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Simplified Microcomputer System

 Control bus
— A set of control lines going from the CPU to various components.

— Direct the flow of data among modules of the microcomputer (MCU)
by enabling and disabling the various data paths.

e Address bhus

— Specify which part of memory or } —_—
peripheral should receive data o TRy
from or send data to the CPU. @
- — | Random access
e Data bus i | memory
— Send or receive L]+ Address signals are always
the actual data. Closk — CPU . . " sent from the CPU to the
. ne— -~ | memory and peripherals :
— Bus contention .. Mmemory and peripherals L

should be avoided. Control Bus
Peripheral Data Bus
~ device

E — A ddress Bus
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" Load Y Write “Load I Write
mmmmemonaes omeemosennooeeooo  datato | datato : | datato | datato
" Load their data to the 5 \t_he__b_us B ‘[_)_|_-:__3T2 the,_b_y_s__,‘\\DE__S_T_l_

bus when their control | Ty ™
_lines are HIGH. 4
) e : CLOCK
' D
______ CLOCK _:Igestmation 1 SRC1_OE YV
C i DEST1_LD — /M
I~ SRC2_OE N
Source 1 i
’ T Destination 2 [
SRC1_OE — | CLOCK —> DEST1_LD N
- b T e DEST2_LD — [~
N DEST2_LD i
i [T 5 RN DATABUS [ zZZ(X)55 zZ | WPAA ZZ
SRC2_OE
e e ST T E A ~ DEST1 X X AA
| " Write data from bus to the destination 1
5 when their control lines are HIGH at  : pegTo XX | K 55

the pOSltlve clock edge o Copyri.ght © All Rights Reserved by Yuan-Hao Chang
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" Flip-flops to make the CWrite 1 data to ' datato
§ source output synchronous | (Load | oaa® 'ut_h_e_by\s\ & D=l
._to the system clock. 0 ldatato ooy |
""""""""""""" “thebus .~
A S CLOCK
i CLOCK _>Destination 1 /1
| source  mEsT Eo ] SRC1_OE \
i ad
; SRC2_OE \i
SRC1_OE CLOCK _>Destination 2 A
CLOCK DEST2_LD — DEST1 LD NI
;IZ:II:IIZZII:ZII:IIIZIIZZII:ZIIII A
; DEST2_LD \J
i Source 2 D Q ] 4 .
; + DATA BUS ZZ | X 55 ZZ | XAAXZZ
SHEE O — 5o | DEST1 XX AA
CLOCK > ) v
DEST2 XX 55
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Sync h__r__o_n_o us
" Load Y Write
. data to data to
the bus . _[_)_I_E_STZ the_b_q_s__,\_,D’I’ESTl
CLOCK
D
SRC1_OE \%
N
SRC2_OE iy
i
DEST1 LD NI
i
DEST2_LD N
DATABUS | ZZ(X)5 A
DEST1 W
DEST2 XX

@

Asynchronous

_____________

data to

SRC1_OE
SRC2_OE
DEST1_LD
DEST2_LD
DATA BUS

DEST1

DEST2

=-
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.~~A combinational circuit within
the CPU that interprets the
binary value of the op code in

: A CPU register that holds the
' current instruction op code being

June 18, 2010

~ A counter within a CPU that keeps
track of the address of the next
program instruction to be fetched

the instruction register, then S \(_az<_e_cuted bytheCcPU. -._from memory_ ________________________ .
direct the controller to execute JR_LD . T T oo !
*<_the instruction. 3 PN IR‘;CJE :‘ Instruction | — Pr:}gram — PC_INGC Op Code: An instruction !
PP e L L e R T g \\\ (= i R . — P | 1
/" A state machine within the K = i e U oo  fora CPU to execute. |
| CPU that generates control I N W | —ll O
| signals required to transfer g 1 instruction | 8'b!t data bus
| data among the various CPU "~ {| decoder | 4-bit address bus
\__registers. el e : emmTmmmmmmmmoooooooooos
== =< RRE Y r [ ’ . Y
_ ™ control . | T ; i A CPU register that holds !
. ACPUregister thatholds the " . controller |i |- Read-only L pom oE: the memory address
ac_cumul_ated resu!t of riClBaser ' it .- required for the current :
| anthmc_atlc and logic _ teeel_ || T ' __instruction or data. !
' operations performed in ALU.  ___acc. m_‘__::_m T N ..
\‘\‘__ ____________________________ —" AE-': |:|E AccUmu|atDr = i Memm}' adﬂrea&’_’m H LD ____________________________
Vi oy 5\\\\ —G-I;::I!-I!': —{-Eﬁ...-' reﬂlster g /”’— §‘\‘\
ﬁ}g%rr;%n;t;na;r%rrc;: within | . A peripheral register to which |
: ) . peric \  ALU OE . data is transferred from the !
+arithmetic and logical o s2—LLHl.. ., - ) accumulator :
| i St_—==1" g : :
L gggr;a(tloogs such as ADD, OR, .----""8D /" .. (called a parallel output port).
' A CPU register that holds data ~ MDA" LD === Memory data - Output i = OR LD Control Bus
———— g | £ b=
transferred from memory asa -~ I L+ L B e o
i second operand in an Clock
:\ ! Reset — A ddress Bus

arithmetic or logical operation.
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A Simplified Op Codes and Program

 Every instruction is fetched and then executed

Instructions Op Codes Address Data Comment
(Hex Values) 0 8C  Load contents of C
Add 1 1 1D Add contents of D
Load 8 2 90 Send accumulator
Output 9 contents to output register
Halt F 3 FO Halt
Simplified Op Codes 4-B Blank(00)
C 55 Data for Load instruction
D 64 Data for Add instruction

A Simplified Program:
Load, add, output, and halt
(Stored in a 16-byte ROM)

Copyright © All Rights Reserved by Yuan-Hao Chang
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Fetch Cycles

* Fetch 1:
— Transfer the contents of the program counter (PC) to the 4-bit address bus.
— Active control line: pc_oe.

Fetch 2:

— '(I'I\r/la'&lFsQ];er the PC address from the address bus to the memory address register
— Increment the program counter so that it is ready to point to the next instruction.
— Active control line: mar_Id, pc_inc.

Fetch 3:

— The value in MAR points to a ROM address containing an instruction to be executed.
(4-bit op code and 4-bit operand address in this example)

— The data at the pointed ROM address is transferred to the 8-bit data bus.
— Active control line: rom_oe.

Fetch 4:

— -cli-he %p code/address pair is transferred to the instruction register (IR) from the 8-bit
ata bus.

Fetch 5:
— This is a “do nothing” state to wait for the data to stabilize.

— Instruction decoderél_D) decodes the IR contents and direct the CPU to begin
executing the selected instruction. Copyright © All Rights Reserved by Yuan-Hao Chang
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Fetch Cycles (Cont.)

Fetch 4: IR loads instruction/address 4

air from data bus (IR_LD) 1 Fetch 1: PC content to address bus (PC_OE)
p BLD —— =%

IR OF Instruction | j—_ngram — PC_INC
N . . I—_,_‘}H“_,,B,_n_egister i —> counter [~ PC_OE
g . 1 \\: _
Fetch 5: wait state, | | Fetch 2:
and ID decodes the ' _______. _i]. Instruction ||
e decoder ;
" IR content. i | 3
- - : ¥ ; Fetch 3: Data from ROM to data bus (ROM_OE)
e Controll il » Read-only | oy oF
bus Hh ﬁ:m ontroller i - memory
ACC_LD I
ACC_OE Accumulator |e— Memory address [— MAR_LD
_C-ﬁ-“‘mﬂ —L-;‘l:'“l register
| ~ Fetch 2:
ALU_OE 2
= ALU . 1) MAR loads PC value from address bus
S0 \ (MAR_LD)
2) PC increments (PC_INC)
MDR_LD Memory data - Output — OR_LD Control Bus
_Ci“_.register + —C-::osﬁ register P—
Clock
Reset —— Address Bus

Copyright © All Rights Reserved by Yuan-Hao Chang



Fetch Cycles (

CLOCK

PC_OE

MAR_LD
MAR
PC_INC
PC
ROM_OE
IR

IR_LD

ADDR_BUS

DATA_BUS

Fetch 4: IR loads instructionfaddress 4

pair from data bus {(IR_LD)
IR_LD

1 Fetch 1: PC content to address bus (PC_OE)

R OF Instruction wpc NG
e = reaister —}>_, counter PC_OE
| Fetch 5: wait state, Fetch 2:
i and ID decodesthe | ...
i IR content.
R Fetch 3: Data from ROM to data bus (ROM_OE)
Contr :
:utsul [ ;:':ontro\ler ! R:z‘r’r;g:‘;" ROM_OE
ACC LD ——
ACC OF —t— accumulator e—s [ 1 | |Memory address[— MAR_LD
O n t . 2 Fetch 2:
u e4H 1) MAR loads PC value from address bus
S0 - (MAR_LD)
2) PC increments (PC_INC)
MDR_LD —— Qutput OR_LD Control Bus
i m_register [Ha— [Tl "etister
Data Bus
Clock
eset — fddress Bus
\\\
11 l S,
a s E !
~. 1
q . Wait
1
]
1
A . state !
S 3 }
(8] (8]
yan
4
/]
\J
v

| Fetch1 |Fetch2|Fetch3|Fetch4 |Fetchs|

Fetch Cvcle (for LOAD instruction) Rights Reserved by Yuan-Hao Chang
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Execute Cycle (Load Instruction)

Load 1:

— The instruction/operand address pair in instruction register (IR) is split into the op
code (4MSBs) and operand address (4LSBSs).

— The op code goes by a direct connection to the instruction decoder (ID) in the
controller state machine that determines the op code value and generate the correct
control signals.

— The operand address is transferred to the address bus.
— Active control line: ir_oe.

Load 2:

— The MAR loads the contents of the address bus, thus latching the ROM address of
the operand for the Load instruction.

— Active control line: rom_oe.

Load 3:
— Data transfers from the ROM to data bus.
— Active control line: rom_oe.

Load 4:
— Data transfers from the data bus to the accumulator.
— Active control line: acc_oe.

Copyright © All Rights Reserved by Yuan-Hao Chang
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Execute Cycle (Load Instruction) (Cont.)

Load 1: operand address transfers 1
from IR to adcfgeL%s bus (IR_OE)

IR OF Instruction | ™ ~— Program — PC_INC
_________________________ R s i —1z,.., counter — PC_DE
“Load 1:ID decodes o1 e
the op code from \\\‘\_:.___ Instruction
IR to let the Gz 3
controller state i 1 Load 3: Data from ROM to data bus (ROM_OE)
. v Control <
machine generate B _ Controller - “rﬁzfr;gr";? — ROM_OE
the correct control ! f e '
\_signals. ./ AC. LD .
e -~ ACC _OE | Accumulator [ Memory address [— MAR_LD
,” ________________________ \\\\ —CFIvn i _ -—”:;” 4 _.;'_E-‘E-,.ﬁ [EgiSEer
/ ol N | 5 Load 2:
- Load 4: Operand 52’ ) ALU - Operand address latched into MAR
. latched into 50 . (MAR_LD)
accumulator MDR_LD }I".I'IEmcr.r-,r data ""3 Output — OR_LD Control Bus
E (ACC_L D) i .. register - e FEQISIEF s
\ ; Clock
~ Reset — Address Bus

Copyright © All Rights Reserved by Yuan-Hao Chang



CLOCK
PC_OE
MAR_LD
MAR
PC_INC
PC
ROM_OE
IR
IR_LD
ADDR_BUS

DATA_BUS

Load 1: operand address transfers
from IR to address bus (IR OE)

Program PC_ING
counter PC_OE
Bset

mﬁtg?e:c::: . 3 | 1ad 3. Data from ROM to data bus (ROM_OE)
i controller state : oad 3. Data from to data bus !
! . 1 Contral Read-only ROM_OE
pnegee ) e
LEenaE Qgg_gé: =t emory address |- man Lo
Execute Cycle - — e
(L 0 ad I ns t ru Ctl 0O n) (CO N t ) Load 4: Operand A ‘;E = "";ALU 2 Loadosc:arand address latched into MAR
latched into (s (MAR_LD)
{ accumulator |
accp) -— s S e —
. : F?nla?alt — Address Bus
I s A A
N T CLOCK 1 | I |
S dl
N
A IR_OE
N
A
MAR_LD 9
o 0
MAR 0 C
a
0 4 1 ROM_OE
‘S AN
ACC_LD 1
00 8C
i ACC XX 55
} ADDR_BUS Z W C Z
Z X 0 z 1
== Yols @z DATA_BUS ZZ 55 LL
- i | Load1 | Load2 | Load3 | Load4 |
Fetch1|Fetch2|Fetch3|Fetch4|Fetch5|

Fatch Cvele (for | OAD instruction)

Execute Cvycle (Load)
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Execute Cycle (Add Instruction)

Add 1:

The instruction/operand address pair in instruction register (IR) is split into the op code (4MSBs) and operand
address (4LSBs).

The op code goes by a direct connection to the instruction decoder (ID) in the controller state machine that
determines the op code value and generate the correct control signals.

The operand address is transferred to the address bus.
Active control line: ir_oe , s[2..0]=001.

Add 2:

The MAR loads the contents of the address bus, thus latching the ROM address of the operand for the Load
instruction.

14

Active control line: rom_oe , s[2..0]=001.

Add 3: S[2..0] Function Operation
— Data transfers from the ROM to data bus. 000 Increment Acc + 1
— Active control line: rom_oe , s[2..0]=001. 001 Add Acc + MDR
Add 4. 010 Subtract Acc - MDR

Transfer data from data bus to the memory data register (MDR)
Active control line: acc_oe, s[2..0]=001.

011 Decrement Acc-1

Add 5: 100 Complement NOT Acc MDR
— The ALU adds the accumulator contents to the MDR contents. 101 AND Acc AND
— The results transfers to the data bus.
— Active control line: alu_oe, s[2..0]=001. 110 OR Acc OR MDR
Add 6: 111 XOR Acc XOR MDR
— The accumulator transfers the final result
om the data bus to accumulator.. ALU

Active control line: acc_ld, s[2..0]=001. Copyright © All Rights Reserved by Yuan-Hao Chang
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Execute Cycle (Add Instruction) (Cont.)

Add 1: operand address transfers

1
from IR to adcfgeL%s bus (IR_OE)
e - — >

. N Instruction | _ ~— Program — PC_INC

i Load 1:ID decodes ‘: L6 .?awrse[gisctle? 3 > cc?fn?er — PC_OE

. the op code from IRto ! T —

. let the controller state | 1 L

. machine generate the NN B | Sl

:\\ correct control signals. =~ 3
= ¥ Add 3: Data from ROM to data bus (ROM_OE)
Add 6: Final result ™ _ Controller b Read-only L pom_oE

transferred from data ©____ Hpfese sl
_bus to Acc (ACC_LD) oo didmen 6 I

NN  ACC OE e T Memory address [— MAR_LD

‘Add 5: Add Acc R oMo .., register

contents to the MDR ! , S ~ Add 2:

| ALU_OE 2 :

contents, and send g2 ALy Operand address latched into MAR
result to data bus S0 : A (MAR_LD)

{ALU_OE, 8[2..0]1=001)."

o \MQB LD Memory data | - Cutput — OR_LD Cantrol Bus

i Add 4: Data —":______,._—C-;:'“__register - 5., register

. transferred from data -~ Gou DataBus

| bus to MDR Reset — Address Bus
' (MDR_LD) :

Copyright © All Rights Reserved by Yuan-Hao Chang



Execute Cycle

state

crock [T |

PC_OE

MAR_LD

MAR C 1

PC_INC

PC 1 2

ROM_OE

IR

IR_LD H
0 1 OF z

A /|
zZZ X1DR ZZ
| Fetch1 |Fetch2|Fetch3|Fetch4|Fetchs|

ADDR_BUS yd

DATA_BUS

Fetch Cycle (for ADD instruction)

I
I
I
I
!
I
1

Add 5: Add Acc y
! contents to the MDR
contents, and send

ADDR_BUS

DATA_BUS

Add 1: operand address transfers
from IR to address bus (IR_OE)

7 Load 1:1D decodes

i the op code from IR to
i letthe controller state
i machine generate the o
:.\ correct control S|gnals.

Add 6: Final result .
transferred from data | __
bus to Acc (ACC_| LD)

Add 4: Data

transferred from data -3
| bus to MDR
. (MDR_LD)

“, IR OE Instruction
| Logister
|
i
[

", Control

bus

~ACTD 7“:
-~ ACC_OE —|

" MDR_LD —11] Memory data
_'_‘1' mﬂregisrer -t

Instruction
decoder

Pragram PC_INC
counter PC_OE
Resat

3 Add 3: Data from ROM to data bus (ROM_OE)

| Read-only ROM OE

i i Controlier

memory

Memory address MAR_LD
_ﬂ%m regisier

2 Add 2:
Operand address latched into MAR
(MAR_LD)

Control Bus

[
Output OR_LD
e FECISIEN

Data Bus

— Address Bus

i

s

N

MAR

ROCM_OE

/A
N>

MDR_LD

Y N
%

MDR

X

|64

ALU_OE

ACC_LD

ACC

55

s[2. .0] | X

), 4

A 4110

prd

V|

Y4

4 (X)) ZZ 9 X ZZ

| Add1 | Add2 | Add3 | Addd | AddS | Add6 |

Execute Cvycle (Add)



ALU

LIBRARY ieee;

USE ieee.std logic 1164.ALL;
USE ieee.std_logic_signed.ALL;
USE ieee.std_logic_arith.ALL;

ENTITY alu IS

PORT(
operand_a :IN STD_LOGIC_VECTOR(7 downto 0);
s:IN STD_LOGIC_VECTOR(2 downto 0);

memory_data: IN STD_LOGIC_VECTOR(7 downto 0);
alu_data : OUT STD_LOGIC_VECTOR(7 downto 0));
END alu;

ARCHITECTURE a OF alu IS
BEGIN
PROCESS (operand_a, memory_data, s)
BEGIN
CASE s IS
WHEN "000" =>alu_data <= operand_a + 1; -- Increment A
WHEN "001" =>alu_data <= operand_a + memory_data; -- Add
WHEN "010" =>alu_data <= operand_a - memory_data; -- Subtract
WHEN "011" =>alu_data <= operand_a - 1; -- Decrement A
WHEN "100" =>alu_data <= not operand_a; -- Complement A
WHEN "101" =>alu_data <= operand_a and memory_data;
WHEN "110" =>alu_data <= operand_a or memory_data; -- OR
WHEN "111" =>alu_data <= operand_a xor memory_data;
WHEN others =>alu_data <= (others => '0");
END CASE;
END PROCESS;
END a;

-- AND

-- XOR

IR_LD
IR_OE

Control
bus

MDR_LD

Clock
Reseat

-- Arithmetic Logic Unit

Instruction

= register

Instruction
decoder

T 1., Contraller

Accumulator

Memory data

1 register
HYrasar

Program — PC_INC
= ., counter — PC_OE
Read-only | ROM OF
memory
Memory address [— MAR_LD
___ ‘_ , register
Qutput OR_LD
] ' ., register

-- Capable of implementing 4

arithmetic and 4 logic functions

memory data register

-- Output: tristate data bus via
Data MUX

' -- Input: from accumulator and

Copyright © All Rights Reserved by Yuan-Hao Chang



IR_LD
IR_OE

Instruction Program — PC_INC
> register ¢, counter — PC_OE

Instruction
decoder

Cantrl ; Read-onl
bus | Controlier * ¥

A d d reS S B u S e memary

— ROM_OE

g M 8 — MAR_LD
LIBRARY ieee: R o b rgter
USE ieee.std_logic_1164.ALL; }
ENTITY address_mux IS AL T
PORT( S0 |

clock, reset, ir_oe, pc_oe : IN STD_LOGIC; t

ir_addr, pc_addr: IN STD_LOGIC_VECTOR(3 downto 0); MDR_LD Memory data  Ouput OR_LD

addr_bus : OUT STD_LOGIC_VECTOR(3 downto 0)); I [l oGSt
END address_mux; ]

ARCHITECTURE mux OF address_mux IS

SIGNAL controls : STD_LOGIC_VECTOR(1 downto 0);
BEGIN

-- Concatenate output enable lines to use in

-- selected signal assignment statement

controls <=pc_oe & ir_oe;

-- Address multiplexer with
PROCESS(clock, reset)

BEGIN 5 synchronqus trlst_ate out_puts
IF(reset = '0")THEN . -- Places instruction register or |
addr_bus <= (others => 'Z); | program counter contents i
ELSIF(clock'EVENT and clock = '1")THEN on address bus when selected. |

CASE controls IS
WHEN "01" => addr_bus <= ir_addr; Otherwise output is high-
WHEN "10" => addr_bus <= pc_addr; impedance.
WHEN others => addr_bus <= (others =>'Z'); L. |
END CASE;
END IF;
END PROCESS;

END mux;
Copyright © All Rights Reserved by Yuan-Hao Chang



IR_LD

I8 OF Instruction — Program PC_INC
= > register | . COUNtEr PC_OE
—
Gococer ||| |
S
GE::DIT t?ommller i F':‘;Z:];’?JY — ROM_OE
Program Counter IO i
. ACC_OE _Accumulator | — _!\-’qerrr?,{rjrlj,zfress [~ MARLLD
LIBRARY ieee; A el 0%
USE ieee.std_logic_1164.ALL; .02 . '
USE ieee.std_logic_unsigned.ALL,; st A |
f |
ENTITY program_countel’ IS MOR_LD __Mernorv data _I : Output OR LD
1 register T 1-_ register
PORT( o | [ e
clock, reset, pc_inc : IN STD_LOGIC; Reset

pc_addr : BUFFER STD_LOGIC _VECTOR(3 downto 0));
END program_counter;

ARCHITECTURE pc OF program_counter IS
BEGIN -- Program Counter i
PROCESS(clock, reset) | -- 4-bit counter with active-LOW |
BECN asynchronous reset
Izt = Ty AleY -- Holds address of next

pc_addr <= (others =>'0"); : : fetch
ELSIF(clock EVENT and clock = '1')THEN Instruction to be fetched

IF(pc_inc = '1')THEN . -- Increments when PC_INC is
pc_addr <= pc_addr + 1; : HIGH :
END IF; ' -- Output is multiplexed onto
END IF;  tristate address bus by i
END PROCESS; ' Address._ MUX §
END pc; oo '

Copyright © All Rights Reserved by Yuan-Hao Chang



Memory Address Register

LIBRARY ieee;
USE ieee.std_logic_1164.ALL;

ENTITY memory_address_register IS
PORT(
clock, reset, mar_Id : IN STD LOGIC;
addr_bus :IN STD_LOGIC_VECTOR(3 downto 0);
rom_addr : OUT STD_LOGIC_VECTOR(3 downto 0));
END memory_address_register;

IR_LD
IR_OE

Control
bus

MDR_LD

Clock
Reseat

Instruction

= register

I—

Instruction
decoder

T 1., Contraller

Memory data

1 register
HYrasar

d— Program PC_INC
I (R COUNET PC_OE
8 Read-only | ROM OF
| memary E
I Memaory addressf— MAR_LD
___ ‘_ register
[ Qutput OR_LD
| ..., register

ARCHITECTURE mar OF memory_address_register IS == e oo
-- Memory address register

-- 4-bit flip-flop
-- Output is always applied to

BEGIN §
PROCESS(reset, clock)
BEGIN
IF(reset = '0")THEN
rom_addr <= (others =>'0"; !
ELSIF(clock'EVENT and clock = '1\THEN
IF(mar_Id ="1)THEN
rom_addr <= addr_bus; .

. address inputs of ROM

-- Input; 4-bit address bus
-- Register has active-LOW

asynchronous reset

END IF;
END IF;
END PROCESS;
END mar;

Copyright © All Rights Reserved by Yuan-Hao Chang



|I2 Jc-)':é Instruction —L_ P‘;gra: _l: PC_INC
—> register | ., Counter PC_OE
Gococer ||| |
|
- - GE::DIT Contralier i F':ﬁz:];’:ll? — ROM_OF
Instruction Register sy Y |
LIBRARY ieee; ACC_OE | Accumuiator e _Eﬂerrrc;ggr;g?ress — MAR_LD
USE ieee.std_logic_1164.ALL; B I B
ENTITY instruction_register IS ALU_OE B I
PORT( St ALU I
data_bus:IN STD_LOGIC_VECTOR(7 downto 0); - - _t - I
clock, reset, ir_Id : IN STD_LOGIC,; oA Lo ” - | p_—
ir_addr: OUT STD_LOGIC_VECTOR(3 downto 0); b agister | Fpo eomer [ 0
instruction: OUT STD_LOGIC_VECTOR(3 downto 0)); Clock ]
END instruction_register; Resel

ARCHITECTURE instr OF instruction_register IS
-- Internal flip-flop values

SIGNAL g_int: STD_LOGIC_VECTOR(7 downto 0); ettt ettt '
BEGIN -- Instruction register
FB’FElef\IESS(C'OCk’ ) -- 8-bit flip-flop with input and

IF (reset ='0") THEN
q_int <= (others =>'0"); -- Clear all register bits
ELSIF (clockEVENT and clock ='1") THEN

-- Load register on positive clock edge, if input is enabled

IF (ir_Id ='1") THEN
g_int <= data_bus;
END IF;
END IF;
END PROCESS;
-- Split data into opcode and operand address
instruction <= g_int(7 downto 4);
ir_addr <= g_int(3 downto 0);
END instr ;

output enables

-- Input:op code (4-bit) and
address of operand (4-bit) from
system ROM

-- Output: opcode to Instruction
Decoder module in controller,
address to tristate address bus
-- Register has active-LOW
asynchronous reset

Copyright © All Rights Reserved by Yuan-Hao Chang



Read Only Memory (ROM)

LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

ENTITY roml16b IS

PORT(

rom_addr: IN STD_LOGIC_VECTOR(3 downto 0);
rom_data : OUT STD LOGIC VECTOR(7 downto 0));

END rom16b:;

ARCHITECTURE r OF rom16b IS

BEGIN

WITH rom_addr SELECT
rom_data <=

ENDr;

x"8C" WHEN x"0",
x"1D" WHEN x"1",
x"90" WHEN x"2",
x"FO" WHEN x"3",
x"55" WHEN x"C",
x"64" WHEN x"D",
x"00" WHEN others;

IR_LD

— nstruction N F’r_' ra; PC_INC
RO —__:}:_'“_Iﬁ_tetgisTter | "L co&[ﬁwter _l: PC_OE
e
| et | I
|
GE::DI 1. Controller t Read-only § paoy o
. memaory
"""""""""" | t
ACC LD
ACC DE _Accumulator I _!»ﬂermry addressi— MAR_LD
Cfese: e TEGISIET
ALU OE — 1— — I
4 ALU |
S0 I——
| |
MDR_LD Mermory data - Output OR_LD
" E_‘““__register | ..., register
Clock _
Reseat
Address Data Comment
0 8C Load contents of C
1 1D Add contents of D
2 90 Send accumulator contents to
output register
3 FO Halt
4-B Blank(00)
C 55 Data for Load instruction
D 64 Data for Add instruction
E-F Blank(00)

A Simplified Program:
Load, add, output, and halt
(Stored in a 16-byte ROM)
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Accumulator

LIBRARY ieee;
USE ieee.std_logic_1164.ALL,;

ENTITY accumulator IS
PORT(
clock, reset, acc_Id : IN STD_LOGIC;
data_bus: IN STD LOGIC VECTOR(7 downto 0);
acc_data, operand_a : OUT STD _LOGIC_VECTOR(7 downto 0));
END accumulator;

ARCHITECTURE acc OF accumulator IS
BEGIN
PROCESS(clock, reset)
BEGIN
IF(reset ='0")THEN
acc_data <= (others =>'0";
operand_a <= (others =>"'0");
ELSIF(clock'EVENT and clock = '1)THEN
IF(acc_Id ='1)THEN
acc_data <= data_bus;

operand_a <= data_bus;-----__ : .

> . S Data on Acc is !

END IF; S / :

END IF; . directly applied to the
END PROCESS; . ALUs operand.

END acc;

IR_LD o —_——
IR OF Instruction — Program
~> register I iz, counter
] Instruction E
decoder i I
Control i T |
;o 1 ! J | FRead-only
bus - t?ommller : i ezl I
ACC_LD
ACC_OE Accumulator | - _f\:"'E‘TT'UWHUU"EES —
—lﬁ:;'-[-'-_ .., register
ALU_OE " I
2
21 | ALU I
50 L __t T
MDR_LD _Memory data [ i Output
e EGIStET | ..., register
Clock
Reseat

-- Accumulator

-- 8-bit flip-flop with input and
output enables

-- Input: 8-bit operand from data
bus

-- Output: 8-bit operand to aLU
(direct connection) and 8-bit
output to data bus

-- Register has active-LOW
asynchronous reset
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Memory Data Register

LIBRARY ieee;
USE ieee.std logic_1164.ALL;
ENTITY memory_data_register IS
PORT(
data_bus:IN STD_LOGIC VECTOR(7 downto 0);
clock, reset, mdr_Id : IN STD LOGIC;
memory_data : OUT STD_LOGIC_VECTOR(7 downto 0));
END memory_data_register;

ARCHITECTURE mdr OF memory_data_register IS
BEGIN
PROCESS(clock, reset)
BEGIN
IF(reset = '0")THEN
-- Clear all register bits
memory_data <= (others =>'0";
ELSIF (clockEVENT and clock ='1") THEN
-- Load register on positive clock edge, if input is enabled
IF(mdr_Id ='1)THEN
memory_data <= data_bus;
END IF;
END IF;
END PROCESS;
END mdr ;

IR_LD

IR OFE e Instruction

Control
bus

MDR_LD

Clock
Reseat

— = register

Instruction
decoder

T 1., Contraller

Memory data

= register

d— Program PC_INC
I (R COUNET PC_OE
L | Read-only BOM
| memary [
I Memory address’— MAR_LD
_: ‘_ register

[ Qutput OR_LD

| ..., register

| -- 8-hit flip-flop with input :
. -- Output is always applied to "B"
. inputs of ALU '
' - Input: 8-bit data bus
. -- Register has active-LOW

. asynchronous reset

___________________________________________________
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data_bus <= (others => 'Z'); -~ enabled; only one enable
ELSIF(clock'EVENT and clock = '"1)THEN permltted at a tlme
CASE controls IS L
WHEN "100" =>data_bus <= rom_data;
WHEN "010" =>data_bus <= acc_data;
WHEN "001" =>data_bus <= alu_data;
WHEN others =>data_bus <= (others =>'Z");

|I2 é':é — Instruction -_L_ F’;grd; _l: PC_INC
- :;';';_ﬁ_tegismr I (R COUNET PC_OE
L=
| Gecoder || | I
GE::DIT ﬂ ., Controller t | Ffﬁ;:ﬁ:.ly |~ ROM_OE
Data Bus == T
LIBRARY ieee; ACC_OE - _ﬁ«f(:umulator | — | [T __!;ﬂerlrrc;g;:l:ress — MAR_LD
USE ieee.std_logic_1164.ALL; “*""—1 - e
ALU_OE ] I
ENTITY data_mux IS = | AW }—. I
PORT( S0 I
clock, reset : IN STD_LOGIC; I |
rom_data : IN STD_LOGIC_VECTOR(7 downto 0); -- ROM instruction/data MDR_LD ._.,["'Er'“".“; et | _I ] Output OR_LD
acc_data : IN STD_LOGIC_VECTOR(7 downto 0); -- Accumulator contents A [ "eOISIEY
alu_data : IN STD_LOGIC_VECTOR(7 downto 0); -- ALU contents e
rom_oe, acc_oe, alu_oe : IN STD_LOGIC;
data_bus : OUT STD_LOGIC_VECTOR(7 downto 0));
END data_mux;
ARCHITECTURE a OF data_mux IS Mmoo oooooooooooooooooooooooooooooooooooooooos :
SIGNAL controls : STD_LOGIC_VECTOR(2 downto 0); : -- Multiplexes data from ROM, |
BEGIN i - ;
controls <= rom._oe & acc_oe & alu_oe: i Accumulator, or ALU onto tristate |
PROCESS(clock, reset) (oI ! data bus
BEGIN * High impedance - i i :
|F(reset = ‘0')THEN ::::::__\\ _____ g _______ R ____________ e : EaCh data InpUt IS Separately i

END CASE;
END IF; T S s
END PROCESS; . High impedance
END a; S S oom e EEe e E e C e e e aeaas -7
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Output Register

LIBRARY ieee;
USE ieee.std logic_1164.ALL;
ENTITY output_register IS
PORT(
data_bus :IN STD_LOGIC VECTOR(7 downto 0);
clock, reset, or Id : IN STD_ LOGIC;
output : OUT STD_LOGIC_VECTOR(7 downto 0));
END output_register;

ARCHITECTURE output OF output_register IS
BEGIN
PROCESS(clock, reset)
BEGIN
IF(reset = '0")THEN
-- Clear all register bits
output <= (others =>"'0");
ELSIF (clockEVENT and clock ='1") THEN
-- Load register on positive clock edge, if input is enabled
IF(or_Id ="1)THEN
output <= data_bus;
END IF;
END IF;
END PROCESS;
END output ;

IR_LD

IR OFE e Instruction

Control
bus

MDR_LD

Clock
Reseat

-I—I I

— = register

—

Instruction '
decoder i | I
| |
Controller I i
| |
|- Accumulator HI |
i ST |
BRI
| ALU I I

Memory data |

’__re_gl_ﬂi_f'_il

Program PC_INC
A5 COUNLEF PC_OE

Read-only

{ ROM
memaory | ROM_CE
Memory address’— MAR_LD
‘_ register
Qutput OR_LD
..., register

-- Output register
-- 8-bit flip-flop with input
-- Input: 8-bit data bus
-- Register has active-LOW
asynchronous reset
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Controller

ENTITY controller v1 IS
PORT(
clock, reset : IN BIT,;
instruction : IN BIT_VECTOR(3 dowoto 0);
fetch, pc_inc, pc_oe : OUT BIT;

ir_Id, ir_oe, mar_Id, rom_oe : OUT BIT;
acc_ld, acc_oe, alu_oe, mdr_Id : OUT  BIT;
or_ld: OUT BIT;

s:OUT BIT _VECTOR(2 downto 0));

END controller_v1;
ARCHITECTURE ctrl OF controller v1 IS
TYPE state _type IS (
start, fetchl, fetch2, fetch3, fetch4, fetch5,
loadl, load2, load3, load4,
addl, add2, add3, add4, add5, add6,
outputl, output2, halt);
SIGNAL state : state type;
SIGNAL control_word : BIT_VECTOR(15 downto 0);
BEGIN
PROCESS(clock, reset) :
BEGIN | Initial state

IF(reset ='0)THEN oo - /

state <= start; -~
ELSIF(clock' EVENT and clock = '1)THEN

IR_LD [ s ] —————
I8 OFE — Instruction — Program PC_INC
—— = register | I ., counter PC_OE

I' _;r*l
Instruction
decoder | I
Control - Il | Read-only
bus ., Controller [~ iy [~ ROM_OE
ACC_LD I
ACC_OE —|—11 Accumulator lHI | - !f"'E‘TT'UWCtUU"EES — MAR_LD
! [foses _1 ] [ (s "ECISTEF
ALU_OE — == I I
52
50 oy
MDR_LD Memory data | ™ " Cutput OR LD
= register | /= register |
i |FRasn i FOlRega =
Clock
Reseat

-- Controller for 8-bit RISC CPU

-- Generates signals to transfer data between CPU
modules

-- and controls arithmetic/logic functions.

-- Version 1 has four instructions, indicated in
hexadecimal:

--1 ADD --8 LOAD --9 OUTPUT --F HALT
--Opcodes 0 to 7 are reserved for ALU functions,
as follows:

--0 INC (Increments Accumulator (ACC))

--1 ADD (Adds contents of ACC and MDR)

--2 SUB (Subtracts contents of MDR from ACC)
--3 DEC (Decrements ACC)

--4 NOT (Complements ACC)

--5 AND (ACC AND MDR)

--6 OR (ACC OR MDR)

--7 XOR (ACC XOR MDR)
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IR_LD I
IR_OE —— Instruction — Program PC_INC
—>_register 1 1 —Iz,.., counter PC_OE

“tecotar ||
|1 S
GE::DIT ;_-_Ifommller [~ | F‘:ﬁ;{”ﬂga{v |~ ROM_OFE
_______ Controller (Cont.) i
- -- Create state machine for instruction sequences. 400,08~ posumuaor (e—ef [T on Ty oss T MARL2
CASE state IS | o R
WHEN start =>state <= fetchl; -- Fetch cycle 82 | AL [
WHEN fetchl =>state <= fetch2; ] 80 — ==
WHEN fetch2 =>state <= fetch3; | S TEITL L —
WHEN fetch3 =>state <= fetch4; : hgresser o= | > register |
WHEN fetch4 =>state <= fetch5; A S Clock
WHEN fetch5 => ! WHEN add1 =>state <= add2; -- ADD
CASE instruction IS-- Decode instruction; WHEN add2 =>state <= add3;
WHEN x"1" =>state <= add1; ; WHEN add3 =>state <= add4;
WHEN x"8" =>state <= load1,; 5 WHEN add4 =>state <= add5;
WHEN x"9" =>state <= outputl; i WHEN add5 =>state <= add®6;
WHEN x"F" =>state <= halt; i WHEN add6 =>state <= fetchl,;
WHEN others =>state <= halt; WHEN loadl =>state <= load2; -- LOAD
END CASE; : WHEN load2 =>state <= load3;

__________________________________________________________________

WHEN load3 =>state <= load4;
, WHEN load4 =>state <= fetchl,
: WHEN outputl =>state <= output2; -- OUTPUT
;(> | WHEN output2 =>state <= fetchl;
| WHEN halt =>state <= halt; -- HALT
WHEN others =>state <= halt;
END CASE;

END IF;
END PROCESS;




Controller (Cont

e e i e
]

-- Assign control bus outputs.
fetch <=control_word(14);
pc_inc <=control_word(13);
pc_oe <=control_word(12);

ir_Id <=control_word(11);
ir_oe <=control_word(10);
mar_Id <=control_word(9);
rom_oe <=control_word(8);

acc_|ld <=control_word(7);
acc_oe <=control_word(6);
alu_oe <=control_word(5);
mdr_Id <=control_word(4);

or_Id <=control_word(3);
S <=control_word(2 downto O)

R [ _________________________

v June 18, 2010 29

-- Output decoder

-- Assign output control lines for each control state ]

-- "Fetch" output goes LOW to turn on LED during fetch cycle

WITH state SELECT |
control_word <=

x"4000" WHEN start, -- Fetch LED OFF

x"1000" WHEN fetchl, -- pc_oe
x"2200" WHEN fetch2, -- pc_inc, mar_|d
x"0100" WHEN fetch3, -- rom_oe
x"0800" WHEN fetch4, -- ir_Id

x"0000" WHEN fetchb, -- wait state

x"4400" WHEN loadl, -- ir_oe
x"4200" WHEN load2, -- mar _Id
x"4100" WHEN load3, -- rom_oe
x"4080" WHEN load4, -- acc_Id

x"4401" WHEN add1l, -- ir_oe, s=001
x"4201" WHEN add2, -- mar_Id, s=001
x"4101" WHEN add3, -- rom_oe, s=001
x"4011" WHEN add4, -- mdr_Id, s=001
x"4021" WHEN add5, -- alu_oe, s=001
x"4081" WHEN add®6, -- acc_Id, s=001

x"4040" WHEN outputl, -- acc_oe
x"4008" WHEN output2, -- or_Id

x"4000" WHEN others; -- Fetch LED stays OFF

END ctrl;
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clock
reset
Instruction{3..0]
[fetch

pc_inc
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LSRR

--------------------------- epaapspapead] , . .

> data_bus[7..0]

---------------------

June 18, 2010
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