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1. Definisanje projekta 

1.1 Uvod 

Projekat predstavlja troadresni 16-to bitni RISC procesor koji implementira petostepeni pipeline. Realizovan je u alatu Quartus 9.1, kompanije Altera i testirano je sintentizovanje modela na Stratix II familiji čipova. Zahvaljujući jednostavnosti instrukcijskog skupa i zahtevanim karakteristikama memorije, pipeline se nikada ne zaustavlja. Projekat predstavlja rešenje domaćeg zadatka iz predmeta Računarski VLSI sistemi i namenjen je samo u edukativne svrhe. 
1.2 Ciljevi projekta 

Ciljevi projekta obuhvataju projektovanje procesora koji: 

· podražava sledeće instrukcije: 

· load i store; 

· mov; 
· aritmetičke operacije; 

· logičke instrukcije; 

· uslovne skokove; 

· podrška za potprograme; 

· funkcije za rad sa stekom; 

         poseduje registarski fajl od šesnaest šesnestobitnih registara; 
         poseduje hardverski stek;
          ima dva interfejsa: 

· jedan za komunikaciju sa memorijom instrukcija; 
· jedan za komunikaciju sa memorijom podataka; 
        izvršava instrukcije u pet stepeni protočne obrade. 

2. Specifikacija 

2.1 Uvod
Procesor ima 69 pinova koji se koriste za adrese, podatke i kontrolne signale. Pinovi se vezuju na 2 adresne i 2 magistrale podataka. Procesor ne podržava mehanizam prekida. Memorija koja se vezuje na ovaj procesor mora biti dovoljno brza da za vreme 1 periode signala takta odgovori na zahtev procesora. Takođe, ni periferije nisu podržane.
2.2 Spoljašnji interfejsi 

Ciklus dohvatanja instrukcije se obavlja na sledeći način: Pre uzlazne ivice signala takta, na adresnim pinovima ka instrukcijskoj memoriji se generiše adresa kao i aktivna vrednost rdInst signal na tom kontrolnom pinu povezanom s memorijom. Memorija ima zadatak  da preko 16 ulaznih pinova za instrukcije ,do sledeće uzlazne ivice signala takta, dostavi traženu instrukciju Instruction_Decode bloku. 

Ciklus dohvatanja podatka iz memorije: Pre silazne ivice signala takta, na adresnim linijama ka memoriji podataka se generiše adresa podatka i aktivna vrednost signala rdDat. Memorija ima zadatak da preko 16 pinova za podatke, do sledeće uzlazne ivice signala takta, dostavi traženi podatak Write_Back bloku.
Ciklus upisa podatka u memoriju: Pre silazne ivice signala takta, na adresnim linijama ka memoriji podataka se generiše adresa na koju treba upisati podatak i aktivna vrednost signala wrDat. Memorija ima zadatak da  do sledeće uzlazne ivice signala takta, upiše podatak sa 16 data pinova.
Reset pin služi za pokretanje sistema. Na aktivnu vrednost reset signala, procesor kreće izvršavanje od adrese 0.

Clk pin je ulaz za eksterni signal takta.
2.3 Specifikacija hardvera 

Od hardverskih komponenti imamo: 

    - jednobitni sabirac sa prenosom koji služi za uvećavanje PC-a; 

    - kombinacionu jedinicu koja obavlja ulogu jednobitne ALU; 

    - vise dekodera razlicite slozenosti; 

    - jedan barel shifter; 

    - hardverski stek; 

    - registarski fajl; 

3. Unutrašnji blokovi 

    Procesor se sastoji iz sledećih blokova: 

    - Instruction_Fetch čija je uloga generisanje adresa instrukcija; 
   - Instruction_Decode čija je uloga dekodovanje instrukcija u smislu da se prepozna o kojoj se instrukciji radi, koji registri učestvuju i da li ima neposrednih podataka i koji su; 
   - Operand_Fetch čija je uloga da dohvati koriščene registre; 
   - Instruction_Execute čija je uloga da izvrši tekuću instukciju. U njemu se nalazi i hardverski stek, čije prepunjavanje dovodi do restarta sistema i koji sadrži hardverski stek; 
   - Write_Back čija je uloga upis podataka nazad u registarski fajl; 
   - Reg_File koji predstavlja registarski fajl sistema. 


4. Opis dizajna 

4.1 Zabeleške uz dizajn 

    Da bi izbegli hazarde, korišćena je tehnika prosleđivanja podataka iz kasnijih faza pipeline-a. Do prosleđivanja može doći u sledećim slučajevima:

     - kada prilikom dohvatanja operanada prepoznamo da je jedan od izvorišnih operanada bio odredišni u prethodnoj instrukciji
     - kada  prilikom pristupa registarskom fajlu istovremeno i čitamo i upisujemo u neki registar

     Predikcija skoka je statička, da skoka neće biti. Ukoliko se utvrdi da do skoka treba da dođe, isprazni se pipeline i prosledi se adresa skoka Instruction_Fetch jedinici.
4.2 Dijagrami toka 

Instrukcije prolaze kroz stepene pipeline na način dat na slici br. 1.
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Slika br. 1: Stepeni pipeline

4.3 Vremenski dijagrami 
Na slici br. 2 je dat prikaz signala spoljašnjeg interfejsa procesora u testbench-u.
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Slika br. 2: Vremenski prikaz signal na spoljašnjim interfejsima procesora
4.4 Dijagrami 
Na slici br. 3 je prikazana strukturna šema procesora
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 Slika br.3 Struktura procesora

5. Testiranje i verifikacija 

Izabrani alat ne podržava standardne vhdl testbench-ove tako da smo umesto toga koristili Vector Waveform Fajlove. Quartus nudi opciju da se Vector Waveform Fajlove exportuje kao VHDL test bench (*.vht) 

5.1 Simulacija i test benčevi 

Test bench je ekvivalentan sledećem asemblerskom kodu: 

NOT R1, R1 

MOV R1, R1, #8 

LOAD R1, R2; Na toj adresi je simuliran podatak 5 

MOV R1, R1, #7 

SUB R3, R1, R2 

ADD R1, R1, R1 

BEQ R1, R1, R1 

NOP 

NOP 

BEQ R1, R1, R3 

HALT 
Listing test bench-a. 

-- Copyright (C) 1991-2009 Altera Corporation
-- Your use of Altera Corporation's design tools, logic functions
-- and other software and tools, and its AMPP partner logic
-- functions, and any output files from any of the foregoing
-- (including device programming or simulation files), and any
-- associated documentation or information are expressly subject
-- to the terms and conditions of the Altera Program License
-- Subscription Agreement, Altera MegaCore Function License
-- Agreement, or other applicable license agreement, including,
-- without limitation, that your use is for the sole purpose of
-- programming logic devices manufactured by Altera and sold by
-- Altera or its authorized distributors.  Please refer to the
-- applicable agreement for further details.

-- *****************************************************************************
-- This file contains a Vhdl test bench with test vectors .The test vectors     
-- are exported from a vector file in the Quartus Waveform Editor and apply to  
-- the top level entity of the current Quartus project .The user can use this   
-- testbench to simulate his design using a third-party simulation tool .       
-- *****************************************************************************
-- Generated on "01/24/2010 04:02:14"
                                                                        
-- Vhdl Self-Checking Test Bench (with test vectors) for design :       Procesor
--
-- Simulation tool : 3rd Party
--

LIBRARY ieee;                                               
USE ieee.std_logic_1164.all;                                

LIBRARY STD;                                                            
USE STD.textio.ALL;                                                     

PACKAGE Procesor_vhd_tb_types IS
-- input port types                                                       
-- output port names                                                     
CONSTANT adr1_name : STRING (1 TO 4) := "adr1";
CONSTANT adr2_name : STRING (1 TO 4) := "adr2";
CONSTANT data1_name : STRING (1 TO 5) := "data1";
CONSTANT data2_name : STRING (1 TO 5) := "data2";
CONSTANT rd1_name : STRING (1 TO 3) := "rd1";
CONSTANT rd2_name : STRING (1 TO 3) := "rd2";
CONSTANT wr_name : STRING (1 TO 2) := "wr";
-- n(outputs)                                                            
CONSTANT o_num : INTEGER := 7;
-- mismatches vector type                                                
TYPE mmvec IS ARRAY (0 to (o_num - 1)) OF INTEGER;
-- exp o/ first change track vector type                                     
TYPE trackvec IS ARRAY (1 to o_num) OF BIT;
-- sampler type                                                            
SUBTYPE sample_type IS STD_LOGIC;                                          
-- utility functions                                                     
FUNCTION std_logic_to_char (a: STD_LOGIC) RETURN CHARACTER;              
FUNCTION std_logic_vector_to_string (a: STD_LOGIC_VECTOR) RETURN STRING;
PROCEDURE write (l:INOUT LINE; value:IN STD_LOGIC; justified: IN SIDE:= RIGHT; field:IN WIDTH:=0);                                               
PROCEDURE write (l:INOUT LINE; value:IN STD_LOGIC_VECTOR; justified: IN SIDE:= RIGHT; field:IN WIDTH:=0);                                        
PROCEDURE throw_error(output_port_name: IN STRING; expected_value : IN STD_LOGIC; real_value : IN STD_LOGIC);                                   
PROCEDURE throw_error(output_port_name: IN STRING; expected_value : IN STD_LOGIC_VECTOR; real_value : IN STD_LOGIC_VECTOR);                     

END Procesor_vhd_tb_types;

PACKAGE BODY Procesor_vhd_tb_types IS
        FUNCTION std_logic_to_char (a: STD_LOGIC)  
                RETURN CHARACTER IS                
        BEGIN                                      
        CASE a IS                                  
         WHEN 'U' =>                               
          RETURN 'U';                              
         WHEN 'X' =>                               
          RETURN 'X';                              
         WHEN '0' =>                               
          RETURN '0';                              
         WHEN '1' =>                               
          RETURN '1';                              
         WHEN 'Z' =>                               
          RETURN 'Z';                              
         WHEN 'W' =>                               
          RETURN 'W';                              
         WHEN 'L' =>                               
          RETURN 'L';                              
         WHEN 'H' =>                               
          RETURN 'H';                              
         WHEN '-' =>                               
          RETURN 'D';                              
        END CASE;                                  
        END;                                       

        FUNCTION std_logic_vector_to_string (a: STD_LOGIC_VECTOR)       
                RETURN STRING IS                                        
        VARIABLE result : STRING(1 TO a'LENGTH);                        
        VARIABLE j : NATURAL := 1;                                      
        BEGIN                                                           
                FOR i IN a'RANGE LOOP                                   
                        result(j) := std_logic_to_char(a(i));           
                        j := j + 1;                                     
                END LOOP;                                               
                RETURN result;                                          
        END;                                                            

        PROCEDURE write (l:INOUT LINE; value:IN STD_LOGIC; justified: IN SIDE:=RIGHT; field:IN WIDTH:=0) IS
        BEGIN                                                           
                write(L,std_logic_to_char(VALUE),JUSTIFIED,field);      
        END;                                                            
                                                                        
        PROCEDURE write (l:INOUT LINE; value:IN STD_LOGIC_VECTOR; justified: IN SIDE:= RIGHT; field:IN WIDTH:=0) IS                           
        BEGIN                                                               
                write(L,std_logic_vector_to_string(VALUE),JUSTIFIED,field);
        END;                                                                

        PROCEDURE throw_error(output_port_name: IN STRING; expected_value : IN STD_LOGIC; real_value : IN STD_LOGIC) IS                               
        VARIABLE txt : LINE;                                              
        BEGIN                                                             
        write(txt,string'("ERROR! Vector Mismatch for output port "));  
        write(txt,output_port_name);                                      
        write(txt,string'(" :: @time = "));                             
        write(txt,NOW);                                                   
        writeline(output,txt);                                            
        write(txt,string'("     Expected value = "));                   
        write(txt,expected_value);                                        
        writeline(output,txt);                                            
        write(txt,string'("     Real value = "));                       
        write(txt,real_value);                                            
        writeline(output,txt);                                            
        END;                                                              

        PROCEDURE throw_error(output_port_name: IN STRING; expected_value : IN STD_LOGIC_VECTOR; real_value : IN STD_LOGIC_VECTOR) IS                 
        VARIABLE txt : LINE;                                              
        BEGIN                                                             
        write(txt,string'("ERROR! Vector Mismatch for output port "));  
        write(txt,output_port_name);                                      
        write(txt,string'(" :: @time = "));                             
        write(txt,NOW);                                                   
        writeline(output,txt);                                            
        write(txt,string'("     Expected value = "));                   
        write(txt,expected_value);                                        
        writeline(output,txt);                                            
        write(txt,string'("     Real value = "));                       
        write(txt,real_value);                                            
        writeline(output,txt);                                            
        END;                                                              

END Procesor_vhd_tb_types;

LIBRARY ieee;                                               
USE ieee.std_logic_1164.all;                                

USE WORK.Procesor_vhd_tb_types.ALL;                                         

ENTITY Procesor_vhd_sample_tst IS
PORT (
    clk : IN STD_LOGIC;
    data1 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    data2 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    reset : IN STD_LOGIC;
    sampler : OUT sample_type
    );
END Procesor_vhd_sample_tst;

ARCHITECTURE sample_arch OF Procesor_vhd_sample_tst IS
SIGNAL tbo_int_sample_clk : sample_type := '-';
SIGNAL current_time : TIME := 0 ps;
BEGIN
t_prcs_sample : PROCESS ( clk , data1 , data2 , reset )
BEGIN
    IF (NOW > 0 ps) THEN
        IF (NOW > 0 ps) AND (NOW /= current_time) THEN
            IF (tbo_int_sample_clk = '-') THEN
                tbo_int_sample_clk <= '0';
            ELSE
                tbo_int_sample_clk <= NOT tbo_int_sample_clk ;
            END IF;
        END IF;
        current_time <= NOW;
    END IF;
END PROCESS t_prcs_sample;
sampler <= tbo_int_sample_clk;
END sample_arch;

LIBRARY ieee;                                               
USE ieee.std_logic_1164.all;                                

LIBRARY STD;                                                            
USE STD.textio.ALL;                                                     

USE WORK.Procesor_vhd_tb_types.ALL;                                         

ENTITY Procesor_vhd_check_tst IS
GENERIC (
    debug_tbench : BIT := '0'
);
PORT (
    adr1 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    adr2 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    data1 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    data2 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    rd1 : IN STD_LOGIC;
    rd2 : IN STD_LOGIC;
    wr : IN STD_LOGIC;
    sampler : IN sample_type
);
END Procesor_vhd_check_tst;
ARCHITECTURE ovec_arch OF Procesor_vhd_check_tst IS
SIGNAL adr1_expected,adr1_expected_prev,adr1_prev : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL adr2_expected,adr2_expected_prev,adr2_prev : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL data1_expected,data1_expected_prev,data1_prev : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL data2_expected,data2_expected_prev,data2_prev : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL rd1_expected,rd1_expected_prev,rd1_prev : STD_LOGIC;
SIGNAL rd2_expected,rd2_expected_prev,rd2_prev : STD_LOGIC;
SIGNAL wr_expected,wr_expected_prev,wr_prev : STD_LOGIC;

SIGNAL trigger : BIT := '0';
SIGNAL trigger_e : BIT := '0';
SIGNAL trigger_r : BIT := '0';
SIGNAL trigger_i : BIT := '0';
SIGNAL num_mismatches : mmvec := (OTHERS => 0);

BEGIN

-- Update history buffers  expected /o
t_prcs_update_o_expected_hist : PROCESS (trigger)
BEGIN
    adr1_expected_prev <= adr1_expected;
    adr2_expected_prev <= adr2_expected;
    data1_expected_prev <= data1_expected;
    data2_expected_prev <= data2_expected;
    rd1_expected_prev <= rd1_expected;
    rd2_expected_prev <= rd2_expected;
    wr_expected_prev <= wr_expected;
END PROCESS t_prcs_update_o_expected_hist;


-- Update history buffers  real /o
t_prcs_update_o_real_hist : PROCESS (trigger)
BEGIN
    adr1_prev <= adr1;
    adr2_prev <= adr2;
    data1_prev <= data1;
    data2_prev <= data2;
    rd1_prev <= rd1;
    rd2_prev <= rd2;
    wr_prev <= wr;
END PROCESS t_prcs_update_o_real_hist;



-- expected rd1
t_prcs_rd1: PROCESS
BEGIN
    rd1_expected <= '0';
    WAIT FOR 10840 ps;
    rd1_expected <= '1';
    WAIT FOR 150000 ps;
    rd1_expected <= 'X';
WAIT;
END PROCESS t_prcs_rd1;
-- expected adr1[15]
t_prcs_adr1_15: PROCESS
BEGIN
    adr1_expected(15) <= '0';
    WAIT FOR 113132 ps;
    adr1_expected(15) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_15;
-- expected adr1[14]
t_prcs_adr1_14: PROCESS
BEGIN
    adr1_expected(14) <= '0';
    WAIT FOR 112619 ps;
    adr1_expected(14) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_14;
-- expected adr1[13]
t_prcs_adr1_13: PROCESS
BEGIN
    adr1_expected(13) <= '0';
    WAIT FOR 112027 ps;
    adr1_expected(13) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_13;
-- expected adr1[12]
t_prcs_adr1_12: PROCESS
BEGIN
    adr1_expected(12) <= '0';
    WAIT FOR 113232 ps;
    adr1_expected(12) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_12;
-- expected adr1[11]
t_prcs_adr1_11: PROCESS
BEGIN
    adr1_expected(11) <= '0';
    WAIT FOR 112360 ps;
    adr1_expected(11) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_11;
-- expected adr1[10]
t_prcs_adr1_10: PROCESS
BEGIN
    adr1_expected(10) <= '0';
    WAIT FOR 111734 ps;
    adr1_expected(10) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_10;
-- expected adr1[9]
t_prcs_adr1_9: PROCESS
BEGIN
    adr1_expected(9) <= '0';
    WAIT FOR 112059 ps;
    adr1_expected(9) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_9;
-- expected adr1[8]
t_prcs_adr1_8: PROCESS
BEGIN
    adr1_expected(8) <= '0';
    WAIT FOR 112470 ps;
    adr1_expected(8) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_8;
-- expected adr1[7]
t_prcs_adr1_7: PROCESS
BEGIN
    adr1_expected(7) <= '0';
    WAIT FOR 112728 ps;
    adr1_expected(7) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_7;
-- expected adr1[6]
t_prcs_adr1_6: PROCESS
BEGIN
    adr1_expected(6) <= '0';
    WAIT FOR 112272 ps;
    adr1_expected(6) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_6;
-- expected adr1[5]
t_prcs_adr1_5: PROCESS
BEGIN
    adr1_expected(5) <= '0';
    WAIT FOR 112024 ps;
    adr1_expected(5) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_5;
-- expected adr1[4]
t_prcs_adr1_4: PROCESS
BEGIN
    adr1_expected(4) <= '0';
    WAIT FOR 112612 ps;
    adr1_expected(4) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_4;
-- expected adr1[3]
t_prcs_adr1_3: PROCESS
BEGIN
    adr1_expected(3) <= '0';
    WAIT FOR 91352 ps;
    adr1_expected(3) <= '1';
    WAIT FOR 21255 ps;
    adr1_expected(3) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_3;
-- expected adr1[2]
t_prcs_adr1_2: PROCESS
BEGIN
    adr1_expected(2) <= '0';
    WAIT FOR 52745 ps;
    adr1_expected(2) <= '1';
    WAIT FOR 40000 ps;
    adr1_expected(2) <= '0';
    WAIT FOR 21239 ps;
    adr1_expected(2) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_2;
-- expected adr1[1]
t_prcs_adr1_1: PROCESS
BEGIN
    adr1_expected(1) <= '0';
    WAIT FOR 30507 ps;
    adr1_expected(1) <= '1';
    WAIT FOR 9301 ps;
    adr1_expected(1) <= '0';
    WAIT FOR 367 ps;
    adr1_expected(1) <= '1';
    WAIT FOR 10332 ps;
    adr1_expected(1) <= '0';
    WAIT FOR 20000 ps;
    adr1_expected(1) <= '1';
    WAIT FOR 20000 ps;
    adr1_expected(1) <= '0';
    WAIT FOR 20000 ps;
    adr1_expected(1) <= '1';
    WAIT FOR 1438 ps;
    adr1_expected(1) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_1;
-- expected adr1[0]
t_prcs_adr1_0: PROCESS
BEGIN
    adr1_expected(0) <= '0';
    WAIT FOR 21254 ps;
    FOR i IN 1 TO 4
    LOOP
        adr1_expected(0) <= '1';
        WAIT FOR 10000 ps;
        adr1_expected(0) <= '0';
        WAIT FOR 10000 ps;
    END LOOP;
    adr1_expected(0) <= '1';
    WAIT FOR 10000 ps;
    adr1_expected(0) <= '0';
    WAIT FOR 1270 ps;
    adr1_expected(0) <= 'X';
WAIT;
END PROCESS t_prcs_adr1_0;

-- expected rd2
t_prcs_rd2: PROCESS
BEGIN
    rd2_expected <= '0';
    WAIT FOR 70692 ps;
    rd2_expected <= '1';
    WAIT FOR 10000 ps;
    rd2_expected <= '0';
    WAIT FOR 200000 ps;
    rd2_expected <= 'X';
WAIT;
END PROCESS t_prcs_rd2;

-- expected wr
t_prcs_wr: PROCESS
BEGIN
    wr_expected <= '0';
    WAIT FOR 281228 ps;
    wr_expected <= 'X';
WAIT;
END PROCESS t_prcs_wr;
-- expected adr2[15]
t_prcs_adr2_15: PROCESS
BEGIN
    adr2_expected(15) <= 'Z';
    WAIT FOR 69880 ps;
    adr2_expected(15) <= '1';
    WAIT FOR 1052 ps;
    adr2_expected(15) <= '0';
    WAIT FOR 8180 ps;
    adr2_expected(15) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(15) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_15;
-- expected adr2[14]
t_prcs_adr2_14: PROCESS
BEGIN
    adr2_expected(14) <= 'Z';
    WAIT FOR 70611 ps;
    adr2_expected(14) <= '0';
    WAIT FOR 9795 ps;
    adr2_expected(14) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(14) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_14;
-- expected adr2[13]
t_prcs_adr2_13: PROCESS
BEGIN
    adr2_expected(13) <= 'Z';
    WAIT FOR 70219 ps;
    adr2_expected(13) <= '1';
    WAIT FOR 462 ps;
    adr2_expected(13) <= '0';
    WAIT FOR 8770 ps;
    adr2_expected(13) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(13) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_13;
-- expected adr2[12]
t_prcs_adr2_12: PROCESS
BEGIN
    adr2_expected(12) <= 'Z';
    WAIT FOR 71199 ps;
    adr2_expected(12) <= '1';
    WAIT FOR 1032 ps;
    adr2_expected(12) <= '0';
    WAIT FOR 8200 ps;
    adr2_expected(12) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(12) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_12;
-- expected adr2[11]
t_prcs_adr2_11: PROCESS
BEGIN
    adr2_expected(11) <= 'Z';
    WAIT FOR 70188 ps;
    adr2_expected(11) <= '1';
    WAIT FOR 636 ps;
    adr2_expected(11) <= '0';
    WAIT FOR 8596 ps;
    adr2_expected(11) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(11) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_11;
-- expected adr2[10]
t_prcs_adr2_10: PROCESS
BEGIN
    adr2_expected(10) <= 'Z';
    WAIT FOR 70177 ps;
    adr2_expected(10) <= '1';
    WAIT FOR 313 ps;
    adr2_expected(10) <= '0';
    WAIT FOR 8919 ps;
    adr2_expected(10) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(10) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_10;
-- expected adr2[9]
t_prcs_adr2_9: PROCESS
BEGIN
    adr2_expected(9) <= 'Z';
    WAIT FOR 70230 ps;
    adr2_expected(9) <= '1';
    WAIT FOR 679 ps;
    adr2_expected(9) <= '0';
    WAIT FOR 8805 ps;
    adr2_expected(9) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(9) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_9;
-- expected adr2[8]
t_prcs_adr2_8: PROCESS
BEGIN
    adr2_expected(8) <= 'Z';
    WAIT FOR 69879 ps;
    adr2_expected(8) <= '1';
    WAIT FOR 575 ps;
    adr2_expected(8) <= '0';
    WAIT FOR 8657 ps;
    adr2_expected(8) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(8) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_8;
-- expected adr2[7]
t_prcs_adr2_7: PROCESS
BEGIN
    adr2_expected(7) <= 'Z';
    WAIT FOR 70461 ps;
    adr2_expected(7) <= '1';
    WAIT FOR 94 ps;
    adr2_expected(7) <= '0';
    WAIT FOR 9390 ps;
    adr2_expected(7) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(7) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_7;
-- expected adr2[6]
t_prcs_adr2_6: PROCESS
BEGIN
    adr2_expected(6) <= 'Z';
    WAIT FOR 70298 ps;
    adr2_expected(6) <= '1';
    WAIT FOR 354 ps;
    adr2_expected(6) <= '0';
    WAIT FOR 8878 ps;
    adr2_expected(6) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(6) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_6;
-- expected adr2[5]
t_prcs_adr2_5: PROCESS
BEGIN
    adr2_expected(5) <= 'Z';
    WAIT FOR 70345 ps;
    adr2_expected(5) <= '1';
    WAIT FOR 585 ps;
    adr2_expected(5) <= '0';
    WAIT FOR 8899 ps;
    adr2_expected(5) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(5) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_5;
-- expected adr2[4]
t_prcs_adr2_4: PROCESS
BEGIN
    adr2_expected(4) <= 'Z';
    WAIT FOR 70142 ps;
    adr2_expected(4) <= '1';
    WAIT FOR 351 ps;
    adr2_expected(4) <= '0';
    WAIT FOR 8881 ps;
    adr2_expected(4) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(4) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_4;
-- expected adr2[3]
t_prcs_adr2_3: PROCESS
BEGIN
    adr2_expected(3) <= 'Z';
    WAIT FOR 70204 ps;
    adr2_expected(3) <= '1';
    WAIT FOR 1014 ps;
    adr2_expected(3) <= '0';
    WAIT FOR 8218 ps;
    adr2_expected(3) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(3) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_3;
-- expected adr2[2]
t_prcs_adr2_2: PROCESS
BEGIN
    adr2_expected(2) <= 'Z';
    WAIT FOR 70361 ps;
    adr2_expected(2) <= '0';
    WAIT FOR 9477 ps;
    adr2_expected(2) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(2) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_2;
-- expected adr2[1]
t_prcs_adr2_1: PROCESS
BEGIN
    adr2_expected(1) <= 'Z';
    WAIT FOR 70130 ps;
    adr2_expected(1) <= '1';
    WAIT FOR 1006 ps;
    adr2_expected(1) <= '0';
    WAIT FOR 8226 ps;
    adr2_expected(1) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(1) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_1;
-- expected adr2[0]
t_prcs_adr2_0: PROCESS
BEGIN
    adr2_expected(0) <= 'Z';
    WAIT FOR 69921 ps;
    adr2_expected(0) <= '1';
    WAIT FOR 1000 ps;
    adr2_expected(0) <= '0';
    WAIT FOR 8232 ps;
    adr2_expected(0) <= 'Z';
    WAIT FOR 200000 ps;
    adr2_expected(0) <= 'X';
WAIT;
END PROCESS t_prcs_adr2_0;

-- Set trigger on real/expected o/ pattern changes                        

t_prcs_trigger_e : PROCESS(adr1_expected,adr2_expected,data1_expected,data2_expected,rd1_expected,rd2_expected,wr_expected)
BEGIN
    trigger_e <= NOT trigger_e;
END PROCESS t_prcs_trigger_e;

t_prcs_trigger_r : PROCESS(adr1,adr2,data1,data2,rd1,rd2,wr)
BEGIN
    trigger_r <= NOT trigger_r;
END PROCESS t_prcs_trigger_r;


t_prcs_selfcheck : PROCESS
VARIABLE i : INTEGER := 1;
VARIABLE txt : LINE;

VARIABLE last_adr1_exp : STD_LOGIC_VECTOR(15 DOWNTO 0) := "UUUUUUUUUUUUUUUU";
VARIABLE last_adr2_exp : STD_LOGIC_VECTOR(15 DOWNTO 0) := "UUUUUUUUUUUUUUUU";
VARIABLE last_data1_exp : STD_LOGIC_VECTOR(15 DOWNTO 0) := "UUUUUUUUUUUUUUUU";
VARIABLE last_data2_exp : STD_LOGIC_VECTOR(15 DOWNTO 0) := "UUUUUUUUUUUUUUUU";
VARIABLE last_rd1_exp : STD_LOGIC := 'U';
VARIABLE last_rd2_exp : STD_LOGIC := 'U';
VARIABLE last_wr_exp : STD_LOGIC := 'U';

VARIABLE on_first_change : trackvec := "1111111";
BEGIN

WAIT UNTIL (sampler'LAST_VALUE = '1'OR sampler'LAST_VALUE = '0')
    AND sampler'EVENT;
IF (debug_tbench = '1') THEN
    write(txt,string'("Scanning pattern "));
    write(txt,i);
    writeline(output,txt);
    write(txt,string'("| expected "));write(txt,adr1_name);write(txt,string'(" = "));write(txt,adr1_expected_prev);
    write(txt,string'("| expected "));write(txt,adr2_name);write(txt,string'(" = "));write(txt,adr2_expected_prev);
    write(txt,string'("| expected "));write(txt,data1_name);write(txt,string'(" = "));write(txt,data1_expected_prev);
    write(txt,string'("| expected "));write(txt,data2_name);write(txt,string'(" = "));write(txt,data2_expected_prev);
    write(txt,string'("| expected "));write(txt,rd1_name);write(txt,string'(" = "));write(txt,rd1_expected_prev);
    write(txt,string'("| expected "));write(txt,rd2_name);write(txt,string'(" = "));write(txt,rd2_expected_prev);
    write(txt,string'("| expected "));write(txt,wr_name);write(txt,string'(" = "));write(txt,wr_expected_prev);
    writeline(output,txt);
    write(txt,string'("| real "));write(txt,adr1_name);write(txt,string'(" = "));write(txt,adr1_prev);
    write(txt,string'("| real "));write(txt,adr2_name);write(txt,string'(" = "));write(txt,adr2_prev);
    write(txt,string'("| real "));write(txt,data1_name);write(txt,string'(" = "));write(txt,data1_prev);
    write(txt,string'("| real "));write(txt,data2_name);write(txt,string'(" = "));write(txt,data2_prev);
    write(txt,string'("| real "));write(txt,rd1_name);write(txt,string'(" = "));write(txt,rd1_prev);
    write(txt,string'("| real "));write(txt,rd2_name);write(txt,string'(" = "));write(txt,rd2_prev);
    write(txt,string'("| real "));write(txt,wr_name);write(txt,string'(" = "));write(txt,wr_prev);
    writeline(output,txt);
    i := i + 1;
END IF;
IF ( adr1_expected_prev /= "XXXXXXXXXXXXXXXX" ) AND (adr1_expected_prev /= "UUUUUUUUUUUUUUUU" ) AND (adr1_prev /= adr1_expected_prev) AND (
    (adr1_expected_prev /= last_adr1_exp) OR
    (on_first_change(1) = '1')
        ) THEN
    throw_error("adr1",adr1_expected_prev,adr1_prev);
    num_mismatches(0) <= num_mismatches(0) + 1;
    on_first_change(1) := '0';
    last_adr1_exp := adr1_expected_prev;
END IF;
IF ( adr2_expected_prev /= "XXXXXXXXXXXXXXXX" ) AND (adr2_expected_prev /= "UUUUUUUUUUUUUUUU" ) AND (adr2_prev /= adr2_expected_prev) AND (
    (adr2_expected_prev /= last_adr2_exp) OR
    (on_first_change(2) = '1')
        ) THEN
    throw_error("adr2",adr2_expected_prev,adr2_prev);
    num_mismatches(1) <= num_mismatches(1) + 1;
    on_first_change(2) := '0';
    last_adr2_exp := adr2_expected_prev;
END IF;
IF ( data1_expected_prev /= "XXXXXXXXXXXXXXXX" ) AND (data1_expected_prev /= "UUUUUUUUUUUUUUUU" ) AND (data1_prev /= data1_expected_prev) AND (
    (data1_expected_prev /= last_data1_exp) OR
    (on_first_change(3) = '1')
        ) THEN
    throw_error("data1",data1_expected_prev,data1_prev);
    num_mismatches(2) <= num_mismatches(2) + 1;
    on_first_change(3) := '0';
    last_data1_exp := data1_expected_prev;
END IF;
IF ( data2_expected_prev /= "XXXXXXXXXXXXXXXX" ) AND (data2_expected_prev /= "UUUUUUUUUUUUUUUU" ) AND (data2_prev /= data2_expected_prev) AND (
    (data2_expected_prev /= last_data2_exp) OR
    (on_first_change(4) = '1')
        ) THEN
    throw_error("data2",data2_expected_prev,data2_prev);
    num_mismatches(3) <= num_mismatches(3) + 1;
    on_first_change(4) := '0';
    last_data2_exp := data2_expected_prev;
END IF;
IF ( rd1_expected_prev /= 'X' ) AND (rd1_expected_prev /= 'U' ) AND (rd1_prev /= rd1_expected_prev) AND (
    (rd1_expected_prev /= last_rd1_exp) OR
    (on_first_change(5) = '1')
        ) THEN
    throw_error("rd1",rd1_expected_prev,rd1_prev);
    num_mismatches(4) <= num_mismatches(4) + 1;
    on_first_change(5) := '0';
    last_rd1_exp := rd1_expected_prev;
END IF;
IF ( rd2_expected_prev /= 'X' ) AND (rd2_expected_prev /= 'U' ) AND (rd2_prev /= rd2_expected_prev) AND (
    (rd2_expected_prev /= last_rd2_exp) OR
    (on_first_change(6) = '1')
        ) THEN
    throw_error("rd2",rd2_expected_prev,rd2_prev);
    num_mismatches(5) <= num_mismatches(5) + 1;
    on_first_change(6) := '0';
    last_rd2_exp := rd2_expected_prev;
END IF;
IF ( wr_expected_prev /= 'X' ) AND (wr_expected_prev /= 'U' ) AND (wr_prev /= wr_expected_prev) AND (
    (wr_expected_prev /= last_wr_exp) OR
    (on_first_change(7) = '1')
        ) THEN
    throw_error("wr",wr_expected_prev,wr_prev);
    num_mismatches(6) <= num_mismatches(6) + 1;
    on_first_change(7) := '0';
    last_wr_exp := wr_expected_prev;
END IF;
    trigger_i <= NOT trigger_i;
END PROCESS t_prcs_selfcheck;


t_prcs_trigger_res : PROCESS(trigger_e,trigger_i,trigger_r)
BEGIN
    trigger <= trigger_i XOR trigger_e XOR trigger_r;
END PROCESS t_prcs_trigger_res;

t_prcs_endsim : PROCESS
VARIABLE txt : LINE;
VARIABLE total_mismatches : INTEGER := 0;
BEGIN
WAIT FOR 1000000 ps;
total_mismatches := num_mismatches(0) + num_mismatches(1) + num_mismatches(2) + num_mismatches(3) + num_mismatches(4) + num_mismatches(5) + num_mismatches(6);
IF (total_mismatches = 0) THEN                                              
        write(txt,string'("Simulation passed !"));                        
        writeline(output,txt);                                              
ELSE                                                                        
        write(txt,total_mismatches);                                        
        write(txt,string'(" mismatched vectors : Simulation failed !"));  
        writeline(output,txt);                                              
END IF;                                                                     
WAIT;
END PROCESS t_prcs_endsim;

END ovec_arch;

LIBRARY ieee;                                               
USE ieee.std_logic_1164.all;                                

LIBRARY STD;                                                            
USE STD.textio.ALL;                                                     

USE WORK.Procesor_vhd_tb_types.ALL;                                         

ENTITY Procesor_vhd_vec_tst IS
END Procesor_vhd_vec_tst;
ARCHITECTURE Procesor_arch OF Procesor_vhd_vec_tst IS
-- constants                                                 
-- signals                                                   
SIGNAL adr1 : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL adr2 : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL clk : STD_LOGIC;
SIGNAL data1 : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL data2 : STD_LOGIC_VECTOR(15 DOWNTO 0);
SIGNAL rd1 : STD_LOGIC;
SIGNAL rd2 : STD_LOGIC;
SIGNAL reset : STD_LOGIC;
SIGNAL wr : STD_LOGIC;
SIGNAL sampler : sample_type;

COMPONENT Procesor
    PORT (
    adr1 : OUT STD_LOGIC_VECTOR(15 DOWNTO 0);
    adr2 : OUT STD_LOGIC_VECTOR(15 DOWNTO 0);
    clk : IN STD_LOGIC;
    data1 : INOUT STD_LOGIC_VECTOR(15 DOWNTO 0);
    data2 : INOUT STD_LOGIC_VECTOR(15 DOWNTO 0);
    rd1 : OUT STD_LOGIC;
    rd2 : OUT STD_LOGIC;
    reset : IN STD_LOGIC;
    wr : OUT STD_LOGIC
    );
END COMPONENT;
COMPONENT Procesor_vhd_check_tst
PORT (
    adr1 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    adr2 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    data1 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    data2 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    rd1 : IN STD_LOGIC;
    rd2 : IN STD_LOGIC;
    wr : IN STD_LOGIC;
    sampler : IN sample_type
);
END COMPONENT;
COMPONENT Procesor_vhd_sample_tst
PORT (
    clk : IN STD_LOGIC;
    data1 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    data2 : IN STD_LOGIC_VECTOR(15 DOWNTO 0);
    reset : IN STD_LOGIC;
    sampler : OUT sample_type
    );
END COMPONENT;
BEGIN
    i1 : Procesor
    PORT MAP (
-- list connections between master ports and signals
    adr1 => adr1,
    adr2 => adr2,
    clk => clk,
    data1 => data1,
    data2 => data2,
    rd1 => rd1,
    rd2 => rd2,
    reset => reset,
    wr => wr
    );

-- clk
t_prcs_clk: PROCESS
BEGIN
LOOP
    clk <= '0';
    WAIT FOR 5000 ps;
    clk <= '1';
    WAIT FOR 5000 ps;
    IF (NOW >= 1000000 ps) THEN WAIT; END IF;
END LOOP;
END PROCESS t_prcs_clk;
-- data1[15]
t_prcs_data1_15: PROCESS
BEGIN
    data1(15) <= 'Z';
    WAIT FOR 20000 ps;
    data1(15) <= '1';
    WAIT FOR 40000 ps;
    data1(15) <= '0';
    WAIT FOR 60000 ps;
    data1(15) <= '1';
    WAIT FOR 20000 ps;
    data1(15) <= '0';
    WAIT FOR 60000 ps;
    data1(15) <= '1';
    WAIT FOR 10000 ps;
    data1(15) <= '0';
    WAIT FOR 40000 ps;
    data1(15) <= 'Z';
    WAIT FOR 720000 ps;
    data1(15) <= '1';
WAIT;
END PROCESS t_prcs_data1_15;
-- data1[14]
t_prcs_data1_14: PROCESS
BEGIN
    data1(14) <= 'Z';
    WAIT FOR 20000 ps;
    data1(14) <= '1';
    WAIT FOR 70000 ps;
    data1(14) <= '0';
    WAIT FOR 20000 ps;
    data1(14) <= '1';
    WAIT FOR 30000 ps;
    data1(14) <= '0';
    WAIT FOR 60000 ps;
    data1(14) <= '1';
    WAIT FOR 10000 ps;
    data1(14) <= '0';
    WAIT FOR 40000 ps;
    data1(14) <= 'Z';
    WAIT FOR 720000 ps;
    data1(14) <= '1';
WAIT;
END PROCESS t_prcs_data1_14;
-- data1[13]
t_prcs_data1_13: PROCESS
BEGIN
    data1(13) <= 'Z';
    WAIT FOR 20000 ps;
    data1(13) <= '1';
    WAIT FOR 40000 ps;
    data1(13) <= '0';
    WAIT FOR 20000 ps;
    data1(13) <= '1';
    WAIT FOR 10000 ps;
    data1(13) <= '0';
    WAIT FOR 20000 ps;
    data1(13) <= '1';
    WAIT FOR 30000 ps;
    data1(13) <= '0';
    WAIT FOR 60000 ps;
    data1(13) <= '1';
    WAIT FOR 10000 ps;
    data1(13) <= '0';
    WAIT FOR 40000 ps;
    data1(13) <= 'Z';
    WAIT FOR 720000 ps;
    data1(13) <= '1';
WAIT;
END PROCESS t_prcs_data1_13;
-- data1[12]
t_prcs_data1_12: PROCESS
BEGIN
    data1(12) <= 'Z';
    WAIT FOR 20000 ps;
    data1(12) <= '1';
    WAIT FOR 10000 ps;
    data1(12) <= '0';
    WAIT FOR 10000 ps;
    data1(12) <= '1';
    WAIT FOR 10000 ps;
    data1(12) <= '0';
    WAIT FOR 10000 ps;
    data1(12) <= '1';
    WAIT FOR 10000 ps;
    data1(12) <= '0';
    WAIT FOR 50000 ps;
    data1(12) <= '1';
    WAIT FOR 20000 ps;
    data1(12) <= '0';
    WAIT FOR 60000 ps;
    data1(12) <= '1';
    WAIT FOR 10000 ps;
    data1(12) <= '0';
    WAIT FOR 40000 ps;
    data1(12) <= 'Z';
    WAIT FOR 720000 ps;
    data1(12) <= '1';
WAIT;
END PROCESS t_prcs_data1_12;
-- data1[11]
t_prcs_data1_11: PROCESS
BEGIN
    data1(11) <= 'Z';
    WAIT FOR 20000 ps;
    data1(11) <= '0';
    WAIT FOR 230000 ps;
    data1(11) <= 'Z';
    WAIT FOR 740000 ps;
    data1(11) <= '0';
WAIT;
END PROCESS t_prcs_data1_11;
-- data1[10]
t_prcs_data1_10: PROCESS
BEGIN
    data1(10) <= 'Z';
    WAIT FOR 20000 ps;
    data1(10) <= '0';
    WAIT FOR 230000 ps;
    data1(10) <= 'Z';
    WAIT FOR 740000 ps;
    data1(10) <= '0';
WAIT;
END PROCESS t_prcs_data1_10;
-- data1[9]
t_prcs_data1_9: PROCESS
BEGIN
    data1(9) <= 'Z';
    WAIT FOR 20000 ps;
    data1(9) <= '0';
    WAIT FOR 40000 ps;
    data1(9) <= '1';
    WAIT FOR 10000 ps;
    data1(9) <= '0';
    WAIT FOR 180000 ps;
    data1(9) <= 'Z';
    WAIT FOR 720000 ps;
    data1(9) <= '1';
WAIT;
END PROCESS t_prcs_data1_9;
-- data1[8]
t_prcs_data1_8: PROCESS
BEGIN
    data1(8) <= 'Z';
    WAIT FOR 20000 ps;
    data1(8) <= '1';
    WAIT FOR 70000 ps;
    data1(8) <= '0';
    WAIT FOR 20000 ps;
    data1(8) <= '1';
    WAIT FOR 10000 ps;
    data1(8) <= '0';
    WAIT FOR 130000 ps;
    data1(8) <= 'Z';
    WAIT FOR 720000 ps;
    data1(8) <= '1';
WAIT;
END PROCESS t_prcs_data1_8;
-- data1[7]
t_prcs_data1_7: PROCESS
BEGIN
    data1(7) <= 'Z';
    WAIT FOR 20000 ps;
    data1(7) <= '0';
    WAIT FOR 230000 ps;
    data1(7) <= 'Z';
    WAIT FOR 740000 ps;
    data1(7) <= '0';
WAIT;
END PROCESS t_prcs_data1_7;
-- data1[6]
t_prcs_data1_6: PROCESS
BEGIN
    data1(6) <= 'Z';
    WAIT FOR 20000 ps;
    data1(6) <= '0';
    WAIT FOR 230000 ps;
    data1(6) <= 'Z';
    WAIT FOR 740000 ps;
    data1(6) <= '0';
WAIT;
END PROCESS t_prcs_data1_6;
-- data1[5]
t_prcs_data1_5: PROCESS
BEGIN
    data1(5) <= 'Z';
    WAIT FOR 20000 ps;
    data1(5) <= '0';
    WAIT FOR 20000 ps;
    data1(5) <= '1';
    WAIT FOR 10000 ps;
    data1(5) <= '0';
    WAIT FOR 200000 ps;
    data1(5) <= 'Z';
    WAIT FOR 720000 ps;
    data1(5) <= '1';
WAIT;
END PROCESS t_prcs_data1_5;
-- data1[4]
t_prcs_data1_4: PROCESS
BEGIN
    data1(4) <= 'Z';
    WAIT FOR 20000 ps;
    data1(4) <= '1';
    WAIT FOR 20000 ps;
    data1(4) <= '0';
    WAIT FOR 10000 ps;
    data1(4) <= '1';
    WAIT FOR 40000 ps;
    data1(4) <= '0';
    WAIT FOR 20000 ps;
    data1(4) <= '1';
    WAIT FOR 10000 ps;
    data1(4) <= '0';
    WAIT FOR 130000 ps;
    data1(4) <= 'Z';
    WAIT FOR 720000 ps;
    data1(4) <= '1';
WAIT;
END PROCESS t_prcs_data1_4;
-- data1[3]
t_prcs_data1_3: PROCESS
BEGIN
    data1(3) <= 'Z';
    WAIT FOR 20000 ps;
    data1(3) <= '0';
    WAIT FOR 10000 ps;
    data1(3) <= '1';
    WAIT FOR 10000 ps;
    data1(3) <= '0';
    WAIT FOR 210000 ps;
    data1(3) <= 'Z';
    WAIT FOR 740000 ps;
    data1(3) <= '0';
WAIT;
END PROCESS t_prcs_data1_3;
-- data1[2]
t_prcs_data1_2: PROCESS
BEGIN
    data1(2) <= 'Z';
    WAIT FOR 20000 ps;
    data1(2) <= '0';
    WAIT FOR 30000 ps;
    data1(2) <= '1';
    WAIT FOR 10000 ps;
    data1(2) <= '0';
    WAIT FOR 190000 ps;
    data1(2) <= 'Z';
    WAIT FOR 740000 ps;
    data1(2) <= '0';
WAIT;
END PROCESS t_prcs_data1_2;
-- data1[1]
t_prcs_data1_1: PROCESS
BEGIN
    data1(1) <= 'Z';
    WAIT FOR 20000 ps;
    data1(1) <= '1';
    WAIT FOR 10000 ps;
    data1(1) <= '0';
    WAIT FOR 20000 ps;
    data1(1) <= '1';
    WAIT FOR 20000 ps;
    data1(1) <= '0';
    WAIT FOR 40000 ps;
    data1(1) <= '1';
    WAIT FOR 30000 ps;
    data1(1) <= '0';
    WAIT FOR 60000 ps;
    data1(1) <= '1';
    WAIT FOR 10000 ps;
    data1(1) <= '0';
    WAIT FOR 40000 ps;
    data1(1) <= 'Z';
    WAIT FOR 740000 ps;
    data1(1) <= '1';
WAIT;
END PROCESS t_prcs_data1_1;
-- data1[0]
t_prcs_data1_0: PROCESS
BEGIN
    data1(0) <= 'Z';
    WAIT FOR 20000 ps;
    data1(0) <= '1';
    WAIT FOR 10000 ps;
    data1(0) <= '0';
    WAIT FOR 20000 ps;
    data1(0) <= '1';
    WAIT FOR 10000 ps;
    data1(0) <= '0';
    WAIT FOR 10000 ps;
    data1(0) <= '1';
    WAIT FOR 20000 ps;
    data1(0) <= '0';
    WAIT FOR 20000 ps;
    data1(0) <= '1';
    WAIT FOR 10000 ps;
    data1(0) <= '0';
    WAIT FOR 130000 ps;
    data1(0) <= 'Z';
    WAIT FOR 720000 ps;
    data1(0) <= '1';
WAIT;
END PROCESS t_prcs_data1_0;
-- data2[15]
t_prcs_data2_15: PROCESS
BEGIN
    data2(15) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_15;
-- data2[14]
t_prcs_data2_14: PROCESS
BEGIN
    data2(14) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_14;
-- data2[13]
t_prcs_data2_13: PROCESS
BEGIN
    data2(13) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_13;
-- data2[12]
t_prcs_data2_12: PROCESS
BEGIN
    data2(12) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_12;
-- data2[11]
t_prcs_data2_11: PROCESS
BEGIN
    data2(11) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_11;
-- data2[10]
t_prcs_data2_10: PROCESS
BEGIN
    data2(10) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_10;
-- data2[9]
t_prcs_data2_9: PROCESS
BEGIN
    data2(9) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_9;
-- data2[8]
t_prcs_data2_8: PROCESS
BEGIN
    data2(8) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_8;
-- data2[7]
t_prcs_data2_7: PROCESS
BEGIN
    data2(7) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_7;
-- data2[6]
t_prcs_data2_6: PROCESS
BEGIN
    data2(6) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_6;
-- data2[5]
t_prcs_data2_5: PROCESS
BEGIN
    data2(5) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_5;
-- data2[4]
t_prcs_data2_4: PROCESS
BEGIN
    data2(4) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_4;
-- data2[3]
t_prcs_data2_3: PROCESS
BEGIN
    data2(3) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_3;
-- data2[2]
t_prcs_data2_2: PROCESS
BEGIN
    data2(2) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_2;
-- data2[1]
t_prcs_data2_1: PROCESS
BEGIN
    data2(1) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_1;
-- data2[0]
t_prcs_data2_0: PROCESS
BEGIN
    data2(0) <= 'Z';
WAIT;
END PROCESS t_prcs_data2_0;

-- reset
t_prcs_reset: PROCESS
BEGIN
    reset <= '1';
    WAIT FOR 10000 ps;
    reset <= '0';
WAIT;
END PROCESS t_prcs_reset;
tb_sample : Procesor_vhd_sample_tst
PORT MAP (
    clk => clk,
    data1 => data1,
    data2 => data2,
    reset => reset,
    sampler => sampler
    );

tb_out : Procesor_vhd_check_tst
PORT MAP (
    adr1 => adr1,
    adr2 => adr2,
    data1 => data1,
    data2 => data2,
    rd1 => rd1,
    rd2 => rd2,
    wr => wr,
    sampler => sampler
    );
END Procesor_arch;

5.2 Verifikacione tehnike i algoritmi 

Uređaj je proveren na hazarde podataka. Za proveru na hazard podataka se iznova koristio registar R1. Do hazarda nije došlo. 

6. Implementacija 

Procesor je realizovan za implementaciju na FPGA čipovima kompanije Altera, familija Stratix II, 343-pinski čip, s osnovnom voltažom od 1.2V. 69 pinova na čipu se koristi za adrese, podatke i kontrolne signale,  dok su preostali pinovi vezani na napajanje i uzemljenje. Na ovim komponentama postignuta frekvencija procesora je 200 MHZ. Kompletan opis sistema rađen je u jeziku VHDL(standard 1993). Sva testiranja rađena su u alatu kompanije Altera (proizvođača čipa) Quartus II 9.0. Simulacije timing-a su rađene u programu ModelSim, ali verziji kompanije Altera. Ciljni hardver i odabir komponenata, izabrani jezik za dizajniranje i programski alat. 

6.1 Skriptovi, datoteke i druge informacije 

Nisu korišćeni nikakvi skriptovi za automatizaciju poslova, pošto sam alat, Quartus, obavlja ogroman deo posla. Listing fajlova koji sačinjavaju projekat: 

-hkCPU\AddFF.vhd: Sluzi samo za uvecavanje trenutne vrednosti PC-a;
-hkCPU\ALU.vhd: Obuhvata aritmetičke i logilčke operacije procesora;
-hkCPU\Haz.vhd: Proverava dve četvorobitne vrednosti da li su jednake (služi za proveru da li je došlo do hazarda);
-hkCPU\Instruction_Decode.vhd: Dekoduje instrukcije;
-hkCPU\Instruction_Execute.vhd: Izvršava tekuču instrukciju;
-hkCPU\Instruction_Fetch.vhd: Generiše adresu sledeče instrukcije;
-hkCPU\MemIO.vhd: Interfejs procesora ka memoriji podataka (vrši obradu load i store instrukcija);
-hkCPU\mux3_8.vhd: Dekoder tri u osam;
-hkCPU\mux4_16.vhd: Dekoder četiri u šesnaest;
-hkCPU\Operand_Fetch.vhd: Vrši dohvatanje operanada;
-hkCPU\Procesor.vhd: Predstavlja glavni entitet u projektu, svi ostali entiteti su njegovi delovi;
-hkCPU\RegFile.vhd: Registarski fajl;
-hkCPU\shifter.vhd: Vrši pomeranje operanda;
-hkCPU\Stack.vhd: hardverski stek;
-hkCPU\SuperFF.vhd: Flip Flop koji radi aritmetičko logičke instrukcije;
-hkCPU\Write_Back.vhd: Interfejs za upis nazad u registarski fajl. 
U planu je CUP implementacija asemblera za ovaj mikroprocesor. 

6.2 Konvencije dizajna i stil kodiranja 

Pri izradi opisa korišćene su 2 biblioteke, standardom definisana IEEE biblioteka, kao i biblioteka proizvođača čipova, kompanije Altera. Projekat se sastoji iz niza fajlova, u svakom od njih se nalazi opis po jedne komponente ili faze pipeline-a. Tako je organizovan zbog lakšeg testiranja i otkrivanja grešaka. Za entitet najvišeg nivoa, sam procesor, opisan u fajlu Procesor.vhd, korišćen je strukturalni model, gde su samo povezane ranije kreirani entiteti. 

7. Revizije i komentari 

  Ivan Palić, M.Sc., "Šteta što Vaš procesor ima tako limitiran skup instrukcija. Shvatam da je to bilo u cilju pojednostavljenja zadatka, ali ste ga dosta dobro realizovali. Problem je i naći takvu memoriju koja odgovara vašem procesoru, ali i to nije do Vas već postavke problema. Možda ste trebali isprobati i neke druge verzije sabirača, ali i taj vaš, autohtoni, radi posao, iznenađujuće brzo. Svakako, ako bi ste sistemu dodali umesto te 2 zasebne memorije, keš memoriju, to bi mogao da bude jako interesantan diplomski rad."  
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9. Prilozi 

1. Prilog A: Način kodovanja instrukcija 

2. Prilog B: Kompletan kod opisa procesora na VHDL-u 

Prilog A: Način kodovanja instrukcija
U tabeli je dat kompletan instrukcijski set procesora i način kodovanja instrukcija: 

	NOP 
	0000 
	0000 
	0000 
	0000 

	AND 
	0001 
	DST 
	SRC1 
	SRC2 

	OR 
	0010 
	DST 
	SRC1 
	SRC2 

	XOR 
	0011 
	DST 
	SRC1 
	SRC2 

	ADD 
	0100 
	DST 
	SRC1 
	SRC2 

	SUB 
	0101 
	DST 
	SRC1 
	SRC2 

	BEQ 
	0110 
	DST
	SRC1 
	SRC2 

	BNE 
	0111 
	DST
	SRC1 
	SRC2 

	BGT 
	1000 
	DST
	SRC1 
	SRC2 

	BGE 
	1001 
	DST
	SRC1 
	SRC2 

	BLT 
	1010 
	DST
	SRC1 
	SRC2 

	BLE 
	1011 
	DST
	SRC1 
	SRC2 

	PUSHT 
	1100 
	SRC 
	OFFSETH 
	OFFSETL 

	POPT 
	1101 
	DST 
	OFFSETH 
	OFFSETL 

	MOV 
	1110 
	DST 
	SRC 
	Rot 

	OSTALE:
LOAD
STORE
HALT
NOT
PUSH
POP
JSR
RTS 
	1111 
	
	
	
0000
0001
0010
0011
0100
0101
0110
0111 


Tabela  br. 1: Kodovi instrukcija (DST predstavlja odredišni registar, a SRC, SRC1 i SRC2 izvorišne registre. Registri R0-R15 se koduju sa 0-15 binarno)

Prilog B: Kompletan kod opisa procesora na VHDL-u 



--AddFF.vhd
--Adding Flip Flop
library ieee;
library altera;
use altera.altera_primitives_components.all;
use ieee.std_logic_1164.all;

entity AddFF is
    port
    (
        d :  in  std_logic;
        c0 :  in  std_logic;
        clk :  in  std_logic;
        q :  out  std_logic;
        c1 :  out  std_logic
    );
end AddFF;

architecture struct of AddFF is
signal    zica :  std_logic;

begin

zica <= d XOR c0;
c1 <= d AND c0;
FlipFlop : DFF
    port map (
            d => zica,
            clrn => '1',
            prn => '1',
            clk => clk,
            q => q
            );
end struct;

--ALU.vhd
library ieee;
use ieee.std_logic_1164.all;

entity ALU is
    port
    (
        A, B    : in std_logic_vector(15 downto 0);
        ins_add, ins_sub, ins_xor, ins_or, ins_and, ins_not,
        ins_beq, ins_bne, ins_bgt, ins_bge, ins_blt, ins_ble : in std_logic;
        
        result    : out std_logic_vector(15 downto 0);
        jmp, wb    :out std_logic
    );

end entity;

architecture struct of ALU is
    signal sub, NE, N: std_logic;
    signal C, R: std_logic_vector(15 downto 0);
begin
    sub <= ins_sub OR ins_beq OR ins_bne OR
    ins_bgt OR ins_bge OR ins_blt OR ins_ble;
    
    wb <= ins_add or ins_sub or ins_and or ins_or or ins_xor or ins_not;
    
    FF0: entity work.SuperFF(struct)
    port map(ar1 => A(0), ar2 => B(0), C => sub, ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(0), carry => C(0));

    FF1: entity work.SuperFF(struct)
    port map(ar1 => A(1), ar2 => B(1), C => C(0), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(1), carry => C(1));

    FF2: entity work.SuperFF(struct)
    port map(ar1 => A(2), ar2 => B(2), C => C(1), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(2), carry => C(2));

    FF3: entity work.SuperFF(struct)
    port map(ar1 => A(3), ar2 => B(3), C => C(2), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(3), carry => C(3));
    
    FF4: entity work.SuperFF(struct)
    port map(ar1 => A(4), ar2 => B(4), C => C(3), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(4), carry => C(4));

    FF5: entity work.SuperFF(struct)
    port map(ar1 => A(5), ar2 => B(5), C => C(4), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(5), carry => C(5));

    FF6: entity work.SuperFF(struct)
    port map(ar1 => A(6), ar2 => B(6), C => C(5), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(6), carry => C(6));
    
    FF7: entity work.SuperFF(struct)
    port map(ar1 => A(7), ar2 => B(7), C => C(6), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(7), carry => C(7));

    FF8: entity work.SuperFF(struct)
    port map(ar1 => A(8), ar2 => B(8), C => C(7), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(8), carry => C(8));

    FF9: entity work.SuperFF(struct)
    port map(ar1 => A(9), ar2 => B(9), C => C(8), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(9), carry => C(9));
    
    FF10: entity work.SuperFF(struct)
    port map(ar1 => A(10), ar2 => B(10), C => C(9), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(10), carry => C(10));

    FF11: entity work.SuperFF(struct)
    port map(ar1 => A(11), ar2 => B(11), C => C(10), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(11), carry => C(11));

    FF12: entity work.SuperFF(struct)
    port map(ar1 => A(12), ar2 => B(12), C => C(11), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(12), carry => C(12));
    
    FF13: entity work.SuperFF(struct)
    port map(ar1 => A(13), ar2 => B(13), C => C(12), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(13), carry => C(13));

    FF14: entity work.SuperFF(struct)
    port map(ar1 => A(14), ar2 => B(14), C => C(13), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(14), carry => C(14));

    FF15: entity work.SuperFF(struct)
    port map(ar1 => A(15), ar2 => B(15), C => C(14), ins_add => ins_add,
    ins_sub => sub, ins_xor => ins_xor, ins_or => ins_or,
    ins_and => ins_and, ins_not => ins_not, result => R(15), carry => C(15));
    
    result <= R;
    
    N <= (A(15) or not(B(15))) and (R(15) or (A(15) and not(B(15))));
    NE <= R(0) or R(1) or R(2) or R(3) or R(4) or R(5) or R(6) or R(7)
    or R(8) or R(9) or R(10) or R(11) or R(12) or R(13) or R(14) or R(15);
    
    jmp <= (ins_beq and not NE) or (ins_bne and NE) or (ins_bgt and not N) or
    (ins_bge and (not NE or not N)) or (ins_blt and N) or (ins_ble and (not NE or N));
end struct;

--Haz.vhd
library ieee;
use ieee.std_logic_1164.all;

entity Haz is
    port(A, B: in std_logic_vector(3 downto 0);
         hazard : out std_logic
        );
end entity Haz;

architecture struct of Haz is
    signal C: std_logic_vector(3 downto 0);
begin
    C <= A xor B;
    hazard <= not (C(0) or C(1) or C(2) or C(3));
end;

--Instruction_Decode.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

Entity Instruction_Decode is
    port(ins, PC    : in std_logic_vector(15 downto 0);    
         clk, en    : in std_logic;    
         inst         : out std_logic_vector(22 downto 0);
         resReq, vld: out std_logic;
         IR, nextPC    : out std_logic_vector(15 downto 0)
         );
end entity Instruction_Decode;

Architecture struct of Instruction_Decode is
    signal temp1, temp2: std_logic_vector(15 downto 0);
    signal instr : std_logic_vector(23 downto 0);
    signal Z: std_logic := '0';
begin
    mux1:entity work.mux4_16(behav)
    port map(I => ins(15 downto 12), en => en, O => instr(15 downto 0));

    mux2:entity work.mux3_8(behav)
    port map(I => ins(2 downto 0), en => instr(15), O => instr(23 downto 16));
    
    vld <= Z;
    inst(14 downto 0) <= instr (14 downto 0);
    inst(22 downto 15) <= instr (23 downto 16);
    resReq <= Z and instr(15) and ins(3);
    
    process(clk)is
    begin
        if(rising_edge(clk))then
            Z <= en;
            temp1 <= ins;
            temp2 <= PC;
        end if;
    end process;
    IR <= temp1;
    nextPC <= temp2;
end Architecture struct;

--Instructio_Execute.vhd
library ieee;
use ieee.std_logic_1164.all;

Entity Instruction_Execute is
port(    clk, reset, en    : in std_logic;
        inst            : in std_logic_vector(22 downto 0);
        A, B, C            : in std_logic_vector(15 downto 0);
        adr, jmpdest    : out std_logic_vector(15 downto 0);
        data            : inout std_logic_vector(15 downto 0);
        destin            : in std_logic_vector(3 downto 0);
        destout            : out std_logic_vector(3 downto 0);
        result            : out std_logic_vector(15 downto 0);
        jmp, wb, rd, wr, halt, resReq : out std_logic
    );
end entity Instruction_Execute;

Architecture mixed of Instruction_Execute is
    signal j1, jump, w1, clock, res: std_logic;
    signal Z: std_logic := '0';
    signal R1, R2, R3: std_logic_vector(15 downto 0);
    signal dest: std_logic_vector(3 downto 0);
begin
    wb <= (w1 or inst(15))and Z;
    clock <= clk and Z;
    jmp <= Z and jump;
    resReq <= Z and res;
    
    AL: entity work.ALU(struct)
    port map(A => A, B => B, ins_add => inst(4), ins_sub => inst(5),
        ins_xor => inst(3), ins_or => inst(2), ins_and => inst(1),
        ins_not => inst(18), ins_beq => inst(6), ins_bne => inst(7),
        ins_bgt => inst(8), ins_bge => inst(9), ins_blt => inst(10),
        ins_ble  => inst(11), result => R1, jmp => j1, wb => w1);

    Mem: entity work.MemIO(mixed)
    port map(clk => clk, load => inst(15), store => inst(16), A => C,
    en => Z, B => A, adr => adr, data => data, rd => rd, wr => wr);

    Stek: entity work.Stack(mixed)
    port map(clk => clock, push => inst(21), pop => inst(22), pusht => inst(12),
    popt => inst(13), jsr => inst(19), rts => inst(20), MDRi => C,
    pom => B(7 downto 0), MDRo => R2, reset => reset, resReq => res);

    Shift: entity work.Shifter(behav)
    port map(clk => clk, A => A, B => B(3 downto 0), result => R3);

    process(clk)is
    begin
        if(rising_edge(clk))then
            Z <= en;
            jump <= j1 or inst(19) or inst(20);
            halt <= inst(17) and Z;
            
            if(inst(15) = '1')then
                result <= data;
            elsif (w1 = '1')then
                result <= R1;
            elsif(inst(13) = '1' or inst(22)= '1')then
                result <= R2;
            elsif(inst(14) = '1')then
                result <= R3;
            else
                result <= (others => 'Z');
            end if;
            if(inst(19) = '1')then
                jmpdest <= A;
            elsif(inst(20) = '1')then
                jmpdest <= R2;
            else
                jmpdest <= C;
            end if;
            dest <= destin;
        end if;
    end process;
    destout <= dest;
end Architecture mixed;

--Instruction_Fetch.vhd
library ieee;
library altera;
use ieee.std_logic_1164.all;
use altera.maxplus2.all;

Entity Instruction_Fetch is
port(MemAdr        : out std_logic_vector (15 downto 0);
     jmpdest    : in std_logic_vector (15 downto 0);
     clk, jmp, reset, halt    : in std_logic;
     vld, clr        : out std_logic
     );
end entity Instruction_Fetch;

Architecture mixed of Instruction_Fetch is
    signal PC, MemIn, zica, dest: std_logic_vector (15 downto 0):=(others=>'0');
    signal cin, jump : std_logic;
    signal valid : std_logic := '0';
begin
    jump <= (valid and jmp) or reset;
    cin <= valid;-- and not jump;
    vld <= valid;
    clr <= jump;
    
    wFF : DFF
    port map (
            d => reset or (valid and not halt),
            clk => clk,
            clrn => '1',
            prn => '1',    
            q => valid
            );

    
    mx1: busmux
    generic map(WIDTH => 16)
    port map(sel => reset,
             dataa => jmpdest,
             datab => (others => '0'),
             result => dest);
            
    mx2: busmux
    generic map(WIDTH => 16)
    port map(sel => jump,
             dataa => PC,
             datab => dest,
             result => MemIn);
            
    PC0: work.AddFF(struct)
    port map(d => MemIn(0),
             c0 => cin,
             clk => clk,
             q => PC(0),
             c1 => zica(0));
    PC1: work.AddFF(struct)
    port map(d => MemIn(1),
             c0 => zica(0),
             clk => clk,
             q => PC(1),
             c1 => zica(1));
    PC2: work.AddFF(struct)
    port map(d => MemIn(2),
             c0 => zica(1),
             clk => clk,
             q => PC(2),
             c1 => zica(2));
    PC3: work.AddFF(struct)
    port map(d => MemIn(3),
             c0 => zica(2),
             clk => clk,
             q => PC(3),
             c1 => zica(3));
    PC4: work.AddFF(struct)
    port map(d => MemIn(4),
             c0 => zica(3),
             clk => clk,
             q => PC(4),
             c1 => zica(4));
    PC5: work.AddFF(struct)
    port map(d => MemIn(5),
             c0 => zica(4),
             clk => clk,
             q => PC(5),
             c1 => zica(5));
    PC6: work.AddFF(struct)
    port map(d => MemIn(6),
             c0 => zica(5),
             clk => clk,
             q => PC(6),
             c1 => zica(6));
    PC7: work.AddFF(struct)
    port map(d => MemIn(7),
             c0 => zica(6),
             clk => clk,
             q => PC(7),
             c1 => zica(7));
    PC8: work.AddFF(struct)
    port map(d => MemIn(8),
             c0 => zica(7),
             clk => clk,
             q => PC(8),
             c1 => zica(8));
    PC9: work.AddFF(struct)
    port map(d => MemIn(9),
             c0 => zica(8),
             clk => clk,
             q => PC(9),
             c1 => zica(9));
    PC10: work.AddFF(struct)
    port map(d => MemIn(10),
             c0 => zica(9),
             clk => clk,
             q => PC(10),
             c1 => zica(10));
    PC11: work.AddFF(struct)
    port map(d => MemIn(11),
             c0 => zica(10),
             clk => clk,
             q => PC(11),
             c1 => zica(11));
    PC12: work.AddFF(struct)
    port map(d => MemIn(12),
             c0 => zica(11),
             clk => clk,
             q => PC(12),
             c1 => zica(12));
    PC13: work.AddFF(struct)
    port map(d => MemIn(13),
             c0 => zica(12),
             clk => clk,
             q => PC(13),
             c1 => zica(13));
    PC14: work.AddFF(struct)
    port map(d => MemIn(14),
             c0 => zica(13),
             clk => clk,
             q => PC(14),
             c1 => zica(14));
    PC15: work.AddFF(struct)
    port map(d => MemIn(15),
             c0 => zica(14),
             clk => clk,
             q => PC(15),
             c1 => zica(15));
    MemAdr <= MemIn;
    
end architecture mixed;

--MemIo.vhd
library ieee;
use ieee.std_logic_1164.all;

entity MemIO is
    port
    (    clk, load, store, en: in std_logic;
        A, B    : in std_logic_vector(15 downto 0);
        adr        : out std_logic_vector(15 downto 0);
        data    : inout std_logic_vector(15 downto 0);
        rd, wr    : out std_logic
    );

end entity;

architecture mixed of MemIO is
begin
    process(clk, load, store, en, A, B)is
    begin
        if(rising_edge(clk))then
            if(load = '1' and en = '1')then
                adr <= A;
                data <= (others => 'Z');
                rd <= '1';
                wr <= '0';
            elsif(store = '1' and en = '1')then
                adr <= A;
                data <= B;
                rd <= '0';
                wr <= '1';
            else
                adr <= (others => 'Z');
                data <= (others => 'Z');
                rd <= '0';
                wr <= '0';
            end if;
        end if;
    end process;
end mixed;

--mux3_8.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity mux3_8 is
port(I : in std_logic_vector(2 downto 0);
    en : in std_logic;
     O : out std_logic_vector(7 downto 0)
    );
end entity mux3_8;

architecture behav of mux3_8 is
begin
    process (I, en)
    begin
        if en = '1' then
            case I is
                when "000" => O <= "00000001";
                when "001" => O <= "00000010";
                when "010" => O <= "00000100";
                when "011" => O <= "00001000";
                when "100" => O <= "00010000";
                when "101" => O <= "00100000";
                when "110" => O <= "01000000";
                when "111" => O <= "10000000";
                when others => O <= "XXXXXXXX";
            end case;
        else
            O <= "00000000";
        end if;
    end process;

end architecture behav;

--mux4_16.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity mux4_16 is
port(I : in std_logic_vector(3 downto 0);
    en : in std_logic;
     O : out std_logic_vector(15 downto 0)
    );
end entity mux4_16;

architecture behav of mux4_16 is
begin
    process (I, en)
    begin
        if en = '1' then
            case I is
                when "0000" => O <= "0000000000000001";
                when "0001" => O <= "0000000000000010";
                when "0010" => O <= "0000000000000100";
                when "0011" => O <= "0000000000001000";
                when "0100" => O <= "0000000000010000";
                when "0101" => O <= "0000000000100000";
                when "0110" => O <= "0000000001000000";
                when "0111" => O <= "0000000010000000";
                when "1000" => O <= "0000000100000000";
                when "1001" => O <= "0000001000000000";
                when "1010" => O <= "0000010000000000";
                when "1011" => O <= "0000100000000000";
                when "1100" => O <= "0001000000000000";
                when "1101" => O <= "0010000000000000";
                when "1110" => O <= "0100000000000000";
                when "1111" => O <= "1000000000000000";
                when others => O <= "XXXXXXXXXXXXXXXX";
            end case;
        else
            O <= "0000000000000000";
        end if;
    end process;

end architecture behav;

--Operand_Fetch.vhd
library ieee;
use ieee.std_logic_1164.all;

entity Operand_Fetch is
    port(insin    : in std_logic_vector(22 downto 0);
         insout : out std_logic_vector(22 downto 0);
        
         clk, en: in std_logic;
         IR, nextPC, R1, R2, R3, returned : in std_logic_vector(15 downto 0);
        
         vld    : out std_logic;
         A, B, C: out std_logic_vector(15 downto 0);
         a1, a2, a3 : out std_logic_vector(3 downto 0)
        );
end entity Operand_Fetch;

architecture mixed of Operand_Fetch is
    signal inst : std_logic_vector(22 downto 0);
    signal h1, h2, h3 : std_logic;
    signal Z: std_logic := '0';
    signal b1, b2, b3, old : std_logic_vector(3 downto 0);
    signal tempA, tempB, tempC : std_logic_vector(15 downto 0);
begin
    a1 <= b1;
    a2 <= b2;
    a3 <= b3;
    vld <= Z;

    Haz1: entity work.Haz(struct)
    port map(A => old, B => b1, hazard => h1);
    Haz2: entity work.Haz(struct)
    port map(A => old, B => b2, hazard => h2);
    Haz3: entity work.Haz(struct)
    port map(A => old, B => b3, hazard => h3);

    process(clk)is
    begin
        b1 <= IR(3 downto 0);
        b2 <= IR(7 downto 4);
        b3 <= IR(11 downto 8);
        if(h2 = '1')then --mora jos da se doradi za inst 19
            A <= returned;
        else
            A <= tempA;
        end if;
        if(h1 = '1')then
            B <= returned;
        else
            B <= tempB;
        end if;
        if(h3 = '1')then
            C <= returned;
        else
            C <= tempC;
        end if;
        
        if(rising_edge(clk))then
            old <= b3;
            inst <= insin;
            Z <= en;
            if(inst(12) = '1' or inst(13) = '1' or inst(14) = '1')then
                tempB(15 downto 8) <= (others => '0');
                tempB(7 downto 0) <= IR(7 downto 0);
            else
                tempB <= R1;
            end if;
            if(inst(19) = '1')then
                tempC <= nextPC;
                tempA <= R3;
            else
                tempA <= R2;
                tempC <= R3;
            end if;                        
        end if;
    end process;

    insout <= inst;

end architecture mixed;

--Procesor.vhd TOP ENTITY
library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity Procesor is
    port
    (clk, reset        : in std_logic;
     adr1, adr2        : out std_logic_vector(15 downto 0);
     data1, data2    : inout std_logic_vector(15 downto 0);
     rd1, rd2, wr    : out std_logic
    );

end Procesor;

architecture struct of Procesor is
    signal IF_MemAdr, EX_IF_jdest: std_logic_vector (15 downto 0);
    signal EX_IF_jmp, RF_wb, EX_WB_wb, EX_IF_halt: std_logic;
    
    signal ID_OF_IR, ID_OF_PC, EX_result: std_logic_vector (15 downto 0);
    signal ID_OF_ins, OF_EX_ins: std_logic_vector (22 downto 0);

    signal RF_a1, RF_a2, RF_a3, RF_dest, EX_WB_dest: std_logic_vector (3 downto 0);
    signal RF_R1, RF_R2, RF_R3, RF_dval, OF_EX_A, OF_EX_B, OF_EX_C: std_logic_vector (15 downto 0);

    signal ResAq, res1, res2, v1, v2, v3, clr : std_logic := '0';
begin
    
    ResAq <= reset or res1 or res2;

    I_F: entity work.Instruction_Fetch(mixed)
    port map(MemAdr => IF_MemAdr, jmpdest =>EX_IF_jdest, vld => v1, clr => clr,
    reset => ResAq, halt => EX_IF_halt, clk => clk, jmp => EX_IF_jmp);
    adr1 <= IF_MemAdr;
    rd1 <= v1;
    
    I_D: entity work.Instruction_Decode(struct)
    port map(ins => data1, PC => IF_MemAdr, clk => clk, inst => ID_OF_ins,
    IR => ID_OF_IR, nextPC => ID_OF_PC, resReq => res1, en => v1 and not clr, vld => v2);
    
    O_F: entity work.Operand_Fetch(mixed)
    port map(insin => ID_OF_ins, insout => OF_EX_ins, clk => clk, IR => ID_OF_IR,
    nextPC => ID_OF_PC, R1 => RF_R1, R2 => RF_R2, R3 => RF_R3, A => OF_EX_A,
    B => OF_EX_B, C => OF_EX_C,    en => v2 and not clr, vld => v3, a1 => RF_a1,
    a2 => RF_a2, a3 => RF_a3, returned => EX_result);
    
    E_X: entity work.Instruction_Execute(mixed)
    port map(clk => clk, inst => OF_EX_ins, A => OF_EX_A, B => OF_EX_B, destin => RF_a3,
    C => OF_EX_C, adr => adr2, data    => data2, rd => rd2, wr => wr, jmpdest => EX_IF_jdest,
    destout => EX_WB_dest,    result => EX_result, jmp => EX_IF_jmp, wb => EX_WB_wb,
    resReq => res2, halt => EX_IF_halt, reset => resAq, en => v3 and not clr);
    
    W_B: entity work.Write_Back(behav)
    port map(clk => clk, wb => EX_WB_wb, d => EX_WB_dest, data => EX_result,
    dval => RF_dval, dest => RF_dest, wbout => RF_wb);
    
    R_F: entity work.RegFile(mixed)
    port map(a1 => RF_a1, a2 => RF_a2, a3 => RF_a3, dest => RF_dest, wb =>RF_wb,
    R1 => RF_R1, R2 => RF_R2, R3 => RF_R3, dval => RF_dval, clk =>clk);

end struct;

--RegFile.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity RegFile is
    port (    a1, a2, a3, dest : in std_logic_vector(3 downto 0);
            R1, R2, R3     : out std_logic_vector(15 downto 0);
            dval         : in std_logic_vector(15 downto 0);
            clk, wb        : in std_logic
    );
end entity;

architecture mixed of RegFile is
    subtype word is std_logic_vector(15 downto 0);
    type memory is array(15 downto 0) of word;
    signal mem : memory := (others => (others => '0'));
    signal h1, h2, h3 : std_logic;
begin
    Haz1: entity work.Haz(struct)
    port map(A => dest, B => a1, hazard => h1);
    Haz2: entity work.Haz(struct)
    port map(A => dest, B => a2, hazard => h2);
    Haz3: entity work.Haz(struct)
    port map(A => dest, B => a3, hazard => h3);


    process(clk)is
    begin
        if(rising_edge(clk))then
            if(wb = '1')then
                mem(conv_integer(dest)) <= dval;
            end if;
            if(h1 = '1')then
                R1 <= dval;
            else
                R1 <= mem(conv_integer(a1));
            end if;
            if(h2 = '1')then
                R2 <= dval;
            else
                R2 <= mem(conv_integer(a2));
            end if;
            if(h3 = '1')then
                R3 <= dval;
            else
                R3 <= mem(conv_integer(a3));
            end if;
        end if;
    end process;
end mixed;

--shifter.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity shifter is
    port
    (    clk        : in std_logic;
        A        : in std_logic_vector(15 downto 0);
        B        : in std_logic_vector(3 downto 0);
        result    : out std_logic_vector(15 downto 0)
    );

end entity;

architecture behav of shifter is
    signal a0, a1, a2, a3 :std_logic_vector(15 downto 0);
begin
    process(clk)is
    begin
        if(b(3) = '1')then
            a3(15 downto 8) <= (others => '0');
            a3(7 downto 0) <= a(15 downto 8);
        else
            a3 <= a;
        end if;
        
        if(b(2) = '1')then
            a2(15 downto 12) <= (others => '0');
            a2(11 downto 0) <= a3(15 downto 4);
        else
            a2 <= a3;
        end if;
        
        if(b(1) = '1')then
            a1(15 downto 14) <= (others => '0');
            a1(13 downto 0) <= a2(15 downto 2);
        else
            a1 <= a2;
        end if;
        
        if(b(0) = '1')then
            a0(15) <= '0';
            a0(14 downto 0) <= a1(15 downto 1);
        else
            a0 <= a1;
        end if;
    end process;
    
    result <= a0;
end behav;

--Stack.vhd
library ieee;
use ieee.std_logic_1164.all;
use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

Entity Stack is
port(    clk, push, pop, pusht, popt, jsr, rts, reset: in std_logic;
        resReq            : out std_logic := '0';
        MDRi            : in std_logic_vector(15 downto 0);
        pom                : in std_logic_vector(7 downto 0);
        MDRo            : out std_logic_vector(15 downto 0)
    );
end entity Stack;

Architecture mixed of Stack is
    subtype word_t is std_logic_vector(15 downto 0);
    type memory_t is array(255 downto 0) of word_t;
    signal rom : memory_t := (others => (others => '0'));
    signal SP, lok, pastSP:std_logic_vector(7 downto 0);
    signal temp: std_logic_vector(15 downto 0);
begin
    lok <= SP + pom;
    pastSP <= SP - 1;
    
    process(clk, push, pop) is
    begin
        if(rising_edge(clk))then
            temp <= MDRi;
            if(reset = '1')then
                SP <= (others => '0');
            elsif(pusht = '1')then
                rom(conv_integer(lok)) <= temp;
            elsif(popt = '1')then
                MDRo <= rom(conv_integer(lok));        
            elsif(push ='1' or jsr = '1')then
                if(SP = "1111111111111111")then
                    resReq <= '1';
                else
                    resReq <= '0';
                end if;
                rom(conv_integer(SP)) <= temp;
                SP <= SP + 1;
            elsif(pop = '1' or rts = '1')then
                if(SP = "0000000000000000")then
                    resReq <= '1';
                else
                    resReq <= '0';
                end if;
                MDRo <= rom(conv_integer(SP - 1));
                SP <= SP - 1;
            end if;
        end if;
    end process;
    
end Architecture mixed;

--SuperFF.vhd
library ieee;
use ieee.std_logic_1164.all;

entity SuperFF is
    port
    (
        ar1, ar2, C: in std_logic;
        ins_add, ins_sub, ins_xor, ins_or, ins_and, ins_not: in std_logic;
        
        result, carry : out std_logic
    );

end entity;

architecture struct of SuperFF is
    signal A, B, AiB, AoB, AxB, sub: std_logic;
begin
    A <= not(ar1) when (ins_not='1')else ar1;
    B <= not(ar2) when (ins_sub='1')else ar2;
    
    AiB <= A and B;
    AoB <= A or B;
    AxB <= A xor B;
    
    result <= (AiB and ins_and) or (AoB and ins_or) or (AxB and ins_xor) or
    ((AxB xor C) and (ins_add or ins_sub)) or (A and ins_not);
    carry <= AiB or (AoB and C);

end struct;

--Write_Back.vhd
library ieee;
use ieee.std_logic_1164.all;

entity Write_Back is
    port(clk, wb: in std_logic;
         d        : in std_logic_vector(3 downto 0);
         data    : in std_logic_vector(15 downto 0);
         dval    : out std_logic_vector(15 downto 0);
         dest    : out std_logic_vector(3 downto 0);
         wbout    : out std_logic
        );
end entity;

architecture behav of Write_Back is
    signal FF : std_logic;
    signal destination : std_logic_vector(3 downto 0);
    signal dvalue : std_logic_vector(15 downto 0);
begin
    process(clk)is
    begin
        if(rising_edge(clk))then
            FF <= wb;
            destination <= d;
            dvalue <= data;            
        end if;
    end process;
    
    wbout <= FF;
    dest <= destination;
    dval <= dvalue;
end behav;

--XTimer.vhd
library ieee;
use ieee.std_logic_1164.all;

entity XTimer is
    port
    (
        clk, reset, halt, jmp : in std_logic;
        enable : out std_logic
    );

end entity;

architecture mixed of XTimer is
    signal timer : std_logic_vector(2 downto 0):="111";
    signal ev, Z: std_logic;
begin
    ev <= reset or (not timer(0) and (jmp or halt));
        
    process(clk)is
    begin
        if(rising_edge(clk))then
            timer(2) <= (timer(2) or (not timer(0) and halt)) and not reset;
            timer(1) <= timer(2) or ev;
            timer(0) <= timer(1) or ev;
        end if;
    end process;

    enable <= not timer(0);

end mixed;
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