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B

100000]| 00110100[ 00000000
100001| 00110000| 00000001
100010[ 10001100[ 00000000 OpCode Control
1000111 11010011|1 00000000 T DeCOder C1 CrpC3C4C5C5C7C3C9C19C11C12C13C14C15C16C17Cr3
100100 11110010[ 00000011
100101 [GT906T00[ 55630000 R RRRRR R R
100110 01010000| 00000001 000000 00000O0O0O0O0O0O0
100111[11100000[ 11111011
101000 10100100| 00000010
Code Memory
081 109 1010 1C14
Reqisters
g cal [cs eol e Flags
13
00000000] [X | l 0000
B
C
00000000 D 1015
C6l1c7 ALU O\
00000000 x 1011 ®
B
1
C —
00000000] |p ~ Jer
0000100000101
0001100000000
¢ 1016 0010[{00000000
0011{00000000] j=
0 0100[00000000
102 103 0101/00000000
PC ) Switches 9 1 0110/00000000
PC 0111/00000000
Update | 100000
Logic 0 Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 1 l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Write .
Write Enable
Select 101 e
6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
oyt |200010[ 10001100]00000000 (16 . (8high | OpCode c Control
\ \
\p16 100011| 11010011} 00000000 Decoder €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
~—100100[ 11110010/ 00000011 8 low
100101[ 01000100[ 00000000 T l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111) 11100000f11111011
1010001 10100100 00000010
Read  Code Memory VA _
Select Write Enable ,
elect Write Enable
c
081 109 1 10 lcl“
Registers C4P°'20|Read Select ALU Select Flags K
> C‘121 Ci3 N
0000
00000000] |2A I\l
8 Jd 4
¢ ~ N ALU Resul [REG Writebac
N OWMUX
00000000 D CISMUX N
38 Port1|Read Select 8 1018
Inp;ut 061 Cy ALU Source ALU de 0 g g g
00000000 [ 1011Mux e ——° 1 q
g 1/ 41low Write Enable
C p—
00000000] |D Read 17 1
\\8 deft
DMEM Input [ , | 9°°°{00000101 o
8 Mux 000100000000 |
= l% Write | 0010]00000000
] Select] 001100000000 f=d
PC Mux Se—di 0 0100/00000000
N6 low 1 Write, Enable N
C lc3 16 % low 0101{00000000
) Switches =—c—@=-x 1 0110{00000000
PC . 6 PC 6 0111[00000000
6 Update
N 100000
¢ ' Logic [~o [100000] Vo Data Memory

i281 CPU



Drawing Convention

* Inputs enter from the left (for each box)
* Outputs exit from the right (for each box)

« Control lines are vertical arrows (come from the top)



1281 CPU

* The CPU was designed specifically for this class ©



1281 CPU

* The CPU was designed specifically for this class ©

* It was designed by:
Kyung-Tae Kim and Alexander Stoytchev



1281 CPU Web Links

Download link for the software and hardware that
comes with Bubble Sort preinstalled:

Download link for a ZIP file with the hardware version
that comes with PONG preinstalled:

Web link for the i281 Simulator:


https://www.ece.iastate.edu/~alexs/classes/2023_Fall_281/i281_CPU/
https://www.ece.iastate.edu/~alexs/classes/2023_Fall_281/labs/Lab_13/
https://www.ece.iastate.edu/~alexs/classes/i281/index.html

i281 Simulator

Current Instruction: LOADI A, O i281 CPU Running: BubbleSort

- 3 21 BHGE
100000 [ 00110000 9 Opcode Control o — — —
100001 [1000110000001000 Decoder ] €, € €3 €4 €5 € € €5 € €5C); € €13 €14 €5 €16 €7 Cpg
100010 [0011010000000000
100011 [1101001100000000 lll‘l‘lllllllllll‘ 00 0000O0O0GO0O O 0000O0OOU
100100 [1111001100001110 Ooo01o000CO0COO0OCLOOOOCT OO0
100101 [1000110000001000 ]
o e 2 § SE .

| - c Speed:50
101000 [1111001100001000 Registers c, LR 1 -
101001 [1001100100000000 Flags e
101010 [1001110100000001 A [sooooc0o} ([0 0 0] Auto Mode on Show Description
101011 [1101111000000000 Game Mode on Show Bus Width
B : Regiater View Syntax Highlighting
C
101110 [1011100100000001 ALU o 15 Start PC @ 32 4 Show Data Path
c " 0
101111 [0101010000000001 n o
4 Stop At End 4 Show Control Path

110000 [1110000011110100 C \ _ﬂ % Stop V|

110010 | 1110000011101110

110011 | 00000000 00000000D Dloooooooo=

110100 | 0000000000000000

0000 00000111
0001 00000011

110101 [0000000000000000 o010 [_oooooolo
110110 [0000000000000000 0011 | 00000001
110111 [0000000000000000 P F'S C o1oo | 00000110
111000 [0000000000000000 B o101 [_00000100
111001 [0000000000000000 o110 [ooooolol
111010 [0000000000000000 . 1% ) o111 [Loooolooo
111011 [0000000000000000 - : Switches ———p——o | 1000 [ 00000111
111100 [0000000000000000 — PC t 1001 [ oooooooo
111101 [0000000000000000 Update 1010 [ 00000000
111110 __|  Logic ¢ 1011 [oooooced]
111111 1100 [(00000000]
Instruction Memory II”LI 1101100000000

1110 [_oooooooo

1111 [ oooooooo

Data Memory

To try the simulator, go to the class web page and follow the link.



How to Play Pong in the Simulator

Current Instruction: LOADI A, O i281 CPU Running: BubbleSort

- 3 2 EHEE
100000 [ 00110000 9 Opcode Control o — — —
100001 | 1000110000001000 Decoder [ | €1 €2 €1 €4 Cs € €5 €y g €€y €y €1 €y €5 Cpg €17 By
100010 [0011010000000000
100011 [1101001100000000 lll‘l‘llllllllllll 00 0000O0O0O0OUD 00000O0O0O
100100 [1111001100001110 0010000001 O0OCO00O0T 000
100101 [1000110000001000 ]
e L .

—J 100111 [1101011100000000 ] : 1%4 Speed:50
101000 [1111001100001000 | Registers | |es
101001 [1001100100000000 Flags e
101010 [1001110100000001 A [sscoooao} N ([0 0 0] Auto Mode on Show Description
toto11 [1101111000000000 [T Game Mode on Show Bus Width
101101 B [Tocoesas - —) 15 . Register View 4 Syntax Highlighting
101110 [1011100100000001 ALU o 15 Start PC @ 32 4 Show Data Path
c . 0
101111 [0101010000000001 1 . o
Stop At End Show Control Path

110000 [1110000011110100 C [ceoooooo —

110010 | 1110000011101110

110011 | 00000000 00000000D DIoooooooo:

110100 | 0000000000000000

LOAD

0000 00000111
0001 00000011

110101 [0000000000000000 o010 [oooooolo
110110 [ 0000000000000000 0011 | 00000001 '
110111 | 0000000000000000 ® ¥ 3 . 0100 00000110 CIICk |Oad
111000 [0000000000000000 B o101 [ 00000100
111001 [0000000000000000 o110 [00000101
111010 [0000000000000000 . 1% o111 [Loooolooo
111011 [0000000000000000 - : Switches —0—) 1000 [ 00000111
111100 [0000000000000000 — PC t 1001 [ oooooooo
111101 [0000000000000000 Update 1010 [ 00000000
111110 __|  Logic ¢ 1011 [oooooced]
111111 1100 [(00000000]
Instruction Memory |II|L| 1101100000000
1110 [Loooooooo
1111 [ oooooooo

Data Memory




1281 Assembler Examples

Load Assembly File Belr reue

Load file Search Algorithms »

Sorting Algorithms»
Struct
Switch Statement

 pong 1

Bios Switches

7-segment b

click on Examples and then select Pong



i281 Assembler Examples ¥

Successfully Assembled

Syntax Highlighting: ON Load New File
Go to CPU » & click the Green button

Assembly Code:

.data
0...3 empty BYTE 0,0,0,0
4..7 display BYTE 64,0,0,4
8..11 shape BYTE 64,8,64,1
12 incDec BYTE 1
13...15 switch BYTE 0,0,3

.code

0 NOOP



Current Instruction:

i281 CPU Running: Pong

|

000000
ooo0001
000010
000011
000100

000101
ooo110
000111
oo1o00
oo1001
oo1010
001011
oo1100
001101
001110
001111
olo000
010001
010010
010011
010100
010101
010110
010111
011000
011001
011010
011011
011100
011101
011110
011111

|1010110000001110

1000100000000111
1000110000001110
0110101100000000
1010100000000111
0001001000001110
1000110000001110
0111110001000000
1111000000000010
0011110000000100
1110000000000001
0011110000000010
0100101100000000
1010100000000111
1001100000000100
0110101100000000
1011100000000100
0101010000000001
0011110000000100
1101011100000000
1111000100000001
0011010000000000
1000110000001100
0100001100000000
1001111100001110

Instruction Memory E] |I|

Opcode
Decoder

o

O
S —

(] ]

Registers

[

oooo 0oooooo00

0001 00000000

0010 00000000
0011 00000000

olo0 0lo000000

0101 00000000
0110 00000000

C.’ CS
€2l %5
A| 00000000 } :
B
C
B [ H4|
ALU
CG Cc, c
o ammh | | '
B
c ‘ /
D,
D| 00000000 }
C,
€2 1 3 SWIlChES et
1
PC
Update
Logic
0

0111 00000100
1000 01000000
1001 00001000
1010 01000000
1100 00000001
1101 00000000
1110 00000000

1111 [00000011
Data Memory

0

=

1 0000O0OOO

Speed:50

Auto Mode on
% Game Mode on
Register View

Start PC @ 32
[ stop At End

Show Description
Show Bus Width
4 syntax Highlighting
[ Show Data Path
4 Show Control Path

000O0O0OCOO



Game Mode in the Simulator

F "l |-| -
u P R

000O0O0OO0OOW 0 00O0O0O0O0ODQW

Speed:100

4 Auto Mode on |_|Show Description

4 Game Mode on |_|Show Bus Width

|_|Register View 4 Syntax Highlighting
Start PC @ 32 % Show Data Path

% Stop At End % Show Control Path




Game Mode in the Simulator

{u{u il
O BEARRAAR R e

0O00O0O0O0CO0OO 000O0O0OODO

use the slider to increase

—] the sped to 100

Speed:100
check these Auto Mode on '_|Show Description
two boxes 4 Game Mode on |_|Show Bus Width
|_|Register View 4 Syntax Highlighting
Start PC @ 32 % Show Data Path
% Stop At End % Show Control Path




Game Mode in the Simulator

F "l |-| -
u P R

0O00O0O0O0CO0OO 000O0O0OODO

Speed:100

4 Auto Mode on |_|Show Description

4 Game Mode on |_|Show Bus Width

|_|Register View 4 Syntax Highlighting
Start PC @ 32 % Show Data Path

% Stop At End % Show Control Path

£

click reset to play again



The 1281 Simulator Was Implemented by a
Senior Design Team (Fall 2020/Spring 2021)




The 1281 Simulator Was Implemented by a
Senior Design Team (Fall 2020/Spring 2021)

Brady Kolosik

- ‘ Eric Marcanio

Colby McKinley



The CPU Components



/

100000

100001
100010
100011

100100
100101
100110

100111
101000

—

00110100

00000000

00110000

00000001

10001100

00000000

The Code Memory (or Instruction Memory)

J6 o \\8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

\ Code Memory /

\

d 8 low
N

OpCode
Decoder

Control

N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8

RERRERRERERR RN RN

00000000000O0OO0OO0OOO0OO0OO

allo |

1C14

Registers Flags A
00000000 0000
Jd4
N
. 00000000 Jes NSO low
A \8 O\ 1018
\ 8 8
00000000 e .ASF 0 g
1 4 low
00000000 ~ lc” 1!
438 4
4 0000100000101 o
8 0001100000000] | 1
o= l% 0010{00000000
g 0011{00000000] j=
6 low Se—di 0 g 0100{00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111]00000000
pdate 100000
Logic [~o [100000] Vo Data Memory

i281 CPU



/

—

100000

100001
100010
100011

100100
100101
100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

CMEM (or IMEM)

16
N

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

\

\ Code Memory /

\

d 8 low
N

OpCode
Decoder

Control

081 109 1010 1C14
Registers Flags 4
\
00000000 0000
14
2 00000000 105 \fﬂow
\
Ay \\8 O\ ) . . 1018
00000000 \ B 1o .
1/ 4 low
00000000 J e 1
\\8 4
4 0000100000101 o
8 0001{p0000000] | Y.
— 1016 0010[00000000
] 0011{00000000] j=
6 low Se—di 0 g 0100{00000000
Je Jes _ 16 8low 0101[00000000
PC \ 1 Switches —<—¢-x 1 0110/00000000
Undat 6 PC 0111/00000000
paate |1ooooo|
Logic ~ 0 V6 Data Memory

i281 CPU



B

The OpCode Decoder

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 i 27
100010 10001100[ 00000000]] (16 o (8high | OpCode — Control
\ \
l6 |toooil 11218813 gggggggg Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101[5T000700] 00000005]| | — EARRRRRRARERERRR
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
< \8 O\ 1018
* 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
= 1016 0010[00000000
3 0011{00000000] =
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

The Control Logic

6 [100000] 00110100/ 00000000 /
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode c Control
\ \
16 |*00011]11010011]00000000 Decoder €1 €2 C3C4 C5C6C7C3CyCppCpp C12C13C1qCr5C16C17Co8
< 100100[ 11110010] 00000011
d 8 low
100101[ 01000100[ 00000000 N lllllllllll 11 1 ll 11
6 [100110] 01010000[ 00000001 QOOOOOOOOOOOOOOOOO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
< \8 O\ 1018
© 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Je
Control Signal #1
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010 10001100[ 00000000 \\16 \\Shlgh OpCode — Control
l6 |t00011[11010011]00000000 Decoder Y C1)C2 €3 C4 C5 C6 C7 Cg C9 C10 C11 C12 €13 C14 €15 C16 C17 Ci8
~—100100[ 11110010 00000011
8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 0)0000000000O0O0O0OOO0OO0OO
1001111 11100000{11111011
101000 10100100{ 00000010
Code Memory
Csl 1 [Cio
11 1 1C14
Registers Flags A
A 00000000 0000
44
o | B Looo00000 Jes NSO low
a \8 O\ 1018
C 00000000 ) i 3 il
Ay .AF 8
1 4 low
D 00000000 ~ fer !
438 4
4 0000{00000101 o
8 0001100000000] |
| 1% 0010/00000000
g 0011100000000 |~
6 low S, 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC KE D Switches =—c—@=-x 1 0110{00000000
Und < 6 PC 6 0111/00000000
6 pdate 6
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Y
Control Signal #1
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000} \ 16 o 8Jhigh | OpCode — Control
\ \
l6 [toooil 11218813 88838822 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101[5T000700] 00000005]| | AARRRRRRRREREERE
6 [100110] 01010000[ 00000001 ﬁ)OOOOOOOOOOOOOOOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
a \8 O\ 1018
N 8 8 8 [
\
00000000 . - — "
1/ 4 low
00000000 fer !
438 4
4 0000100000101 o
8 0001f00000000| |
= 1016 0010[00000000
3 0011{00000000] =
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jo
Control Signal #2
100000 00110100{ 00000000
100001| 00110000| 00000001 ,
100010[ 10001100] 00000000]} 16 o 8high | OpCode Control
100011 11218813 gggggggg Decoder CCyC3C4C5C5C7C8CoCp0Cp1C12C13C14C15C16C17C13
100100
d 8 low
100101[97600100[ 00000000]| | HHHHHHHHH
100110[ 01010000| 00000001 0000000000 O0OO0OO0OO0OOOO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
A 100000000 0000
J4
N
o | B Looo00000 Jes NSO low
e 8 \ 1018
17 s 8 8
C 00000000 e ——0 7 ¢
1/ 4 low
D looooo000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010{00000000
g 0011{00000000] j=
6 low Se—di 0 g |0100[00000000
|2 Je: 6 Slow 0101[00000000
PC KE Switches =—c—@=-x 1 0110{00000000
Und ) 6 PC 6 011100000000
6 pdate 6
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Je
Control Signal #2
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 100011 1121881; 88838822 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101 07600700[00660005]| | R RRRR RN R
6 [100110] 01010000[ 00000001 09pPp0O0O0OD0OD0O0O0O0OD0OD0OO0ODOO0ODO0ODCOOO
100111[11100000[ 11111011
1010001 10100100[ 00000010 /
Code Memory
Csl 1Co C10
11 1 1C14
Registers Flags A
00000000 0000
44
. 00000000 Jes ) U
B \8 O\ 1018
< 8 8 8
\ 0
00000000 . - — "
1 4 low
00000004 - lc” 1!
/ 438 4
4 0000100000101 o
8 0001100000000] | Y.
o< 1016 0010[{00000000
3 0011{00000000] j=
6 low Se—di 0 g |0100[00000000
Cy lc3 . 16 8low 0101)00000000
PC . ) Switches =—c—@—x 1 0110/00000000
Und 6 PC 0111{00000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



fo
Control Signal #18
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 C11 C12 €13 C14 C15 C16 C17(Cisg
~—100100[ 11110010 00000011
d 8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 00000000000 O0O0OOOOGOLO
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
Cg]l 1Co [ Cio
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
\
\ > o 8 8 8 @
00000000 e —— ¢ g
1 4 low
00000000 ~ fer (] L
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
= lclﬁ 0010/00000000
g 0011{00000000] |~
6 low S, 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111{00000000
6 pdate
N : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jo
Control Signal #18
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |*00011]11010011]00000000 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
< 100100[ 11110010] 00000011 R low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1
6 [100110] 01010000[ 00000001 00000000000 O0O0OO0OOO0OO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
C C
CSll 9 1 10 1C14
Registers Flags A
00000000 . 0000
N
N
J 6 low
00000000 1015 N\
8
§ . o 8 8 s NG
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
J6 low Se—di 0 g |0100[00000000
N
) c g1 0101]00000000
ll 1 ; Switches \16r\ = 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

All Control Signals

6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 [to00il 11218813 88838822 Decoder N 60203 €4 C5C6 C7C3C9CppCpp C12C13C1qC15C16C17Cr8
Y 100100
d 8 low
100101 01000100[ 00000000 N l l l 1 l l l 1 l l 1 l 1 l l
6 |100110[ 01010000[ 00000001 000000000000 O0O0O0O0O0 0/
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
Registers '
g cal [es Flags \\4
00000000] [ 0000
B \\4
C
. 00000000] |D @
e ) 8 IS
YN ~—" ] s 8
00000000 e
B
1 4 low
C
00000000] |p ~ @
438 4
4 0000100000101
8 0001100000000
= 0010{00000000
: N 0011{00000000
6 low Se—di 0 0100{00000000
l°3 6 8low 0101{00000000
PC . Y Switches =—c—@=-x 1 0110{00000000
Und PC 0111]00000000
6 pdate
¢ N : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



101 Write Enable
100000| 00110100{ 00000000
100001| 00110000( 00000001
100010[ 10001100[ 00000000 ° OpCode Control
1000111 110100111 00000000 Decoder 60203 C4 C5 Cg C7 C3 Cg C1o C11 C12 C13 C14 C15 Cig C17 Ci8
100100 11110010 00000011
100101 7000100 00000030 ERRARRRRRRR RN RE
100110[ 01010000| 00000001 \000000000000000000/
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory Vi _
elect Write Enable :
Write Enable
081 109 1010 1014
Registers CPOgOIRead Select ALU Select Flags
4 5 C
12 Ci3
00000000} |2A I{ 0000
B
C ALU Result IREG Writebac
00000000 D c;sMux Mux
Port1]Read Select 10
Co| |cy ALU Source| Al U 0 18
00000000 [N J enMux —0
B Write Enable
1
C -~ C17 11
00000000 D
DMEM Input 0000{00000101
Mux 0001100000000
¢ l% 0010{00000000
.. ) 0011{00000000] =
ux _ 0100[00000000
Je Wmeﬁ?ab'e 0101[00000000
PC ) Switches . 1 0110/00000000
PC 0111/00000000
Update | 100000
Logic 0 Data Memory

i281 CPU



Write

101 Write Enable

Select The green inputs are generated/computed internally.
100000 00110100| 00000000
100001 00110000| 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011 11010011 00000000 Decoder €1 €3 €3 C4 C5 C6 C7 Cg Cg C1g C11 €12 €13 €14 €5 Ci6 C17 Cr8
100100 11110010| 00000011
100101 01000100 00000000 ERRRRRARRERERRERE
100110[ 01010000| 00000001 00000000000O0O0OOOOO0OO
100111) 11100000f11111011
1010001 10100100/ 00000010
Read  Code Memory Vi _
Select clect  Write Enable Write Enabl
rite Enable
081 109 1010 1014
Registers C4P°réOIRead Select ALU Select Flags
3 Cr2 Ci3
00000000 A I{ 0000
B
C ALU Result IREG Writebac
00000000 D c;sMux Mux
Port1jRead Select 10
Input ¢ e ALU Source| Al U 0 18
00000000 [N J enMux —0
g 1/ Write Enable
00000000] |D Read C17 11
Selegt
DMEM Input 0000{00000101
Mux 0001100000000
[ 1016 Write 1 0010{00000000
> Select] 001100000000 f=
PC Mux 0100/00000000
Write, Enable
1(;2 103 . 0101]00000000
PC ) Switches . 1 Input | 0110{00000000
Uodut PC 0111{00000000
pdate | 100000
[ 3 .
Logic 0 Data Memory

i281 CPU



Write lcl Write Enable : -
Select The purple inputs are generated manually from switches.
100000/ 00110100| 00000000
100001| 00110000| 00000001
nput_|20010 10001100[ 00000000 ° OpCode Control
100011 11218813 8883882(1) Decoder €1 €3 C3 €4 C5 C6 C7 Cg C9 C1g C11 C12 €13 C14 €15 C16 C17 C18
100100
100101 51000700] 00000000 ERERRRRRRARRRRRRR
100110 01010000[ 00000001 00000000000O0OO0OO0OO0OOO0OO
1001111 11100000f11111011
101000 10100100/ 00000010
Read  Code Memory Vi _
Select clect  Write Enable ,
081 109 1c10 Write Enable
| 1014
Registers C4P°r£ Read Select ALU Select Flags
Cr2 Ci3
00000000] |A I{ 0000
B
C ALU Result |IREG Writebac
00000000 D c;sMux Mux
Port1]Read Select 10
Input 061 C7 ALU Source| a| U 0 18
00000000 [N J c1iMux L 1o
B Write Enable
C 1/ c _
00000000] |D Read 17 1
Selegt
DMEM Input 0000{00000101
Mux 0001100000000
® 1016 Write | 0010/00000000
> Select] 0011{00000000] =
PC Mux ] 0100/00000000
Je Wmeﬁ?ab'e 0101[00000000
PC ) Switches S 1 Input | 0110{00000000
Uodut PC 0111]00000000
pdate 100000
@ .
Logic 0 |—| Data Memory

i281 CPU



Write .
Write Enable . . . .
Select Jo This one is both green and purple (i.e., internal/external).
100000| 00110100/ 00000000
100001} 00110000( 00000001
nput_|20010 10001100[ 00000000 ° OpCode Control
100011 11218813 88838822 Decoder €1 €3 €3 C4 C5 C6 C7 Cg Cg C1g C11 €12 €13 €14 €5 Ci6 C17 Cr8
100100
100101 57000 160] 60000000 EARRRRRRARERERRR
100110[ 01010000| 00000001 00000000000O0O0OOOOO0OO
1001111 11100000 11111011
101000} 10100100( 00000010
Read  Code Memory Vi _
Select clect  Write Enable Write Enabl
rite £nabie
081 109 1010 1014
Registers C4P°r£|Read Select ALU Select Flags
Cr2 Ci3
00000000 A I{ 0000
B
C ALU Result IREG Writebac
00000000 D c;sMux Mux
Port1]Read Select 10
Input ¢ e ALU Source| Al U 0 18
00000000 [N J enMux —0
g 1/ Write Enable
00000000} |p Read €17 1
Selegt
DMEM Input 0000{00000101
Mux 0001100000000
@ 1016 Write ] 001000000000
> Select] 0011100000000] =
PC Mux ] 0100/00000000
1c2 Wmeﬁ?ab'e nputd 5101[00000000
PC ) Switches = 1 Input | 0110{00000000
Uodut PC 0111{00000000
paate | 100000
¢ Logic 0 Data Memory

i281 CPU



B

6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |toooil 11010011} 00000000 Decoder N €1 CpC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Cr8
. 100100[ 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 109 1 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
\\ 8 \
%7 s 8 8
00000000 e - —
1/ 4 low
00000000 lc”
438 4
4 0000100000101 o
8 0001100000000] | 1
o—x 1016 0010{00000000
g 0011{00000000| =
6 low Se—di 0 g 0100{00000000
1c2 103 _ T16__Slow 010100000000
PC . ) Switches =—=—@=x 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] & Data Memory
The Switches

for User Input

i281 CPU
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These 16 switches are used for input into the Code Memory.
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These 8 switches are used for input into the Data Memory.
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B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ A} \
l6 [toooil 11218813 gggggggg Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory /
/ af o Je \ The Reqgister File
8 9 10 . .
With Four Registers J e
Registers . Flags A
Cr2 Ci3 N
00000000 [X | l 0000
B \8 \\4
¢ J 6 low
) 00000000 D 1015 N\
\
N Cg C7 \\8 O\ ] ] 3 1018
00000000f '} e —— " g
B
1 4 low
C p—
00000000 y ~ fer !
438 4
K / 4 0000100000101 o
8 0001100000000] |
—x 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 6 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ A} \
l6 [toooil 11218813 gggggggg Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
The Arithmetic Logic Unit
C
e feu (ALU) J e
Register
egisters .\ e m Flags A
13 N
00000000 | l 0000
.8 J4
< N
. 00000000 Jes NSO low
< \8 O\ 1018
00000000 e —— " g
1 4 low
8 p—
00000000 ~ fev 1
\ /8
000000000101 o
8 0001100000000] |
—x 1016 0010{00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: | 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 6 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |tocoi1 11010011] 00000000 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
< 100100[ 11110010] 00000011
8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000 O0OOO0ODCOOODO
100111['11100000] 11111011
1010001 10100100[ 00000010
Code Memory _
The Flags Register
081 109 1010 1c14
Registers el e Flags 4
4 5 c \
12 Ci3 N
00000000] [X | l 0000
B 8 N 4
\\ N
¢ J 6 low
) 00000000 D 1015 N\
< \8 O\ 1018
* 8 8 8
00000000 A ——° 7 ¢
1/ 4 low
00000000 lc” 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
103 . 16 8low 0101]00000000
PC . ) Switches =—c—@—x 1 0110/00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000} \ 16 o (8high | OpCode — Control
\ \
l6 |toooil 11218813 88838822 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100{ 00000010
Code Memory
e oo Jeu The Five Bus Multiplexers .
Registers Flags 4
\
00000000 0000
J4
N
) 00000000 ( 1015\
\\ \8 \
* 8 8
00000000 . e
1/ 4 low
00000000 Nl 1017
438 4
000000000101 o
8 0001100000000] |
—x 0010[00000000
3 0011100000000/ f=
\\6 low e 0100{00000000
6 81 0101{00000000
. oW
PC Switches =—c—@=-x 0110{00000000
0111{00000000
| 6 Update
) Logic & Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |toooil 11218813 gggggggg Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
A 100000000 0000
J4
N
o | B Looo00000 Jes NSO low
< \8 O\ 1018
* 8 8
C 00000000 e .ASF 0 ¢
1/ 4 low
D looooo000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
The Program Counter s 0011[00000000] -
. \
\\6 low Update LOQIC - 8 0100/00000000
Je2 Je: 6 Slow 0101[00000000
PC 6 | Switches =—c—@=-x 1 0110{00000000
Ut ) 6 PC 011100000000
6 pdate 6
® \ : 100000
' Logic o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |tocoi1 11010011] 00000000 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
< 100100[ 11110010] 00000011
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000 O0OOO0ODCOOODO
100111['11100000] 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes ) U
< \8 O\ 1018
* 8 8 8
00000000 A ——° 7 ¢
1/ 4 low
00000000 lc” 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
The Program Counter g |3 0011100000000/ |~
\\6 low e 8 0100{00000000
1c2 Je: | 16 8 low 0101[00000000
PC . ) Switches =—c—@—x 1 0110/00000000
Und PC 011100000000
6 pdate
¢ \ : 100000
: Logic | [100000] & Data Memory

i281 CPU



B

6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |toooil 11010011} 00000000 Decoder N €1 CpC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Cr8
. 100100[ 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 109 1 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
\\ 8 \
%7 s 8 8
00000000 e - —
1/ 4 low
00000000 lc”
438 4
4 0000100000101 o
8 0001100000000] | 1
o—x 1016 0010{00000000
g 0011{00000000| =
6 low Se—di 0 g 0100{00000000
1c2 103 _ T16__Slow 010100000000
PC . ) Switches =—=—@=x 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] & Data Memory
The Switches

for User Input

i281 CPU




B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags A
00000000 0000
44
. 00000000 Jes ) U
\\ 8 \
17 s 8 8
00000000 e - —
1/ 4 low
00000000 [ 1C” \
438 N
4 000000000101 o
8 S 0001100000000] | N
= 1016 0010[00000000
g 0011100000000/ =
6 low Se—di 0 g ||0100[00000000
\
1c2 103 | 16 8 low . 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
* Logic [~o [100000] & \_Data Memory /

The Data Memory

i281 CPU




B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |*00011]11010011]00000000 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
< 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111['11100000] 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags A
00000000 0000
44
. 00000000 Jes ) U
< \8 O\ 1018
© 8 8 8
00000000 e —— " g
1/ 4 low
00000000 / 1C” B
438 N
4 000000000101 o
8 S 0001100000000] | N
—x 1016 0010[00000000
g 0011100000000/ =
6 low Se—di 0 g ||0100[00000000
\
1c2 103 | 16 8 low . 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
* Logic [~o [100000] & \_Data Memory /

DMEM
i281 CPU



The Memory Layout



Memory Layout

* The i281 CPU uses two different memories



/

T—

100000

100001
100010
100011

100100
100101
100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

CMEM (or IMEM)

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

\ Code Memory /

OpCode
Decoder

Control

Cgl 109 1010

Registers

00000000

00000000

00000000

00000000

o
=)

S

\U aw }»/
e
(@]
N

o
\cow> s
(@]

1C14

Flags

0000

ALU 0

1011

C17

0000

00000101

0001

PC
Update
Logic

Je2

|

PC

000000

00000000

0010

00000000

0011

00000000

0100

00000000

0101

Switches 9

00000000

0110

00000000

0111

00000000

Data Memory

|

DMEM

i281 CPU



Memory Layout

* The i281 CPU uses two different memories

* Data Memory
= 16 x 8 bits

« Code Memory
* 64 x 16 bits



Memory Layout

* The i281 CPU uses two different memories

* Data Memory
= 16 x 8 bits

« Code Memory
* 64 x 16 bits

* Note that they have different number of bits



Memory Layout

* The i281 CPU uses two different memories

* Data Memory
=16 x 8 bits ( only 16 bytes!)

« Code Memory
» 64 x 16 bits ( only 128 bytes! )

* This is a combined total of 144 bytes!



Memory Layout

* The i281 CPU uses two different memories

* Data Memory
=16 x 8 bits ( only 16 bytes!)

« Code Memory
» 64 x 16 bits ( only 128 bytes! )

* This is a combined total of 144 bytes!
* Which is enough to represent 48 pixels on this slide!



Data Memory Layout

* Organized as one contiguous block

 Data Memory
 Random access
 Read/write memory
= 16 x 8 bits
= Only 16 bytes!



Data Memory Layout

* Organized as one contiguous block

 Data Memory
 Random access
 Read/write memory
= 16 x 8 bits
= Only 16 bytes!

* Implemented as a register file with 16 registers,
each of which is 8-bits wide.

* The register file has one read port and one write
port. It also has a write enable input.



Video Card

 Memory-mapped video memory

* The first 8 bytes of the data memory are connected
to the 7-segment displays on the Altera board

* Writing to these memory cells automatically lights up
the displays, which use only the 4 least significant bits

* In video game mode each LED is controlled separately
using a different set of 7-segment decoders & all 8 bits

* The contents of the second 8 bytes of the data memory
cannot be visualized, but programs can still use them



Data Memory Contents for the
Bubble Sort Program

00000111
00000011
00000010
00000001
00000110
00000100
00000101
00001000
00000111
00000000
00000000
00000000
00000000
00000000
00000000
00000000



Data Memory Contents for the
Bubble Sort Program

Address Data
0000 00000111
0001 00000011
0010 00000010
0011 00000001
0100 00000110
0101 00000100
0110 00000101
0111 00001000
1000 00000111
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000



Data Memory Contents for the
Bubble Sort Program

Address Data Comment
0000 00000111 //array[0]
0001 00000011 //array[1]
0010 00000010 //array[2]
0011 00000001 //array[3]
0100 00000110 //array[4]
0101 00000100 //array[5]
0110 00000101 //array[6]
0111 00001000 //array[7]
1000 00000111 //last
1001 00000000 //temp
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000



Memory-Mapped Video Memory

Address Data
0000 00000111
0001 00000011
0010 00000010
0011 00000001
0100 00000110
0101 00000100
0110 00000101
0111 00001000
1000 00000111
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000



Memory-Mapped Video Memory

Address Data
0000 00000111
0001 00000011
0010 00000010
0011 00000001
0100 00000110
0101 00000100
0110 00000101
0111 00001000
1000 00000111
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000

1]

1




Memory-Mapped Video Memory
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Memory-Mapped Video Memory

Address Data
0000 00000111
0001 00000011
0010 00000010
0011 00000001}—— |
0100 00000110 -

0101 00000100 -l

0110 Q1100101 =

0111 00001000 -

1000 00000111

1001 00000000 Changing these bits
will not affect what is

1010 00000000 ispiayed, but it will

1011 00000000 affect the program.

1100 00000000

1101 00000000

1110 00000000

1111 00000000

|

i _l_ ]




Memory-Mapped Video Memory

Address
0000
0001
0010
0011
0100
0101
0110
0111
1000 00000111

1001 00000000 Changing these bits
will not affect what is

1010 00000000 gisplayed, but it will
1011 00000000 affect the program.
1100 00000000
1101 00000000
1110 00000000
1111 00000000




Memory-Mapped Video Memory

Address Data
0000 00000111
0001 00000011
0010 00000010
0011 00000001}—— |
0100 00000110 -
0101 00000100 -
0110 00000101}—— =
0111 00001000—— !
1000 |00000111

1001 00000000 _This memory cell
is used by the program,

1010 00000000 pyt it cannot be visualized
1011 00000000 onthe 7-segment displays.
1100 00000000
1101 00000000
1110 00000000
1111 00000000

i _l_ _l_




Memory-Mapped Video Memory

Address
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110

Data
00000111
00000011
00000010

|

i _l_ ]

00000001——— |

00000110
000000100

00000101} —— -

00001000 I
/00000111

00000000
00000000
00000000
00000000
00000000
00000000

1111

00000000

All of these cannot be visualized
on the 7-segment displays.



Memory-Mapped Video Memory
in Video Game Mode

Address Data
0000 00000000
0001 00000000
0010 00000000
0011 00000000
0100 01111001
0101 01010100
0110 01011110
0111 00000000
1000 00000000
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000



Memory-Mapped Video Memory
in Video Game Mode

Address Data

0000 000000
0001 00000000—
0010 000000000}——

0011 000000
0100 01111001}——

0101 01010100
0110 OI011110
0111 00000000

1000 00000000
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000




Memory-Mapped Video Memory
in Video Game Mode

Address

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Data

000000
00000000—

00000000——
90000000 —
oii11001——
q10101ook——»
DI011110

00000000+ _

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

In this case the last 7 bits

are used and each controls
one of the 7 LEDs.



Code Memory Layout

 Split into two parts

* BIOS Code Memory (addresses 0 to 31)

 Read only memory
» 32 x 16 bits

* User Code Memory (addresses 32 to 63)
* Read only memory (in User mode)

 Read/Write memory (in BIOS mode)
* 32 x 16 bits



/

100000

100001
100010
100011

100100
100101
100110

100111
101000

—

00110100

00000000

00110000

00000001

10001100

00000000

This shows only a small
part of the user memory.

° OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Decoder

Control

\ Code Memory /

Cgl 109 1010

1018

This shows only the first half
of the data memory

Registers
g cal [cs eol e Flags
13
A [oooooooo] [} 11 0000
B
C
B Looooo000] |2 1C15
C6llc7 ALU O\
C loooo0000] [N Jen )\
B
1
C p—
D 00000000} |D - % 1017 \ [ !
0000100000101
0001100000000
¢ l% 0010[00000000
001100000000
0 0100{00000000
Je2 Je: 0101[00000000
PC ) Switches o 1 0110{00000000
PC 0111{00000000
Update 000000
Logic 0 \_Data Memory /

i281 CPU



B

100000| 00110100[ 00000000
100001| 00110000[ 00000001
100010[ 10001100[ 00000000 OpCode Control
100011 1121881; 88838822 T Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100
100101 [ 67656T00] 03060000 RN RN RN
100110 01010000| 00000001 00000000000 O0O0DOOOBGCOOO
100111[11100000[ 11111011
101000{ 10100100[ 00000010
Code Memory
Cgl 109 1010 1C14
Reqisters
g cal [cs eol e Flags
13
00000000] [X | l 0000
B
C
00000000 D 1%
C6llc7 ALU O\
00000000 [N Jen &
B
1
C —
00000000] |p ~ lc”
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000] }=
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches 9 1 0110/00000000
PC 0111/00000000
Update 000000
Logic 0 Data Memory

i281 CPU



The OPCODE Decoder



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 i 27
100010 10001100[ 00000000]] (16 o (8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
~—100100[ 11110010 00000011 N 7
d 8 low
1001011 010001001 00000000 N l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
a \8 O\ 1018
* 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fer !
438 4
4 0000100000101 o
8 0001100000000] |
= 1016 0010[/00000000
g 0011100000000 |~
6 low S, 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111/00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



There are only 26 OPCODEs

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE



There are only 26 OPCODEs

NOOP ADD SHIFTL
INPUTC ADDI SHIFTR
INPUTCF SUB CMP
INPUTD SUBI JUMP
INPUTDF LOAD BRE
MOVE LOADF BRZ
LOADI STORE BRNE
LOADP STOREF BRNZ
BRG
BRGE

All of these are available in the assembly language for this processor.
However, three pairs are aliased at the machine language level.



25
There are only 26 OPCODEs

NOOP ADD SHIFTL
INPUTC ADDI SHIFTR
INPUTCF SUB CMP
INPUTD SUBI JUMP
INPUTDF LOAD BRE
MOVE LOADF BRYZ
LOADT these two STORE BRNE
are aliased STOREF BRN?Z
BRG
BRGE

They have a different meaning in the assembly language, but the
assembler maps them to the same machine language OPCODE.



25
There are only 26 OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE



24
There are only 26 OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

these two
are aliased



23
There are only 26 OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP

these two
are aliased

these two
are aliased



There are only 23 OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP

JUMP
BRE/BRZ
BRNE/BRNZ
BRG

BRGE



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 i 27
100010 10001100[ 00000000]] (16 o (8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
~—100100[ 11110010 00000011 N 7
d 8 low
1001011 010001001 00000000 N l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
a \8 O\ 1018
* 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fer !
438 4
4 0000100000101 o
8 0001100000000] |
= 1016 0010[/00000000
g 0011100000000 |~
6 low S, 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111/00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Yo NOOP
1 — En
N En W yy |— INPUTC
¥» |— MOVE 1 Y |— INPUTCF
V3 LOADI/LOADP w, & Y2 [—— INPUTD
Ya ADD w, & 73 [~ INPUTDF
T ADDI .
o
— Je SUB
; v, SUBT En g % |— SHIFTL
S LOAD 7 Y1 |— SHIFTR
& &
S LOADF g
W, Y10 STORE 1" &
wy, U STOREF
= En % 3, — BRE/BRZ
W, ¥ 11 = Qo
. " —cuMp L Y1 |—BRNE/BRNZ
0
14— JuMP ¢ w, & J2 [—BRG
7 olw, 2 7 |—BRGE
<
I15 I14 Il3 I12 I11 IlO I9 IB I7 IG IS I4 I3 I2 Il IO
J\ J\ J
) 4 ) 4 8
| ADDR/VAL/OFFSET
<2 Ry
L 2

RX



En
N
iR
Q
S,
o)
(@
(@)
(@)
o)
o
(@]
-

W3

4%

Wi

40

Yo
N
Y2
y3

Ja
Y5

Yo
Vi
8
Yo
Yo
1
N2
N3
Na
s

NOOP

En % y, |— INPUTC
MOVE 1 Y |— INPUTCF
LOADI/LOADP w, & Y2 [—— INPUTD
ADD W %_Jﬁ —— INPUTDF
ADDI -
SUB
R b
LOAD iy
LOADF g
STORE 1" &
STOREF
En % y) |—BRE/BRZ
CMP 71 i |— BRNE/BRNZ
JUMP ¢ w, & J2 [—BRG
o— % Y3 — BRGE
g

The second instruction byte

is NOT routed through
I, the OPCODE decoder.

ADDR/VAL/OFFSET

N
no Joo

> RY

N\
N

, RX



En

IOP0J3P 9[-01-

Yo NOOP
N En W yy |— INPUTC
¥» |— MOVE 1 Y1 |— INPUTCF
V3 LOADI/LOADP w, & Y2 [—— INPUTD
Ya ADD w, & 73 [~ INPUTDF
Js ADDI -
6 SUB
; SUBT En g % |— SHIFTL
e LOAD z Y1 |— SHIFTR
Yo LOADF g
Y10 STORE "o &
J STOREF -
.= En % y, |—BRE/BRZ
/13— cup 71 i |— BRNE/BRNZ
i i;‘ JUMP w, & J2 [—BRG
w, & 73 [—BRGE

=
I, Ig

<2 Ry

L 2

RX



B

6 [100000| 00110100| 00000000
] 100001| 00110000 00000001 _ 27
100010[ 10001100[ 00000000 | 16 8 high | OpCode — Control
l6 |toooil 1121881; 88838822 Decoder N €1 CpC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Cr8
Y 100100
d 8 low
100101 0To00 o0l o0000000]| | NN R R RN
6 [100110] 01010000[ 00000001 00000000000 O0OOO0ODCOOODO
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags A
00000000 0000
J4
N
. 00000000 Jes ) U
B \8 O\ 1018
< 8 8 8
\ 0
00000000 . - — "
1/ 4 low
00000000 lc” 1
\\8 4
4 0000100000101 o
8 0001100000000] | 1
—x 1016 0010{00000000
3 0011{00000000| =
\[6 low Se—di 0 g 0100{00000000
Cy ¢ 6 81 0101{00000000
PC . ll 1 Switches =—c—@—x = 1 0110/00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Yo NOOP
N En W yy |— INPUTC
¥» |— MOVE 1 Y1 |— INPUTCF
V3 LOADI/LOADP w, & Y2 [—— INPUTD
Ya ADD w, & 73 [~ INPUTDF
T ADDI .
o
> SUB SHIFTL
o I SUBI En - ;’0 —s
- — SHIFTR
S LOAD N
& &
SRR LOADF G
Y10 STORE 1" &
=
J STOREF
.= En % y, |—BRE/BRZ
/13— cup 71 i |— BRNE/BRNZ
14— JuMP ’ w, & J2 [—BRG
7 olw, 2 7 —BRGE
S
These 4 bits
\ pass through,
I, | I, but don't go
- through the
decoder tree.
¢ 2 Ry

N\
N

7
— RX/




En

IOP0J3P 9[-01-

Yo NOOP
N En W yy |— INPUTC
¥» |— MOVE 1 Y1 |— INPUTCF
V3 LOADI/LOADP w, & Y2 [—— INPUTD
Ya ADD w, & 73 [~ INPUTDF
Js ADDI -
6 SUB
; SUBT En g % |— SHIFTL
e LOAD z Y1 |— SHIFTR
Yo LOADF g
Y10 STORE "o &
J STOREF -
.= En % y, |—BRE/BRZ
/13— cup 71 i |— BRNE/BRNZ
i i;‘ JUMP w, & J2 [—BRG
w, & 73 [—BRGE

=
I, Ig

<2 Ry

L 2

RX



En

IOP0J3P 9[-01-

Yo
N
Y2
y3
Ja
Y5
Yo
Y
8
Yo
Yo
1

N2
N3
N4
s

NOOP

MOVE
LOADI/LOADP
ADD

ADDI

SUB

SUBI
LOAD
LOADF
STORE
STOREF

CMP
JUMP

En % y, |— INPUTC
1 Y |— INPUTCF
w, & Y2 [—— INPUTD
w, & 72 |— INPUTDF
s
En T y, |— SHIFTL
&}
Y, Y1 |— SHIFTR
o
o
(@)
o
Wo g—
=
En % y) |—BRE/BRZ
o
L 71 |—BRNE/BRNZ
w, & 2 [—BRG
L N —
- BRGE
-
YO

v1 These are their

names used in the
X0 hardware design.
X1






3

Top039p HAODdO

Yo
N
B Z)
Y3

Y4
Y5

Yo
2

)3
Yo

J1o
J1

J12
J13

N4
J1s

Ji6
N7

Jis
J19

Y20
21

J22
Y23
Y24

Jas
Y26

—— NOOP
—— INPUTC
— INPUTCF
—— INPUTD
—— INPUTDF
MOVE

— LOADI/LOADP

—— ADD
— ADDI
—— SUB
—— SUBI
—— LOAD
LOADF

—— STORE
—— STOREF
- SHIFTL
—— SHIFTR
—— CMP

—— JUMP
—— BRE/BRYZ

—— BRNE/BRNZ

—— BRG
—— BRGE
— X1
— X0
— Y1
— YO




En

1OP039p HAODO

% I— Noop \
Y1 }— INPUTC
V2 b— INPUTCF
V3 |— INPUTD
V4 b— INPUTDF
J5 MOVE
Y6 — LOADI/LOADP
Y7 — ADD
Ys — ADDI
Yo |— suB 23 one-hot
encoded
Y10 — SUBI outputs
Y11 — 1,0AD
Y12 LOADF
Y13 |— STORE
Y14 STOREF
JVis — SHIFTL
Y16 — SHIFTR
7 — CMP
Y18 f— JUMP
19— BRE/BRZ
)20 |— BRNE/BRNZ
)21 — BRG
\@ —— BRGE /
Y3 b—x1
Yoa — X0
Vs b—v1
Y26 — YO




3

Top039p HAODdO

Yo — NOOP

Y1 }— INPUTC

Y2 — INPUTCF

V3 |— INPUTD

V4 b— INPUTDF

Y5 MOVE

Y6 — LOADI/LOADP
Y7 — ADD

Ys — ADDI

Y9 |— SuB

J10 — SUBI

Y11 — 1,0AD

Y12 LOADF

Y13 |— STORE

Y14 STOREF

Vis b— SHIFTL

Y16 — SHIFTR

.y17 I CMP

Y18 f— JUMP

19— BRE/BRZ

)20 |— BRNE/BRNZ
)21 — BRG

)22 b— BRGE

Y3 b—x1

V24— X0 These 4 are NOT
Y25 — Y1 one-hot encoded
Y26 —YO




Je
+
6 |100000[ 00110100{ 00000000 23+4
~—] 100001 00110000{ 00000001 . 27
100010 10001100[ 00000000]] (16 o (8high | OpCode <~ Control
\ \
16 |t00011) 11010011] 00000000 Decoder > €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 6 0111]00000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



The Control Logic



B

6 [100000] 00110100/ 00000000 /
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |*00011]11010011]00000000 Decoder N €1 €2 C3C4 C5C6C7C3CyCppCpp C12C13C1qCr5C16C17Co8
< 100100[ 11110010] 00000011
d 8 low
100101[ 01000100[ 00000000 N lllllllllll 11 1 ll 11
6 [100110] 01010000[ 00000001 QOOOOOOOOOOOOOOOOO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
< \8 O\ 1018
© 8 8 8
\ 0
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



XOW MOVEELTIM O3

TIEYNT FLIHM WING

XOW LOANI WINd

XOW I0STE OTY

TTIYNT FLTHM SOV

0LOITAS NIV

TIDITIAS OTY

XON FO¥N0S NTY

TTEYNT FLTHM SHALSIOEN

1
1
1
1
1
1
1
1

1
1

0LOFTES FALTHIM SHALSIOTT

TIOFTES FLTEM SHALSIOTH

X1 | X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOTTIS TIMOd SWALSIOTM

TIOTTES TI¥Od SHIALSIOTN

X1 | X0

OLOETES 0IMOd SYALSIODES

TIOTTAS 0INOd SHALSIOTN

X1 | X0

X1 | X0

Y1l | YO

X1 |X0|Y1l|Y0| X1 ]| X0

X1 | X0

X1 |X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | XO

X1 | X0

X1 | X0

X1|X0|Y1l| YO

TTIYNT ALTEM NIINNOD WYNOONd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YFINNOD WYED0dd

Bl

B2

B3

B4

TIGYNT FLIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF

STORE

STOREF
SHIFTL
SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




XOW MOVEELTIM O3

TIEYNT FLIHM WING

XOW LOANI WINd

XOW I0STE OTY

TTIYNT FLTHM SOV

0LOITAS NIV

TIDITIAS OTY

XON FO¥N0S NTY

TTEYNT FLTHM SHALSIOEN

0LOFTES FALTHIM SHALSIOTT

TIOFTES FLTEM SHALSIOTH

0LOTTIS TIMOd SWALSIOTM

TIOTTES TI¥Od SHIALSIOTN

OLOETES 0IMOd SYALSIODES

TIOTTAS 0INOd SHALSIOTN

TTIYNT ALTEM NIINNOD WYNOONd

XOW YFINNOD WYED0dd

TIGYNT FLIEM WINI

q

1
1
1
1
1
1
1
1
1
1

X1 | X0
X1 | X0

X1 |X0|Y1l|Y0| X1 ]| X0

X1 | X0

X1 | X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0

X1 | X0

X1 | X0
Y1l | YO | X1 | XO

X1 |X0|Y1|Y0| X1]| X0
X1 | X0

X1 | X0
X1 | X0
Y1l | YO
X1 | X0
Y1l | YO
X1 | X0
X1|X0|Y1l| YO

1
1
1
1
1
1
1
1
1
1
1
1

1
Bl
B2
B3
B4

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

NOOP
ADDI
SUB
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
BRE/BRZ
BRNE/BRNZ
BRG

\|BRGE

23 one-hot
encoded
lines from
OPCODE
decoder
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TIEYNT FLIHM WING

XOW LOANI WINd

XOW I0STE OTY

TTIYNT FLTHM SOV

0LOITAS NIV
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§ TIOFTES TI¥Od SHELSIOES o= ol bo 5
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ZF
NF
OF

(

Negative Flag (
Overflow Flag (

ZF
~ZF

Bl=

Zero Flag

B3= AND (~ZF, XNOR(NF, OF))

B4= XNOR (NF, OF)

B2

computed using
the flags register



The Control Signals



jor
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Je
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27 I
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Contro
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100[ 11110010] 00000011 R low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111['11100000] 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers Flags A
00000000 . 0000
\\
J 6 low
00000000 c N\
g 15
e 8 O\ 1018
< 8 8 8
00000000 e —— " g
1/ 4 low
C p—
00000000 A l 17 )
438
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
g 0011100000000/ f=
J6 low Se—di 0 g |0100[00000000
N
cy c 6 81 0101]00000000
ll 1 ; Switches =—c—@=-x = 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ |1ooooo|
X Logic ~ o N6 Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
e 8 O\ 1018
© 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Y Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011 R low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100[ 00000010
Code Memory
081 109 1010 1C14
Registers &l Ics Flags \\4
00000000] X 0000
B \\4
C
61
. 00000000 y Jes ) N
> Co| ¢y 8 O\ 1018
* 8 8 8
00000000 e —— " g
B 1 4 low
C C p—
00000000] [p ~ fer !
438 4
4 0000100000101 o
8 0001100000000] |
o< 1016 0010[/00000000
3 0011{00000000] |~
J 6 low S, 0 g |0100[00000000
N
C ¢ 16 8low 0101/00000000
. ll 1 Switches =—c—@=-x 1 0110{00000000
PC 6 PC 0111{00000000
6 Update
N 100000
¢ ' Logic [~o [100000] Vo Data Memory

i281 CPU



fe
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27 I
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Contro
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011 R low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100[ 00000010
Code Memory
QD o -
Registers Flags A
00000000 . 0000
\\
J 6 low
00000000 c N
g 15
a \8 O\ 1018
* 8 8 8
00000000 e —— " g
1/ 4 low
C p—
00000000 A l 17 1
438
4 0000100000101 o
8 0001100000000] |
o< 1016 0010[/00000000
g 0011{00000000] |~
J 6 low S, 0 g |0100[00000000
N
C c 6 81 0101/00000000
ll 1 ; Switches =—c—@=-x = 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
N 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



fe
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100 00000010
Code Memory
Cg C9®
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
— ] s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fer (] L
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
o< 1016 0010/00000000
g 0011{00000000] |~
6 low N g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111{00000000
6 pdate
N : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |toooil 11218813 gggggggg Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101[97600100[ 00000000]| | AR AR RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
Cgl 109 1 1C14
Registers
g . m Flags \\4
0000
00000000
g | == Jd 4
N
. 00000000 Jes NSO low
< \8 O\ 1018
< 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 Jer 1
438 4
4 0000100000101 o
8 0001100000000] | Y.
—x 1016 0010[{00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 @
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
< \8 O\ 1018
© 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fev 1
438
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jor
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 N6 low
\
) . 8 8 8 S
00000000 e —— " g
1 4 low
00000000 ~ fev (] L
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
= 1016 0010[00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111]00000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jor
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27 I
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Contro
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100[ 11110010{ 00000011 R low
1001011 010001001 00000000 \\ 1 l l 1 1 l l 1 l 1 l l 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111} 11100000] 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers Flags A
00000000 . 0000
\\
J 6 low
00000000 c N\
{ 15
< \8 O\ 1018
* 8 8 8
00000000 e —— " g
1/ 4 low
C p—
00000000 A l 17 1
438
000000000101 o
8 0001100000000] |
~—- 0010[00000000
3 0011100000000/ f=
J 6 low e 0100{00000000
N
) c 6 81 0101]00000000
ll 1 ; Switches =—c—@=-x = 1 0110{00000000
PC . 6 PC 0111{00000000
6 Update
\ 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ @ (] L
438
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



fe
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100 00000010
Code Memory
Cgl 1 Co C1o0
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
\
\ > o 8 8 8 @
00000000 e —— ¢ g
1 4 low
00000000 ~ fer (] L
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
o< 1016 0010[/00000000
g 0011{00000000] |~
6 low N g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111{00000000
6 pdate
N : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



101 Write Enable
6 |100000| 00110100]| 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ ) \
l6 [toooil 11218813 88838822 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
1001011 010001001 00000000 N 1 1 l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
1001111 11100000[ 11111011
101000 10100100( 00000010
Code Memory V\gi _
elect  Vrite Enable Write Enable
081 109 1010 lcl“
Registers PogolRead Select ALU Select Flags 4
4 5 c \
12 Ci3 N
00000000 A q I{ ) 0000
B \ A N
C ® ALU Result | Writebac
00000000 y ¢ sMux \\%EI&VMUX
\8 Port1|Read Select 8 10
s | |co ALU Source| AU > 0 o o o 18
00000000 [ 1011Mux e ——° 1 q
B Write Enable
e 1/ 4 low o B
00000000] |p 1
438
DMEM Input|[ , | 9°°°{00000101
8 Mux 0001[90000000] | 43
o< 1016 0010/00000000
. s > 0011/00000000] }=
ux \
o wigrans L irfosssancs
2 C3 16 81
PC . ) 1 Switches =—c—@=-x = 1 0110{00000000
Undat 6 PC 6 011100000000
6 pdate
® \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



101 Write Enable
100000/ 00110100{ 00000000
100001 00110000({ 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011 11218813 88838822 Decoder C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
100100
100101[ 9T600100] 00000000 NN R RN
100110 01010000| 00000001 000000000000 0O0OO0OO0OO0OLDO
1001111 11100000({ 11111011
1010001 10100100[{ 00000010
Code Memory V\gi _
clect  Write Enable Wite Enabl
rite Enable
c c c
811 9 1 10 1014
Registers PogolRead Select ALU Select Flags
4 5 c
12 Ci3
00000000] |A I{ 0000
B
C ALU Result IREG Writebac]
00000000 D c;sMux Mux
Port1]Read Select 10
Co| |cy ALU Source| Al U 0 18
00000000 [N 1CIIMUX o—oy 0
B Write Enable
C 1/ Ci7 B
00000000 D 1
DMEM Input 0000{00000101
Mux 0001100000000
@ 1016 001000000000
pC M ) 0011100000000 =
ux ) 0100/00000000
Je Wmeﬁ?ab'e 0101[00000000
PC ) Switches 9 1 0110/00000000
PC 0111{00000000
Update |100000]
Logic 0 Data Memory

i281 CPU



The Five Bus Multiplexers



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |t00011) 11010011] 00000000 Decoder N €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
1001111 11100000[ 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
J4
N
) 00000000 ( 1015\
\
N \\8 O\ g g
00000000 . e
1 4 low
00000000 @ fev
438 4
000000000101 o
8 0001100000000] |
—x 0010[00000000
3 0011100000000/ f=
\\6 low e 0100{00000000
0101/00000000
. 16 8 low
PC Switches =—c—@=-x 0110{00000000
011100000000
| 6 Update
) Logic & Data Memory

i281 CPU



o
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010 10001100[ 00000000 \\16 \\Shlgh OpCode — Control
16 |*00011]11010011]00000000 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
. 100100[ 11110010[ 00000011 R low
100101 07000100  00000000]| | NN R R RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111 11100000[ 11111011
101000{ 10100100| 00000010
Code Memory
C C
CSll 9 1 10 1C14
Registers Flags A
00000000 0000
44
Jd 6 low
) 00000000 1% N
< \8 O\ 1018
< 8 8 8 |5
00000000 e - — "
1 4 low
00000000 ~ lc” 1!
48 4
K 7 | °°feccoo1aal | |,
g 0001100000000] | 1
o—x l% 0010{00000000
ALU SOURCE_MUX XE b 0011 gggggggg —
J 6 low - 8 0100
N
Cy c 0101{00000000
ll 1 ; Switches \16r\8 low 1 0110{00000000
PC . 6 PC 0111/00000000
6 Update
\ 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



2-to-1 Bus Multiplexer
(with 8-bit lines)

C11
U7...U0 ASF 0 8
Z;...2Z,
V..V, —e 1




Up— 0

Vo — 1












Us — 0
V6_1
Z;

These 8 lines form the output bus.




Vo — 1
C11 1 =10
V, — 1
2=—0
V, — 1
3 0
V; — 1
4 =10
V, — 1
5 =0
V5—1










B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |tocoi1 11010011] 00000000 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
- 100100[ 11110010[ 00000011
8 low
100101 07600700[00660005]| | R RRRRR R R
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111 11100000[ 11111011
1010001 10100100[ 00000010
Code Memory
081 109 1010 1C14
Registers el e Flags 4
4 5 c \
12 Ci3 N
00000000 A . I{ \ 0000
N
N ALU RESULT MUX -
. 00000000 ( 1%\ ) N
\\ 8 \ 1018
"7 8 8
00000000 - e —— " g
1 4 low
00000000 @ 1017 ] 1
438
4 0000100000101 o
8 0001100000000] | Y.
o< 1016 0010[{00000000
3 0011{00000000] j=
6 low Se—di 0 g |0100[00000000
103 . 16 8low 010100000000
PC . ) Switches =—c—@—x 1 0110/00000000
Undat 6 PC 0111{00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Vo — 1
Cq5 1 =10
V, — 1
2=—0
V, — 1
3 0
V; — 1
4 =10
V, — 1
5 =0
V5—1




B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 100011 1121881; gggggggg Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101 07600700[00660005]| | R RRRRR R R
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111[11100000[ 11111011
1010001 10100100[ 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes ) U
\
N \\8 O\ g g g
00000000 e - —
1/ 4 low
00000000 lc”
438 4
0000100000101 o
8 0001100000000] | Y.
o< 0010[{00000000
3 0011{00000000] j=
\\6 low e 0100{00000000
1c2 Je: | 16 8 low 0101[00000000
PC . ) Switches =—c—@—x 0110/00000000
Undat 6 PC 0111{00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory
DMEM_INPUT_MUX

i281 CPU




Vo — 1
Ci6 1 =10
V, — 1
2=—0
V, — 1
3 0
V; — 1
4 =10
V, — 1
5 =0
V5—1




B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |*00011]11010011]00000000 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
< 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 . 0000 )
N
N REG_WRITEBACK_ MUX
. 00000000 Jes NS low
\
N \\8 O\ g g
00000000 e
1/ 4 low
00000000 fev
438 4
4 0000100000101 o
8 0001100000000] | Y.
—x 1016 0010[{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Vo — 1
Cqs 1 =10
V, — 1
2=—0
V, — 1
3 0
V; — 1
4 =10
V, — 1
5 =0
V5—1




B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |toooil 11218813 gggggggg Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101[97600100[ 00000000]| | AR AR RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
J4
N
. 00000000 Jes NSO low
< \8 O\ 1018
© 8 8 8 [
\
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010{00000000
PROGRAM_COUNTER_MUX g 0011[00000000] |-
6 low Se—di 0 g |0100[00000000
|2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~T7o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 100011 11218813 gggggggg Decoder N €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
Ay 100100
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags K
00000000 . 0000
N
N
. 00000000 Jes NSO low
§ . o 8 8 8 S
00000000 e —— " g
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
¢ 0010[00000000
) Note that the 0 and 1 . Jers 0011[00000000] I
6 low are swapped S—vq 0 g |o0100[00000000
Ccy ¢ 6 81 0101{00000000
PC . 1 1 Switches =—c—@=-x = 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
\ : 100000
¢ : Logic [~—10 [100000] & Data Memory

i281 CPU



2-to-1 Bus Multiplexer
(with 6-bit lines)

Co
U5...U0 AL 0 6
Zs ... Zg
Ve ...V, —e 1




2-to-1 Bus Multiplexer
(with 6-bit lines)

Co

Note that the 0 and the 1 are swapped
(in order to simplify the large diagram).












The Four Registers



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ A} \
l6 [toooil 11218813 gggggggg Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory /
/ af o Je \ The Reqgister File
8 9 10 . .
With Four Registers J e
Registers . Flags A
Cr2 Ci3 N
00000000 [X | l 0000
B \8 \\4
¢ J 6 low
) 00000000 D 1015 N\
\
N Cg C7 \\8 O\ ] ] 3 1018
00000000f '} e —— " g
B
1 4 low
C p—
00000000 y ~ fer !
438 4
K / 4 0000100000101 o
8 0001100000000] |
—x 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 6 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 100011 1121881; gggggggg Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
Ay 100100
d 8 low
100101[97600100[ 00000000]| | AR AR RN
6 [100110] 01010000[ 00000001 00000000000 O0OOO0ODCOOODO
100111['11100000] 11111011
1010001 10100100[ 00000010
Code Memory
081 109 1010
. 1C14
. Register A
Registers c Flags 4
\
[A 00000000 ] 0000
44
o | B Looo00000 Jes ) U
< \8 O\ 1018
< 8 .8 8 |5
C 100000000 . - — g
1/ 4 low
D |ooo000000 lc” 1
438 4
4 0000100000101 o
8 0001100000000] | Y.
o< 1016 0010[{00000000
3 0011{00000000] j=
6 low Se—di 0 g |0100[00000000
Cy ¢ 6 81 0101]00000000
PC 0 ll 1 Switches =—c—@—x = 1 0110/00000000
Und < 6 PC 0111{00000000
6 pdate 6
\ : 100000
¢ ' Logic [~o [100000] Vo Data Memory

i281 CPU



fe
6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000[ 10100100/ 00000010
Code Memory
Cgl 1 Co C1o
11 1 1C14
Registers Register B Flags 4
\
A 00000000 0000
44
. [B 00000000 Jes NSO low
§ . o 8 8 8 S
C [00000000 e y N g
1/ 4 low
D 00000000 fer !
438 4
4 0000100000101 o
8 0001100000000] |
= 1% 0010/00000000
g 0011{00000000] |~
6 low N g |0100[00000000
1c2 103 Suicoe a6 g Blow 010100000000
PC Ol witches ==<—¢—x 1 0110/00000000
Undat < 6 PC 0111{00000000
6 paate 6
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 [toooil 11218813 gggggggg Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111['11100000] 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers | Register C Flags A
S} Jen oooof| °
A |00000000
J4
N
o | B Looo00000 Jes NSO low
a \8 O\ 1018
* 8 8 8
[C 00000000 e ——0 7 ¢
1/ 4 low
D looooo000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: | 16 8 low 0101[00000000
PC KE D Switches =—c—@=-x 1 0110{00000000
Undat ) 6 PC 011100000000
6 paate 6
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000[ 10100100/ 00000010
Code Memory
ol Joo_ e le.
Registers Flags 4
“}1%] Register D ce [en e
A 00000000 0000
\ !
N
o | B Looo00000 Jes NSO low
e 8 \ 1018
— ] s 8 8
C [00000000 e y N g
1/ 4 low
[D 00000000 fer !
438 4
4 0000100000101 o
8 0001100000000] |
o< 1016 0010/00000000
g 0011{00000000] |~
6 low N g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC KE D Switches =—c—@=-x 1 0110{00000000
Undat < 6 PC 0111{00000000
6 paate 6
¢ N : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



Register A

A, A As A, A, A, A, A,
Write
Enable
0 Q —1L ﬁ |—e- % D Qe ED— D Qe 0 D Q —4L 0 —<L 0 Q —<L ﬁ —cL
1 1 1 1 1 1 1 1
Q— — > Q— > Q— > Q— — QI —
Clock I = 1] - |

8-Bit Parallel-Access Register




Register A

VCC -
A, Ag As Ay Aj A, A, Ag
Write
Enable
o) — Q Q —
Clock @) (@)
IN- INg IN5 IN4 IN IN, IN4 INg
Reset




Register A

A7 As As Ay As Az A Ao
Write
Enable
0 Q —<L 0 —4L 0 D Q —<L Eﬁ- D Qe 0 D Qf-e 0 —L 0 Q —L 0 —1L
1 1 1 1 1 1 1 1
o - - > ol > ol > ol — 3 —
Clock r l_ r
IN, INg IN, IN, IN, IN, N, INg

8-Bit Parallel-Access Register



Register B

Write
Enable
0 Q —<L 0 —<L 0 D Q —<L Eﬁ- D Qe 0 D Q —L 0 —4L 0 Q —<L Eﬁ—\ |—e-
1 1 1 1 1 1 1 1
Q— — > Q— > Q— > Q— — Q— —
Clock r l_ r ‘_
IN, INg INg IN, IN, IN, IN, IN,

8-Bit Parallel-Access Register



Register C

Write
Enable
0 D Q—L 0 D Q—<L 0 D Q—4L 0 D Q—qL ED—D Q |- ED-D Q|- 0 D Qf-e 0 D Q}-e
1 1 1 1 1 1 1 1
> Qb— > Qfb— > Qfb— > Ql— > Ql— > Qb— > Qb— > Qb—
Clock r l— r r
IN, INg IN5 IN, IN, IN, IN, IN,

8-Bit Parallel-Access Register



Register D

D, De D. D, D, D, D,
Write
Enable
0 Q —L 0 —<L 0 D Q —<L 0 D Q —4L ED— D Qf-s ED- —o- 0 —o- 0 -
1 1 1 1 1 1 1 1
o] = — ] > Q— > Q— — — —
Clock r l— r r
IN, INg IN, IN, IN, IN, N, IN,

8-Bit Parallel-Access Register



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
8 low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers alie Flags \\4
00000000] | X 0000
B \\4
¢ J 6 low
) 00000000 D 1015 N\
e c 8 O\ 1018
6uc7 a 8 8 8
00000000 A e —— " g
B 1 4 low
C p—
00000000] |p ~ fev !
438 4
4 000000000101 o
8 0001100000000] |
= 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 6 Slow 010100000000
. ) Switches =—c—@=-x 1 0110{00000000
PC 6 PC 0111]00000000
6 Update
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



4-to-1 Bus Multiplexer
(with 8-bit lines)

Cq |05
A7...A0 +
B7...BO +
C7...C0 ——
D7...D0 —_—

oo

P, ... P,

ocaQw»

oo




AO_
BO_
CO_
Dy =—

>
o9)
@

)



A1—

C1—
D1—

>
o9)
@

)

>
o9)
@
)

T

o



A2—
Bz—
Cz—
D2—

>
vo)
@

o

A1—

C1—
D1—

Po
A

AO—B

BO_ C

CO—D

L

A 4

B

C

D

N0



A7_
B7_
C7—
D7_

>
oo}
@)

w,

AG_
BG_
C6_

>
o9)
@

)

>
oo}
@)

»,

o

A4—
B4—

D4—

>
o9)
@

o

0

A3—
B3—
C3—
Dy —

A

A2—B

Bz— C

C2_D

' D2_

A 4
B
C
D

A1—

C1—
D1—

>
oo}
@)

w,

N0

>
o9)
@
)

T

o



A7_
B7_
C7—
D7_

OO wp

AG_
BG_
C6_

Ay— A
BO_ B PO
' CO_ C
A1 | A DO_ D
B1 B P1
' C1 — C
A2— A D1 — D
Bz— B P2
' Cz_ C
D2_ D
A3— A
B3— B P3
' C3_ C
D3_ D
A4— A
B4— B P4
‘ C,—C
A5— A D4_ D
B5_ B P5
‘ C5_ C
A Ds— D These 8 lines form the output bus
B for Port_0 of the register file.
Pe
C
D



A7_
B7_
C7—
D7_

>
oo}
@)

w,

AG_
BG_
C6_

>
o9)
@

)

>
oo}
@)

»,

o

A4—
B4—

D4—

>
o9)
@

o

0

A3—
B3—
C3—
Dy —

A

A2—B

Bz— C

C2_D

' D2_

A 4
B
C
D

A1—

C1—
D1—

>
oo}
@)

w,

N0

>
o9)
@
)

T

o



A7_
B7_
C7—
D7_

>
o9)
@

O

AG_
BG_
C6_

> fo—
o9)

@

)

A5—
B5_
C5—

>
oo}
@)

»,

o

A4—
B4—

D4—

>
o9)
@

o

0

A3—
B3—
C3—
Dy —

A

A2—B

Bz— C

CZ—D

l D2_

A g
B
C
D

A1—

C1—
D1—

>
oo}
@)

w,

N0

>
o9)
@
)

T

o



A7_
B7_
C7—
D; —

oaQwp>

Cs||cCs

15

2 A

5_B

4 C5_C

. Ds—] D

BG_B P
CG_C
D—{ D
Py

/4
4._ A
B4— B
C, C
D4_ D

P

<

oaQwp>

_U
N

By —
CO_
DO_

RSN I TA

U



0—

O O W/ LD

CO_
00 AL o=
(1% 1 B P,
C,—C
4 D;—D
2_B P2
Al =€
D2_D
B3—B P3
C3—C
4 D3_D
4_
B4—B P4
C, C
W D,—D

N

I
RN A TA

U

C5—
. Dy—

o
()

A; —
B; —
C7—
D, —

O O W




A7—
B7—
C7—
D, —

o0 w >

Cs—
/4 Dy —

7

7 s

A

U'>A
®!
)

o QW >

o

A
BG_
C6_ D
Ds

P7

Ci—
D1—

U-:(>A
®!
)

o



A7_
B7_
C7_
D7_

X T >

<

< X

8, —p
C —

Z

e —

C6_

o >
D
w)

-

Q

A
‘ B
B3_ -
C3_D
D3_

Py

<

X T >

w)

CO_

0—

DO_

Wee i WA



A7_
B7_
C7_
D7_

O w >
w,

<

A
A. B
BG_C
C6_ X
D6_

Py

A
B
C
C5_ 2
D5_
P

{3
/4
B, —

<
B4 o
B4 —
C,
D4 —
Ps

<

A
‘ B
B3_C
C3_ 2
D3_

P,

O w >
O

CO_




jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



4-to-1 Bus Multiplexer
(with 8-bit lines)

Ce |C7
A7...A0 +
B7...BO +
C7...C0 ——
D7...D0 —_—

o0

Q; ... Q

caQw»

oo




A7_
B7_
C7—
D7_

>
oo}
@)

w,

AG_
BG_
C6_

>
oo}
@)

w,

A4—
B4—

D4—

>
vo)
@

o

9]

5

A3—
B3—
C3—
D;—

>
oo}
@!

w,

Q,

A2—
Bz—
Cz—
D2—

>
o9)
@

o

Qs

A1—

C1—
D1—

Qo
A

AO—B

BO_ C

CO—D

LS

A :

B

C

D

£



A7_
B7_
C7—
D7_

oaQw>

AG_
BG_
C6_

A3—
B3—
=
D; —

A5 — A
B5 — B Q5
‘ C5 — C
A D5 — D
c [ %
D

wl@NvelN

Ay— A
BO—B QO
' CO_C
A— A Do— D
B1 B Q1
' C1—C
A,— A D;—D
BZ—B QZ
CZ_C
D2_D

Qs

These 8 lines form the output bus
for Port_1 of the register file.



A7_
B7_
C7—
D7_

oaQwp>

<
1A
A. B
BG_C
CG_D

Ds
Q,

C5—

<

A
4._ B
B4— C
C, ¢
D4—

Q

<

oaQwp>

O

Do —
CO_
DO_

/\
OSaw»

0

1



A; —
B; —
C7—
D, —

O O W

BG_
C6_

C5—

O O Wi

B3—

D3—

Q

2—B

2=—1C

4 D2_D

c T &
D
Q,

wNeN-Vs WA

£

0

S
|
NNV WA

1



A7—
B7—
C7—

D7—

o QO w >

7
o—

C5—
< Dr —
BG_
C6_ D
Ds
Q,

UOUI>

9]

1—
Cy—
D1—

U'>A
®!
)

(')'J-}A
i

£

Do —
CO_
Dy —

U'>A
®!
)

0

1



DO_
A
2 _B
5 —n
C1—D
Q D, —
A -
A _B
By — >
Cy 2_D
L o
A o
‘ _B
B3_ -
C3_D
] b—
-
4._B
B4_ -
C, c
< D, —

A7_
B7_
C7_
D7_

2>
oo

)

O

C6_




A7_
B7_
C7_
D7_

O w >
w,

BG_
C6_
D6_

C5_
/4 s —
A

‘
- A
—B

5

<
— A
o
B4_2
C, :
D4_
Qs

<

— A

‘ B

B3_ C

C3_ 2
D3_

Q,

\\
O W >
CJ

<

O

B, —
CO_
DO_




B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ A} \
l6 [toooil 11218813 gggggggg Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory /
/ af o Je \ The Reqgister File
8 9 10 . .
With Four Registers J e
Registers . Flags A
Cr2 Ci3 N
00000000 [X | l 0000
B \8 \\4
¢ J 6 low
) 00000000 D 1015 N\
\
N Cg C7 \\8 O\ ] ] 3 1018
00000000f '} e —— " g
B
1 4 low
C p—
00000000 y ~ fer !
438 4
K / 4 0000100000101 o
8 0001100000000] |
—x 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 6 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



The Data Memory



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
~—100100[ 11110010 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
081 109 1010 1C14
Registers Flags A
00000000 0000
44
. 00000000 Jes ) U
a \8 O\ 1018
* 8 8 8
00000000 e —— " g
1/ 4 low
00000000 / 1C” B
438 N
4 0000100000101 o
8 S 0001100000000] | N
= 1016 0010[/00000000
g 0011100000000 |-
6 low S, 0 g ||0100[00000000
\
1c2 103 | 16 8 low . 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
* Logic [~o [100000] & \_Data Memory /

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
a \8 O\ 1018
N 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fer !
438 4
4 0000(00000101 .
8 0001f00000000| |
= 1016 0010[00000000
g 0011{00000000] =
6 low N g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



8-Bit Parallel-Access Register

vV o

J
@
]
vV g
oo
l




The Code Memory



/

—

100000

100001
100010
100011

100100
100101
100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16
N

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

\ Code Memory /

d 8 low
N

OpCode
Decoder

Control

081 109 1010 1C14
Registers Flags 4
\
00000000 0000
14
2 00000000 105 \fﬂow
\
Ay \\8 O\ ) . . 1018
00000000 \ B 1o .
1/ 4 low
00000000 J e 1
\\8 4
4 0000100000101 o
8 0001{p0000000] | Y.
— 1016 0010[00000000
] 0011{00000000] j=
6 low Se—di 0 g 0100{00000000
Je Jes _ 16 8low 0101[00000000
PC \ 1 Switches —<—¢-x 1 0110/00000000
Undat 6 PC 0111/00000000
paate |1ooooo|
Logic ~ 0 V6 Data Memory

i281 CPU



B

6 |100000] 00110100 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
=1 100100[ 11110010] 00000011
d 8 low
1001011 010001001 00000000 N l l l 1 l 1 l 1 l l 1 1 l 1 l l 1 l
6 [100110] 01010000[ 00000001 00000000000 O0O0O0OOOO0OO
100111111100000[ 11111011
101000 10100100 00000010
Code Memory
081 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
a \8 O\ 1018
N 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fer !
438 4
4 0000100000101 o
8 0001f00000000| |
= 1016 0010{00000000
g 0011{00000000] =
6 low N g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



16-Bit Parallel-Access Register

ﬁ
m
+—
e
v

i
=
=
B
=

JE
=
=
=



To Be Covered
Next Time



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |t00011) 11010011) 00000000 Decoder > €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
< 100100 11110010[ 00000011
8 low
100101[97060700[00000000]| | EERRRRRRRRR RN RN
6 [100110] 01010000[ 00000001 00000000000O0O0OOOOO0OO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
csf e | Arithmetic Logic Unit J e
Registers . Flags A
4 5 c
12 Ci3 N
00000000 | l 0000
8 \&
\
. 00000000 Jes NSO low
< \8 O\ 1018
00000000 e —— " g
1 4 low
8 p—
00000000 ~ fev 1
\ /8
000000000101 o
8 0001100000000] |
—x 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
Je2 Je: | 16 8 low 0101[00000000
. ) Switches =—c—@=-x 1 0110{00000000
PC 6 PC 0111]00000000
6 Update
¢ \ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



o
6 |100000[ 00110100{ 00000000
=1 100001 00110000{ 00000001 o shigh [ Onoog 27 Cortrol
100010] 10001100[00000000]] « | 8 hig pCode < 1
100011[11010011] 00000000]| ) Decoder =1 ¢, C, €3 C4 Cs C¢ G5 Cg Go C1o €1y C1a 13 C1a Cis C1g C17 Crg
16 1 €2 €3 C4 C5 C4 C7 Cg Cg Cy
. 100100[ 11110010/ 00000011 R low
100101{ 01000100[ 00000000 N 11‘111‘1‘11 11 1 11 !)!)
6 [100110] 01010000[ 00000001 00000000000 O0OO0OODCODO
1001111 11100000 11111011
101000{ 10100100| 00000010
Code Memory
C
081 109 1 10 1c14
Registers o Flags 4
i 0121 13 0000 )
A 100000000 A
B \8 N 4
- N
¢ Jd 6 low
B [oo000000] |2 c N
{ \15 1
- 8 Cig
\ \ O
< 8 8 8
C [00000000 e y N g
1 4 low
/ 1C17 11
D 100000000
438 4
4 0000100000101 o
8 0001100000000] | 1
o< 1016 0010{00000000
3 0011{00000000| =
Jd61ow Se—di 0 g 0100{00000000
K 00000000
C c 6 31 0101
6 1 1 : Switches \1 = = 1 0110{00000000
PC — ! 6 PC 6 0111/00000000
6 Update 6
\ |1ooooo|
X Logic ~—0 N 16 Data Memory

i281 CPU



Jo
6 |100000| 00110100]| 00000000
~—] 100001 00110000{ 00000001 . 27 Control
100010[ 10001100] 00000000]} 16 o 8high | OpCode — ontro
\ \
16 |100011[11010011)00000000 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
c 100100[ 11110010[ 00000011 31
N ow
100101{ 01000100[ 00000000 N 1llllll1lll ll 1 (l)t!)!)
6 [100110] 01010000[ 00000001 0000000000OO0OOO0OO
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
C
081 109 1 10 1C14
Registers Flags A
00000000 . 0000
N
N
J 6 low
q 00000000 1015 N
C
\\ \\8 O\ 8 8 8 1 18
00000000 e —— " g
1 4 low
00000000 ~ Jer 11
438 4
4 0000100000101 o
8 0001100000000] | Y.
o—x 1016 0010{00000000
3 0011{00000000] j=
J6 low Se—di 0 g |0100[00000000
K 0
C c 01010000000
[ 1 l3 Switches \\16r\\810w 1 0110{00000000
PC ! 6 PC 0111{00000000
6 Update
\ 100000
' Logic o [100000] Vo Data Memory

i281 CPU



B

6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
8 low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers &l Ics Flags \\4
00000000] X 0000
B \\4
¢ J 6 low
) 00000000 D 1015 N\
e c 8 O\ 1018
6uc7 a 8 8 8
00000000 A e —— " g
B 1 4 low
C p—
00000000] |p ~ fev !
438 4
4 000000000101 o
8 0001100000000] |
= 1016 0010[00000000
3 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 6 Slow 010100000000
. ) Switches =—c—@=-x 1 0110{00000000
PC PC 0111]00000000
6 Update
¢ \ : 100000
: Logic | [100000] & Data Memory

i281 CPU



Some Additional Topics



Examples of Some Famous
Microprocessors



Memory
Control
Output

Memory
Control
Outputs

Intel’'s 4004 Chip

Reset

Test

4( CM-ROM

DD

/" CM-RAM3

CM-RAM2

CM-RAM1

_ CM-RAMO

Sync-Out
Clk Phase 2
Clk Phase 1
v

Ss

N
D3
D2

. Data Bus
1/O

D1
DO

[http://en.wikipedia.org/wiki/Intel_4004]



Technical specifications

 Maximum clock speed was 740 kHz

* Instruction cycle time: 10.8 us
(8 clock cycles / instruction cycle)

* Instruction execution time 1 or 2 instruction cycles
(10.8 or 21.6 us), 46300 to 92600 instructions per
second

* Built using 2,300 transistors

[http://en.wikipedia.org/wiki/Intel_4004]



Technical specifications

« Separate program and data storage.

* The 4004, with its need to keep pin count down,
used a single multiplexed 4-bit bus for
transferring:

= 12-bit addresses
= 8-bit instructions
= 4-bit data words

* Instruction set contained 46 instructions (of which
41 were 8 bits wide and 5 were 16 bits wide)

* Register set contained 16 registers of 4 bits each

* Internal subroutine stack, 3 levels deep.

[http://en.wikipedia.org/wiki/Intel_4004]



Intel 4004 Architecture t DO0-D3 bidirectional

Data Bus
Data Bus  —
Buffer
4 Bit internal Data Bus
Temp. l I
Accumulator Re isrt)er Instruction Register
9 Register [ | Multiplexer
0 1
Flag Stack 2 3
Flip Flops Multiplexer
Instruction _ | Program Counter g 4 5
Decoder and g g
Machine |t 8 Level No. 1 - 6 -
Cycle G Level No. 2 z
. (@]
g :
Encoding s & 8 9
Level No. 3 =
i 2l 10 11
Address
Stack 12 13
Decimal 14 15
Adjust [ |
I Scratch
— Pad
Timing and Control N
ROM Control RAM Control Test Sync Clocks q—l

1 .l_l,u. t 111 Reset

CM ROM CM RAM 0-3 Test Sync Phl Ph2 [http://en.wikipedia.org/wiki/Intel_4004]



Intel 4004 registers

13 10 % % 97 % 05 9, 039, 0, 0 (bit position)

Main registers

Accumulator

Program counter

Push-down address call stack

Call level 1
Call level 2
Call level 3

...I Flags

Status register

Program Counter

[http://en.wikipedia.org/wiki/Intel_4004]



Intel's 8086 Chip

GND
AD14
AD13
AD12
AD11
AD10Q
AD9
ADS
AD7
ADe
ADS
AD4
AD3
AD2
AD1
ADO
NM|
INTR
CLK
GND

MAX
., MODE

1 400 Vee

2 39 ADIS

3 38 A16/S3

4 TR A17 /54

5 3B JA18/55

6 35JA19/56

7 34 O BHE/S7

8 33 IMN/MX

9 gogs SZPRD

10 CPU  31[JRQ/GTO

11 30 2 RQ/GTH

12 29 [ LOCK

13 28] s2

14 27 s1

15 26 [ S0

16 25 JQs0

17 24 L] 0351

18 23 |2 TEST

19 22 LI READY

20 21 JRESET

MIN
MODE

(HOLD)
(HLDA)
(WR)

(M/10)
(OT/R)

[http://en.wikipedia.org/wiki/Intel_8086]



Intel 8086 registers

111111111100000040

9 87 654321009876°F5 3°2°1°o(bitposiﬁ0n)

Main registers
_ _ AX (primary accumulator)
DB e, acumio)
_ _ CX (counter, accumulator)
_— DX (accumulator, other functions)

Index registers
0000
0000
0000
0000

Source Index
Destination Index
Base Pointer

Stack Pointer

Program counter
0000
Segment registers

Instruction Pointer

0000 Code Segment
0000 Data Segment
0000 ExtraSegment
0000 Stack Segment

Status register

ki/Intel_8086]

l I l . l l l l l l l I l l l l Flags [http://en.wikipedia.org/wi




CS

DS

N

35S

ES

IP

AH

AL

BL

CL

1
BH
CH
DH

DL

SP

BP

Sl

DI

[http://en.wikipedia.org/wiki/Intel_8086]

BX
CX
DX

o

F )

o T ==
~ T

1

12

Simplified block diagram of
Intel 8088 (a variant of 8086);
1=main regqisters;
2=segment registers and IP;
3=address adder;
4=internal address bus;
5=instruction queue;
6=control unit (very simplified!);
7=bus interface;
8=internal databus;
9=ALU;

10/11/12=external address/
data/control bus.



Questions?



THE END



