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1. INTRODUCTION

The digital circuits and processor theory learning are one of the most important subjects for
the electric and electronic engineering students, but also they are the ones that presents more amount of
students who do not approve, that is why a lot of different didactic strategies have been developed [1], mainly
in the practical area. Due to the invention of hardware description languages like VHDL and Verilog and
programmable logic devices like CPLDs, FPGAs and SOCs, since a pair of decades the learning focused on
the design has been highly facilitated [2]. Different processor designs have been developed mainly with
academic purposes, for teaching digital circuits [3-6], computer architecture [7-10] and embedded
systems [11-14]. Most of these designs has been described using VHDL language [15-17], Verilog
language [6, 18], or even both. Those designs can be classified taken into account the number of bits of their
main data bus, basically there are 16-bit processors [8, 9, 13], 8-bit processors [17, 19, 20] and 4-bit
processor [18]. These referenced implementations are as diverse as the universities and institutes where were
designed, some have Von Neumann architecture, some other Harvard architecture, some are consider RISC,
some other CISC, etc.

In the Universidad Distrital from Bogotd, Colombia, specifically at technology faculty,
some different designs about this topic have been developed. The first approach, was a very simple 4-bit
processor [18] described in VHDL and Verilog languages, which was born from the need of creating a final
project of the Digital Circuits course for electrical engineering students. At that time, the electronics
laboratory (belongs to electric engineering) just had small Xilinx® CPLDs, that was the reason because
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a highly reduced design was developed. After that, along with the ARMOS research group, other two designs
were done, both were 8-bit softcore processors. The first one was inspired on a Microchip’s PIC®
microcontroller [20], which has as main objective, to take advantage of the advantage of the compilation and
debugging tools existing for those microcontrollers. The second one, was a totally new design [19] that used
a pair of twins accumulators and some other non-explored features inspired in part by PicoBlaze
microprocessor and its multiple application [21-25].

The main goal of the first 4-bit processor designed [18] is to offer to the students another practical
tool to strengthen the knowledge acquired in the classroom. For the students of the digital circuits subject,
the processor is focused as final project of the course, where the professor gives the block diagram and
the description of some of the functional blocks preformed in Verilog language, and they have to describe
the rest of the blocks and integrate all of them in order to do the design totally functional, implementing
a simple application. On the other hand, for the students of the computers architecture subject, the 4-bit
processor is focused as the tool to learn in a global way, how a computer works, so it is used only in the first
part of the course. In order to keep the learning process of the students at the courses of digital circuits and
computers architecture (at Universidad Distrital, Bogota, Colombia), as simple as possible, the first 4-bit
processor designed has been preferred instead of the two 8-bit processor after designed. Then, since that time,
some changes and improvements have been developed to the original description, but always trying to keep
its simpleness. This paper shows the changes and improvements implemented and the respective comparison
between the original processor and its second version.

2. RESEARCH METHOD

The previous processor design had only 14 instructions [18], including arithmetic, logic, register
transfer and branch ones. Instead of being totally functional, after apply it in several therms, we realized that
processor lacks some basic functionalities such as: carry arithmetic instructions, an easy to understand jump
or branch instructions, decimal adjust for BCD operations, rolling or shifting operations and finally a better
way to get in and get out data to the outside. In this article, the improvements implemented on those features
are shown, first the detection of those weak points and after the proposed improvements and their
implementations. All of the proposed changes were thought to avoid increase the amount of the program and
data memories.

2.1. Instructions without direct-carry functionality

The original design has only 2 arithmetic instructions: ADD and SUB, both without input carry,
which make difficult to chain operations for instance to do 8-bit additions. An example of an 8-bit addition
using the original processor, is shown as follows, where R1:R0 compose the first 8-bit operand, R3:R2
the second one, and R5:R4 the destiny.

LOAD R3 ;addition of the most
ADD R1 ;significant nibbles
STORE R5

LOAD RO ;addition of the least
ADD R2 ;significant nibbles
STORE R4

JFIC 2 scarry test

GODW 4

LOADK 1 ;increment the most
ADD R5 ;significant nibble of
STORE R5 ;the destiny, if carry
NOP

As shown in the previous assembly code, an 8-bit addition can be performed with at least 11 instructions.
If an addition with carry operation existed, the same operation would be performed since 6 or 7 instructions.

2.2. Input an output operations

The existing design has not direct input or output registers, instead of that it has 4 input and 4 output
registers mapped directly into the data memory in fixed position. This has the advantage each instruction can
affect directly the ports, but at the same time make difficult de description of the data memory as a standard
RAM. This makes the comprehension too hard specially to the students of the digital circuits subject.
If separated 1/0 banks existed, the manage of inputs and outputs would be easier and all the 16 memory
positions of the RAM could be used as general purpose registers.
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2.3. Rotating or shifting operations
There are no rolling or shifting instruction in the original design of the 4-bit processor. That kind of
instructions are very important for manage of independent bits of a register or in communication applications.

2.4, BCD operations functionality

Being the design a 4-bit processor, it highlights for its lack of BCD operations. Most of
the functional 4-bit processors are focused on performing BCD operations, because its number of bits make
easier to do this kind of processing, like the processors used in old calculators. It is very important to give to
the design some BCD options in order to increase its functionality.

2.5. More understandable jump instructions

Jump or branch instruction in the original design produced some confusing to the students, because
there are to different instruction to jump. GOUP “go up” and GODW “go down”, depending on the direction
of the jump. If there was only one branch instruction, the written code would be clear.

3. RESULTS AND ANALYSIS

The new proposed processor design is an accumulator machine with a Harvard-RISC architecture.
This is a non-pipelining processor and it has not interruptions. The processor consists of: a RAM data
memory of 16x4 bits, a ROM program memory of 256x8 bits, an 8-bit instruction register IR, an 8-bit
program counter PC, a 4-bit accumulator ACC, 1-bit flags of zero Z, carry C and digit carry DC, two 4-bit 4-
input selectors, a 4-bit ALU and finally a bank of 4 input registers and another of 4 input registers, as shown
in the block diagram of Figure 1. The main changes looking at the block diagram is the inclusion of the digit
carry DC flag and the input and output register banks. The digit carry flag was implemented to enable BCD
operations, due to this one is activated only when the result of the ACC after any arithmetic instruction is
grater than 10. On the other hand, the input and output ports were implemented to separate them from
the data memory.
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Figure 1. Block diagram of the designed softcore processor

3.1. Instruction set

The proposed design has a total of 20 instructions: 3 arithmetic, 4 logic, 2 rotation, 3 of flags
management, 5 register transferring, 1 branch and 2 testing instructions, increasing in 6 the previous
instruction set. The Table 1 shows each instruction and its description.
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Table 1. Instruction set summary

Instruction Description

ADDDC addition with carry or digit carry
SUBDC subtraction with carry or digit carry
AND and operation

OR or operation

XOR exclusive or operation

NOT not operation to the accumulator

DA decimal adjust to the accumulator

ROL rotate left the accumulator

ROR rotate right the accumulator

SETC set carry flag

CLRC clear carry and digit carry flags
CLRDC clear digit carry flag only

IN load the accumulator with an input port
LOAD load the accumulator with a memory position
LOADK load the accumulator with a constant
JUMP relative jump

JFIDC jump forward if carry or digit carry
JFIZ jump forward if zero

STORE store accumulator in a memory position
ouT load an output port with the accumulator

The main changes on the instruction set were: the instruction of not operation NOP was deleted,
the arithmetic instructions ADD and SUB were changed to support input carry, a decimal adjust DA
instruction was crated to make easy BCD operations, rotate left and right instructions ROL and ROR were
created, flag management instructions SETC, CLRC and CLRDC were created, 1/O instructions IN and OUT
were created, branch instructions GOUP and GODW were replaced by JUMP, and finally the test instruction
JFIC were replaced by JFIDC which also test the digit carry. All the instructions of the processor have only
1 of the 2 available addressing modes, direct addressing or inherent addressing.

3.2. Instruction codification

The main idea was to increase the number of instructions and thus its functionality, but at the same
time keep its reduced space occupied and its simplicity. In order to not increase the size and number of bits of
the program memory, the previous codification scheme [18] of 4-bit instruction and 4-bit operand was
reformulated, doing that the opcode has a variable number of bits. In the new codification scheme the opcode
can variate from 2 to the complete 8 bits of the instruction, the JUMP instruction is codified only with 2 bits,
the I/O instructions are codified with 6 bits, NOT, DA, the rotating instructions and the flag management
instructions are codified with 8 bits, and the rest of instruction are codified using 4 bits, as shown in Table 2.
The instructions are classified in two groups, the ones that update the accumulator and the ones that do not,
those groups are differentiated by means of the first bit (Table 2).

Table 2. Instruction codification in 8 bits

Instruction Opcode

ADDDC Address 0000 A3 A2 A1 A0
SUBDC  Address 0001 A3 A2 A1 A0
AND Address 0010 A3 A2 A1 A0
OR Address 0011 A3 A2 A1 A0
XOR Address 0100 A3 A2 A1 A0
NOT 01010000

DA 01010001

ROL 01010010

ROR 01010011

SETC 01010100

CLRC 01010101

CLRDC 01010110

IN Port 010111 P1 PO
LOAD Address 0110 A3 A2 A1 A0
LOADK Constant 0111 K3 K2 K1 K0
JUMP Signed 10 S5 54 8352 S1 S0
JFIDC  Unsigned 1100 U3 U2 U1 uo
JFIZ Unsigned 1101 U3 U2 U1 uo
STORE  Address 1110 A3 A2 A1 A0
ouT Port 1111xx P1 PO
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It was taken advantage of that 7 of the 20 instructions use inherent addressing, this means those
instruction do not need any operand, then they can use all the 8 bits of the instruction. The binary code
“01010111” was not used, so it is possible to implement for instance the NOP instruction using this code.
On the other hand, the out really only need 4 bits for the codification, this means than the other 4 bits can be
used as port address, increasing them from 4 to a total of 16 output registers.

3.3. Instructions with input carry

In order to give to the ADD and SUB instructions the possibility to work with input carry,
the instructions ADDDC and SUBDC were created. Due to the limited number of codification bits (only 8),
it was not possible to include the respective instructions without input carry. An example of an addition of
two 8-bit numbers, is shown as follows.

LOAD RO ;addition of the least
CLRC ;significant nibbles
ADDDC R2

STORE R4

LOAD R1 ;addition of the most
ADDDC R3 ;significant nibbles
STORE R5

A reduction from 11 instructions to only 7 was obtained, in comparation with the original design. This same
architecture can easily perform BCD addition only adding the DA instruction. An example of an addition of
2 BCD numbers of 2 digits each one (right), is shown as follows:

LOAD RO ;addition of the least

CLRC ;significant BCD digits

ADDDC R2 ;with decimal adjust

DA

STORE R4

LOAD R1 ;addition of the most

ADDDC R3 ;significant BCD digits
STORE R5

3.4. Control unit

For the control unit, a FSM (Finite State Machine) was implemented following the non-pipelining
Fetch-Decode-Execute scheme. The state diagram is shown in Figure 2. The Wait state presented in
the previous design of the state machine [18] was used to increment de PC register before the next Search
state. For this design, this state was eliminated, and the increment of the PC is directly done in each execution
state. This last, reduced from 4 to only 3 states (thus only 3 clock cycles) the execution of each instruction.

3.5. Macro-instructions

As shown in the code examples of the previous sub-section, the simple additions needs and
additional CLRC instruction, but this can be confusing for the students at the beginning, that is why some
macro-instructions were implemented under the assembler software, in order to write instruction
combinations as only one. The Table 3 shows the implemented macro-instructions and their translation to
assembly language.
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Figure 2. State diagram of the control unit
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Table 3. Macro-instructions and their meaning

Macro Instruction Assembly Description

ADD  Address CLRC addition
ADDDC Address

ADDC Address CLRDC addition with carry
ADDDC Address

SUB  Address CLRC subtraction
SUBDC Address

SUBC Address CLRDC subtraction with carry (borrow)
SUBDC Address

SHL CLRC shift left
ROL

SHR CLRC shift right
ROR

NOP NOT not operation
NOT

3.6. Processor implementation size

The design was implemented and tested on a FPGA Spartan 3AN xc3s700an-4fgg484 by Xilinx®.
This new design was compared with the previous implementation on the same device, obtaining that it uses
less flip-flops (from 98 to 81) but more LUTs (Look Up Tables) and slices (basic units that group flip-flops
and combinational logic). Specifically the new design uses more than the double of LUTs (from 114 to 238).
Regarding the maximum possible frequency the difference in minimal (from 938Mhz to 929Mhz).
The Figure 3 summarizes all of these results.
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Figure 3. Results comparison of the hardware implementation

4. CONCLUSION

The previous design was improved in some many ways, firstly the number of instruction was
increased from 14 to 20, and also 7 macro-instructions were implemented. Some instruction were improved
or replaced and other ones were included, but the program memory kept its original size. Secondly,
a 4-register input bank and a 4-register output bank were implemented, making all the registers of the data
memory are general purpose registers. Also, operations with input carry and the possibility to implement
BCD operations were enabled by means of implementing addition and subtraction instructions with input
carry and input digit carry, as well as the decimal adjust instruction. On the other hand, the modification
implemented on the FSM of the control unit, reduced the number of execution clock cycles from 4 to 3.
In addition, the maximum frequency was only reduced to the 99.1% of the frequency reached with
the original processor. Finally, the total size occupied by the processor increased, but the functionality was
improved too, also making more standard the Verilog descriptions and anyway keeping the design as reduced
as possible, since the design only occupied the 2% of the total resources of the device selected for
the implementation.
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