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Resumo

Este relatério apresenta as atividades realizadas pelo aluno graduando Thiago Morais
de Oliveira durante o periodo de estigio supervisionado exercido no Laboratério
Embedded, localizado no Departamento de Engenharia Elétrica da Universidade
Federal de Campina Grande. Os trabalhos tiveram como objetivo principal integrar
IPs utilizando o padrao IP-XACT através a ferramenta Kactus2, possibilitando o
retso e modularizacdo das instancias. Para isso, foram feitas pesquisas bibliograficas
acerca padrao IEEE 1685 assim como implementagoes e experimentos com o software
escolhido. Além da geracdo de um componente através da HDL, a realizacdo dos
testes envolveu a implementagdo de um protocolo de comunicacao SPI e a integracao
dos componentes basicos de uma CPU. A metodologia de integragdo da ferramenta
foi capaz de gerar um verilog sintetizavel das instancias corretamente, segundo os
esquemas XML dos componentes.

Palavras-chave: IP-XACT, Kactus2, Retso, Integracao.






Abstract

This report presents the activities performed by the student Thiago Morais de
Oliveira during the supervised internship at the Embedded Laboratory, located in
the Department of Electrical Engineering of the Federal University of Campina
Grande. The main objective of the works was IP integration using the IP-XACT
standard through the Kactus2 tool, enabling the instances reuse and modularization.
To this end, we conducted bibliographic research on the IEEE 1685 standard as
well as implementations and experiments with the chosen software. In addition to
the generation of a component through HDL, the tests involved implementing an
SPI communication protocol and a CPU basic components integrating. The tool
integration methodology was able to generate a synthesizable verilog of the instances
correctly, according to the XML schemas of the components.

Keywords: I[P-XACT, Kactus2, Reuse, Integration.
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1 Introducao

Este relatério apresenta as atividades realizadas pelo aluno graduando Thiago
Morais de Oliveira durante o periodo de estagio supervisionado exercido no Laboratorio
Embedded sob a orientacao do professor Marcos Ricardo Alcdntara Morais e a supervisao
do professor Gutemberg Gongalves dos Santos Junior. O referido estagio teve vigéncia
entre os dias 23 de Setembro de 2019 até 11 de Dezembro do mesmo ano, tendo como

objetivo o estudo e modelagem de hardware utilizando linguagem de alto nivel.

Um dos grandes focos de atengao nas indtstrias de microeletronica tem sido acerca
da modularidade e retiso de IP, isto é, a possibilidade de utlizacao de blocos previamente
concebidos para a implementacao de novas fungoes. Esta pratica, quando bem executada,
traz beneficios ao grupo de projetistas, reduzindo tempo e esfor¢co computacional e humano,
fazendo valer as célebres palavras de Andy Hunt e Dave Thomas: “Don’t repeat yourself”,
ou “Nao se repita”, ou seja, o trabalho do designer deve compreender a solucao de
problemas, ao passo que projetos passados devem ser automatizados e reutilizados em

diferentes situagoes.

A comunicagao entre os provedores e consumidores de IP, de maneira geral, é
estabelecida por meio de documentos como user guide, datasheets, RAKSs, notas de im-
plementagao além do RTL, modelos de simulagao, constraints, entre outros arquivos. A
assimilacao de um produto requer a andlise humana destes arquivos, dispendiando tempo

na etapa de integracao.

Com base nestas situagoes, foi criado o padrao IP-XACT (IEEE 1685-2009) que
pode ser visto como uma documentacao eletronica que pode ser interpretada por humanos
e programas, de modo a descrever IPs, permitindo a integracdo dos mesmos por meio de

software.



Capitulo 1. Introducao 20

1.1 Objetivos

1.1.1 Objetivos (Gerais

Os trabalhos realizados tiveram como objetivo a integracao de IPs utilizando o

padrao IP-XACT através a ferramenta Kactus2.

1.1.2 Objetivos especificos

e Revisao bibliografica sobre o padrao IP-XACT e da ferramenta Kactus2;
e Descricao segundo o padrao adotado de um componente através de seu RTL;
e Comunicacao de alto nivel entre médulos;

e Geracao de HDL a partir do modelo de integracao.

1.2 Metodologia

A realizacao desse trabalho envolveu a pesquisa bibliografica do padrao IEEE 1685
e como a ferramenta escolhida opera segundo o mesmo. A escolha do Kactus2 como a
melhor opc¢ao se deu através de estudos de ferramentas de mercado em desenvolvimento

que ralizam a modelagem e integragao de IP através de software.

Foram escolhidos esquemas XML e suas respectivas HDLs disponibilizados pela

comunidade de desenvolvedores do Kactus2 como base de estudos praticos da mesma.

1.3 O laboratéorio X-MEN

O estagio foi realizado no Laboratorio de Exceléncia em Microeletronica do Nor-
deste (X-MEN), parte do laboratério Embedded que desenvolve projetos de pesquisa,
desenvolvimento e inovacao aplicadas na area de microeletronica digital em parceria com

o VIRTUS.
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2 Fundamentacao Teérica

Dada uma especificacdo por um contratante, os passos do fluxo de desenvolvi-
mento ASIC consistem no particionamento dos blocos em unidades de processamento e
comunicacao menores para a execucao de um SoC. Muitas vezes, em um projeto, nao sao
desenvolvidos todos os blocos, sendo integrados IPs de outros fabricantes (como memérias,
por exemplo). E tarefa do engenheiro de integracio, unir cada parte do design obedecendo

os protocolos de comunicacao particulares de cada bloco.

A tarefa do integrador nao é facil e depende diretamente da andlise de documentos,
arquivos e constraints particulares de cada unidade. O retiso de IPs, isto é, o aproveitamento
de blocos feitos previamente ou importados de outros fabricantes, é de extrema importancia

para garantir a agilidade e otimizagao do fluxo de projeto.

2.1 IP-XACT

[P-XACT foi criado inicialmente em 2004 a partir de uma associagdo de companias
(SPIRIT) para desenvolvimento de um padrao para integragdo de um IP em um SoC. Em
2010, o IP-XACT foi tido como padrao IEEE fornecendo uma descricao de um IP, ou de
um sistema de IPs interconectados, interpretavel por maquina. Essa descricao utiliza o
formato XML para guardar informagoes de modo que as ferramentas de alto nivel sao
utilizadas para edi¢do dos componentes, comunicacao entre instancias segundo protocolos

e geracao de hardware.

Segundo o padrao IEEE 1685-2014, os elementos basicos da linguagem sao: com-
ponentes (component), design, configuragao de design, definicdo de barramento (bus defi-
nition), definicdo de abstragao (abstraction definition), abstrator (abstractor), generator

chain e catalogo (catalog).

O documento componente trata da instanciagdo da interface do IP sem a informa-

¢ao de operacao do bloco. Em outras palavras, esse documento descreve a forma que o IP
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é visto por outros blocos conforme o seu RTL, abarcando caracteristicas como parametros,

registradores, entradas, saidas, etc.

O design descreve a estrutura de conexao entre IPs, permitindo a comunicacao
entre componentes. A combinagdo entre componentes e projetos permite o retiso de um IP
a partir do encapsulamento do protocolo de comunicagao, agora lido e instanciado pela
ferramenta. Sdo descritos nesse documento as instancias e os parametros dos componentes

internos e as conexoes entre eles.

O documento de configuracao de design compreende a abstragao da comunicagao

entre as instancias do projeto e os modos de operagao do design.

O protocolo de comunicac¢ao utilizado é descrito no documento de definicao de
barramento, onde sao elencados os componentes que utilizam tais protocolos. A correta
conexao entre componentes por meio de interfaces de barramento s6 serd feita se ambos

referenciarem a mesma defini¢do de barramento.

As defini¢oes supracitadas sao suficientes para entender o conceito de modularidade

e retso de IP via padrao IP-XACT. Um exemplo de uso desse padrao é ilustrado a seguir.

Consideremos uma comunicagao entre um controlador, um transmissor e um receptor

por meio do protocolo 12S conforme esquematizado na Figura 1.

Figura 1 — Topologias e comunicacao 12S.

SCK

: RECEIVER TRANSMITTER == RECEIVER
data S0 sD

TRANSMITTER

TRANSMITTER = MASTER RECEIVER = MASTER

CONTROLLER

SCK
WS
TRANSMITTER RECEIVER
SO

CONTROLLER = MASTER

™ I
WORD n—1 WORD n WORD n+1
RIGHT CHANNEL | LEFT CHANMEL | RIGHT CHANNEL

Fonte: Accellera Systems Initiative, 2018.

Por defini¢ao, qualquer um dos blocos pode enviar os sinais de clock (SCK) e dado
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(SD), exercendo a fungao de master. As situagoes possiveis sao:

e Transmissor no modo master;

e Transmissor no modo slave;

Receptor no modo master;

Receptor no modo slave;

Controlador master.

Cada uma das situacoes descritas acima consiste na mudanca do RTL de cada
bloco, devido o comportamento de cada pino. A padronizacao consiste em visualizar as
instancias tratadas como componentes, cuja funcionalidade sera descrita pelo seu RTL
para cada operacao. O design corresponde a interconexao destes componentes por meio do

barramento 12S, cujo protocolo é indicado no documento de definicao de barramento.

Uma vez colocados seguindo o padrao IP-XACT, a geracao do codigo HDL desta
integragdo pode ser completamente automatizado por meio de ferramentas computacionais,

como o Kactus2, descrito na se¢do seguinte.

2.2 Kactus2

Kactus2 é uma ferramenta EDA de c6digo aberto para projeto de SoCs utilizando
o padrao IP-XACT. A integracao dos IPs é feita de modo grafico e intuitivo favorecendo o

retso, aumentando a produtividade na integracao e desenvolvimento de hardware.

Por ser uma ferramena grafica, o Kactus2 pode ser incorporado no fluxo de de-
senvolvimento do ASIC, se encaixando entre a especificacao e a codificacao RTL, onde
sao definidas as interfaces dos blocos. Uma vez modelados em componentes IP-XACT, as

interfaces dos IPs podem ser geradas automaticamente.

A troca ou retiso de componentes em um design é encapsulada pela ferramenta, que

é capaz de fazer a integracao dos blocos, gerando a HDL segundo o protocolo estabelecido.
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3 Testes realizados

Para os testes, foram utilizados esquemas XML e protocolos ja no formato IP-XACT
disponibilizados pela propria ferramenta Kactus2 com o objetivo de gerar os componentes

e estabelecer a conexao entre eles em um design hierdrquico.

A interface grafica da ferramenta segue conforme Ilustrado na Figura 2. Sera
explanado a seguir como se da a criacao de um componente no ambiente Kactus2, partindo

da adi¢do de uma HDL, gerando o topo da interface da mesma.

Figura 2 — GUI da ferramenta Kactus2

= Kactus2 -8
D D A : & I
- -
GBRRARs K& AR M OO
IP-XACT Library & x Companent Preview g x
Item Type ;
@ @ cawog @ component
| aprjcoM advanced
Implementation
® nw ® sw © system |
Product Hierarchy -
® Fat @ product @ Board
O chip ® sc or
Firmness
@ Template @ Mutsble @ Fixed
a
e —
Vendor: z
Library: -
Name: -
Version: =] |
Tags —
+
VNV Tree | Herarchy |
Library iterns
# opencores.org
- tutfi
Output & X ContextHelp 8 x
==========ibrary integrity check complete ========== @
Total library object count: 91 Welcome to Kactus2
Total fle count in the lbrary: 143
This window will give context-sensitive guidance during your use of
Kactus2,
Getting started section will guide you through the basic setup for
configuring your IP-XACT ibrary and accessing documents in the
fibrary.
Ready. =l |-

Fonte: O autor.

Ao importar as devidas bibliotecas de produtos, podemos criar um novo componente
a partir da ferramenta “Component Wizard” (Figura 3), onde o diretério do HDL do projeto

é informado. No préoximo passo (Figura 4), a ferramenta interpreta a linguagem verilog
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identificando pardmetros e sinais de entrada e saida, sendo possivel a insercao de outros

pinos. A ferramenta tem suporte a operagoes matematicas de parametros, implicando em

um RTL mais modular.

O componente criado pode ser visto na Figura 5 seguido de uma listagem de seus
principais atributos. Na Figura 6 é mostrada novamente a interface, com um sumario
dos documentos gerados no padrao [P-XACT, segundo esquemas XML. Nesse ponto, é

possivel a geracao da HDL que descreve a interface do componente.

Figura 3 — Editor grafico de componente

(173 Component Wizard for XmenLab:hw:ip:0.1 ?
File Sets & Dependency Analysis
Add files to the component by specifying the source directories, check file dependendies and create fil sets.
File sats:
Name o B==irrm |
external_1.0

Dependency analysis:

[ status | Path Filesets Dependencies
= @  .lufufuftutfifcpulogic/memory_controllerf.. external 1.0

@  memory_controllery external_1.0

File set source drectories

-t fifepu.logic/memery_controller/1.0

< Back Next > Finish

Fonte: O autor.
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Figura 4 — Adicao e interpretagdo de arquivos HDL.

Yz Component Wizard for XmenLab:hw:ip:0.1 ?

Import source file
Choose the top-level file to import into component.
Any model parameter not found in the input file will be removed. Any port not found in the input file will be set as phantom,

:I REdtfie | () refresh

Select top-level file to import: | EYRNAN

Select component toimport: | memory_controller |

memory_controller.v |

parameter PERIPHERAL BASE = 128, // The first address «|
for peripherals.

paramecer REGISIER COUNT = 8, // How many registers
are supported in the core.

parameter DATA_BYTES = DATA_WIDTEH/AUB, // How
many bytes in data width.

parameter CONTROL RANGE = 'ni0 // How many RUBs are

resezved for control data.
yot

// Interface: cpu _clik sink

// The clock and reset comes through this interface.

input clk 1, // The mandatory clock, as this is
synchronous logic.
input rsv_i, // The mandatery reset, as this is

synchronous logic.

// Interface: cpu_system LI

Ports

wire ports (19) | Transactional ports (@) |

Left (higher) | Right (lower)

Name Direction bound, f(x) bound, f(x)

Name & Width

= |
ssave |

o - - I |

<Back Next > | inish |

Fonte: O autor.

Figura 5 — Listagem de parametros e pinos do componente criado.

Yz Component Wizard for XmenLab:hw:ip:0.1 ?
Summary Q
Yiou have successfully completed the wizard. Verify the chaices by dicking Finish,
Summary
VLNV: XmenLabchw:ip:0.1
Product Hierarchy: Flat
Firmness: Mutable
File location: ;:r.nﬂ;nLahr/hwﬁp,'; ”]:f\p 0. Lami
Author: THIAGO X X
Description: test ip
File sets: external_1.0, 1fie(s)
Parameters: 8 created, 0 removed, 0 modified.
Ports: 19 created, 0 removed, 0 modified.
Views: 1created, 0 removed, 0 modified,
Details
Name Changed elemeni| Previous value | Updated value L
=" Parameters
i+ DATAWIDTH
]
< ADDR_WIDTH
© 4 MEMORY SIZE
-+ PERIPHERAL_BASE
<+ REGISTER COUNT
-+ DATABYTES
“- < CONTROL_RANGE
= Ports
ot ek
e st =

Fonte: O autor.
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Figura 6 — Componente criado, com sua interface, pardmetros e pinos.

- oW

A RDO O

1P-XACT Library B X i 0.1) [HW Component] [£] | Companent Preview g x
Item Type
@i @ catslbg @ Component
@ aprjcoM Advanced

C LNV and location

Vendor: XmenLab
Mermory maps

Library: hw
Address spaces
‘.HW ® sw @ system | ; P Mo

Froduct Hierarchy Views
® ® ® System views Versha 0.1
Flat Product Board Ports Path:  C:/Users/THIAGO/D ab/hwip/0. 1fip.0. Lol
@ crip ® soc or Bus interfaces
ey Indirect interfaces Kactus attributes —————————————————————  Copyright information
Channels
‘. Template @ Mutzble @ Fixed E:S:Dsﬁtes Product Hierarchy: [Fiat x| || Author: [riaco
-
s Cther dock drivers : - :
o Firmness; [Mutable | || License: [
Vendor: ¥ COM interfaces Implementation:  HW
Software properties
Library: # Tags: +
Name: =
Description XML header
version: &

Tags 7‘ test

+

VNV Tree | Hierarchy |

Library items Al
B opencores.org

# tutfi "
# XmenlLab '

output B8 X ContextHelp 8 x
== Library integrity check complete = - . f]
Total lbrary object count: 91 General editor
Total file count in the ibrary: 143
Total items containing 18 General editor contains the general information of a comporent.
Ready. RS it b Bl sl b B sl Bl i bt b T

Fonte: O autor.
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3.0.1 Protocolo SPI

Seguindo o procedimento de geracao de componentes, foi feita a comunicagao por
protocolo SPI (Serial Peripheral Interface) entre um bloco mestre e trés escravos em um

mesmo design. O esquema esta ilustrado na Figura 7 e o verilog gerado encontra-se em

anexo.

Figura 7 — Protocolo de comunicac¢ao SPI.

Master Slaves
spi_master 0 spi_slave_0
----- master_if :dk_{:\ut dk_in| slave T
----- |data_out dta_in|
----- dk_in| : [rst in® - - - - -
|sh'a2_sel=_-ctl_ﬂut slave_seled_in
----- rst_i1| |sh'ae_sel=_-ct2_c\ut cbta_cut:
----- |sb'&_seled3_c\ut
..... data_in
L o ) : sla._.e_”I:::::
o . _ out| |rst_in:::::
A _ - sla._.e_;q:::::
A R -2 |rst_in:::::
............................. ch‘ta_cut_
i ove select In SR

Fonte: O autor.

Também foi realizada a integragdo dos componentes de uma CPU bésica, tais
como decodificador de instrugao, ALU, controlador de meméria e banco de registradores.
E ilustrado na Figura 8 a interconexdo entre os componentes e o varilog da integracao

encontra-se em anexo.

Nesse caso nao foi estabelecido um protoloco de comunicacao tal como a se¢ao
anterior, sendo assim, a definicio do barramento foi feita segundo o handshake dos

componentes.
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Figura 8 — design de uma CPU basica.

0 | Components | dock Source Reference C
memory_controller
peripheral_sccess :cpu_dk_sinkl
local_data
Cpu_system
instruction_decoder
instructions cpu_dk_sink |
Cpu_system
: register_bank
H cpu_system cpu_dk_sink |
alu
B cpu_system

Fonte: O autor.
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4 Conclusoes

A realizacao deste trabalho constitui uma forma de reuso dos IPs desenvolvidos
através do padrao IP-XACT, pelo uso da ferramenta Kactus2. A metodologia de projeto
com a ferramenta pode ser incorporada ao fluxo de desenvolvimento de IP no laboratério
XMEN de modo a otimizar a etapa de integracao impactando positivamente o tempo de
projeto e a integragao de blocos desenvolvidos internamente ou adquiridos de fornecedores,

uma vez que se trata de um padrao adotado pela industria.

Seguindo os passos de modelagem descritos neste relatério é possivel, de posse dos
esquemas XML que descrevem os barramentos e interfaces dos blocos, a descricao da HDL
em componentes IP-XACT. Cada implementacao realizada pode ser sistematicamente

guardada, sendo facilmente adaptavel a um novo projeto quando necesséria.
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5 Anexos

5.1 Anexo A: Cédigo verilog da interface do compo-

//

//
//
//
//
//
//
//
//
//

//

nente gerado no capitulo 3

File DLV

Creation date : 06.12.2019

Creation time : 12:02:23

Description : test

Created by

Tool : Kactus2 3.8.0 64—bit

Plugin : Verilog generator 2.2

This file was generated based on IP—-XACT component XmenLab:hw:ip:0.1

whose XML file is C:/Users/THIAGO/Desktop/Estagio/ipxactexamplelib/

XmenLab/hw/ip /0.1/ip .0.1.xml

module memory_ controller #(

parameter ADDR_WIDTH = ADDR WIDTH,
// Width of the addresses.
parameter AUB = AUB, //
Addressable unit bits, size of byte.
parameter CONTROL RANGE = CONTROL RANGE
, // How many AUBs are reserved for control data.
parameter DATA_BYTES = DATA BYTES,

// How many bytes in data width.
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parameter

parameter

parameter

PERIPHERAL_BASE,

parameter

REGISTER, COUNT

DATA WIDTH

// Width for data in registers and instructions .

MEMORY_SIZE

// How many bytes are in memory at total.

PERIPHERAL BASE

DATA WIDTH,

MEMORY_SIZE,

// The first address for peripherals.

REGISTER, COUNT

// How many registers are supported in the core.

// These ports are not in any interface
clk i, // The mandatory clock ,

input

as this

input
input
input

input

as this

input

input

input

input

output
output
output
output
output
output
output
output
output
output

);

reg
reg
reg

reg

synchronous logic.

[DATA WIDTH—1:
[DATA WIDTH—1:

synchronous logic.

[ADDR. WIDTH—1:
[DATA WIDTH—1:

[ADDR WIDTH-1:
[DATA WIDTH—1:

[ADDR_WIDTH-1:
[DATA WIDTH—1:

[DATA_ WIDTH-1:

0] local read_data,
0] periph_data_ i,
periph_slave_ rdy,

rst_ i, // The mandatory reset ,

sys__active_ i,
0] sys_address_i,
0] sys_data_i,
sys_we_ i,
0] local address_o,
0] local_write_data,
local write_ o,
0] periph_address_o,
0] periph_data_o,
periph__master_ rdy ,
periph__we_ o,
0] sys_data_o,
sys_rdy_ o,

sys_read_rdy_o

// WARNING: EVERYTHING ON AND ABOVE THIS LINE MAY BE OVERWRITTEN BY KACTUS2

M

endmodule
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5.2 Anexo B: Cédigo verilog da integracao do proto-
colo SPI da Figura 7

//

2 // File :ospi.v
// Creation date : 01.12.2019
1 // Creation time : 13:03:14
// Description :
6 // Created by :
// Tool : Kactus2 3.8.0 64—Dbit
8 // Plugin : Verilog generator 2.2
// This file was generated based on IP-XACT component tut.fi:other.
subsystem :spi__example:1.0
10 // whose XML file is C:/Users/THIAGO/Desktop/Estagio/ipxactexamplelib/tut.
fi /other.subsystem/spi_example/1.0/spi_example.1.0.xml

//

module spi_example () ;

14
// Ad—hoc wires:
16 wire spi_ master_0_clk_out_to_spi_slave 0_clk_ in;
wire
spi_master_0_slave_ selectl out_ to_ spi_ slave 0_slave_ select_ in;
18 wire spi_master_0_data_out_to_spi_slave 0_data_in;
wire spi_ master_ 0_data_out_ to_ spi_ slave 1 data_in;
20 wire spi_ master_0_data_in_to_spi_slave 0_data_out;
wire spi_slave_1_clk_in_to_spi_master_0_clk_ out;
22 wire spi_ master_0_data_out_to_spi_slave 2 data_in;
wire spi_ master_0_data_in_to_spi_slave 1 _ data_out;
24 wire spi_master_0_data_in_ to_spi_ slave 2 data_out;
wire spi_slave 2 clk_in_to_spi_master_0_clk_ out;
26 wire
spi_slave_1_slave_select_in_to_spi_master_0_slave_ select2_out;
wire
spi_slave_ 2 slave_select_in_to_spi_master_0_slave_select3_out;
28

// spi_master_0 port wires:
30 wire spi_master_0_ clk_out;

wire spi_ master_0_data_in;
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wire spi_master_0_data_ out;

wire spi_master_ 0_slave_ selectl_ out;
wire spi_master_0_slave_select2_out;
wire spi_ master_0_slave_select3_out;

// spi_slave 0 port wires:

wire spi_slave_ 0_clk_ in;

wire spi_slave_0_data_in;

wire spi_slave_0_data_ out;

wire spi_slave_ 0_slave_ select_in;

// spi_slave 1 port wires:

wire spi_slave_1_clk_ in;

wire spi_slave_1_ data_in;

wire spi_slave 1 data_ out;

wire spi_slave_1_slave_select_in;

// spi_slave_ 2 port wires:

wire spi_slave_2_clk_in;

wire spi_slave_2 data_in;

wire spi_slave_ 2 data_ out;

wire spi_slave_2_ slave_select_in;

// spi_master 0 assignments:

assign spi_master_0_clk out_to_spi_slave 0_clk_ in =
spi_master_0_clk_ out;

assign spi_slave 1 clk_in_to_spi_master_0_clk_out =
spi_master_0_ clk_out;

assign spi_slave 2 clk_in_to_spi_master_0_clk_ out =
spi_master_0_ clk_out;

assign spi_master_0_data_in =
spi_ master_0_data_in_to_spi_slave 0_data_out;

assign spi_master_0_data_in =
spi_ master_0_data_in_ to_spi_slave 1 data_out;

assign spi_master_0_data_in =
spi_ master_0_data_in_ to_spi_slave 2 data_out;

assign spi_master_0_data_out_to_spi_slave_ 0_data_in =
spi_master_0_data_ out;

assign spi_master_ 0_data_out_to_spi_slave 1 data_in =
spi_ master_0_data_ out;

assign spi_master_0_data_out_to_spi_slave 2 data_in =
spi_ master_0_data_ out;

assign spi__master_0_slave_selectl out_to_spi_slave_0_slave_select_in
spi_master_0_slave_selectl_out;

assign spi_slave 1 slave_ select_in_to_spi_master_0_slave_ select2_out
spi_master_0_slave_select2_out;

assign spi_slave 2 slave_ select_in_to_spi_master_0_slave_ select3_out

spi_master_0_slave_select3_out;



66

68

70

76

80

84

88

94

96

Capitulo 5. Anexos

37

// spi_slave_0 assignment

assign spi_slave_0_clk_in

S

= spi_master_0_clk_ out_to_spi_ slave 0_clk in;

assign spi_slave 0_data_in =

spi_ master_0_data_out_to_spi_ slave 0_data_in;

assign spi_master_0_data_in_to_spi_slave_ 0_data_out =

spi_slave_ 0_data_ out;

assign spi_slave_0_slave_ select_in =

spi_master_0_slave_selectl out_to_spi_slave 0_slave_ select_in;

// spi_slave 1 assignment

assign spi_slave_1_clk_in

S

= spi_slave_1_clk_in_to_spi_master_0_clk_ out;

assign spi_slave 1 data_in =

spi_master_0_data_out_to_spi_slave 1 data_in;

assign spi_master_0_data__

spi_slave_1_data_ out;

in_to_spi_slave 1 data_out =

assign spi_slave_1_ slave_select_in =

spi_slave_1_slave_select_in_to_spi_master_0_slave_ select2_out;

// spi_slave_2 assignment

assign spi_slave_2_ clk_in

S

= spi_slave_ 2 clk_in_to_spi_master_0_clk_out;

assign spi_slave 2 data_in =

spi_ master_0_data_out_to_spi_ slave 2 data_in;

assign spi_master_0_data__

spi_slave_ 2 data_ out;

in_to_spi_slave_ 2 data_out =

assign spi_slave_2_ slave_ select_in =

spi_slave 2 slave_ select_in_to_spi_master_ 0_slave_ select3_out;

// IP-XACT VLNV: tut. fi:communication.template:spi master:1.0

spi_master spi_master_0(

// Interface: master_if

.data__in

.clk_ out

.data_out

.slave selectl out
.slave select2 out

.slave select3 out

spi_master_0_data_in),

spi_master_0_clk_out),

(

(

(spi_master_ 0_data_out),
(spi_master_0_slave_selectl_ out),
(

spi_master_0_slave_ select2_ out),

(spi_master_0_slave_select3_out),

// These ports are not in any interface

.clk in

.rst_in

()7
()5

// IP—XACT VINV: tut.fi:communication.template:spi_slave:1.0

spi_slave #(
.SLAVE_ 1D
spi_slave_ 0(
// Interface: slave_ i
.clk in

.data__in

(0))

¢
(spi_slave_0_clk in),

(spi_slave_0_data_in),
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.slave select_ in (spi_slave_0_slave_select_in),
102 .data_out (spi_slave 0_data_out),
// These ports are not in any interface
104 .rst_in ());
106 // IP—XACT VINV: tut.fi:communication.template:spi_slave:1.0
spi_slave #(
108 .SLAVE_ID (0))
spi_slave_ 1(
110 // Interface: slave_ if
.clk in (spi_slave_1_clk_in),
112 .data_in (spi_slave_1_data_in),
.slave select_ in (spi_slave 1 slave_ select in),
114 .data_out (spi_slave_1_ data_out),
// These ports are not in any interface
116 .rst_in 0));
118 // IP-XACT VLNV: tut. fi:communication.template:spi_slave:1.0
spi_slave #(
120 .SLAVE_ID (0))
spi_slave_ 2(
122 // Interface: slave_ if
.clk in (spi_slave 2 clk_in),
124 .data__in (spi_slave 2 data_in),
.slave select_ in (spi_slave 2 slave_select_in),
126 .data_out (spi_slave 2 data_out),

// These ports are not in any interface
128 .rst_in 0));

130

endmodule
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5.3 Anexo B: Cdédigo verilog da integracao da CPU

//

//
//
//
//

//
//
//
//
//

//

da Figura 8

File : cpu.v

Creation date : 28.11.2019

Creation time : 04:47:51

Description : Test arrangement for the example CPU with data memory,

instuction memory, clock source, and SPI slave.

Created by

Tool : Kactus2 3.8.0 64—Dbit

Plugin : Verilog generator 2.2

This file was generated based on IP-XACT component tut.fi:cpu.subsystem:
core__example:1.0

whose XML file is C:/Users/THIAGO/Desktop/Estagio/ipxactexamplelib/tut.

fi /cpu.subsystem/core_example/1.0/core_example.1.0.xml

module core__example #(

parameter ADDR,_WIDTH =9, //
Width of the addresses.

parameter DATA WIDTH = 32, //
Width for data in registers and instructions.

parameter INSTRUCTION_ADDRESS WIDTH = 8,

// Width of an instruction address.

parameter INSTRUCTION_WIDTH = 28, //
Total width of an instruction

parameter OP_CODE WIDTH =4, // Bits
reserved for operation identifiers.

parameter PERIPHERAL BASE = 128, //
The first address for peripherals.

parameter REGISTER,_ COUNT = 8, // How
many registers are supported in the core.

parameter REGISTER_ID WIDTH = 3, //
Bits reserved for identification a single register.

parameter SUPPORTED_MEMORY = 512 // How

much the system supports memory in total.

// Interface: instructions
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input [27:0] instruction feed ,
output [7:0] iaddr_ o,
// Interface: local data
input [31:0] local read data ,
output [8:0] local address o,
output [31:0] local write data ,
output local _write_ o,
// Interface: peripheral access
input [31:0] mem data i,
input mem__slave_rdy,
output [8:0] mem_ address o,
output [31:0] mem_data_o,
output mem__master_rdy,
output mem_we_ o,
// These ports are not in any interface
input clk i, // The mandatory clock ,
as this is synchronous logic.
input rst_ i // The mandatory reset , as

this is synchronous logic.

// memory_controller _cpu_system to_alu_ cpu_system wires:
wire [31:0] memory_controller cpu_system to_alu cpu_system address;
wire memory_ controller__cpu_system_to_alu_cpu_system_alu_active;
wire [2 : O] memory_controller_ cpu_system_to_alu_cpu_system_alu_operation
wire [31:0] memory_controller__cpu_system_to_alu_ cpu_system_ alu_result;
wire [31:0] memory_controller_cpu_system_ to_alu cpu_system alu_status;
wire [2:0]

memory_controller__cpu_system_ to_alu_cpu_system_ choose_register_1;
wire [2:0]

memory_ controller__cpu_system_to_alu_ cpu_system_ choose_ register_2;

wire [31:0] memory_controller_ cpu_system_to_alu_ cpu_system_load_ value;

wire memory_ controller__cpu_system_to_alu_cpu_system_mem_ active;
wire memory__controller__cpu_system_to_alu_cpu_system_mem_ rdy;

wire memory_ controller cpu_system_to_alu_cpu_system_mem_read_rdy;
wire memory__controller__cpu_system_ to_alu_cpu_system__mem_ we;

wire

memory_ controller _cpu_system_to_alu_cpu_system_register active;
wire [31:0]

memory_ controller _cpu_system_ to_alu_ cpu_system_register_input;
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wire [31:0]

memory_ controller__cpu_system_to_alu_ cpu_system_register_ output_1;
wire [31:0]

memory_controller_ _cpu_system_to_alu_ cpu_system_register_output_2;
// clock_ cpu_clk source to_register bank cpu_clk sink wires:
wire clock__cpu_clk_source_to_register__bank_ cpu_clk_ sink_clk;
wire clock__cpu__clk_source_to_register__bank_ cpu_clk_sink_ rst;
// memory_controller peripheral access_ to_peripheral access wires:
wire [8:0]

memory_ controller_ peripheral access_to_peripheral_ access_address;
wire [31:0]

memory_ controller__peripheral access_to_ peripheral access_data_ms;
wire [31:0]

memory_ controller_peripheral access_to_peripheral access_data_sm;
wire

memory_ controller_peripheral access_to_ peripheral access_master_rdy;
wire

memory_ controller_peripheral_access_to_peripheral access_slave_rdy;
wire memory_ controller_ peripheral access_to_peripheral access_we;
// instruction decoder instruction feed to instructions wires:
wire [7:0] instruction_decoder_instruction_feed_ to_instructions_address
wire [27:0]

instruction_ decoder_instruction_feed to_ instructions_ read data;
// memory_ controller local data to_local data wires:
wire [8:0] memory_controller local data_to_local data_address;
wire [31:0] memory_ controller_local_data_to_local data_read_data;
wire memory_ controller_local data_to_local data_ write;

wire [31:0] memory_controller_local data_to_local data_write_data;
// Ad—hoc wires:
wire clock clk i to_ clk 1i;

wire clock rst_ i to_ rst_i;

// alu port wires:

wire [2:0] alu_alu_op_ij;

wire [31:0] alu_alu_result o;

wire [31:0] alu_alu_status_o;

wire [31:0] alu_register_value_il;

wire [31:0] alu_register_value_i2;

// clock port wires:

wire clock clk_i;
wire clock_clk_o;
wire clock rst_i;

wire clock_rst_o;
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// instruction_decoder port wires:

wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire

wire

instruction_decoder_alu_active_ o;

[2:0] instruction_ decoder_alu_op_o;

[31:0] instruction_ decoder alu_status_ij;
[2:0] instruction_decoder_choose_regl_o;
[2:0] instruction_decoder_choose_reg2_ o;

instruction_decoder_clk_i;

| instruction_decoder_iaddr_o;

[27:0] instruction decoder instruction_feed;

1:0] instruction_decoder_load_value_i;

instruction decoder__mem_ active_ o;
instruction__decoder_mem_ rdy_i;
instruction_decoder_register_active_o;

[31:0] instruction_decoder_register_ value_ o;
instruction_decoder_rst_i;

instruction_decoder_we_o;

// memory controller port wires:

wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire

wire

memory_ controller_clk_1i;
[8:0] memory_controller_local address_o;
[31:0] memory_controller local read data;
31:0] memory_ controller_local write_data;
memory_ controller_local write_ o;
[8:0] memory_controller_periph_address_o;
[31:0] memory_controller_periph_data_i;
[31:0] memory_controller_periph data_o;
memory_ controller periph_master_ rdy;
memory_ controller_ periph_slave_rdy;
memory__controller_ periph_we_o;
memory_ controller_rst_1i;
memory_ controller_sys_active_i;
[8:0] memory controller sys address_i;
[31:0] memory_ controller_sys_data_i;
31:0] memory_ controller_sys data_o;
memory__controller_sys_rdy_o;
memory_controller_sys_read rdy_o;

memory_ controller_sys_we_i;

// register bank port wires:

wire
wire
wire
wire
wire
wire
wire

wire

register__bank_ alu_active_i;

[31:0] register_bank_ alu_result_i;

[2:0] register__bank_choose_register_il;

[2:0] register_ bank_ choose_register i2;
register__bank_ clk_i;

[31:0] register_bank_load_value_i;
register__bank mem_read rdy_i;

register__bank_ register__active_i;
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wire [31:0] register__bank_register_input;

wire [31:0] register_bank_ register_ outputl;

wire [31:0] register_bank register_ output2;

wire register__bank_ rst_i;

// Assignments for the ports of the encompassing component:

assign clock_clk_i_to_clk i = clk_1i;

assign iaddr_o =
instruction_ decoder_ instruction_ feed to instructions address;

assign instruction_decoder_instruction_feed_ to_instructions_read_ data =
instruction_feed ;

assign local address_o =
memory_controller_local data_to_ local data_address;

assign memory_ controller_local data_to_local data_read_data =
local read_data;

assign local_ write_data =
memory_controller_local data_to_local data_write data;

assign local_ write_o = memory_controller_local data_to_local data_ write

b
assign mem_ address_o =
memory_ controller_ peripheral access_to_peripheral_ access_address;
assign memory_controller peripheral access_to_ peripheral access data_sm
= mem_ data_i;
assign mem_data_o =
memory_ _controller__peripheral access_to_peripheral access_data_ms;
assign mem_master rdy =
memory_ controller_peripheral access_to_ peripheral access_master_rdy;
assign
memory_ controller_peripheral_ access_to_peripheral access_slave_rdy =
mem_ slave rdy;
assign mem we o0 =
memory_ controller_ peripheral access_to_peripheral access_we;

assign clock rst_i to_rst_ i = rst_i;

// alu assignments :

assign alu_alu_op_i =
memory_controller__cpu_system_to_alu_cpu_system_ alu_operation;

assign memory_ controller__cpu_system_to_alu_cpu_system_alu_result =
alu_alu_result_o;

assign memory_ controller__cpu_system_to_alu_cpu_system_alu_status =
alu_alu_status_o;

assign alu_register_value_ il =
memory_ controller__cpu_system_to_alu_cpu_system_ register_output_1;

assign alu_register_value_ i2 =

memory_ controller__cpu_system_ to_alu_cpu_system_register_output_2;
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// clock assignments:

assign clock_clk i = clock_clk_ i to_clk_ i;

assign clock_ cpu_ clk_ source_to_register__bank_ cpu_clk sink clk =
clock clk_ o;

assign clock_rst_i = clock_rst_i_to_rst_i;

assign clock_ cpu_clk source_to_register bank cpu_clk sink rst =
clock_rst_o;

// instruction decoder assignments:

assign memory_ controller_ cpu_system_to_alu_cpu_system_ alu_active =
instruction decoder_alu_active_o;

assign memory_ controller__cpu_system_to_alu_cpu_system_alu_operation =
instruction_decoder__alu_op_o;

assign instruction_decoder_alu_status_i =
memory__controller__cpu_system_to_alu_cpu_system__alu_status;

assign memory_controller_ cpu_system_to_alu_ cpu_system_choose_ register_ 1
= instruction_decoder_choose_regl_ o;

assign memory_controller cpu_system_to_alu_cpu_system_ choose_register 2
= instruction__decoder_choose_reg2_ o;

assign instruction_decoder_clk_ i =
clock _cpu_clk_source_ to_register bank_ cpu_clk sink clk;

assign instruction_ decoder_instruction_ feed_ to_instructions_ address =
instruction_decoder_ iaddr_o;

assign instruction__decoder_instruction_feed =
instruction_decoder_instruction_feed to_ instructions_ read data;

assign instruction_decoder_load_value i =
memory__controller_cpu_system_to_alu_cpu_system_load_value;

assign memory_ controller_cpu_system_ to_alu_cpu_system_mem_ active =
instruction_decoder__mem_ active_o;

assign instruction_decoder_mem_rdy_ i =
memory_ controller__cpu_system_to_alu_cpu_system_mem_rdy;

assign memory_ controller_ cpu_system_to_alu_cpu_system_ register_ active =
instruction__decoder_register__active_o;

assign memory_controller _cpu_system_to_alu_cpu_system_ register_input =
instruction__decoder_register_value_o;

assign instruction_decoder_rst_i =
clock_cpu_clk_source_to_register_ bank_ cpu_clk_sink_ rst;

assign memory_controller__cpu_system_to_alu_ cpu_system_ mem_ we =
instruction_decoder_we_o;

// memory_ controller assignments :

assign memory_ controller_clk_i =
clock_cpu_ clk_source_to_register__bank_cpu_clk sink_ clk;

assign memory_controller_local data_to_ local data_address =
memory_ controller_local address_o;

assign memory_ controller local read data =

memory_ controller_local data_to_local data_read data;
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assign memory_controller_local data_to_local data_write_data =
memory_ controller_local write data;

assign memory_ controller_local data_to_local data_ write =
memory__controller_local write_ o;

assign memory_ controller_peripheral access_to_ peripheral access_address
= memory_ controller_periph_address_o;

assign memory_ controller_ periph_data_i =
memory_ controller_ peripheral access_to_ peripheral access_data_sm;

assign memory_controller peripheral access_to_ peripheral access data_ms
= memory_ controller_ periph_data_o;

assign
memory_ controller__peripheral access_to_peripheral access__master_rdy
= memory_ controller_ periph_master_rdy;

assign memory_ controller_ periph_slave rdy =
memory_ controller_ peripheral access_to_peripheral access_ slave_rdy;

assign memory_ controller_peripheral access_to_peripheral access_we =
memory_controller _periph_we_o;

assign memory_ controller_rst_i =
clock_cpu_ clk_source_to_register__bank cpu_clk_ sink rst;

assign memory_controller sys_active i =
memory_ controller_ cpu_system_to_alu_cpu_system_mem_ active;

assign memory_ controller sys_address_i =
memory__controller_ cpu_system_ to_alu_cpu_system_address[8:0];

assign memory_ controller_sys data_i =
memory__controller__cpu_system_to_alu_cpu_system_ register_output_1;

assign memory_ controller cpu_system_to_alu_cpu_system_load_ value =
memory_ controller_sys_data_o;

assign memory_ controller_cpu_system_to_alu_cpu_system_ mem_rdy =
memory_ controller_sys_rdy_o;

assign memory_ controller_ cpu_system_to_alu_cpu_system_ mem_read rdy =
memory_controller sys read_ rdy_o;

assign memory_ controller_sys_we_ i =
memory__controller__cpu_system_to_alu_cpu_system_ mem_ we;

// register bank assignments:

assign register_bank_ alu_active i =
memory__controller__cpu_system_to_alu_cpu_system_alu_ active;

assign register__bank alu_result_ i =
memory_ controller__cpu_system_to_alu_cpu_system_ alu_result;

assign register_bank choose_ register il =
memory_ controller__cpu_system_to_alu_cpu_system_ choose_register_1;

assign register_bank choose_register_ i2 =
memory_controller_ cpu_system_ to_alu_cpu_system_choose_register_2;

assign register__bank_clk_i =

clock cpu_clk_source_ to_register_ bank_ cpu_clk sink clk;
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= register_bank_register_output2;
assign register__bank rst_ i =

clock_cpu_clk_source_to_register__bank_ cpu_clk_sink_ rst;

// IP-XACT VLNV: tut. fi:cpu.logic:alu:1.0
alu #(

.DATA WIDTH (32))
alu (

// Interface: cpu_system

.alu_op i (alu_alu_op_1i),
.register__value_ il (alu_register value_ il),
.register value_ i2 (alu_register_value_ i2),
.alu_ result o (alu_alu_result_o),
.alu_status_o (alu_alu_status_o));

// IP-XACT VLNV: tut. fi:cpu.logic:clock:1.0
clock clock(
// Interface: cpu_clk source
.clk o (clock_clk_o),
.T8t_o0 (clock_rst_o),
// These ports are not in any interface
.elk i (clock clk_ 1),
.rst_ i (clock _rst_1i));
// IP—XACT VINV: tut.fi:cpu.logic:instruction decoder:1.0
instruction__decoder #(
.REGISTER ID WIDTH  (3),
ANSTRUCTION WIDTH  (28),
"DATA WIDTH (32),
.INSTRUCTION_ADDRESS WIDTH(8) )
instruction__decoder (

// Interface: cpu_clk_sink
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assign register__bank_load_ value_ i =
memory_ controller__cpu_system_to_alu_cpu_system_load_value;
assign register__bank mem_ read_ rdy i =
memory_ controller__cpu_system_to_alu_cpu_system_mem_read rdy;
assign register_bank_register_ active_ i =
memory_ controller__cpu_system_to_alu_cpu_system_register_active;
assign register__bank_register_input =
memory_ controller__cpu_system_to_alu_cpu_system_register_input;
assign memory_ controller _cpu_system_ to_alu_cpu_system_register_ output_ 1
= register__bank_register_outputl;
assign memory_ controller cpu_system_ to_alu_ cpu_system_ address =
register__bank_register_output2;
assign memory_ controller_cpu_system_to_alu_cpu_system_register_output_ 2
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.celk i

.rst_ i

// Interface: cpu
.alu status i

.load value i
.mem_ rdy_ i
.alu_active_o
.alu_op_o
.choose_regl_ o
.choose_reg2_ o
.mem__active o
.register_active_o
.register__value_ o
.We_o

// Interface:
.instruction feed

.iaddr_o

(instruction_decoder_clk i),

(instruction decoder_ rst i),

system

instruction_decoder_alu_status_ i),
instruction_decoder_load_value_ i),
instructionidecoderimemirdyii) ,

instruction__decoder_alu_active_ o),

(

(

(

(

(instruction_decoder_alu_op_o),
(instruction_decoder_choose_ regl o),
(instruction_decoder_choose_reg2 o),
(instruction_decoder_mem _active_ o),
(instruction__decoder_register__active_o),
(instruction_decoder_register_ value o),

(instruction_decoder_ we_o),

instructions

(instruction__decoder_instruction_feed),

(instruction__decoder_iaddr_o));

// IP—XACT VLNV: tut.fi:cpu.logic:memory_controller:1.0

memory__controller #(
.DATA_ WIDTH
.ADDR_WIDTH
.MEMORY_SIZE
.PERIPHERAL BASE
.REGISTER, COUNT

memory_ controller (

// Interface: cpu_clk sink

.celk i

.rst_ i

// Interface:
.sys__active_ i
.sys__address_ i
.sys_data_ i
.Sys_we_ i
.sys_data_ o
.sys_rdy_o
.sys_read_rdy_o
// Interface:
.local read data
.local address_o
.local write data
.local write o
// Interface:
.periph__data_ i
.periph__slave_rdy

(memory_ controller_clk_i),

(memory_ controller_rst_1i),

cpu_ system

(memory_controller sys active i),
(memory_controller sys_address_i),
(memory_ controller_sys_data_i),
(memory_ controller_sys_we_ i),
(memory_controller sys data_ o),
(memory_ controller_sys rdy_o),

(memory_controller sys_read_rdy o),

local data

(memory_ controller_ local read data),
(memory_ controller_local address_o),
(memory_controller_local write_data),

(memory_controller local write o),

peripheral access

(memory_ controller_periph_data_i),

(memory_ controller__periph_slave_rdy),
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299 .periph__address_o memory_ controller__periph__address_o),

.periph_data_o memory_ controller periph_ data_ o),

301 .periph__master_rdy memory_ controller__periph master_rdy),

(
(
(
(

.periph_we_ o memory_controller _periph we_o0));

// IP—XACT VINV: tut.fi:cpu.logic:register_bank:1.0

305 register__bank #(
.DATA WIDTH (32),
307 .REGISTER 1D WIDTH (3),
.REGISTER, COUNT (8))
309 register bank (
// Interface: cpu_clk_sink
311 .clk i (register bank clk i),
.rst_ i (register__bank rst_i),
313 // Interface: cpu_system
.alu_active i (register__bank_alu_active_1i),
315 .alu_ result i (register__bank_ alu_result_1i),
.choose_register_il (register_bank_choose_register il),
317 .choose_register_i2 (register_bank_ choose_register i2),
.load value i (register _bank load value i),
319 .mem_ read_rdy_i (register__bank mem_ read rdy_ i),
.register_ active_ i (registeribankiregisteriactiveii) ,
321 .register__input (register__bank_register_input),
.register_outputl (register__bank_ register_ outputl),
323 .register__output2 (register__bank_ register_ output2));
325

endmodule
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