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Simulation, Design and Hardware Implementation of a Low

Cost Processor

Ateeq A. Khan

Abstract-Embedded microprocessor has been
widely used as a tool for technological innovations
and cost reduction for the last forty years. The
main characteristic determining its performance
are its speed and programmability. Therefore, for
a design to be competitive its processor has to fit
for the characteristics like: relative
inexpensiveness, flexibility, adaptation, speed and
re-configurability. A solution to this is the use of
Field Programmable Gate Arrays (FPGA). This
paper describes the realization of a 4-bit FPGA
based simple low cost processor. The system is
implemented on the Xilinx Spartan 3
Xc3s200FT256 using ISE foundation 9.2i and
VHDL. 88(4%) of the slices are used. A maximum
frequency of 61.451 MHz was reached with a
maximum delay of 10.145 ns.
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l. INTRODUCTION

Microprocessor is the main building block for
technological components and functions as the heart
of smart devices. It has a wide range of uses and a
huge market. These days embedded microprocessors
are used in wireless communication, computing and
robotic devices. They comprise thousands of
electronic components and use a collection of
machine instructions which enables them to perform
mathematical operations and transfer information
from one memory location to another. The hardware
implementation of a simple low cost 4-bit
microprocessor on a Spartan 3 FPGA (field
programmable gate array) is developed which
performs programming of some simple operations
using VHDL.
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. DIGITAL CIRCUIT
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Figure 1 shows how the different parts and
components fit together to form the microprocessor.
From transistors, the basic logic gates are built. Logic
gates are combined together to form either
combinational circuits or sequential circuits. The
difference between these two types of circuits is only
in the way the logic gates are connected together.
Latches and flip-flops are the simplest forms of
sequential circuits, and they provide the basic
building blocks for more complex sequential circuits.
Certain combinational circuits and sequential circuits
are used as standard building blocks for larger
circuits, such as the microprocessor. These standard
combinational and sequential components usually are
found in standard libraries and serve as larger
building blocks for the microprocessor. Different
combinational components  and  sequential
components are connected together to form either the
datapath or the control unit of a microprocessor. The
circuit for either a dedicated or a general
microprocessor in the end will be produced by
combining the datapath and the control unit together.
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Figure 1: Microprocessor Components
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MICROPROCESSOR DESIGN

This  microprocessor performs the following
instructions
Gener Object .
al Instructio Operation Comment
forma n code
LDA< 8<addr> A |0ad
addr> [1JM<addr> | Accumulator
addr> [11A+M<add | Accumulator
v Aivnnt
SUB< B<addr> A A- Sub
addr> M<addr> Accumulator
diract
JZ<ad If 2=1 then Jump on
dr> C<addr> PC Zero flag set
[ ]<addr>
If C=1 then Jump on
JC<ad D<addr> Carry flag
dr> PC set
[ <addr>
AND< E<addr> A A and logic AND
addr> M<addr> Accumulator
direct
CMA 0 AnotA | Complement
Operation
INCA 2 ATTA+ Increment
Accumulator
DCRA 4 A A1 | Decrement
Accumulator
HLT 6 Halt Halt CPU

Table 1: Instruction Set

A=Accumulator

M= Memory

addr= Address

Z=Zero Flag

C= Carry Flag

PC= Program Counter

The details about the design and actual architecture
of the control unit, what operation code (opcode) is
assigned to each of the instructions and how many
bits are to be encoded in an instruction and what are
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the control words used in micro program are given in
control unit of microprocessor.

l.() MEMORY

At first the memory was created as Random
Accesses Memory (RAM) with 16 words of 4-bits, in
order to support the store and load instructions, but
since our design has no actual inputs the memory was
turned into a Read Only Memory (ROM) with same
size so we can store our program that we want the
microprocessor to execute. As a result the store
operation was canceled and subsequently the
connection between the accumulator and the memory
was eliminated.

I11.(i) CONTROL UNIT DESIGN

The purpose of the control unit is to initiate a
series of sequential steps of micro-operations. During
any given time, certain operations are to be initiated
while all others remain idle. Thus, the control
variables at any given time can be represented by a
string of I’s and 0's called a control word. As such,
control words can be programmed to initiate the
various components in the system in an organized
manner. A control unit whose control variables are
stored in a memory is called a micro program control
unit. Each control word of memory is called a
microinstruction, and a sequence of microinstructions
is called a micro program since alteration of the
micro program is seldom needed, the control memory
can be a ROM. The use of a micro program involves
placing all control variables in words of the ROM for
use by the control unit through successive read
operations. The content of the word in the ROM at a
given address determines the micro operations for the
system. Figure 2 illustrates the general configuration
of the micro program control unit. The control
memory is assumed to be a ROM, within which all
control information is permanently stored. The
control memory address register specifies the control
word read from control memory. It must be realized
that a ROM operates as a combinational circuit, with
the address value as the input and the corresponding
word as the output. The content of the specified word
remains on the output wires as long as the address
value remains in die address register, no read signal
is needed as in a random-access memory. The word
out of the ROM should be transferred to a buffer
register if the address register changes while the
ROM word is still in use. If the change in address
and ROM word can occur simultaneously, no buffer
register is needed.
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The word read from control memory represents a
microinstruction. The microinstruction specifies one
or more micro operations for the components of the
system. Once these operations are executed, the
control unit must determine the next address. The
location of the next microinstruction may be the next
one in sequence, or it may be located somewhere else
in the control memory. For this reason, or it is
necessary to use some bits of the microinstruction to
control the generation of the address for the next
microinstruction. The next address may also be a
function of external input conditions. While the
micro operations are being executed, the next address
is computed in the next-address generator circuit and
then transferred (with the next clock pulse) into the
control address register to read the next
microinstruction.

LLLLLL]

Figure 2: Control Unit Architecture

l1.(iii) CONTROL MEMORY

Control memory is a ROM with 6-bit
address given as 64 words, but actually only the first
48 are used. Each word is 23-bit long of which the
most significant 13-bit are sent to the datapath as
controlling signals determining how each component
in the datapath behaves subject to what kind of
operation is being preformed. The 6-bits after the
control bits in the control word are the brunch bits
which make the ROM jump from one word to
another if needed depending on the status conditions
coming from the datapath particularly the zero and
carry flags as well as the signals from the IR . The 4
least significant bits in the control word are the
condition selectors which select one of the status
conditions to be checked if needed and do so by
serving as the selecting signals for a 16X1
multiplexer where the output of the multiplexer is the
control signal for the MPC. Based on this way of
operating, the controlling words were created. After
that the VHDL code was written for it and simulated.
A simple behavioral model was used for creating the
ROM. Since it is a read-only memory, no clock
signal or write-enable pin is necessary. The circuit
contains a pile of pre-stored words, being the one
selected by the address input (addr) presented at the
output (data).

I11.(iv) MICROPROCESSOR CONNECTIONS

The microprocessor is built by connecting
the datapath with the control unit. This is done by
using the same method in creating the datapath and
control unit which is port mapping of the structural
model, with the inputs being a clock signal to help
regulate the transfer of data inside the
microprocessor, and a reset signal to make the
microprocessor go to the start of the control words
stored in the ROM by resetting the MPC which holds
the address of the ROM. The microprocessor has a 4-
bit output which is the result of the instructions
executed by it.

The program stored in the memory of the datapath
which defines the instructions that will be executed
and the order they are executed in, can be written in
any manner seen appropriate for a specific
function(s) that the microprocessor is intended to
perform. The only limitation is that the space in
which the instructions can be stored is limited to 16
word, bearing in mind that some instructions need
two words while other need only one word of space.
The program written is designed to test all of the
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Figure 4: The Microprocessor Timing Simulation
instructions the microprocessor can perform in order The behavioral simulation has been done to ensure
to determine the success of this paper. that the microprocessor performs the program stored

in its memory, after that the place and route
simulation (timing simulation) is done to find out the
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delay and if it is too much that it could hinder the
performance of the microprocessor. Both simulations
are shown in figure 3 and figure 4.

IVV. CONCLUSION

A large number of low cost prototype boards
available for various FPGAs. This is certainly not
true for ASICs as the tool cost alone can be
prohibitive in many cases. The other reason for the
low setup cost is that the use of an FPGA means that
the mask costs associated with an ASIC are avoided
which can be a significant saving for a modern
technology.

The design of the microprocessor is
analyzed carefully to ensure that any failure would be
corrected, this is done at each step making sure that
every component is functioning accurately on its own
and also when it is connected to other parts. The
measure of accuracy is the simulation which could
give a clear picture on how the component performs
as well as helping in finding what causes failures
when they occur.

FPGA-based 4-bit microprocessor on Xilinx
Spartan 3 board is successfully implemented using
VHDL language. The microprocessor is made of the
control unit, an arithmetic logic unit (ALU), a
memory unit and registers. The processor has a
maximum frequency of 61.451 MHz and 88 slices are
utilized. It can perform ten different instructions as
described in the specifications of the microprocessor.
Simulations are done to ensure its functionality.
The microprocessor can be upgraded by adding the
store instruction to it by changing the datapath
memory into a RAM, also by increasing the number
of bits the microprocessor can process; it could be
used in many applications.

As far as the future work is concerned, latest
Xilinx with new family of FPGA can be used to for
speed improvement and area reduction. Altera can be
tried for comparison of two technologies.
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