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Abstract—Knowledge of the internal structure and
operating mechanism of microprocessors is a very
important part in for engineers in electronics and
computer science. This knowledge can be deepened with
experiences of processor design, which also meet many
aspects linked to other basic skills. However, due to its
complexity, the design of commercial processors is not
effective from an educational point of view. In this
communication we present a VHDL design experience of a
very simple processor that shows multiple learning posed
to the student.
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I. INTRODUCCION

Digital Electronics is a field so large that its teaching is
carried out in different subjects. The first subjects tend are
usually focused in logic design, with logic gates and flip-flops.
From there, other subjects engaged in teaching digital design
from higher levels of abstraction, such the RT level. There are
also subjects dedicated to the teaching of the use of processors,
in general following the process of programming of a particular
processor. Other more advanced subjects engaged in the
realization of digital design using hardware description
languages (HDLs). It is quite frequent that subjects dedicated
to the teaching of the use of the processors are no closely
related with subjects devoted to the design with HDLs.

For this it is very helpful to find examples of applications
that combine the contents taught in several subjects, and
provide to the student a global vision of the process of design
of digital circuits. From this point of view, the design of
processors in a very good example, because it can combine the
contents of subjects related to the use of processors and to
subjects linked to the design using HDLs. However the
complexity of current processors, even the simplest, makes
impractical its realization as a complete design.

978-1-5090-2264-9/16/$31.00 ©2016 |IEEE

Lopéz-Hinojo, Antonio A.
Universidad de Sevilla
Sevilla, Espafia

With this background, this communication presents a
experience design of an academic processor called pico-
processor for its simplicity. This experience has been the
design and documentation of a library of basic cells, necessary
for the design of processors, and their instantiation and
interconnection to design and verify the pico-processor. This
experience has been carried out as a Degree Project [1].

The description of the basic cell and the pico-processor has
been carried out using VHDL hardware description language.
These descriptions have been made at RT level and complying
with the restrictions of synthesis tools. So obtained circuits can
be synthesized and implemented using technology libraries.

This paper has given great importance to the
documentation. A good documentation of a design is an
extremely important aspect, both in its development and its
subsequent maintenance. A design documentation starts at the
same time that the construction and ends just before delivery to
the customer. Once the design is complete, the documents to be
delivered are a technical guide, a user guide and an installation
guide.

There are many problems caused by poor documentation or
lack of it. Any change in design can result in having to review
it completely, this leads to a considerable waste of time and
makes its maintenance becomes virtually impossible.

Thus for each of the developed cells a datasheet has been
created, which includes all aspects of operation and
interconnection required to use it. Thus the library of cells can
be used easily in other designs, other microprocessors or other
types of circuits.

The outline of this presentation is as follows: The following
section provides a detail description of the processor to be
designed, in section III the cells designed are presented, in
section IV construction and verification of the processor is
explained and finally some conclusions are extracted.
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Figure 1. Hardware Architecture of the pico-processor.

II. DESCRIPTION OF THE PICO-PROCESSOR

The processor being designed has Harvard architecture,
since has a memory for data and other memory for instructions,
and a reduced instruction set (RISC). This processor, because
is very simple, do not have segmentation, i.e. do not have
stages of pipeline to execute instructions in parallel. The
following paragraphs describe in detail the architecture and
instruction set of the processor.

A. Processor architecture

The design we are presenting is an "academic" processor
[2] but with the instruction set compatible with a real
microcontroller (Atmel AVR). The processor architecture is
shown in Figure 1.

The architecture has the following basic components:

e A Register File containing 8 general purpose data
registers. This block interacts with the ALU supplying
up to two data through the bus A and B. On the other
hand, it also receives data through the shared internal
bus. Data B comes from the register selected by the
three less significant bits of the Instructions Register
(IRy) while the data A comes from the register
selected by IR .5, that select the target register too.

e  Six registers of specific purpose: the Program Counter
(PC) containing the address of the next instruction to
be executed; the Instruction Register (IR), which
contains the current instruction; the Status Register
(SR), which gives information about the result of the

last operation performed in the ALU; The Stack
Pointer (SP) which is a register that contains the
address of the first free position in the stack; Data
Memory Register (MDR) containing the word to be
written or read from the data memory and Memory
Address Register (MAR) containing the address which
is accessed in the data memory.

e A data memory, with 256 words of 8 bits which is
accessed via an address bus and a bidirectional data
bus. Reading or writing in the memory is controlled by
two control signals, Wygy and Ry

e <+An arithmetic logic unit (ALU) with operations of
addition, subtraction, shifts to the right or left of the
input data and transfer of the inputs to the output. It
also has State Outputs which give information about
the result of the last operation: Z if it is zero, V if there
has been overflow in numbers with sign, N if it is
negative and C if carry or borrow has occurred.

e A Control Unit that adequately perform the micro-
operations sequence for each processor instruction.

B. Instruction set

This processor instruction set includes operations of access
to registry and memory, jump, State and arithmetic or logic.
Figure 2 shows the list of sorted by their machine code
instructions including their descriptions in mnemonic and at
RT level.

The instruction set of this processor includes register and
memory instructions, jump instructions, and arithmetic or logic
instructions. Figure 2 shows the list of instructions sorted by
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Instruction set (ordered by the operation code, COP)

cop For- Mnemonic
IR, : IRy, | mat And syntax Type Bt e
00000 A |ST  (Rb),Rf Mem M(Rb) < Rf .
00001 A |LD R4, (Rb) Mem Rd <« M(Rb) - - -
00010 B |ST5 dirRf Mem Midir) <« Rf = = =
00011 B |LDS Rd,dir Mem Rd <« M(dir] - - -
00100 C |CALL dir Jump M(SP)«—PC; SP<«-5P-1; PCe«dir - - -
00101 - | RET Jump PCe—M(SP+l); SP<SP+1 G
00110 C | BRxx dir Jump Xx:PC « dir 2 S
00111 C [JMP dir Jump PC « dir - - - -
01000 A |ADD Rd,Rf Arit/Log Rd <« Rd+Rf il s
01010 A |SUB Rd,Rf Arit{Log Rd « Rd-Rf ol
01011 A |CP Rd, Rf State NOP [Rd—Rf = VNCZ] Foharud
01111 & |Moyv Rd,Rf Mov Rd <« Rf - = -
10010 - |CLC State NOP [= Ce1] - - 1}
10011 - |5EC State NOP [= Ce1] - -
10100 AfB |ROR Rd Shift Rd «— SHR{Rd,C] [= C«Rd0] Rl
10101 | A/8 |ROL Rd shift Rd < SHL(Rd,C} [= C<Rd7] * % * pd7
10111 - |5TCGP Special - - -
1 1000 B |ADDI Rd,dato Arit/lLog Rd +« Rd +dato AT 2
11010 B |SUBI Rd,dato Arit/Log Rd < Rd -dato e Eain
11011 B |CPI Rd, dato State NOP [Rd—dato = VNCZ] ¥
11111 B |LDI Rd,dato Mem Rd «— dato - - -

COPswithout use: 1} The character “-" means "without modification”; the character "** means
5(9,C, D, E, 10, 11, 16, 19, 1C, 1D, 1E) "modified”; other COP, not documented.

Figure 2. Instruction set of the pico-processor.

machine code and including their descriptions in mnemonic
and RT level.

Instructions only have a word of machine code and consist
of a total of 16 bits. The five most significant bits contain the
operation code and the eleven remaining bits contain
information for locating the operands. This information may
have different formats which are shown in Figure 3, which lists
the fields and the function of each of them.

The addressing modes supported are the following:

e <Register Direct: in the instruction it is included the register

fermat T L] L] 4 3 2 | 1 | o
A Source regrsier
Instruchon with (base register in
regrstar STILD)
B
rtion M eSS Immediale daa data addrass
memory of
immadiate
c Jump condition Jumg address
Jump intruction

Figure 3. Instructions format.

address with the data.

*Memory Direct (or Absolute): in the instruction it is
included the memory address with the data.

Indirect mode: the effective address of the operand is the
contents of a register or main memory location, location
whose address appears in the instruction.

Immediate mode: the operand is an immediate value is
stored explicitly in the instruction.

There are three types of jump instructions:
Unconditional.

*Conditional, in which the jump will take place depending
on some state bits values. In this pico-processor conditions
are zero result, less than (for magnitudes and for sign
data), and overflow after operate with signed numbers.

Subroutine, jump to and from a subroutine.
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C. Control Unit

Finally, the processor has a control unit responsible for
selecting and timing the different micro-operations to be
performed in the execution of each instruction. The description
of this control unit is made through an ASM chart [3].
However its complexity is quite large, so it will not be
reproduced here in full. For example, Figure 4 shows ASM
chart of the selection and execution of instructions from
program memory. In this ASM chart three types of
instructions, data management, memory access and jumping
have different executions. Each of these types of instructions is
executed according to a description in the form of an ASM
chart which have not been included here.
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Figura 4. ASM chart of the Control Unit.

III. DEVELOPMENT AND DOCUMENTATION OF A CELL LIBRARY

In the work of the processor design, the first part of the
work consisted of the selection, description and verification of
the cells required for the construction of the architecture of the
pico-processor. This selection was made based on the blocks
that present the architecture and that is showed in Figure 1.
Table I shows the list of developed cells.

Each of the cells was described using the hardware
description language VHDL and simulated using Modelsim
software. As can be concluded seeing the processor
architecture, there is no particular difficulty in the design and

verification of the cells. Much of the cells correspond to
registers with small variations in performance. There is a
registers file (eight 8-bit registers with two inputs for reading
and one for writing), and the rest are 8-bit registers, which
differ in the way they access and if they have the increase
capacity. The only not common situation is the use of a shared
bus, forcing the use of bidirectional lines in some registers and
therefore the use of high impedance signals.

TABLE 1. LIBRARY OF CELLS

Name Description
PC Program Counter register
MEMCOD Program Memory
IR Instruction Register
ALU Arithmetic Logic Unit
REGISTRO Register File
MULTIPLEXOR ALU Multiplexor input
MEMDAT Data Memory
MDR Memory Data Register
MAR Memory Address Register
AC ALU output register
SR State Register
SP Stack Pointer

As already mentioned in the introduction, one of the
important aspects of this work is the creation of a
documentation that would allow the reuse of the designed cells.
This requires a data sheet for each of the developed cells. To
select the information they should contain it was consulted data
sheets of cells of different technological libraries. Many of
these data sheets include information relating to technological
aspects (delay time, behavior for different voltages, etc.). These
issues do not apply in our case, since we present descriptions
are technology independent. The documentation carried out
includes information relating to aspects of interface and
functional, including:

e Symbol.

e Introduction (textual description of its operation).
e  Forma description of their RTL behavior.

e Inputs and outputs and their description.

In addition to the description of each of these cells the
description of the control unit was performed. This is the most
complex of all blocks. For its design it was followed the
guidelines for the design of state machines in hardware
description languages.

IV. DESIGN OF THE PICO-PROCESSOR

The next step in the design process consisted in the
construction of the pico-processor. Because of the
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methodology followed, the description of each of the blocks
that make up the processor as basic cells, the processor design
consisted of instantiation and interconnection of all
components.

The verification process was conducted in two phases: in a
first phase the correct execution of the instructions was tested:
transfer of data from memory to registers and from registers to
memory, performing operations by the ALU, etc. In a second
phase the verification was carried out checking program
implementation. In this paper we present one of the tests. The
example presented is a little routine to keep in a register the
largest data stored in two other registers. In this case the data
are signed numbers.

A RT level operation is as follows:
RO — Max (R1, R2)

The routine that performs this operation is as follows:

LDI R1, $48 ; data to R1

LDI R2, $D1 ; data to R2
MAX CP R1, R2 ; Compare

BRLT R2MAYOR; Is R1 less?

MOV RO, R1 ; No. Return R1

RET ; Return
R2GREAT: MOV RO, R2 ; Return R2

RET ; Return

In this routine, first are charged the number $48 in the
register R1 and the number $D1 in the register R2. Then begins
the subroutine (label MAX) with the CP command, to make the
comparison. This instruction performs the subtraction R1 - R2
but does not store the result, only updates the State Register.
The next instruction (BRLT, branch if less than) makes the
jump to the label if the status log indicates that the result of the
subtraction have been negative (N®V). However it must be
noted that the data subtracted are signed numbers (coded 2's
complement). Depending on the result of the comparison the
value of R1 (if not jump) or R2 is saved in RO if the conditional
jump occurs, and then returned to the main program.

Once this routine has been made, it must be translate to the
machine code to be programmed in the program memory. The
result is shown in Table II.

Una vez realizada esta rutina hay que pasarla al codigo
maquina que hay que introducir en la memoria de programa. El
resultado se muestra en la tabla II.

TABLE II. PROGRAM FOR TEST.
Position Machine Code
$00 11111 001 01001000
$01 11111010 11010001
$02 01011 000 00000001
$03 00110011 00000110
$04 01111 000 00000001
$05 00101 000 00000000
$06 01111 000 00000010
$07 00101 000 00000000

RO R1 R2R3 R4 R5 R6 R7

i Memory Data - fes3 thu =3 reg2fregestro -

a) Before

| oooonooo |oo 42 D1 0o 0o oo oo oo

b) After

Figure 5. Internal register data, a) before and b) after
the execution of the subroutine.

Figure 5 shows the contents of the registers before run the
subroutine MAX and after its execution. As it can be seen in
the results, the part (a) of the figure show the data stored in the
registers after loading R1 and R2 (RO remains at $00), and part
(b) shows the data stored in the registers once the execution of
the routine. In the register RO appears stored value $48 ($48 =
7210), which is the largest of the two, since as they are encoded
in 2's complement, $D1 data corresponds to a negative number
($D1 = - 47(]0).

V. CONCLUSSIONS

This communication presents design experience of design
of a pico-processor for educational applications. Experience,
which has been conducted as a Final Degree Project, consisted
in the design, verification and documentation of a library of
cells, which are the basis for the construction of simple
processors. In addition, using this library of cells a pico-
processor has been built, and has also been verified.

Descriptions, both the cells and the processor, have been
carried out in VHDL at RT level and in compliance with the
restrictions of synthesis tools, so that the design can be
synthesized and implemented in technologies both as FPGA
ASIC.

This work has led to learning in various disciplines: on the
one hand it has been necessary to know aspects of digital
design at RT level using HDLs, but also includes aspects of
architecture of processors. Finally the importance given to the
documentation allows the reuse of the cell library developed.

REFERENCES

[1] Antonio Alberto Lépez Hinojo, “Disefio y docuementacion de una
libreria de celdas para el disefio de procesadores”, Final Degree Proyect,
Ingenieria Técnica Industrial, especialidad en Electronica Industrial,
Escuela Politécnica Superior, University of Seville, september de 2015.

[2] D. Guerrero and other members of Electronic Technology Deparment,
University of Seville. “Computador simple 2010”. Apuntes de
“Estructura de computadores” de los Grados en Ingenieria Informatica.
2010.

[3] D. Green: "Modern Logic Design". Addison-Wesley. 1986.

Authorized licensed use limited to: Universidad de Sevilla. Downloaded on January 26,2022 at 11:58:24 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




