Design and implementation of
16-bit RISC Processor
using Harvard Architecture




Motivating Background

1 INTEL 8085 microprocessor
" 808S - based on
von Neumann architecture
" Simple instructions for programs - RISC

strategy - simplified CPU design.




GENERIC PROCESSOR




The components of a generic processor

Control unit (CU)
Arithmetic and Logic unit (ALU)
Register
Program Counter
Instruction Register




ARCHITECTURE

von Neumann Harvard




COMPUTING

RISC = Reduced Instruction Set Computer

Simplified instructions => Faster Execution
More program storage memory
Lesser Hardware

CISC = Complex Instruction Set Computer

Complex instructions => Slower Execution
Lesser program storage memory
More Hardware




PROCESSOR DESRIPTION
RISC CPU - 16 bit Data — 12 Bit Address

Harvard architecture

2K bytes code memory ROM
2K bytes data memory RAM




Processor components:
Arithmetic and logic Unit (ALU)
Accumulator (Acc) - 16 bit register
Program Counter (PC) - 12 bit register
Instruction Register (IR) - 4 bit register
Memory Address Register (MAR) - 12 bit register
Control unit (CU)

Bus:
Data bus (16 bit)
Address bus (12 bit)

Memory:
Program memory (ROM) - 2K bytes)
Data Memory (RAM) — 2K bytes)




Operation Flow :

Initial PC value
(oo0h)

"t
FETCH IR <-- Instruction code
Instruction code and Operand MAR <-- Operand

¥

Detect Instruction Increment PC

¥

Execute Instruction
with ALU and/or CU

NO




Instruction Set

Op- Instruction Operation Hexac:-Iec:'-maI "7h’
Code = 4 bit binary ‘0111’
Ooh |ADD #Addr| A € [A] +[#Addr]

1h | SUB #Addr A € [A] - [#Addr] #Addr =>

2h | MUL #Addr A € [A] * [#Addr] Hexadecimal value of
3h DIV #Addr A € [A] / [#Addr] address (000 to FFF)
ah |AND #Addr| A € [A] AND [#Addr]

S5h | OR #Addr A € [A] OR [#Addr] [#Addr] => The content
6h | XOR #Addr| A € [A] XOR [#Addr] of memory address
7h NOTA A € NOT [A] #Addr

8h LDA #Addr A < [#Addr]

oh | STA #Addr #Addr € [A] A =>Accumulator

Ah | JZ #Addr | PC € #Addrif [A] =0 register

Bh JNZ #Addr | PC € #Addrif [A]not=0 [A] => The content of
ch |JMP #Addr PC & #Addr the

E: Accumulator

Fh END PC € 000




ARITHMETIC GROUP
* ADD #Addr

* SUB #Addr

* MUL #Addr

* DIV #Addr

DATA TRANSFER GROUP
* LDA #Addr
* STA #Addr

LOGIC GROUP

* AND #Addr
* OR #Addr
* XOR #Addr
* NOT Addr

BRANCH GROUP

* JZ #Addr
* INZ #Addr
* JMP #Addr

OTHER

* END




ALU Modeling

STRUCTURAL BLOCK DIAGRAM OF ALU.
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SELECT LINES

0 0 0

0 0 1 SUBTRACT
0 1 0 MULTIPLY
0 1 1 DIVIDE

1 0 0 AND

1 0 1 OR

1 1 0 XOR

1 1 1 NOT




Memory Modeling

ROM
Inputs: 12'5'Tﬂ l l W1 6-BIT
* Chip Select - CS

ADDR CS ] = DATA
e Output Enable - OE 2K bytes
« Address - ADDR 12bit ROM 2048 bytes)

Output:
 Data - DATA 16 bit

RAM

S en | L ] e

* Write Enable - WE RAM [ﬁﬁabgt;:s}
 Address - ADDR 12 bit

Bidirectional:
 Data - DATA 16 bit




Memory Interfacing

ADDRESS BUS (AD TO A11) |

AN "DATABUS (D0 TOD15) | RD WR  A11
RD o A
YL L
ADDR CS QOB DATA DATA OE WE Cs  ADDR
ROM RAM
(2K bytes) (2K bytes)

Al11 - chip select input for the ROM and the RAM.

» When Al11 is ‘0’ (low), then ROM gets selected
»When A1l is ‘1’ (high), then RAM gets selected

ROM address 000h to 7FFh
RAM address 800h to FFFh




Control Unit Modeling

Different Control Unit functions are:
v’ Phase generation
v Read & Write signal generation
v’ Transfer of specific address to Address Bus
v’ Transfer of data into Data Bus

v Program Counter update
v' Op-Code & Operand fetch
v' Accumulator Update




Phase generation




OPCODE FETCH CYCLE
AND EXECUTION CYCLE
EXCEPT FOR STA

READ SIGNAL

READ signal generation

FOR ALL OTHER CASES




WRITE signal generation

CUTION CYCLE AND
STORE INSTRUCTION

MO, e for all other

cdses
YES
L 4




PHASE=0

NOTE: PHASE=0 NO
MEANS OPCODE
FETCH CYCLE
PHASE=1 MEANS YES
EXECUTION CYCLE

TRANSFER CONTENT

OF MARTO
Address Bus




Op-Code and Operand Fetch

L .
CLOCK-—>
/ON THE RISING EDGE x
RISING EDGE OF | OF CLOCK AND WHEN |
CLOCK—> \_ PHASES0
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D11 70 D0
D)
INTSRUCTION MEMORY ADDRESS
REGISTER REGISTER




Operation Model of ALU

from DATA BUS l
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Schematic diagram of the CPU
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Instruction

’— Op-Code Operand I

4 hits 12 bits




Programming the Processor

The program code consists of instructions of 16 bit,
which are placed one by one in ROM locations
starting from OOOh. The PC of the processor accesses
the ROM for the Op-code starting from location 000h
till the END instruction is encountered.

In the ROM memory, values O to 9 are
permanently loaded in locations 700h to 709h
respectively, for testing purpose.
Program code starts from location O0O0Oh.




oooH
oo1H

fooH

fo1H
fo2H

fo9H

7FFH

2K ROM

END

ooooH

oool1H

ooozZH

oo0o9H

Program Code

values 0 to 9 stored

2K RAM

SooH
S8o1H

FFFH




TEST OPERATION 1: ((1+2) x (4/2)) -2
Expected Output: 4

TEST CODE:
LDA 701 - load value ‘1’ at ROM loc 701h to Acc
ADD 702 - add value 2’ at ROM loc 702h to content of Acc
STA 800 - store result in Acc to RAM loc 800h
LDA 704 - load value ‘4’ at ROM loc 704h to Acc
DIV 702 - divide content of Acc by value ‘2’
STA 801 - store result in Acc to RAM loc 801h
LDA 800 - load value in RAM loc 800h to Acc
MUL 801- multiply content of Acc by value at RAM loc 801h
STA 802 - store result in Acc to RAM loc 802h
LDA 802 - load value in RAM loc 802h to Acc
SUB 702 - subtract value 2’ at ROM loc 702h from Acc content
STA 803 - store result in Acc to RAM loc 803h
END - jump to ROM loc 000h i.e. start of program




The hex code in ROM from 000h :
8701, 0702, 9800, 8704, 3702, 9801, 8800, 2801, 9802, 8802,
1702, 9803, FO0O0

MName ns i 1ns Hlns X0 [lirs P:l]rn: i 1500 ns: M0 ns 300 ns |30 s 1000

¥ ot |
1y ax
b B dbtaidl | zzz [ EWe ) [ (] omz W] eer  Wlw0 w3 rm (] Emd ] oo ) 302 AT
» B adqund] | om0 Y y
Ly v
B w e —
1 o Il l
Name o |umers 1,100 ns 1,200 s 1,300 1,400 1,500 rs 1,600 rs 1,700 rs
-El st
o | I | | | | I I
b W datapsa) T [ H T (| es00 oznm ([o003 ) mmmz (301 ) @z (| ooor ) mmm (| seoz ooe
[ e 5 Bl " [0 ] b 1] " 07 &1 (i3] i T H]
1 o | I | | .
G w R —
1 un |
Name oy [y /800 e 1300 2000 ms M| wwwird PP wird PP sird o |
T
1 ] I [ | | | I I |
b B catapsia) v (| eet2 | mn ([oo6 | I | (] TiE] M 11 (] tooo "
L ETE L ;] Y B)Z b [ L ) ] il N 0
L rd b
1B —-—I
1 run |

Result




TEST OPERATION 2: (2 OR7) AND (6 XOR 9)
Expected Output: 7

TEST CODE:
LDA 702 - load value 2" at ROM loc 702h to Acc
OR 707 - OR value ‘7" at ROM loc 707h to content of Acc
STA 800 - store result in Acc to RAM loc 800h
LDA 706 - load value ‘6" at ROM loc 706h to Acc
XOR 709 - XOR value ‘9" at ROM loc 709h to content of Acc
STA 801 - store result in Acc to RAM loc 801h
LDA 800 - load value in RAM loc 800htoAcc
AND 801 - AND content of Acc by value at RAM loc 801h
STA 802 - store result in Acc to RAM loc 802h
END - jump to ROM loc 000h i.e. start of program




The hex code in ROM from 000h :
8702, 5707, 9800, 8706, 6709, 9801, 8800, 4801, 9802, FO0O0

[ons 200 ns 400 ns Ons
un‘E 1 1 1 L L 1 1 1 1 1

].& rst _l I I I . I ' ‘ I I . I I I . I I ‘ I I
1 ax 1| I N R

» B data[is:0] | zzzz { 8702 0002 X 5707 X Q007 ¥ (9800 ¥ Q007 )

» B adqinoy 000 ¥ 702 b 4 oL % 707 X 0g2 4 200 % 003 W
!
I

]h rd |
1 wr
1l run
Namea IEI:H::nsI o o EHJE!r:sI o o l,l:lflllllnlsl
1& st
1 o - . . 1> 17 1 1|
WA datalls:0] | 8706 ¥ 0006 % 6709 % 0009 W 9801 ¥ 000f y Z2ZZ | 8800
B aar110)  |ods d 706 W 004 i 709 W 095 W 201 b 005 §

I

|

1§ rd
1B wr
18 run

Name 1,200 ns
_.& rst
1l ck [ | I
» B# datajiso] | 8800 727z { 0007 ; ZZZZ (| 4801  7ZZZ { OOOF ; 777z {9802 0007 2727
» B8 adr110)  Poé 4 800 H an7 b 801 X oga H 802 H
1 ra | |
1 wr | |
-'_& run

1,600 ns
[} 1




CPU Project Status (04/28/2014 - 01:05:19)

Project File: CPU16 TB.xise Parser Errors: Mo Errors
Module Name: CPU Implementation State: Synthesized
Target Device: xc3s100e-4tq144 * Errors: Mo Errors
Product Version: ISE 14.6 * Warnings: 2 Warnings (2 new)
Design Goal: Balanced * Routing Results:
Design Strategy: Xilim¢ Default (unlodked) * Timing Constraints:
Environment: System Settings * Final Timing Score:

Device Utilization Summary (estimated values) []
Logic Utilization Used Available Utilization
MNumber of Slices 269 960 28%
Mumber of Slice Flip Flops 45 1320 2%
Mumber of 4 input LUTs 513 1320 26%
MNumber of bonded I0Bs 32 108 29%
Mumber of MULT 18X 18510s 1 4 25%
Mumber of GCLKs 1 24 4%




PROCESSOR INSTRUCTIONS GATES

8085 (CISC) 246 6500
80286 20K 134 K
10 K
Our Processor 14 (including
memory)

Future Research :

The CPU working on 16 bit data line and 12 bit address
line is totally modifiable. The future target is to exploit

the Harvard architecture for pipelining extensively
using more instructions.
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