt Control module
PINS DESCRIPTION is responsible for the interrupt manage system

for the external and internal interrupt sources.

PIN ACTIVE] TYPE DESCRIPTION
clk - input | Global system clock
rst Low input | Global system reset PERFORMANCE
d"“ai”:_”] . f"F'“t External i bus input The following table gives a survey about the
utrdatai[y-0] - input | UFRs data bus input DF6811CPU performance in the ALTERA®
irg ) input | Interrupt input and XILINX devices after Place & Route (all
xirg Low | input | Mon-maskable interrupt input key features have been included):
addr|23:0] - output | Data memory & FR address bus ) Sp-eed . Perfarm-
datao[7:0] - output | Data memory & UFR bus output Device g‘ade Logic Cells ance
lir Low output | Load instruction register APEXZ20KE -1 2009 A5 MHz
ramwe Low output | External memoary write enable ACEX1K -1 19657 44 MHz
ufrwe Low oulpul UFRs write enable FLEK‘H}KE _1 -1999 44 MHZ
halt High output | Halt clock system (STOP inst.)
* Kind of activity is configurable
) Speed - Perform-
Device grade CLB Slices nce
ELOCK DIAGRAM VIRTEX-| -5 1045 53 MHz
M VIRTEX-E -8 1044 47 MHz
EII.-
reh P— acd(23.0) VIRTEX -6 1045 38 MHz
y e ) o datac(7:0)
ha,i':: = datai(7.C) For user the most important is application
‘ &R ufrdatai{7:0) di t Th { : q
- Cortrl b ramee speed improvement. The most commonly use
P wfrwe arithmetic functions and theirs improvement
iﬁle = are shown in table below. Improvement was
= computed as {M&8HC11 clock periods} divided
s by {DFGE11CPU clock periods} required to
irce Irterrunt execute an identical function. More details are
Xirc Cantroller 3 available in core documentation
— Function Improvement
) _ ) ) B-bit addition {immediate data) 4
ALU - Arithmetic Logic Unit performs the B-bit addifion (direct addressing) 4
arithmetic and logic operations during execu- B-bit subltraction (immediate dats) 4
tion of an instruction. It contains accumulator B-bit sublraction (direct addressing) B
. . . . 16-bit addition (immediate data) 5.3
(4, B), Condition Code Register (CCREG), and el 1 A L e e 5
related logic like arithmetic unit, logic unit, mul- 16-bit addition (indirect addressing 4.8
tiplier and divider. 16-bit subiraction (immediafe data) 53
) 16-bit subiraction (airec! addressing) 5
Control Unit - Performs the core synchroniza- 16-bit subtraction {indirect addressing 4.8
tion and data flow control. This module man- Multiplication 10
ages execution of all instructions. Fractional division 14,9
Integer division 16.4
All trademarks menticned in this document http:/fwww . DigitalCoreDesign.com
are frademarks of their respeclive owners. http:raww. ded.pl
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A2.16-BIT/32-BIT COMMERCIAL CPU CORE

DIGITAL

CORE DESIGN

D68000

16/32-bit Microprocessor
ver 1.10

OVERVIEW

C58000 soft core is binany-compatible with the
industry standsrd 63003 32-bi microcontroller,
OB000 has & 16-bit data bus and 24-bit ad-
dress dala bus I s code-compatible with the
MCGA008 and s upward code compatible with
e MCBEB0T0 wirual extensions and the
MCEE030 32-bit mplementabon of the anchdec-
lure, DEA0OD has improved instruclions sel al-
lows emecution of a program with higher per-
fermance than standard B3000 core
KEY FEATURES

s  Software compadible wilth indusine standard
68000

= MLULS, MULL take 28 clock pariods
= DIVS, DIVU teke 28 clock periods
« COptimized shits and ro@ations

= |dlz cycles removed o improve perform.
ance

=  Shorer elfective address calculabon tms
= Bus cycle timings identical to 63000
= 32 bil data and address registers
= 14 sddressmng modes:
Direct:
Data regisier direcl

Adoress regqister girect
Irctirmcd

Rapgisles hdinecd
Poshnosmant reqistar indresf

A rademarks merfoned in this documend
ane trademaris of their respectve oeners

Pradecrement mgishar indinec
Regqisied indirect with offsel
Incswad register mafrect with offsel
PC relahive.
Relative with offaef
Felativa with ndex and offss
Absalule odarg.
Ahzolude short
Absaiie ang
immadiate dale:
ferrrieckale
Curch immediaie
frmp e

5 data types supported:

{nllig
8Cchn
byfes, words and lang words

= Arihmatic Logic Unit ncludes:

8, 16, 32-b anthmehc & fogical oparshons
TEx 18 bl sgned anrd imsigned muitpicslion
A28 bir slgmed and tnsigned division
EBoairan oparatians

Intermupl contraller,

7 prianly fevels inderupd cantmilisr
Linytad nuTier of WITLE MMamupl Sounces
Veciored and ado=vectoned modes

hetp: e, Digital CoraDasign. com
htg:ihweaw. dodpl
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= Memory interface includas; + Example application

o 4 GB of addra #  Technical suppon
4 e e IP Core implemantation support

18-t date bus 3 months maimenance
Asyrehronous bus confrod « Delivery the IP Core updates, minos
and major versions changes
= MEBOD family synchronous intarface « Delivery the documentation updates

o 3 and 2- wire bus arbitration Fhone & email support

=  Supervisor and user modes

& Fully synthesizable, static synchronous de- PINS DESCRIPTION
sign with no intemal tri-slates PIN | TYPE |ACTIVE|  DESCRIPTION
SYMBOL cik inpul High | Global clack
rsb npu Low | Global resst input
[§F:"0] Fipl L Halt it
—'I datai15:0} dataod 15:0) beer npalt Low | Bus anor
addr|23 'D:l Wpa ripl L Valid peripheral address
M dtack a8 > ipH2:0] mpul Low | Intesrupt comtrol
T disck mpul | Low | Data transfer schnoaisdge
u|3: -.. bir mpul Liow Bas requast
dataz - bgack imput Low | Bus grant acknowledgs
Addiz datai[15:0] | mpa . Data bus npal
criz *  lostacitso)] output | - | Data bus cutput
— {20 10200 — addrj23:0]) | output - fuddress data bus
bg cutput | Low | Bus gram
apd ——# a5 cutpus Low | Sddress strobe
vpa L » by cutput | High/Low | Read wrile signal
bir by > uds output Low | Upper data byle sirabe
— bgack Iids cutput | Low | Lower data byte staba
Turms Address bus inka 'Z
 berr addrz cafpst High sisie
el halii nalio F—- dataz cutpul | High | Tusns Data bis inlo T skate
—= ruli 540 f—o—p ; Twms as, ndwr, ds, lde, ¥m
—H clk b output | High 1 4o02-9) signals into 2 state
fzi2:0% output High Processor funclion code
wrna culpif | Low | Valid memory addreds
+ Source code:
UHUL EIIHJI'EE ':L'IIE I:H'."Elnl:l 3l k] oaflput L Hailt gudpiit
VERILOG Source Code orfand Xl Glfpud | Lol ) aael oull
ALTERA's Megafunction or'and
EDIF netlist
#  WHDL & VERILDMG test bench environment
Active-HDL automalic simulabon macras
ModelSim automatic simulation macros
Tests with reference responses
+ Techmcal documeaniabon
Installation notes
HDL core specification
Datashaed
+ Synthesis scripis
All rademarks mantianad in this document hitip:livewew Digital CoreDesign.com
are rademarks ol thesr respeclive oaners httplivwww.dicd. pl
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ELOCK DIAGRAM for the external & intemal mbarrupts and excep-
fions processing. 1t manages  aulo-vectored
interrupt cycles, priority resolving amd correct

* ::u vector numbars creation.
o e Address registers - Contains 32-bit AQ to AG

address registers, two stack pomters USP (user
EP) and S55P (Supervisor 5P}, 32-bit Program
counter and related logic to perform word and
long address operations. An effective addrass
o p— 4 7 operation are executed in this unit,

=4 Data registers — Confains 32-bit data registers
™ - i 00 to OF and related loge to perform byte,
ructhe | rintecs | | (5] St word and long data operations.
LhaCh,
;‘;: b PERFORMANCE
ey = The following tables give a survey about the
wia 4 DE8000 area and performance in the ALTERAR
. | and XILINXE devices after Place & Roufe (all
B—n key features have been included):
ALU - Arithmetic Logic Unit performs the Device Shest Logic Cells  Performance
arithmetic and kogic opsrations during execution — ﬁ'ﬁh Eﬁﬁﬂ / :'1.5 e
of an instruction, It containg accumukator and APEX20KE .2 560 26 MHz
related logic such as anthmetc unit, logic unit, .3 BSE0 2% BAHZ
multiplier and divider. BCD oparation are exe- 4 BEED 32 MHz
cuted in this wunil and condition code flags (M- APEX20K 2 G560 2B MHz
negative, Z-zero, C-carry V-overflow) far most -3 G560 21 MHz
instructions DERNT performance it ALTERAT devices
Shifter = Performs shifling operations for the :
appropriate  imstructions, mainly for rotation, Davice w - CLB Slices  Perdormance
shift and bit operations ““5"' w70 56 MHz
Control Unit — Perfarms the care synchroniza- il -4 70 44 MHz
tion and cata flow contred. This module man- VIRTEX-E -8 3426 41 MHz
ages execution of all instructions. Contains SR % s otk
istatus register is consisted of two portions su- YVIRTEX 5 1475 8 MHz
pervisar byle and user byte) and (s related DBBO0G performance in XILINXE devices
logic.
Opeode Decoder = Performs an inslruction
opcode decoding and the confrol functions for
all other blocks
Memory Intarface — Conlains memary access
related registers It performs the memory ad-
dressing insiructions code felching and dala
transfers, It i responsible for all external bus
cycle actions such as read & write, repeated
read & write, halt and resume of bus cycles.
bus arbitration provided by 3- and 2- wire sys-
tem, corect bus and address emors handling.
wail states cycle msartion and MSB00 synchro-
mous cycle generation.
Interrupt Controller = Interrupt Control module
im responsible for the interrupt manage system
All tradamarks manlioned in this documant http sl iveww DigitalCormDesign.com
afe rademarks of ihein respeclive awners, hitpivewnw dicd. pl

Copyeight 1988-2002 DCD — Digital Core Desgn. All Righls Resarved,
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A2. 8-BIT COMMERCIAL PIC MICROCONTROLLER CORE

DIGITAL

CORE DESIGN

DFPIC165X

8-bit Fast RISC Microcontroller
ver 1.22

OVERVIEW o Up to 2K words of Program Memory
The DFPIC165X is a low-cost, high perform- o 2 blevel deep hardware stack
ance, B-bif, Tully siatic _IF' Core,  binary- s B-bil limericounter with programmable pre-
compatibde  with  the  industry  standard soaler

PIC18CE, PIC18CS55. PIC18C56, PIC1BCST
and PICTECSE. N employs a moddied RS0
architeciure (2 bmes faster than original imple-
mentation). The DFPIC165X fis perfectly in
applications ranging from high-spead aulomo-
five and appliance moior control to low-power
remote trensmittersirecaivers, pointing devices
and lelecom processors. Buill-in powar Save
mode make this IF perfect for applications
where power consumption is crtical. The small
used area in programmable devices make this
IP ideal applications with space limdations,
Low-cosi, bow-power, high performance and
ease of use make the DFPIC165X vary varsa-
like @ven n aness whene no microcaniraller use
has be=en considered before,

ODFPIC165X can address Data Memory of up
o 128 byles, and program space up ko 2k
winds, The Data Memory i implemented as
Single-Port RAB

KEY FEATURES

=  Software compatible with industry standard
PIC16C5K

&= 33 instructions

= Modified -2 tmes faster archilecture

= 12 hit wide Instruction word

# Lpio 128 byles of internal Data Mamory

Al trademmarks mentioned in this document
are redemarks of feir respective owmers

Three M0 ports

Programmakxbe Walchdog Times with #ts owm
CLK inpul for reliable operations

Power saving SLEEF mode

Direci, indirect and refalive addressing

mades

Fully synihesizable, stalic synchionous de-
sign with no internal ir-states

Ciwar 400 MHz i a 0.35u technological pro-
LIRS

SPECIAL FEATURES
12C bus condroller

SP1 bus contraller

P Pulse\Width Modwalion Timer
UART

Exiemnal or mismal interrupts

266 Bytes of Data Memory

4 k& words of Program memery

htip:itwww DigiaiCoreDesign.com
ttp:iweses ded. pl
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DELIVERABLES

Source code:
WHOL Source Code orland
VERILOG Source Code orfand
ALTERA's Megalunction odfand
EDIF netlist
VHDL & VERILOG test bench environment
Aciive-HOL aulomatic simulaton macrs
ModelSim aulomatic simulation macros
Tests with reference responses
Technical documentation
Installation notes
HOL core specification
Datashesat
Synthasis scripts
Example application
Technical support
IP Core implementation support
3 months maintenance
« [Delivery the IP Core updates, minor and
majar versions changes
= Dalivery the documentabon updates
a  Phone & email support

-

-

L

SYMBOL

—-_E portaitd: 0y portan(4:0)
—- 00 T 0 partbol 7:0)
— 10117 ] pafes(T:0)

| frisan{4:0)
—e  prodatall 10y trisk{7:0)
—ﬁ ramdata 70} frisc{7:0)
— [0cki proadd 10:0)

| ramdatac(7 0]
—I-; =3 ramaddr{&:0)
—» por
=" dkwit FEAITINT [l
ﬂ clk sleep ———»

BLOCK DIAGRAM

Figure below shows the DFPIC1GSX IP Core
block diagram.

ALU = Arithmetic Logic Unit performs anthmetic
and logic operations during execution of an
instruction. This module confains work register
W) and Status register,

All Fadaemarks manhened inthis documant
o radernaiks of 1hair respaclive owreers,

(=gt I R
POty 6
Bt 7 )
v 4 )

,:'._--—ﬂ
N
ristiT

e
sleep o v Lwd
Bl 771501701

pigaanad i 80y
prgpad i 1017 lf—
firme 0 i

" Back

JL

- DT
= S T
rabrrasdc i ] aff— -
ramadatsod T 1 Oux
ramadaiad 7 Canworer | I
1TRAY — AL

Control Unit — It performs the core synchroni-
zation and data flow contral. This module man-
ages execulion of all instructions. Parforms
decode and contral functions for all other
blocks. I containg program counter (PC) and
hardware stack.

Bus Controller - It performs interface functions
between Data memaory and DFPIC165X mternal
logic. It assures correct Data memory address-
ing and data transfers

Hardware Stack - Configurable deep of stack
according o programmer needs. By default 2-
level hardware stack 15 automatcally used by
microcontroller

Timer 0 — Main sysiem's timer and prescaler. It
is B-bit fimercounter register configurable by
COPFTICN registar.

WDT - The walchdog tmer s a free running
timer. WDT has own dock inpuf separate from
system clock. |1 means that WOT will run even if
the syslem clock is stopped by SLEEP mstruc-
tan.

WD = Block contains DFPIC185X's general pur-
pose WO poris and dafa direction register
(TRIS). Each port's bit can be indwidually ac-
cassed by bil addressable instructions. Each
port's pen has an corresponding bd of TRIS reg-
ister., When a bit of TRIS register iz sel this
means thal the comesponding pin of port s con-
figured as an input.

hitp: it DigitalCoraDasign, com
bttty wee.ded pl
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PINS DESCRIPTION PERFORMANCE
The following labdes give a survey about the
£ EDTe DFPIC 165}:..rgaraa andgperfurmam:: in tha Al-
el it || GoeThad inch TERA® and XILINXE devices after Place &
clkwdl mpul | Waichdog clock Foute (all key fealures have been included)
T nput | Global resed Pawar On Resel
mch mpul | User reset Deice m’ mmT Parfarmance
PO Mpait. £ Fort A nput -1 BAO+3ESB 02 MHz
parbi[ 7] npul | Parl B input AFEXHHE -2 B0+3ESH T8 MHz
L C L s am mas
prodaialii:0) mpul | Data bus from program memony ACERTK 3 B34+ AEAR 50 hiHz
ramoataf 7] mnput | Daia bus from ind. data mamony FLEX1OKE -1 S45+3EAB T8 MHz
10cki mpul | Timer 0 input -2 HG+3EAB 50 MHz
m—— output | Port A cutput l?l:j:;ﬁfl' Tﬂwmanm in .&: TERAR devicas
paribal7:0] outpist | Parl B oulput ' Yies daka memary an
p——— kot | Fort C oot 512 words program memory
risa(+.0] outpul | Data direcion peng far Pon A Dayice M CLE Siices  Parlofmants
trisk{7:0] output | Data direction pns far Pord B ir_‘;‘ 274 135 MHz
trisc(TH output | Data direction pina for Por © VIRTEX-lI 4 274 126 MHz
: 4 276 103 MHz
:f:ddrh':] 0] |outpud Pn:g:rf'- memary address bus VIRTEX-E p s G ke
P DUApLL) Sibep Sgni & 376 B0 MHz
ramaddr: 0] oubpun | RAM address. bus VIRTEX -5 276 59 MHz
ramdates{T.0] | output | Dads bus for indesmial data memony EPARTAMN-II £ 278 80 MHz
FArTIVT output | Data mamory wiita 7 -3 2_-"6 O '_'HH'E
DFEPICTESX performance in XTLINKE devices

The main features of each DFPIC family member have been summarized in fable below, It gives a
briefly mambes characterization halping user o select the most suitabla IP Core for its applicaton.
User can specify is own penpheral set {including lisied below and the others) and requests the cora

madifications,
fa i -} o
= = B =
E = E g £ E E -
= z
s AR EE
%m gu %:E- E‘" o E E E E E %E E’E E
Eolzl|ZE|zE|e| =22 2|2 |55|2¢] 2
PICT1Z5X% 1K 128 F 4 B ra W ral - i W &
PIC1ESX 2k 128 12 3 21 il i b - - s - |
PICTE55X 8k ] 256 14 35 3 W o o 4 1 B o 2
LFRIC fawmuly of High Perdformance Microconirofer Cores
All Fademans mantianed in this docurment hittpeltaww DigitalCoreDesign_com
ara rademarnks of thair respectve owners hitpcibwww ded,pl

Capyright 18952002 DCD = Dipkal Core Design. &1 Righis Reserved
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A4. MICROPROCESSOR GENERATIONS

A4.1. In the beginning (8-bit) Intel 4004

i BT Er

-

'I.__.I-l.l BT &

Figure A4.1a. Microscopic photograph of Intel 4004 from [W2]

First general-purpose, single-chip microprocessor

Shipped in 1971

8-bit architecture, 4-bit implementation

2,300 transistors

Performance < 0.1 MIPS

(Million Instructions Per Sec)

= 8008: 8-bit implementation in 1972

— 3,500 transistors

—  First microprocessor-based computer (Micral)
= Targeted at laboratory instrumentation
= Mostly sold in Europe
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A4.2. 1st Generation (16-bit) Intel 8086

1=

lepitirrers --=_-|-1-r|_.|r~,,_;¢-',,¢3.1:l_'.:'__ =i

PR VR i

ey ]
]
—r

H

1 .|"'l‘_-|

o |
n T T
-

[T
mjj
k.

OF

|
1
e e L .

B g n e e T e e e e B

|0
]-"] "

IR

r
I.IJI.JI.-I.I.II.I.I.IJ:' i

LY
-

3yt

O,

Lll'a- il

1§}

=Ty
Fl " ——n e ci—

| X

=t

0

TRNT
Erm

» _1"-
L

i--._.

DD_H'ﬁ CiCl 0]

e TR 'l"I-.—|I|
e —-.l_l_l.l_ -r"n"la_____l_

Figure A4.2a. Microscopic photograph of Intel 8086 from [W2]

= Introduced in 1978

— Performance < 0.5 MIPS
= New 16-bit architecture

— “Assembly language” compatible with 8080

— 29,000 transistors

— Includes memory protection, support for Floating Point coprocessor
= In 1981, IBM introduces PC

— Based on 8088--8-bit bus version of 8086
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A4.3. 2nd Generation (32-bit) Motorola 68000

o

ey

:

= Major architectural step in microprocessors:
—  First 32-bit architecture
< initial 16-bit implementation
— First flat 32-bit address
= Support for paging
— General-purpose register architecture
= Loosely based on PDP-11 minicomputer
= First implementation in 1979
- 68,000 transistors
— <1 MIPS (Million Instructions Per Second)
= Usedin
- Apple Mac
— Sun, Silicon Graphics, & Apollo workstations
— Sega Mega Drive
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A4.4. 3rd Generation: MIPS R2000

L
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Figure A4.4a. Microscopic photograph of MIPS R2000 from [W2]

= Several firsts:
—  First (commercial) RISC microprocessor

— First microprocessor to provide integrated support for instruction & data cache

— First pipelined microprocessor (sustains 1 instruction/clock)
= Implemented in 1985

— 125,000 transistors
— 5-8 MIPS (Million Instructions per Second)
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A4.5. 4th Generation (64 bit) MIPS R4000

[Tl || [T T -
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Figure A4.4a. MICI’OSCOpIC photograph of MIPS R4000 from [W2]

= First 64-bit architecture
= Integrated caches
- On-chip
— Support for off-chip, secondary cache
= Integrated floating point
= Implemented in 1991:
— Deep pipeline
- 1.4M transistors
— Initially 100MHz
- >50MIPS
= Intel translates 80x86/ Pentium X instructions into RISC internally
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A5. MARK 3 CPU PROBLEM

Originally there was a problem with the mark 3 CPU, the add opcode, worked, but the other immediate
opcodes (e.g. SUBA) did not. At first it was not understood why unpredictable results were being simulated
for the SUBA opcode, since the ADDA opcode worked flawlessly (how is this possible ?) when both
instructions use the same microcode, except that the ALU function is different (directly from IR).

A large amount of time (about 6 hours) was spent checking microcode, and circuit design. Eventually the
problem was found, it was so simple it was unbelievable. Look closely at figure A5a, the problem is obvious
(it was checked about 10 times, and not noticed, maybe not so obvious, or it never was thought possible that
such a simple mistake could be made), notice B[7..0] is connected to OP1[7..0] and A[7..0] is connected
OP2[7..0], clearly this is wrong as the microcode assumes that A - OP1 and B > OP2 (duuu). Blame it on
Altera for mixing up the positions of A and B in the creation of the default symbol (clearly A should be above
B).

i MAX +plus 11 - ¢:\work'colinaltera‘.cpu\mark 3%cu - [_alu.gdf - Graphic Editor] o] x|
S MAN+plusIT Fie Edit View Symbol Assign Utiities Options Window Help =] x|
N s = - v okbEe s HxE Eaal 2E 2 Z|atera - = — =B
m ARITHMETIC AND LOGIC PORTIOM OF THE CPU =
A T L
| ; L=
N
2 surz. - o1 e REGS :
= sarz. . o1 : ALU : — e
g SBLZ2. .01 BL7. .01 OF1L7.. @] : ELK CLK
g oLK AL7. . @] f=— oP2L7. . el RESULTL?. . @1 == D[7..01 ABL7..0]1
ﬁ s ALU_FHNL3. . 01 —=s
E=_ RsT : Le i mEsriJaeser
f[ or7. . e ; (oooa=0P1) a ;
: cabgeeemorLy L

,: e RES RESULTS REGISTER
el

T e B

<« | 3

Figure A5a. Original _alu.gdf

The solution was simple, edit the default symbol and connect A to OP1 and B to OP2, see figure A5.b for the
corrected ALU design.
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Figure A5b. Fixed _alu.gdf

The time wasted fixing this problem meant that there was not enough time to finish the mark 4.
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A6. MARK 3 — HIERARCHY CHART AND PIN LAYOUT

AG6.1. Hierarchy Chart
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Figure A6.1a. Hierarchy Chart
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A6.2. shc3 top.pin

-- Copyright (C) 1988-2001 Altera Corporation

-- Any megafunction design, and related net list (encrypted or decrypted),
-- support information, device programming or simulation file, and any other
-- associated documentation or information provided by Altera or a partner
-- under Altera"s Megafunction Partnership Program may be used only to

-- program PLD devices (but not masked PLD devices) from Altera. Any other
-- use of such megafunction design, net list, support information, device

-- programming or simulation file, or any other related documentation or

-- information is prohibited for any other purpose, including, but not

-- limited to modification, reverse engineering, de-compiling, or use with
-- any other silicon devices, unless such use is explicitly licensed under
-- a separate agreement with Altera or a megafunction partner. Title to

-- the intellectual property, including patents, copyrights, trademarks,

-- trade secrets, or maskworks, embodied in any such megafunction design,

-- net list, support information, device programming or simulation file, or
-- any other related documentation or information provided by Altera or a

-- megafunction partner, remains with Altera, the megafunction partner, or
-- their respective licensors. No other licenses, including any licenses

-- needed under any third party®s intellectual property, are provided herein.

N.C. = No Connect. This pin has no internal connection to the device.

VCCINT = Dedicated power pin, which MUST be connected to VCC (5.0 volts).

VCCIO = Dedicated power pin, which MUST be connected to VCC (5.0 volts).

GNDINT = Dedicated ground pin or unused dedicated input, which MUST be connected to GND.
GNDIO = Dedicated ground pin, which MUST be connected to GND.

RESERVED = Unused 1/0 pin, which MUST be left unconnected.

CHIP "shc3_top™ ASSIGNED TO AN EPF10K20TC144-3

TCK o1

CONF_DONE : 2

nCEO 3

TDO : 4

VCCI0 : 5

VCCINT : 6

PORTH7 7

PORTG6 - 8

PORTBS -9

PORTAS : 10
PORTE3 t 11
PORTF3 12
PORTA7 13
PORTE7 : 14
GNDIO 15
GNDINT 16
PORTB3 17
PORTA3 - 18
PORTH2 19
RESERVED - 20
PORTAO : 21
PORTB2 122
PORTBO 23
VCCI0 1 24
VCCINT : 25
PORTD1 26
PORTH4 27
PORTC1 28
PORTH3 - 29
PORTF6 - 30
PORTF1 - 31
PORTC6 1 32
PORTEO 33
TMS 1 34
nSTATUS - 35
RESERVED : 36
PORTC3 - 37
PORTE4 : 38
PORTF4 - 39
GNDIO : 40
RESERVED 141
RESERVED 42
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PORTFO : 43
PORTB1 44
VCCI0 s 45
RESERVED : 46
PORTE2 T 47
RESERVED 1 48
PORTG4 : 49
GNDIO : 50
RESERVED : 51
VCCINT - 52
VCCINT : 53
RST - 54
CLK : 55
GNDINT : 56
GNDINT : 57
GNDINT : 58
PORTGO : 59
PORTG2 : 60
VCCI0 61
ADDRESS1 62
ADDRESSO : 63
RESERVED : 64
RESERVED : 65
GNDIO : 66
ADDRESS3 : 67
ADDRESS7 : 68
RESERVED 69
RESERVED : 70
VCCI0 - 71
RESERVED 172
RESERVED - 73
nCONFIG 174
VCCINT - 75
MSEL1 1 76
MSELO S 77
PORTB6 78
PORTA4 279
PORTE6 : 80
PORTB4 81
PORTG1 82
PORTG3 : 83
GNDINT : 84
GNDIO : 85
PORTH1 : 86
PORTDO : 87
PORTAL1 : 88
PORTHO : 89
PORTC7 90
PORTF7 191
PORTCO 192
VCCINT : 93
VCCI0 194
PORTD5 1 95
PORTES : 96
PORTC4 197
PORTD4 : 98
RESERVED 1 99
ADDRESS2 : 100
RESERVED : 101
PORTD3 102
GNDINT - 103
GNDIO : 104
DI - 105
nCE : 106
DCLK - 107
DATAO : 108
PORTH5 - 109
RESERVED : 110
RESERVED - 111
RESERVED - 112
RESERVED - 113
ADDRESS5 114
VCCI0 - 115
PORTF2 - 116
RESERVED - 117
RESERVED - 118
ADDRESS4 - 119
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ADDRESS6 : 120
RESERVED 121
PORTG7 t 122
VCCINT : 123
GNDINT : 124
GNDINT : 125
GNDINT - 126
GNDINT t 127
PORTGS - 128
GNDIO : 129
PORTE1 - 130
PORTCS 131
PORTAG6 : 132
PORTB7 : 133
VCCIO : 134
PORTD7 : 135
PORTD6 : 136
PORTD2 © 137
PORTFS5 : 138
GNDIO : 139
PORTA2 : 140
RESERVED 141
PORTC2 t 142
RESERVED : 143
PORTH6 : 144
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A7. CD ROM: CONTAINING MAX2PLUS DESIGN FILES

This CD ROM contains all of the design files used in this report.

CD-ROM
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