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Abstract
Objectives: To design and implement a totally-functional 4-bit didactic processor, in order to be applied as a tool for 
improving the learning process of students of microprocessors courses, and to be used as a base for future applications. 
Methods/Analysis: This work was reached through the application of a final course project in microprocessor and 
digital circuit courses, where it was given to the students via web platform, just the basic block diagram (to use Bottom-
Up methodology) and they had to complete or design collaboratively the rest of details or blocks which is necessary 
to work. This processor was implemented using hardware description languages such as: Very fast speed Hardware 
Description Language (VHDL) and Verilog, on Complex Programmable Logic Device (CPLD) and Field Programmable Gate 
Array (FPGA). Findings: The present one is used as a teaching tool for digital circuits and microprocessor courses in the 
Technology Faculty of District University (Bogotá, Colombia). This minimalist design of the processor was done to reduce 
the amount of resultant digital gates, in order to implement inside a small digital programmable device. As a result, it was 
obtained as a simple processor to start with the basic concepts in the learning process of micro-processors and a little 
improvement of final exams results due to the involving of students into real problems as collaborative designers. Novelty/
Improvements: Reduced design is capable to implement on small CPLD or to be implemented sometimes on FPGA to do 
parallel applications. Additionally, its reduced size helps to easily understand it and implementing by the students.

1. Introduction
Learning process of specific concepts of computing and 
microprocessors theory uses to be very difficult for stu-
dents due to most of the cases, that process is based on a 
too complex and complete processor1−3. The number of 
different concepts such as addressing modes, data flow, 
data buses, micro-instructions, architecture and others, 
use to be confusing, even though if the complexity of the 
real processor were low. This is the reason of the different 
tries of creating a minimalist and didactic processor4–9 in 
which its architecture makes easier the learning of those 
basic concepts.

Most of the didactic processors have been imple-
mented through simulation platforms10. hardware designs 
are used in digital programmable devices such as CPLDs 

and FPGAs using VHDL or Verilog as hardware descrip-
tion language11–15. That approach is so interesting due to 
the design could be modified, simulated and implemented 
by the students, in order to reach a better comprehension 
about the processor and all of its fundamental concepts. 
Additional to processor theory learning, those designs 
can be used to teach advanced concepts of digital circuits 
and its applications taking advantage of their small size 
and functionality. 

Doing a processor design, the concepts what the stu-
dents need to learn about processors theory, is obtained 
at least a medium complexity processor which anyway 
is too complex for beginner students2,3. In order to make 
easier the starting into the processor world, it is proposed 
a design with a huge reduction of the components than a 
real small processor14, for this, it is necessary to include 
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some features and restrict the final functionality of the 
processor. Additionally, this minimalist approach makes 
easier the hardware implementation and modification.

At Technological Faculty of District University 
some thesis about implementations using logical pro-
grammable devices have been developed, using mainly 
FPGAs16–19, but only a few amount of students can reach 
the needed knowledge level to write a paper, or even 
though to approve digital circuits and microprocessor 
courses. Then, there is a high disapproval percentage of 
microprocessors course by electrical engineering stu-
dents; that is why we motivated to do this work. ARMOS 
research group had a rising interest of designing its own 
basic processors instead of using a design already done. 
For this specific work, not all the complete design was 
given to the students, in order to encourage them to rede-
sign or modify it, under their own criteria. This approach 
allows involving the students into the problem and thus 
improves their learning process. 

This paper is organized as follows. In Section 2 design 
description of the didactic processor is shown, Section 3 
describes some results obtained. Section 4 shows some 
considerations about the results and future work. Finally, 
conclusions are shown in section 5.

2. Design Description
The processor designed is a Reduced Instruction Set 
Computer (RISC) and accumulator-based one with a 
basic Harvard architecture, all its design was thinking of 
being a minimalist processor and therefore reducing the 
amount of resultant digital gates needed to implement it. 
In order to be minimized its data bus was reduced to just 
4 bits and its storage capability was reduced to the mini-
mum. This consists of a logical arithmetic unit Arithmetic 
Logic unit (ALU), a 4-bit word selector o multiplexer 
(MUX), a Program Counter (PC), an Instruction Register 
(IR), an Accumulator register (ACC), a data memory, a 
program memory and a control unit. Processor includes 
4 input ports and 4 output ports of 4 bits each one. The 
schematic design is shown in Figure 1. It is described that 
each component of designed processor. The ALU has a 
Carry output (C) for the carry of each operation and a 
Zero output (Z) to indicate when an operation gives a 
result with all bit on zero. Program counter PC is an 8-bit 
register with a parallel load input of 6 bits and 3 control 
bits. Instruction register IR is another 8-bit register with 
input and output of 8 bits.

Figure 1. Processor block diagram.

Accumulator ACC is a 6-bit register with a 4-bit input 
from ALU and other two input bits for Z and C signals, also 
it is possible to reset Z and C values by a control bit. Data 
memory (RAM) is a bank of 16 register of 4 bits each one, 
it has a 4-bit address bus and two different 4-bit data buses 
for input and output. Memory addresses from 0 to 7 are 
internal registers, addresses from 8 to 11 work as output 
ports and addresses from 12 to 15 works as input ports. 
Program memory is a Read Only Memory (ROM) of 256 
positions of 8 bits each one and it stores the correspond-
ing values of instructions to be executed by the processor. 
Those instructions are programmed directly on the descrip-
tion of program memory language using VHDL and 
Verilog. This memory is totally asynchronous and has two 
8-bit buses address bus and output data bus. Unit control 
is a Finite State Machine (FSM), which does each neces-
sary step (micro-instruction) to execute the programmed 
instructions; this one has the instructions decoder inside. 
This block receives Z and C signals and a 4-bit from IR 
Most Significant Bits (MSB), in order to get the instruction 
operation code. Control unit has output signal to control: 
loading of ACC, increment and addition of PC, writing and 
reading of memories and selection of MUX.

2.1 Instruction Set
The processor has an instruction set of just 14simple 
instructions. This is the first feature that makes the pro-
cessor minimalist and didactic, due to this amount of 
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instructions is easily memorized. The complete instruc-
tion is shown in Table 1. These instructions can be 
classified on 2 arithmetical, 4 logical, 3 transferring mem-
ory ones, 2 unconditional jumps, 2 conditional jumps and 
a not operation instruction. Those instructions use direct, 
immediate and inherent addressing modes.

2.2 Instruction Coding
The processor uses an 8-bit instruction coding that is 
composed of 4-bit operation code and a 4-bit operand. 
The Most Significant Bits (MSB) is the opcode and the 
Least Significant Bits (LSB) is the operand. Table 2 shows 
the instruction coding.

For the ALU instructions such as: signed Addition 
(ADD), Subtraction (SUB), bitwise and (AND), bitwise 
Or (OR), bitwise Exclusive Or (XOR) and Load register 
(LOAD). There is a specific opcode for each one and 4 
bits A3, A2, A1 and A0 that relate to a memory address 
to access. Negation instruction (NOT) does not require 
operand, thus the last four bits are ignored. Load constant 
instruction (LOADK) has an operand K3, K2, K1 and K0 
bits that refer to 4-bit data to be load to the accumulator 
register ACC. The conditional and unconditional jump 
instructions have as operand J3, J2, J1 and J0 that refer to 
the value of the jump to do (the value to add or subtract 
to PC), that allows to do jumps of 16 memory positions.

Table 2. Instruction coding for processor

Instruction Opcode Operand 
ADD Address 0 0 0 0 A3 A2 A1 A0
SUB Address 0 0 0 1 A3 A2 A1 A0
AND Address 0 0 1 0 A3 A2 A1 A0
OR Address 0 0 1 1 A3 A2 A1 A0
XOR Address 0 1 0 0 A3 A2 A1 A0
NOT xxxx 0 1 0 1 X X X X
LOAD Address 0 1 1 0 A3 A2 A1 A0
NOP xxxx 0 1 1 1 X X X X
STORE Address 1 0 0 0 A3 A2 A1 A0
LOADK Constant 1 0 0 1 K3 K2 K1 K0
GOUP Unsigned 1 0 1 0 U3 U2 U1 U0
GODW Unsigned 1 0 1 1 U3 U2 U1 U0
JFIC Unsigned 1 1 0 0 U3 U2 U1 U0
JFIZ Unsigned 1 1 0 1 U3 U2 U1 U0

2.3 Arithmetic Logic Unit ALU
ALU does arithmetic operations such as signed addition 
(ADD) and subtraction (SUB), and logic operations such 
as NOT, AND, OR and exclusive-OR (XOR). This unit has 
couple of 4-bit data inputs (A and B named from right to 
left) and a data output, also its selection input has 3 bits. 
Table 3 shows all the possible operation of ALU.

Table 1. Instruction set of processor

Instruction Function Description
ADD Address ACC <= DataMem[Address] + ACC Addition
SUB Address ACC <= DataMem[Address] – ACC Subtraction
AND Address ACC <= DataMem[Address] and ACC And
OR Address ACC <= DataMem[Address] or ACC Or
XOR Address ACC <= DataMem[Address] xor ACC Exclusive or
NOT ACC <= not ACC 1´s Complement
LOAD Address ACC <= DataMem[Address] ACC load
STORE Address DataMem[Address] <= ACC RAM storage
LOADK Constant ACC <= Constant ACC constant load
GOUP Unsigned PC <= PC – Unsigned Go up (Jump backward)
GODW Unsigned PC <= PC + Unsigned Go down (Jump forward)
NOP ACC <= ACC Not operation
JFIC Unsigned if(carry = ‘1’)then 

 PC <= PC + Unsigned
Jump forward if Carry

JFIZ Unsigned if(zero = ‘1’)then 
 PC <= PC + Unsigned

Jump forward if Zero
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Table 3. Operations of the 4-bit ALU

Selection IR[6:4 Output
0 0 0 A + B
0 0 1 A - B
0 1 0 A and B
0 1 1 A or B
1 0 0 A xor B
1 0 1 not B
1 1 0 A
1 1 1 B

3. Results
Usually the instruction decoder is the processor com-
ponents that use the amount of logic gates. This design 
attacks the problem in two different ways, reducing the 
amount of instructions and matches the opcodes with 
the ALU operations. The ALU operations match with 
the bits from 4 to 6 position of opcode of arithmetic and 
logic instructions (LOAD and NOP are ALU operations). 
Therefore, it is not necessary to do any de-codification for 
arithmetic and logic instructions, for the rest it is imple-
mented direct de-codification through the FSM of the 
control unit, merging all ALU instructions as an only one 
state, as shown in Figure 2.

It was reached a finite state machine just with 10 state 
including reset states, in order to minimize the total size 
of the obtained processor and of course it is the enough 
simple to be understood very fast.

It was obtained an executing rate of just 4 clock cycles 
for all the instructions; this is the most important fea-
tures for a RISC processor. This rate was done inside the 
state “Decode” the comparison of processor flags (Carry 
and Zero). Different hardware descriptions using VHDL 
and Verilog languages were designed. First one was done 
using the Top-Down methodology, it means that each 
functional block was described separately and merged at 
the end. This approach is useful for students to under-
stand much better the internal working of processor. 
Additionally, using both languages it describes the com-
plete processor as an only one block, in order to be easier, 
the use of this, on a specific application, once the students 
have understood its basic behavior.

The description of data memory is so particular, 
because it includes the input and output ports itself, this 
was done, in order to manage those ports as a simple 

memory positions and avoid creating specific instruc-
tions for them.

For the student of electrical engineering at 
Technological Faculty of District University was done 
compared the results of final exam of micro-processors 
course, before and after first term of 2011 when it was 
started using of the minimalist processor as a didactic 
tool. The average scores improve after that in approxi-
mately 6% until second term of 2014, according with 
faculty data.

Figure 2. Finite state machine of Control unit.

Approximately 92% of asked students, think of this 
didactic processor is a good tool to teach the micro-pro-
cessors concepts and additionally it helps to approve the 
exams not only it is simple and easy to understand but 
the collaborative way to design it is good. This value was 
obtained through polls applied in each term, to all the 
students of the course from 2012.

Starting from a basic block diagram, each semester 
the students reached similar but different designs that 
were enriching the current one. The obtained design is 
the result of continuous changes done by the teachers of 
ARMOS researching group after apply the processor as 
final project and some design ideas given by the students 
through semesters.

4. Limitations and Future 
Research
This design has a lot of limitations of reducing its size. 
First, it is an accumulator-based 4-bit processor which 
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limits its compute capacity itself. The processor has not 
interrupt sources; it can be sequentially programmed. 
There is not an instruction for subroutine calling. The 
amount of program and data memory is too limited to 
be applied to most of real applications. This processor has 
not any type of indirect addressing which is not neces-
sary due to the low amount of registers of Random Access 
Memory (RAM). The instruction set does not include 
arithmetic instructions with carry, division and multipli-
cation, and rotation and shift instructions. All jumps are 
relative and limited to 16 memory positions. There is no 
way to do constant vectors or tables in ROM memory.

The effectiveness of the processor as a didactic tool is 
too difficult to determine accurately, this design is being 
improved through the addition of more instructions such 
as addition and subtraction with carry and right-left 
rotation. Also, the conditional and unconditional jumps 
will be enlarged taking advantage of the unused bits of 
instructions coding.

ARMOS researching group is designed with an 8-bit 
processor in this work. The approach in this case is not 
only to reach a small and optimized design but to have 
the enough functionality to be used for real applications. 

5. Conclusion
It is possible to obtain a minimalist but functional pro-
cessor design, using standard hardware description 
languages and using web collaborative platforms, in order 
to improve the learning process of processors theory. Due 
to the reached design is very simple and totally modifi-
able; the students obtain a better comprehension of the 
architecture and the basics concepts making small or big 
changes to the processor. We expect that the knowledge 
acquired by the students through this direct and col-
laborative interaction with the processor architecture 
makes easier the learning process of any new processor 
architecture or even encourages them by studying about 
processors and computing theory.
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