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Implementace procesoru ve VHDL

1. Volba architektury
— registrova, stradacova, zasobnikova
— Harward, Von Neumann
— specifikace datove sSirky
2. Navrh instrukcni sady s ohledem na HW implementaci

3. Navrh blokového schema datove cesty
4. Prepis blokového schema do VHDL, implementace konecneho
automatu dle pozadavku instrukéni sady

— v pfipadé jednodussSich procesoru obvykle jedna komponenta, jeden
process



Realizace jednoduchého pocitaCe

Zadani
DADDR Mﬂ 0000
+— | PC ACC ALU Data Bus 0001
DOUT ﬁ 0002 P
— read/write 0003 SR,
DIN 0004
m— CPU enable 8882
< WE | 0007
CLK 0008
) 8889 Data
Jednoduchy pocita¢ = CPU + RAM + periferie
CPU ffff
stradacova architektura
architektura von Neumann (data i kod v RAM) RAM

vstupne-vystupni 16-bitové rozhrani

RAM

synchronni pamét’ s organizaci N x 16 bitu
komunikace pres sbérnici (Setreni zdroji)




Sada instrukci

Zadani
Operacni | Instrukce Popis Operacni | Instrukce Popis
znak znak
0000 halt zastav provadéni programu 5xxx istore uloz hpdnotu z ACC na adresu,
0001 negate vytvor dvojkovy dopinék z ACC Efr;aé{%: (gcthf?kC(;dgg:ggou XXX
0002 accdec sniz hodnotu ACC o jedna Z%XX brzero zmén PC na xxx jestlize
0003 accinc zvy$ hodnotu ACC o jedna ACC=0
000F nop prazdna operace 8xxX brpos zmén PC na xxx jestlize
01xx outp zapis hodnotu ACC na port s ACC>0
adresou xx . . -
: : 9xxx brneg zmén PC na xxx jestlize
02xx inp nacti do ACC hodnotu z portu s ACC <0
adresou xx
1xxx mload nahrej do ACC hodnotu xxx Axxx madd E”‘Etll krgca(i:lr?ebsseah pametove
un XXX
2XXX dload nahrej do ACC hodnotu z adresy xxx — wy -
Fxxx jjump neprimy skok na adresu
3xxx iload nahrej do ACC hodnotu, ktera je ulozenou na adrese xxx
ulozena na adrese, kterou definuje
obsah bunky xxx Pomoci této pomé&rné strohé instrukéni sady
4xxX dstore uloz hodnotu z ACC na adresu xxx Ize implementovat libovolny algoritmus.




Instrukcni cyklus - FSM

Procesor neustale vykonava tyto operace

Nacteni instrukce (Instruction fetch)

— PC je pouzit pro Cteni slova z paméti

— PC je inkrementovan, zapis slova do instrukéniho registru
Dekodovani instrukce (Instruction decode)

— podle nejvysSich 4,8,12,16 bitt se urci, co se bude délat
— aktivuji se prislusné obvody

Provedeni instrukce (Instruction execution)

— nacteni dalSich potrebnych slov

— zapis do paméti

— modifikace PC, ACC apod.

— muze trvat ruzny pocet taktu dle typu instrukce
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Architektura procesoru a jeho ¢innost
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RAM

RAM (random access memory) ABUS 0o00
_ kdy2 EN =1 a RDWR =1 [¢teni], DBUS obsahuje 7P| 0002
hodnotu ulozenou na pozici, kterou definuje ABUS RDWR 0004

— kdyz EN =1 a RDWR = 0 [z4pis], hodnota na DBUS N

prepisSe data uloZzena na adrese vystavené na ABUS —

— jinak je na DBUS stav vysoké impedance CL—K’[

Pro implementaci budeme uvazovat synchronni pamet RAM, protoze lze na
rozdil od asynchronni varianty efektivné implementovat v FPGA

VHDL implementace pameéti RAM
« efektivni implementace: nesmi mit RESET, musi byt synchronni

« moznosti zapisu: process (signal, shared variable) nebo strukturni popis
vyuzivajici vestaveéné blokove synchronni pameti BRAM

DB
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VHDL model synchronni pameéti RAM

library IEEE;

use TEEE.STD_ LOGIC 1164.ALL;
use TEEE.STD LOGIC ARITH.ALL;
use TEEE.STD_LOGIC_ UNSIGNED.ALL;

entity ram is
port (
CLK, EN, RDWR: in STD LOGIC;
ABUS: in STD_LOGIC_VECTOR(15 downto 0);
DBUS: inout STD LOGIC VECTOR(15 downto ©0)

Pamét’ jako

) pole 16b slov

end ram;

type t_ram is array (0 to 2**10-1) of std logic vector (15 downto 9);
signal ram: t_ram := (x"0201",x"0003", x"0101", others=>x"0000");

DBUS <= dout when (EN ='1") and (RDWR = '1"') else (others => 'Z");

Inicializace
obsahu paméti
(neni nutné)

process (CLK)
begin
if (CLK'event) and (CLK = '1") then
if (EN = "1") then
if (RDWR = '0') then
ram(conv_integer(ABUS(S downto ©))) <= DBUS;
end if;
dout <= ram(conv_integer(ABUS(9 downto 0)));
end if;
end if;
end process;

Zapis na pozici
uréenou adresou

Cteni z pozice
uréené adresou



Simulace a casovani synchronni RAM

b4 wave - default

File  Edit ‘iew Insert Format Tools  Window
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Write Cycle

b g wave - default
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VHDL model synchronni pameéti RAM

VyzkouSejte si napsat jednoduchy testbench, ktery ovéri korektni Cinnost pameti
implementované na predchozi ukazce.

Ovérit by se mélo ¢teni a zapis z ruznych mist paméti a fakt, ze nedochazi ke ztraté zapsanych
dat.

Typicky se implementuje generator pseudonahodnych Cisel (napfr. LFSR), pomoci kterého se
generuje adresa a pripadné i zapisovana data.

Nasledné se generator pseudonahodnych Cisel reinicializuje stejnym seedem a generuji se
adresy, ze kterych jsou data naCtena a porovnana s ocekavanou hodnotou.



entity cpu is

Model CPU ve VHDL

Entita

Asynchronni
nulovani

port (
RESET : in std logic;
CLK in std logic; -
CE in std_logic; SotelEn
— cinnosti
(chip enable)
-- BUS
ABUS : out std logic_vector(15 downto 9);
DBUS inout std logic vector(15 downto 0);
EN : out std logic;
RDWR : out std logic
-- I/0 port
DADDR : out std logic vector(7 downto 0);
DOUT : out std logic vector(15 downto 0);
DIN : in std logic _vector(15 downto 0);
DWE : out std logic
)

end cpu;

CLK —p
RESET —»

CE —P»

CPU

)y ABUS

<P D5US

—_» RDWR
—> EN

mlp DADDR
b bpour
< DIN
- » DWE




Implementace datove cesty
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Programovy citac (PC)

signal pc_reg : std logic vector(1l5 downto 9);

signal pc _1d : std logic;
signal pc_inc : std logic;

-- Program counter PC
pc_cntr: process (RESET, CLK)
begin
if (RESET='1") then
pc_reg <= (others=>'0");
elsif (CLK'event) and (CLK='1"') then
if (pc_1ld="'1") then
pc_reg <= pc_mx;
elsif (pc_inc="1") then
pc_reg <= pc_reg + 1;
end if;
end if;
end process;

pc_mx <= "0000" & ireg reg(ll downto ©) when
pc_mx_sel="00" else DBUS

-- Tristate driver
ABUS <= pc_reg when (pc_abus =
else (others =>

)
).

J
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—
DBus

pc_mx | k
IREG U
——
am
()
reset 3+

radic

Hodnotu CitaCe lze

* inkrementovat

» prepsat hodnotou na DBUS
(instrukce ijump)

» prepsat hodnotou v IREG
(skoky ne/podminéné)



Instruk€ni a adresovy registr (IREG, IAR)

signal ireg reg : std logic vector(1l5 downto 0);

signal ireg _1d : std logic;

-- Instruction register IREG
ireg: process (RESET, CLK)
begin
if (RESET='1") then
ireg reg <= (others=>'0");
elsif (CLK'event) and (CLK='1"') then
if (ireg_ld='1") then
ireg reg <= DBUS;
end if;
end if;
end process;

-- Indirect address register IAR
iar: process (RESET, CLK)
begin
if (RESET='1') then
iar_reg <= (others=>'0");
elsif (CLK'event) and (CLK="'1"') then
if (iar_ld="'1") then
iar_reg <= DBUS;
end if;
end if;
end process;

—1

T 25 |7 |4k

sgnext

—1LD IREG

LD IAR

radic
-- Tristate driver
ABUS <= "0000" & ireg reg(ll downto 0)
when (ireg_abus = "'1")
else (others=>'72");

ABUS <= iar_reg when (iar_abus = '1")
else (others=>'72");

--IREG sign extension
ireg _sgnext <= "1111" when ireg reg(11)="1"
else "0000";

ABus
DBus



Instrukcéni dekodér

type inst_type is (halt, negate, mload, dload, iload, dstore, istore, branch, brz ABUS
ero, .. ); |
DBus

signal ireg dec : inst_type;

--Instruction decoder

process (ireg)
begin k_

case (ireg(15 downto 12)) is

when X"0" => > ACC
case (ireg_reg(1ll downto 8)) is '§
when X"@" => _§
case (ireg_reg(3 downto 0)) is
when X"@" => ireg dec <= halt; ll l
when X"1" => ireg dec <= negate; Fadic
when others => ireg dec <= halt; ST Instrukce
end case; 0000 halt
when X"1" => ireg dec <= outp;
when X"2" => ireg dec <= inp; 0001 negate
when others => ireg dec <= halt;
end case; 01xx outp
when X"1" => ireg dec <= mload; 02xx inp
when X"2" => ireg_dec <= dload; 1%xx mload
e . 2xxx dload
when others => ireg dec <= halt;
end case;
end process; XXX ljump




Akumulator (ACC)

signal acc_reg : std logic vector(1l5 downto 0);
signal acc_1d : std _logic;
signal acc_mx : std logic vector(1l5 downto 0);
signal accmx_sel : std logic vector(l downto ©);
signal acc_zero : std logic;
signal acc_neg : std_logic;
signal acc_pos : std_logic;

-- ACC data multiplexor

with accmx_sel select

acc_mx <= ireg sgnext & ireg reg(ll downto ©) when "©0",
DBUS when "01",
DIN when "10",
alu out when others;

-- Accumulator register ACC
accreg: process(RESET, CLK)
begin
if (RESET='1") then
acc_reg <= (others=>'0");
elsif (CLK'event) and (CLK='1"') then
if (acc_1ld='1") then
acc_reg <= acc_mx;
end if;
end if;
end process;

ABus
DBus
ALU
=My g
IREG = —
— SE
00
I
DIN = =

-- ACC flags comparator
acc_zero <= '1' when (acc_reg = X"0000")

else '0°;

acc_neg <= '1' when (acc_reg(15) = '1")
else '0';

acc_pos <= '1' when (acc_reg(15) = '0")

and (acc_zero='0")
else '0';



Aritmeticko-logicka jednotka (ALU)

type aluoper_type is (alu_add, alu_and, .. );

signal alu oper : aluoper_type; DBus
signal alu op@, alu opl : std logic vector (15 downto 0); ‘
signal alu out : std logic vector(1l5 downto 0); N

signal alu mx1 sel : std logic vector(l downto 0); , 1
signal alu mx2_sel : std logic; 1" —’/1/ "
ACC -
-- Operands multiplexors > j — ACC
alu op@ <= DBUS when alu mx1l sel="00" . o,
X"0001" when alu_mx1l_sel="01" else R
X"1111";
alu_opl <= acc_reg when alu_mx2_sel="0" else
(not acc_reg);
.- ALU zp? AND
with alu oper select P
alu out <= alu op® + alu opl when alu_add, . out
alu op@ and alu opl when alu_and, —
alu opl when others;
Navrzena ALU je schopna I
» inkrementovat a dekrementovat obsah ACC i

« vytvorit jedniCkovy (negace) a dvojkovy doplnék k ACC
» provadét operace: add, sub, and, ... s ACC a hodnotou na DBUS
Prepsani ACC hodnotou na DBUS je implementovano v ACC



* |Inkrementace obsahu ACC

Aritmeticko logicka jednotka (ALU)

Podporované operace nad ACC

(ACC <= ACC + 1)

17—
”»
— |

”-1
ACC

Bus
=

I:not—»

ACC
>4

OoP

« Dekrementace obsahu ACC

(ACC <= ACC - 1)

ACC

OP



Aritmeticko logicka jednotka (ALU)

Podporované operace nad ACC
Negace ACC * Inverze ACC

(dvojkovy doplnék)
(ACC <=neg ACC)

ks

(jedniCkovy doplnek)
(ACC <= not ACC)

4)

ACC

OP



Aritmeticko logicka jednotka (ALU)

Podporované operace nad ACC

* Operace s DBUS a ACC dle moznosti ALU
(ACC <= DBUS op ACC)

‘ DBus
”1 11 —
”-1 ¢ —

ACC ACC

|:not—— o

OP



Implementace ridici cesty
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FSM

output
logic

Inputs

Outputs

\ 4

logic

next state
SN

'

state

4 A

RESET CLK CE

Radié¢

deklarace signall

type fsm state is (sidle, sfetch@, sfetchl, sdecode, sbranch,
shalt, snop, smload, snegate, smadd@, smaddl,
sdload@, sdloadl, sdstore, siload@, siloadl,
siload2, siload3, sistore@, sistorel, sistore2,
saccdec, saccinc, sijump@, sijumpl, soutp, sinp);

signal pstate : fsm_state;
signal nstate : fsm_state;

registr aktualniho stavu

--FSM present state
fsm_pstate: process (RESET, CLK)
begin
if (RESET="'1") then
pstate <= sidle;
elsif (CLK'event) and (CLK='1"') then
if (CE = "1') then
pstate <= nstate;
end if;
end if;
end process;

Pozor: KoneCny automat pouze fidi systém, logika nasledujiciho stavu ani vystupni logika nepracuje s daty
(skrze automat nesmi téct data, automat reaguje pouze na stavove signaly)



Pfiklad: DLOAD acc, m[04]
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Priklad: DLOAD acc, m[04]

File  Edit “iew Insert Format Tools  Window
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Priklad: ILOAD acc, *m[035]
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Priklad: ILOAD acc, *m[095]

File  Edit “iew Insert Format Tools  ‘Window
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Priklad: DSTORE m[04], acc

ABus
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Priklad: DSTORE m[04], acc

File  Edit “iew Insert Format Tools  ‘Window
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Priklad: ISTORE *m[05], acc
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Priklad: ISTORE *m[05], acc
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Priklad: ADD acc, m[08]
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Priklad: ADD acc, m[08]
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Priklad: BRANCH 05
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Priklad: BRANCH 05
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Radi¢ — 1/3

logika nasledujiciho stavu a vystupni logika

--FSM next state logic,
output logic

nsl: process (pstate, ireg dec,
acc_zero, acc_pos, acc_neg)

begin
-- INIT
EN <= '0"';
DWE <= '9';
RDWR <= '1";

ireg 1d <= '0"';

ireg abus <= '0';
pc_inc <= '9’;

pc 1d <= '@’';
pc_abus <= '0';
pc_mx_sel <= "@0";
iar_1d <= '0’;
iar_abus <= '0';
acc_mx_sel <= "00";
acc_1ld <= '0';

alu mx1l sel <= "01";
alu mx2 _sel <= '9Q';
alu oper <= alu_add;
dbus_sel <= '0';

case pstate is
-- IDLE
when sidle =>
nstate <= sfetcho;

-- INSTRUCTION FETCH
when sfetcho =>
nstate <= sfetchi;
pc_abus <= '1"';
EN <= '1';

when sfetchl =>
ireg 1d <= '1"';
nstate <= sdecode;

-- INSTRUCTION DECODE
when sdecode =>
case ireg dec is
when halt =>
nstate <= halt;
when nop =>
nstate <= snop;
when branch =>
nstate <= sbranch;
when brzero =>

if (acc_zero='1") then
nstate <= sbranch;

else
nstate <= snop;
end if;

when brpos =>
if (acc_pos='1') then
nstate <= sbranch;
else
nstate <= snop;
end if;
when brneg =>
if (acc_neg='1"') then
nstate <= sbranch;
else
nstate <= snop;
end if;
when accdec =>
nstate <= saccdec;
when accinc =>
nstate <= saccinc;
when add =>
nstate <
when dload =>
nstate <= sdloado;
when dstore =>
nstate <= sdstore;
when iload =>
nstate <= siloado;
when istore =>
nstate <= sistoreo;

saddo;

when others =>
nstate <= shalt;

end case;

Q: proc€ je pfi vykonavani instrukce brzero, brpos, brneg prechod do stavu snop?



Radi¢ — 2/3
logika nasledujiciho stavu a vystupni logika

when smaddl => --phase 1
nstate <= sfetcho;
alu oper <= alu_add;
acc_mx_sel <= "11";

-- HALT -- ACC DEC
when ihilt => o1t when saccdec =>
nstate <= shalt; nstate <= sfetcho;

- - BRANCH acc_mx_sel <= "11%; alu_mx1_sel <= "00";
when sbranch => alu_oper <= alu_add; alu_mx2_sel <= '0';
nstate <= sfetcho; alu_mx1l_sel <= "11"; acc_ld <= '1"';
pc_1ld <= '1'; alu mx2 sel <= '0'; pc_inc <= '1';

acc_1d <= '1';

-- NOP ) -- LOAD DIRECT
when snop => pc_inc <= "1°; when sdload@ => --phase ©
nstate <= sfetcho; nstate <= sdloadl;
pc_inc <= '1"; -- ACC INC ireg abus <= '1"';
EN <= '1";

when saccinc =»>
nstate <= sfetcho;
acc_mx_sel <= "11";

-- LOAD IMMEDIATE

when smload => when sdloadl => --phase 1

nstate <= sfetcho;
acc_mx_sel <= "00";
acc_ld <= '1"';

alu_oper <= alu_add;
alu_mx1_sel <= "01";

nstate <= sfetcho;
acc_mx_sel <= "o1";
acc_ld <= '1"';

pc_inc <= '1'; alu mx2_sel <= '0'; pc_inc <= '1';

acc_ld <= '1"';

-- NEGATE ) -- STORE DIRECT

when snegate => pc_inc <= "1°; when sdstore =>
nstate <= sfetcho; nstate <= sfetcho;
acc_mx_sel <= "11"; -- ADD dbus_sel <= '1"';
alu_oper <= alu_add; when smadd@ => --phase @ ireg abus <= '1';
alu_mx1_sel <= "01"; EN <= "1";
alu_mx2_sel <= '1'; ?state < SR RDWR <= '@';
acc_ld <= '1'; ireg_abus <= '1°; pc_inc <= '1';

pc_inc <= '1'; EN <= "1";



Radié — 3/3
logika nasledujiciho stavu a vystupni logika

-- LOAD INDIRECT -- STORE INDIRECT -- INDIRECT JUMP
when siload@ => --phase 0 when sistore@ => --phase 0 when sijump@ => --phase 0
nstate <= siloadl; nstate <= sijumpl;

ireg _abus <= '1'; nstate <= sistorel; ireg abus <= '1"';

EN <= '1'; ir‘eg_abus <= '1"'; EN <= '1';
EN <= '1';
when siloadl => --phase 1 when sijumpl => --phase 1
Qstate <= siload2; when sistorel => --phase 1 ?state <= sfetcho;
iar 1d <= '1"'; ) iar 1d <= '1°';
- nstate <= sistore2; T var.
} o pc_1d <= '1";
when siload2 => --phase 2 iar_ld <= "1°; pc_mx_sel <= "11";
nstate <= siload3;
iar_abus <= '1'; when sistore2 => --phase 2 -- PORT OUTPUT
EN <= "1°; nstate <= sfetcho; when soutp =>
iar abus <= '1': nstate <= sfetcho;
when siload3 => --phase 3 - - DWE <= '1';
nstate <= sfetcho; dbus_sel <= "1°; pc_inc <= '1';
acc_mx_sel <= "01"; EN <= "1";
acc_ld <= '1"'; RDWR <= '0Q'; -- PORT INPUT

when sinp =>
nstate <= sfetcho;
acc_mx_sel <= "10";
acc_ld <= '1"';
pc_inc <= '1"';

pc_inc <= '1°; pc_inc <= '1';

when others =>
null;

end case;
Q: pro€ vykonani intrukce iload trva 4 a istore jen 3 takty? end process;



Priklad programu

Secti hodnoty ulozené na adresach 20-2f a zapiS vysledek na adresu 10.

Adresa

0000
0001
0002
0003
0004
0005
0006
0007
0008
0009
000a
000b
000c
00od
000e
000f
0010
0011

Instrukce

mload 0000
dstore M[0010]
mload 0020
dstore M[0011]
mload 0030
negate

add M[0011]

if 0 branch 000£f
iload *M[0011]
add M[0010]
dstore M[0010]
mload 0001
add M[0011]
dstore M[0011]
branch 0004
halt

Komentar

ACC <=0

M[0010] <= ACC

ACC <= 0020

M[0011] <= ACC

ACC <= 0030

ACC <= -ACC

ACC <= ACC + M[0011]
goto end if zero
ACC <= *M[0011]

ACC <= ACC + M[0010]
M[0010] <= ACC

ACC <=1

ACC <= M[0011]+AcCC
M[0011l] <= ACC

goto loop

halt

Store sum here

Pointer to “next” wvalue



Simulace programu
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Cursar 1 11940 ns

! 1 ns to 372 hs Mow: 40,200 hs  Delta: 2

mload 0000 dstore M[0010] mload 0020 dstore M[0011]
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