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B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100{ 00000000
00110000] 00000001
10001100] 00000000 OpCode Control
E‘ﬁggié 88888822 T Decoder €1 C C3 €4 Cs o C Cy Cy Cio €11 Cia Ci3 Cia Cus i C17 Cig
91000700 00000000 ERRRRRRRRRRRRRRR
01010000| 00000001 000000 0000O0OO0O0OOOO
11100000| 11111011
10100100[ 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers . Flags
5 ce] Jen 0000
00000000 [X
B
L/
D
00000000 {15
C
S} Jer ALU 0 o
00000000] N Jon o—10
B 1
C —
00000000] |p - lc” 1
000000000101
0001100000000
¢ 1016 0010[00000000
0011[00000000] =
0 0100[00000000
102 1C3 0101[00000000
PC ) Switches 9 1 0110{00000000
PC 0111[00000000
Update [100000]
Logic 0 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



Write

lcl Write Enable

Select
6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
nput | 00020 10001100] 00000000]| 16 o (8high | OpCode — Control
) N \
\16 100011 11218813 83883822 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
A} 100100
8 low
100101 0T000100] 00000003]| | ERERRRRERRRARRERE!
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOO0OOO
1001111 11100000 11111011
101000 10100100 00000010
Read  Code Memory i _
Select clect Write Enable Wite Enabl
rite enable
C C Clo
811 o 1 ! I lC14
Registers C4P°'ZS Read Select ALU Select Flags 4
Ci2 C13
00000000 }Lll q I{ ) 0000
B N
i 2 N ALU Result [REG Writebac
00000000 y ¢1sMux W 2% Mux
8 Port1]Read Select 8 1018
Input Co] |cy ALU Source| AlLU S 0 g g 9
00000000] N J cuMux A o-—] 0
g 1/ 41ow Write Enable
00000000] |D ead l°17 1!
\\8 deft
DMEM Input ] 7, | 9°°9]00000101 g
8 Mux 0001100000000] | Y
— 1016 Write | 0010{00000000
3 Select] 001100000000 f
J6 low PC Mux Write EnablS N 0100[00000000
N 102 lc3 16 R low 0101100000000
PC . ) Switches =—=c—g— 1 0110{00000000
Und 6 PC 0111{00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000) ) & Data Memory

1281 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 the hardware version that comes
with PONG preinstalled:

Web link for the i281 Simulator:


https://www.ece.iastate.edu/~alexs/classes/2022_Fall_281/i281_CPU/
https://www.ece.iastate.edu/~alexs/classes/2022_Fall_281/labs/EC_lab/
https://www.ece.iastate.edu/~alexs/classes/i281/index.html

i281 Simulator

Current Instruction i281 CPU Running: BubbleSort
R — - p— JE——
I I B
I I |
100000 [00110000 00 Opcode Control — — _— — !
100001 | 1000110000001000 Dacodar [ | €1 €2 €3 €4 €5 € €7 5 €y €1g €y Cyp €3 €1 Cp5 Cyg €17 Cpg
100010 [0011010000000000
100011 [1101001100000000 1‘1‘1“111“‘11“‘ 00 00000000 ©0O0O0O0OOOO
100100 [1111001100001110 001 00000010000T1000
100101 [1000110000001000 ]
Ll Lo .
100111 [Eororiro00s000c ] -3 I Speed:50
101000 egisters e |es "
101001 [1001100100000000 Flags -
101010 [1001110100000001 A[coooooo0 } \ —m Auto Mode on Show Description
lo1011 ] 1101111000000000 [T Game Mode on Show Bus Width
101100 [1111001100000010 b c ) ) o
101101 [1011110100000000 B [ceoosoon - —) : Register View EdSyntax Highlighting
101110 . ALU 0 i Start PC @ 32 [ Show Data Path
o ! X [ Stop At End [ Show Control Path
¢ [mEmmH N —ﬂ
110011 D [Gesessen} 0000
110101 0010
110110 0011
110111 . [ 0100
111000 [0000000000000000 > 0101
111001 [0000000000000000 0110
111010 [0000000000000000 . lc‘ . 0111
111011 [0000000000000000 : Switches 1 1000
111100 — rC ' 1001
111101 Update 1010 [Cocoooooo
111110 __|  Logic 7 1011 [ocooooeo]
111111 1100 [(oooooooo]
. 1101 [00000000
Instruction Memory mm 1110
1111
Data Memory

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



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

2
alless
;I8

|

A




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

Brady Kolosik

- ‘ Eric Marcanio Jacob Betsworth
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The CPU Components



=

100000

100001
100010
100011

100100
100101
100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

The Code Memory (or Instruction Memory)

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

\ Code Memory /

\ \

J 8 low
N

OpCode
Decoder

1
°
o
[\
o
(98]

C

N

Cs Cg C7 Cg Cy C

Control

Ci1 €12 €y

—_
S5}

3

Y

4

Ci5Cy

w

6 C17 C13

-

O
O =
O
O

T

|

|

i

O ) o

T

C81 109 1010 1c14
Registers Flags 4
00000000 0000
{4
6 low
5 00000000 1015 AN
N \8 7;\‘ lcm
00000000 8 3 &2 1o .
’L,/ 4 low
00000000 Jer 1
\\? 4
4 0000100000101 g
8 0001190000000 | 4
1 1016 0010[00000000
] 0011[00000000] |=
6 low N g | ©100[00000000
102 103 _ 16 8low 0101[00000000
PC N B Switches —c—g@=< | 0110[00000000
Uodat 6 PC 0111{00000000
pdate 100000
Logic ~o [100000] J16 Data Memory

1281 CPU



6 || 100000

100001
100010
16 100011
e 100100

100101
6] 100110

100111
101000

—

00110100

00000000

00110000

00000001

10001100

00000000

CMEM (or IMEM)

16 8high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

\ Code Memory /

\ \

J 8 low
N

OpCode
Decoder

Control

N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

AR RN R RN

00000000000O0OO0OO0OOO0OOO

o o

1014

Registers Flags 4
00000000 0000
J4
N
N
) 00000000 1015
\ 3N
00000000 8 8
1 4 low
00000000 |~ lC”
\\? 4
4 0000100000101
8 000100000000
1 1016 0010[00000000
] 001100000000
6 low N g | ©100[00000000
102 103 16 8low 0101[00000000
PC EE Switches ——@=x 1 0110{00000000
Uod 6 PC 0111{00000000
6 pdate
¢ \ ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

The OpCode Decoder

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 -/ 27
100010[ 10001100| 00000000|| .16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | — ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
1
g 00000000 Jes N & low
N \8 0\ lclg
* 8 8 8
00000000 N o-—| 0 q
1/ 4 low
c _
00000000 l 17 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 8high

The Control Logic

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

J 8 low
N

Control

C1 €2 C3C4 C5C4C7C3C9CppCpp Cpp Cp3CrqCis5Ci6C17Cog

REARRRRARRRRRERY

00000000000O0OO0OO0OOO0OOO

Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 0000
4
N
. 00000000 Jes NS low
- 8 0\ 1018
\ 8 8 8 1%
00000000 . - g
’L,/ 4 low
00000000 lc” 1
\8 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[{00000000] |~
6 low N g | ©100[00000000
102 1C3 % low 0101[00000000
PC N B > 1 0110/00000000
Und 6 PC 0111/00000000
pdate 100000
Logic ~o [100000] Data Memory

1281 CPU



B

Control Signal #1

6 |100000[ 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder N C1)\C2 €3 C4 C5C5 C7 C3 Cg C1o €1 €12 €13 C14 C15 C16 C17 i3
\ 100100f 11110010| 00000011 81
N ow
100101 9T060706[06600005]| | HHHHHHHHH
6 100110 01010000[ 00000001 0)j00000000D0O0O0O0OO0OOOOGO0OO
100111[11100000[ 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 0000
14
g 00000000 Jes N & low
N \8 0\ lclg
© 8 8 8
00000000 N -] 0 q
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[/00000000] j=
J6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC N B Switches —c—g@=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



C

Control Signal #1

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 lov
100101 57000700 00006030]| | NERRRRRRRRRRERRE
6 100110 01010000[ 00000001 0000000000 O0O0OO0OO0OO0OO0OO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
C81 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 S
Y C 8 0\ 1C18
6 C7 \\ 3 ? 2
00000000 A N o-—| 0
B 1 4 low
C —
00000000] |D - lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

Control Signal #2

6 |100000[ 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder N CCa3Cq C5C5C7C3C9CoCyp Cp2Cr3CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 81
N ow
100101 9T060706[06600005]| | HHHHHHHHH
6 100110 01010000[ 00000001 0000000000 O0OO0OO0OO0OO0OO0OO
100111[11100000[ 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 0000
14
g 00000000 Jes N & low
N \8 0\ lclg
© 8 8 8
00000000 N -] 0 q
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[/00000000] j=
J6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC Nl B Switches —c—g@=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

Control Signal #2

J 8 low
N

Control

Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

ERERRARENR RN

000000000O0O0O0OO0OOO0OO0

Code Memory

o o oo

Registers Flags 4
A [00000000 ) 0000
N
N
B J 6 low
) 00000000 1015 §
N \8 7;\‘ lcm
Y 8 8 8
C 00000000 N 0 .
’L,/ 4 low
D [00000004] ) Jer 1
/. 43
4 0000100000101 .
8 / 0001[g0000000] | 4
1 1016 0010[00000000
] 0011{00000000] j=
6 low N g | ©100[00000000
© 103 16 8low 0101[00000000
PC CH B Switches ———g= i 011000000000
Uod ’ 6 PC 0 0111{00000000
6 pdate 6
\ ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

Control Signal #18

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder N C1 €2 C3C4 C5C5C7C3C9CypCyy Cp2 Cr3 Crq Cis5 Cip C17(Cis
\ 100100f 11110010| 00000011 81
N ow
100101 57000700 00006030]| | HHHHHHHHH
6 100110 01010000[ 00000001 00000000000O0O0OOOOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 0000
14
00000000
8 1015
N \8 0\
* 8 8
00000000 Se
1/ 4 low
00000000 lc”
438 4
4 0000100000101
8 0001100000000
= 1016 0010100000000
2 0011{00000000
J6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC N B Switches —c—g@=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

Control Signal #18

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | EERRRRRRRRRRERRR
6 100110 01010000[ 00000001 00000000000O0O0OOOOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
g 00000000 Jes N & low
N \8 0\ Cis
* 8 8 8 1%
00000000 Se &-—| g
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC 0111{00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

All Control Signals

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode —
\ \
16 1000111 11010011/00000000 Decoder /¢, ¢, C3 C4 Cs C ©7 Cg Co Cr € C1s C1 €17 Crs
\ 100100f 11110010| 00000011 81
N ow
100101 57000700 00006030]| | NERRRRRRRRE RN R RN
6 100110 01010000[ 00000001 00000000000 0O0O0O0O0O0 0/
100111 11100000[ 11111011
101000[ 10100100[ 00000010
Code Memory
i) 1)(Jeo)
Registers
g cal [cs 4
00000000 n
B
C
q 00000000 D
\
Cel lcs ]
00000000 Se
B
C
00000000 D @
0000100000101 g
8 0001100000000 | Y
— 0010{00000000
0011[00000000] =
\\6 low 0100{00000000
lc3 . 16 8low 010100000000
PC . = Switches =—c—g= 0110[00000000
Und PC 0111{00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



100000
100001
100010
100011
100100
100101
100110
100111
101000

lcl Write Enable
00110100| 00000000
00110000| 00000001
10001100] 00000000 OpCode Control
11218813 83883822 T Decoder 602 €3 C4 C5C5C7CgC9C19Cp1 C12C13C14C15C16C17Cr8
97000700] 00000000 RN R R
01010000] 00000001 \000000000000000000/
11100000[ 11111011
10100100/ 00000010
Code Memory Wi ,
clect Write Enable Write Enable
C81 109 1010 1014
Registers C4P°'20|Read Select ALU Select Flags
> C12 Ci13
00000000 A I{ 0000
B
C ALU Result IREG Writebac
00000000 D csMux Mux
Port1]Read Select c
Co| |cy ALU Source ALU 0 1 18
00000000] N J crMux o—10
B Write Enable
C 1/ lCI .
00000000 D 7 1
DMEM Input 0000100000101
Mux 0001100000000
¢ 1016 0010[00000000
e N 0011[00000000] =
ux
Write EnablS 0100/00000000
102 1C3 0101[00000000
PC ) Switches @ 1 0110{00000000
PC 0111[00000000
Update [100000]
Logic 0 Data Memory

1281 CPU



Write

lcl Write Enable

Select The green inputs are generated/computed internally.
100000| 00110100] 00000000
100001| 00110000 00000001
100010 10001100[ 00000000 OpCode Control
100011 11213813 83883822 T Decoder €1 €3 C3 €4 C5 C6 C7 Cg C9 C1g Cy1 €12 €13 Cr4 €15 Ci6 C17 Ci8
100100
100101/ 51660106] 00000000 EREIRRERRRRRRERRE
100110[ 01010000] 00000001 00000000000 0O0O0O0OO0ODO0ODO
1001111 11100000/ 11111011
1010001 10100100{ 00000010
Read  Code Memory Vi ,
Select clect Write Enable _
Write Enable
Csl 109 1010 1014
Registers C4P°'20|Read Select ALU Select Flags
> Ci2 C13
00000000] [|X I{ 0000
B
C ALU Result |IREG Writebac
00000000 D csMux Mux
Port1]Read Select c
Input Cs] |cy ALU Source ALU 0 1 18
00000000] I lCu'VIUX  § 0
B Write Enable
1
¢ / C17 11
00000000 D Read
Selegt
DMEM Input 0000100000101
Mux 0001100000000
@ 1016 Write | 001000000000
> Select] 0011100000000 f=d
PC Mux ) 0100/00000000
| e Wmeﬁ?ab'“ 0101[00000000
BC ) Switches - 1 Input 10110/00000000
Undat PC 0111/00000000
pdate 100000
¢ Logic 0 |—| Data Memory

1281 CPU



Write .
Write Enable . .
Select 1"1 The purple inputs are generated manually from switches.
100000/ 001101001 00000000
100001 00110000] 00000001
nput|100020 10001100{ 00000000 ° OpCode Control
100011 11213813 gggggggg Decoder €1 CyC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Crs8
100100
100101 [ 9T000T00] 05666000 RN RN
100110] 01010000] 00000001 0000000O0OO0O0OO0OOOOOO0OO
1001111 11100000/11111011
1010001 10100100/ 00000010
Read Code Memory Wi )
Select clect Write Enable Write Enabl
rite Enable
081 109 1010 1014
Registers C4P°"CtOIRead Select ALU Select Flags
> C12 Ci3
00000000] [|X I{ 0000
B
C ALU Result IREG Writebac
00000000 D csMux Mux
Port1]Read Select C
Input ] |cs ALU Source| a| U 0 1 18
00000000] [N lCu'V'UX ® 0
B Write Enable
1
C |~ Ci7 ™11
00000000 D Read
Selegt
DMEM Input 0000100000101
Mux 0001100000000
@ 1016 \Write 1 0010100000000
> Select] 0011100000000 =
PC Mux ) 0100/00000000
102 Wmeﬁ?ab'" 0101[00000000
PC ) Switches — 1 Input |0110/00000000
Undat PC 0111/00000000
pdate 100000
¢ Logic 0 |—| Data Memory

1281 CPU



Write .
te Enabl . . . .
Select Jei Write Enable This one is both green and purple (i.e., internal/external).
100000f 00110100] 00000000
100001 00110000| 00000001
inout | 100010[ 10001100] 00000000 ° OpCode Control
P 100011} 11010011} 00000000 Decoder €1 €3 C3C4 C5 Cs C7 Cg Cg Cpp €1 €12 Cy3 €14 €15 C16 C17 Cg
100100 11110010| 00000011
100101 97000700] 90006600 AN RN AR RR
100110[ 01010000[ 00000001 00000000000 O0O0OO0ODODOOO
1001111 711100000/ 11111011
1010001 10100100 00000010
Read — Code Memor VY
Select Y elect ~\Write Enable Write Enable
Csl 109 1010 1014
Registers C4P°"CtOIRead Select ALU Select Flags
> C12 Ci3
00000000] [|X I{ 0000
B
C ALU Result IREG Writebac
00000000 D csMux Mux
Port1]Read Select 1018
Input S| lcr ALU Sourcel AU 0
00000000] N J crMux o—10
B 1 Write Enable
C -~ lCn 11
00000000 D Read
Selegt
DMEM Input 0000100000101
Mux 0001100000000
@ 1016 Write | 001000000000
> Select] 0011100000000 f
PC Mux ) 0100/00000000
| e Wmeﬁ?ab'e Put d 5101[00000000
) Switches & 1 Input | 0110/00000000
PC PC 0111/00000000
Update
100000
¢ Logic 0 |—| Data Memory

1281 CPU



B

The Switches
for User Input

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers . Flags 4
ce] Jen 0000
00000000] [|X
B 8 I\ \\4
5 6 low
5 00000000 |2 1015 AN
® \\8 0\ g g 9 lC]g
00000000 N -] 0 q
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1C3 _ 1681w 0101{00000000
PC N B Switches —x—g=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] Jlo Data Memory

1281 CPU
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These 16 switches are used for input into the Code Memory.




Tt LT k)

Ul ERu
(2]

PR 0 DT VDY

IRAASAET

e

SORAM 64822
Hiiiusite

@5

Illlllll

fDPER/caM

m
EIEEETETEaIEIesdesiteeNtid 115

LR T T

) ¢ esagned & Manufactured byTerasnc

4 mns uom' (6013 LERIZ LA

I Liowin - UDGS Lo LA %4 oy Ltm L ﬁ*f # R

FE T ‘F"»Hﬂlﬁﬁﬁ
._zﬂuﬂ L b ) b b ~ b.s.J:

o 0 0o 0O 0OO OOOT1TOOOOT OO




‘ll - wmw
Fr
A

Tt LT k)

U3 RN
S &

SORAM 64822
Hiiiusite

(ngQ/ch " " sPANSION'
M
EEREEEEEEEITIEeeEddteiNeee |15

: esagned & Manufactured byTerasnc
254

Jﬂﬁﬁﬁ
;;pph_

These 8 switches are used for input into the Data Memory.
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6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder B Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory /
. ”C 10 \ The Register File
8 9 10 . .
With Four Registers Jes
Registers i le Flags 4
> Ci2 Ci3
00000000] [X 11 0000
A g I\ J4
\\ N
< J 6 low
5 00000000 D 1015 S
v c 8 0\ 1018
6 C7 ALU Y 8 8 8
00000000] N Jon N 0
8 .8
2 \ 0 8 1/ 4 low
00000000 y Jer 1
48 1 J 8 4
N N
K / 8 4 |°99°| 00000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
J6 low N g | ©100[00000000
N 102 lc3 16 R low 0101]00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC K 0111]00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU
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6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 [1000il 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 9T060706[06600005]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000 10100100/ 00000010
Code Memory
The Arithmetic Logic Unit
C C C
8” ’ 1 0 (ALU) ch
Registers Flags 4
Cs
[ es 0000
00000000
\8 l\ J4
< N
. 00000000 Jeis N & low
N \8 0\ lclg
00000000 N o-—| 0
1 4 low
8 _
00000000 L~ lc” 1
\\8
A v 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g |o100[00000000
102 1C3 _ 16 8low 0101{00000000
PC N B Switches —c—g@=< | 0110[00000000
Undat 6 PC 6 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU
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100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

J 8 low
N

Control

Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

AR RN R RN

00000000000 O

000O0O0OO

Code Memor }
Y The Flags Register
alfe o T
Registers Flags 4
A looo00000 4\ 00o0of[)
N
N
d 6 low
g B 100000000 1015 N
N \8 7;\‘ lcm
C [00000000 ) 8 3 &0 .
’L,/ 4 low
D (00000000 ) lc” 1
8
N
" 7 | 0 [eo0oton] f |
0001100000000] | Y.

1Cm 001000000000
1

2 0011[00000000] |
o low >—] ¢ ¢ |o100[00000000
102 103 _ 16 8low 0101[00000000
PC CH B Switches ———g= 011000000000
’ 6 PC 0 0111{00000000

6 Update 6 |100000|

\ Logic o & Data Memory

1281 CPU
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6 |100000| 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 [100011)11010011) 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000{ 11111011
101000 10100100{ 00000010
Code Memory
The Five Bus Multiplexers
C81 109 1010
Ci4
Registers F|ags 4
00000000
00000000
8
\
8
00000000 S
00000000 lc”
0000100000101
8 0001100000000
— 0010[/00000000
0011[00000000
J 6 low 0100{00000000
N 16 0101100000000
Switches =—=c—=g- 0110{00000000
PC 011100000000
| 6 Update
N Logic N Data Memory

1281 CPU
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6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 81
N ow
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000{ 11111011
101000[ 10100100( 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers F|ags 4
A [00000000 0000
14
J 6 low
g B 00000000 1015 N
N \8 0\ lclg
* 8 8 8
C |oo000000 S & ° g
1/ 4 low
D (00000000 A lc” 1
\\8
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
The Program Counter n 0011[00000000] |-
. \
\\6 low Update LOQIC < 8 0100{00000000
102 1C3 6 Slow 0101[00000000
PC 6 |3 Switches = By 1 0110{00000000
i < 6 PC 0111{00000000
6 pdate 6
¢ \ : 100000
\ Logic o [100000] & Data Memory

1281 CPU



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 81
N ow
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 0000
J4
N
g 00000000 Jes N & low
N \8 0\ lclg
* 8 8 8
00000000 N o-—| 0 q
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
The Program Counter s [} 0011[00000000] |
\\6 low Se 8 0100/00000000
102 lc3 _ 16 8low 0101{00000000
PC N B Switches —c—g@=< | 0110[00000000
Und PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic | [100000] J16 Data Memory

1281 CPU
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The Switches
for User Input

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers . Flags 4
ce] Jen 0000
00000000] [|X
B 8 I\ \\4
5 6 low
5 00000000 |2 1015 AN
® \\8 0\ g g 9 lC]g
00000000 N -] 0 q
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1C3 _ 1681w 0101{00000000
PC N B Switches —x—g=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] Jlo Data Memory

1281 CPU
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6 |100000[ 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 9T060706[06600005]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
g 00000000 Jes N & low
N \8 0\
© 8 8 8
00000000 . -—
1/ 4 low
00000000 / lc” \
\\8 \4
‘4 0000{00000101 g
8 S 0991100000000] | H.
— 1016 0010[00000000
2 0011[/00000000] |-+
J6 low N ¢ ||oto0[00000000
N \
102 1C3 _ 6 Slow - 0101/00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC 0111]00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 \_Data Memory /

The Data Memory

1281 CPU




B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | AN RN AR RR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
C
61
. 00000000 y Jers ) N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c -
00000000] |p - / l 17 \[12
\\8 \4
‘4 0000{00000101 g
8 s 200100000000 | 1}
— 1016 0010[00000000
2 0011{00000000] |-+
J6 low N ¢ ||oto0[00000000
A \
102 1C3 _ 6 Slow . 0101[00000000
) Switches =g 1 0110/00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 \_Data Memory /

DMEM
1281 CPU



The Memory Layout



Memory Layout

* The i281 CPU uses two different memories



—

CMEM (or IMEM)

DMEM

100000 00110100} 00000000
100001 00110000/ 00000001
100010[ 10001100[ 00000000 OpCode Control
Ll [ AL G e T Decoder €1 €3 C3 €4 C5 C6 C7 Cg C9 C1g Cy1 €12 €13 Cr4 €15 Ci6 C17 Ci8
100100[ 11110010 00000011
100101} 01000100[ 00000000 11111111111 11 1 11 11
100110[ 010100001 00000001 000000000000 0000O0O0
100111 11100000/ 11111011
1010001 10100100[ 00000010
\ Code Memory /
of Jo_Jen e
Registers Flags
Cs C12 Ci3
00000000] [X 11 0000
B
C
00000000 D 1015
c 0\ 1018
61 |¢7 ALU
00000000] N Jon o— 0
B 1
C —
00000000] |p ~ / Jev \[12
0000100000101
0001100000000
[ 1016 0010{00000000
0011{00000000] j=-
0 0100{00000000
Je2 | 0101{00000000
BC ) Switches = 1 0110/00000000
PC 0111]00000000
Update 000000
Logic 0 Data Memory

1281 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 000Q
0011 00000001—
0100 00000110——
0101 0000
0110 00000101
0111 00001000
1000 00000111
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000

|




Memory-Mapped Video Memory

T
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Memory-Mapped Video Memory

Address Data

0000 00000111—
0001 00000011——
0010 00000010
0011 00000001—— |
0100 00000110 I
0101 00000100 -
0110 @II00101— =
0111 00001000 o
1000 00000111

1001 00000000 Changing these bits
will not affect what is

1010 00000000 displayed, but it wil
1011 00000000 affect the program.
1100 00000000
1101 00000000
1110 00000000
1111 00000000




Memory-Mapped Video Memory

1000 00000111 | |

1001 00000000 Changing these bits
will not affect what is

1010 00000000 isplayed, 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 000«
0011 00000001}—— |
0100 00000110 I
0101 000¢C -
0110 00000101— '
0111 00001000—— -
1000 |00000111
1001 00000000 This memory cell

is used by the program,

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

1111 00000000




Memory-Mapped Video Memory

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

Data
00000111
00000011

00000010
0000[0001

00000100
00000101

I
00001000 o
/00000111

00000000
00000000
00000000
00000000
00000000
00000000

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 00000000——

0011 000000
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

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

Data

000000
00000000——

00000000—— 0
0[0000000——
01111001 =
01010100—— -
01011110—— - 4| |2
00000000—— S

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
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This shows only a small

This shows only the first half
of the data memory

100000] 00110100] 00000000]}| Part of the user memory.
100001| 00110000{ 00000001
100010[ 10001100[ 00000000 OpCode Control
JBIE 1O G T Decoder C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
100100[ 11110010{ 00000011
100101 01000100/ 00000000 11111111111 11 1 11 11
100110] 01010000| 00000001 00000000000 0O0O0O0OO0ODO0ODO
1001111 11100000{ 11111011
101000[ 10100100{ 00000010
\ Code Memory /
C
081 109 1 10 1c14
Registers c F|ags
5 C”l c3 0000
A 100000000 A
B
C
B 00000000 y 1015
Col | ALU En
C loooooooo] N lCn o
B 1
C —
D |oooooooo] |b ~ / Jer \[12
0000100000101
0001100000000
[ 1016 0010{00000000
0011{00000000
0 0100[00000000
102 1C3 0101[00000000
) Switches - 1 0110{00000000
PC PC 0111{00000000
Update 000000
Logic 0 \_Data Memory /

1281 CPU
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100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100( 00000000
00110000[ 00000001
10001100[ 00000000 OpCode Control
11010011} 00000000 T Decoder €1 C C3 €4 Cs o C Cy Cy Cio €11 Cia Ci3 Cia Cus i C17 Cig
11110010[ 00000011
91000700/ 0000000 NENNRRERRE R E RN
01010000| 00000001 000000O0 000 0O0O0OO0OO0O0O0ODO
11100000| 11111011
10100100/ 00000010
Code Memory
sl Jon oo
Registers Flags
Cs C12 Ci13
00000000] [X 11 0000
B
C
00000000] | 1015
c 0\ 1018
o} | ALU
00000000] N Jon o—10
B 1
C —
00000000 |p L~ lc” 1
0000100000101
0001100000000
[ 1016 0010[00000000
0011[00000000] |
0 0100[00000000
102 1C3 0101[00000000
PC ) Switches @ 1 0110{00000000
PC 011100000000
Update 000000
Logic 0 Data Memory

1281 CPU



The OPCODE Decoder



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 -/ 27
100010[ 10001100| 00000000|| .16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 T000100[ 00000000]| | — EERARRRRRRRERERRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N\
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer 1
438 4
4 000000000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011{00000000] }=
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches = By 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADIT
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
LOADIT
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



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
LOADTI (hesetwo STORE BRNE
are aliased STOREF BRNZ
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
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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 -/ 27
100010[ 10001100| 00000000|| .16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 T000100[ 00000000]| | — EERARRRRRRRERERRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N\
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer 1
438 4
4 000000000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011{00000000] }=
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches = By 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



En

I9POJIP 9] -01-§

Yo NOOP
N En % y p— INPUTC
»» }— movE 1 Y |— INPUTCF
V3 LOADI/LOADP w, & J2 [— INPUTD
Ya ADD w, & 73 [~ INPUTDF
5 ADDI -
o SUB En T SHIFTL
1n . W
j,z igi; ? Y1 |— SHIFTR
Jo LOADF g
Y10 — STORE 1" &
Y1l — STOREF
= En % y |—BRE/BRZ
13— cup 1 Y1 |— BRNE/BRNZ
14— gump $+—{wm & % |—Bre
7 ¢—|w £ 7 [—BRGE
S

Io | Ig | I, | I¢ | Is | I, | I3 | I, | I, | I,

J\ J

S ADDR/VAL/OFFSET
£ RY

RX



En

I9POJIP 9] -01-§

Yo
N
Y2
Y3
Y4
s
Yo
i
8
Yo
Y10
M
Y2
N3
Y14
s

NOOP

MOVE
LOADI/LOADP
ADD

ADDI

SUB

SUBI
LOAD
LOADF
STORE
STOREF

CMP
JUMP

En % y, |— INPUTC
1 Y1 |— 1npUTCF
w, & J2 [ INPUTD
w, & 73 |— INPUTDF
8
En T ¥ |— SHIFTL
o
Y, Y1 |— SHIFTR
o
(@)
(@
Q
— W %
]
En % y, |— BRE/BRZ
o
L Y1 |—BRNE/BRNZ
¢ w, & J2 [—BRG
—w & 75 [—BRGE
=

The second instruction byte

is NOT routed through
the OPCODE decoder.

ADDR/VAL/OFFSET
RY
RX



En

I9POJIP 9] -01-§

Yo NOOP
N En % y p— INPUTC
»» }— movE 1 Y |— INPUTCF
V3 LOADI/LOADP w, & J2 [— INPUTD
Ya ADD w, & 73 [~ INPUTDF
5 ADDI -
Y6 SUB
» Fam EER e
Y3 LOAD N
Jo LOADF 8
Y10 — STORE "o &
Y1l — STOREF
= En % y |—BRE/BRZ
13— cmp 1 %1 |— BRNE/BRNZ
f“ JUMP wm & % [—BRG
° w, & 73 | BRGE

S
I, | I

= RY

RX



B

6 |100000| 00110100{ 00000000
~~—]100001| 00110000{ 00000001 _ 27
100010 10001100[ 00000000|| | 16 8 high | OpCode — Control
16 [1000il 11213813 83883822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00000030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory
C81 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
5 6 low
5 00000000 |2 1015 AN
N Co| lcs \\8 0\ 5 5 g 1C13
00000000] I N -] 0
B 1 4 low
C —
00000000] |D - ) lc” 1
\\8
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
\[6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC N B Switches —c—g@=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



En

I9POJIP 9] -01-§

Yo
N
Y2
Y3
Y4
s
Yo
i
8
Yo
Y10
M
Y2
N3
Y14
s

NOOP

MOVE
LOADI/LOADP
ADD

ADDI

SUB

SUBI
LOAD
LOADF
STORE
STOREF

CMP
JUMP

En % y, |— INPUTC
1 Y |— INPUTCF
w, & J2 [— INPUTD
w, & 23 |— INPUTDF
S
En T y |— SHIFTL
o
T, Y1 |— SHIFTR
(@
a
(@)
o
Wo %
=
En % y, |— BRE/BRZ
7 % |—BRNE/BRNZ
w, & J2 [—BRG
wy & 73 [~ BRGE
=
These 4 bits
\ pass through,
but don’t go
through the

RY

RX/

decoder tree.



En

I9POJIP 9] -01-§

Yo NOOP
N En % y p— INPUTC
»» }— movE 1 Y |— INPUTCF
V3 LOADI/LOADP w, & J2 [— INPUTD
Ya ADD w, & 73 [~ INPUTDF
5 ADDI -
Y6 SUB
» Fam EER e
Y3 LOAD N
Jo LOADF 8
Y10 — STORE "o &
Y1l — STOREF
= En % y |—BRE/BRZ
13— cmp 1 %1 |— BRNE/BRNZ
f“ JUMP wm & % [—BRG
° w, & 73 | BRGE

S
I, | I

= RY

RX



En

I9POJIP 9] -01-§

Yo
N
Y2
Y3
Y4
s
Yo
i
8
Yo
Y10
M
Y2
N3
Y14
s

NOOP

MOVE
LOADI/LOADP
ADD

ADDI

SUB

SUBI
LOAD
LOADF
STORE
STOREF

CMP
JUMP

En % y, |— INPUTC
&}
L 71 |— INPUTCF
w, & J2 [— INPUTD
w, & 23 |— INPUTDF
S
En T y |— SHIFTL
o
D, 71 |— SHIFTR
o
(@)
(@
Q
Wo %
]
En % y, |— BRE/BRZ
o
L 71 |—BRNE/BRNZ
w, & J2 [—BRG
wy & 73 [~ BRGE
=
YO

Y1 These are their

names used in the
X0 hardware design.
X1






3

19p039p HAODdO

Yo
N
Y2
3

Ya
Ys

Y6
Y7

)3
Yo

J1o
Ju

J12
J13

Y14
Jis

J16
J7

J18
J19

Y20
21
Y22

23
Y24

Y25
Y26

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

—— ADD
—— ADDI
—— SUB
— SUBIT
— LOAD

LOADF
— STORE
—— STOREF
—— SHIFTL
—— SHIFTR
— CMP

— JUMP
—— BRE/BRZ

— BRG
—— BRGE
— X1
— X0
— Y1
— YO

— LOADI/LOADP

—— BRNE/BRNZ



En

% — noop \
Y1 — INPUTC
ol V2 |— INPUTCF
S V5 |— INPUTD
8 Vs b— INPUTDF
o Js MOVE
g Y6 — LOADI/LOADP
=] Y7 }— ADD
¢| 3 — ADDI
Y% | — sus 23 one-hot
encoded
Y10 |— SUBI outputs
Y11 — 1.0AaD
Y12 LOADF
Y3 — STORE
14— STOREF
Y15 — SHIFTL
Y16 |— SHIFTR
N7 — cMP
Y18 l— JuMP
Y191 — BRE/BRZ
)20 — BRNE/BRNZ
Yo BRG
\@ — BRGE /
Vo3 — X1
Yoa X0
Yos Y1
Y6 b—vo0




3

19p039p HAODdO

Yo F— NOOP

» b— INPUTC

V> |— INPUTCF

Vs |— INPUTD

Vs — INPUTDF

J5 MOVE

Y6 b— LOADI/LOADP
Y7 }— ADD

Y8 — ADDI

Yo |— SuB

Y10 — SUBI

Y11 — 1.0AaD

Ji2 LOADF

Y3 — STORE

14— STOREF

Y15 — SHIFTL

Y16 |— SHIFTR

.y17 —— CMP

Y18 l— JuMP

Y191 — BRE/BRZ

)20 — BRNE/BRNZ
Yo BRG

)22 — BRGE

Vo3 — X1

Y24 — X0 These 4 are NOT
Y25 — y1 one-hot encoded
Y6 b—vo0




B

+4
6 [100000[ 00110100]| 00000000 23
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode <~ Control
AY \
16 |toco11) 11010011} 00000000 Decoder B Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 S
N Co| lcs \\8 0\ g 5 g 1C18
00000000 A N o-—| 0
B 1 4 low
C —
00000000] |D - lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PdC 6 PC 6 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



The Control Logic



B

6 |100000] 00110100) 00000000 /
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N C1 €2 C3C4 C5C4C7C3C9CppCpp Cpp Cp3CrqCis5Ci6C17Cog
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | NERRRRRRRRR RN
6 100110 01010000[ 00000001 QOOOOOOOOOOOOOOOOO
100111 11100000{ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 S
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X N -— 0
B 1 4 low
C —
00000000] |D - lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
? 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



XOW MOVHALTNM 9"

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1

1
1

0LOTTIAS FALTHM SHALSIOTM

TIOFTIAS FLTHM SHALSION

X1 | X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOTTAS TI¥Od SMALSIOTM

TIOITIAS TI¥0d SHALSIOTM

X1 | X0

0LOITAS 0I¥Od SHALSIOHM

TIOTTIAS 0L¥0d SHALSIOHM

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| Y1) YO

FTIYNT ALTHM YIINNOD WYED0dd

1

1
1

1
1
1
1

1

1
1
1
1

XOW SEINNOD WYEDOo¥d

Bl

B2

B3

B4

TIGYNT FLIHM WINT

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP

ADD

ADDT

SUB
SUBT

LOADF
STORE

STOREF
SHIFTL
SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




XOW MOVEILTEM OFd

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

0LOTTIAS FALTHM SHALSIOTM

TIOFTIAS FLTHM SHALSION

0LOTTAS TI¥Od SMALSIOTM

TIOTTES TI¥0d SYALSIOTH

0LOITAS 0I¥Od SHALSIOHM

TIOTTES 0I¥0d SYALSIOTH

FTIYNT ALTHM YIINNOD WYED0dd

XOW SEINNOD WYEDOo¥d

TIGYNT FLIHM WINT

q

1
1
1
1
1
1
1
1
1
1

X1 | X0
X1 | X0
X1 | X0
X1 | X0
X1 | X0
X1 | X0
X1 | X0

X1 |X0|Y1l]|Y0| 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| Y1) YO

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

1
Bl
B2
B3
B4

LOADI/LOADP

INPUTC
INPUTCF
INPUTD
INPUTDF
ADD
SUB
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
BRE/BRZ
BRNE/BRNZ
BRG

\|BRGE

NOOP
ADDT

23 one-hot
encoded
lines from
OPCODE
decoder



~.

XOW MOVEEL HmSIwmmu

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1
1
1

o0

S |-

pwu TIGYNT FLITHM WINA |- [

O —_— —

S XON INANI WINA [

Cw xaW zasEy oty [« |- - al |-

= FTIYNT ALTEM SOVTI e IGIGIG ) ) -
O

on -—

Cl OLOETHES NIV | Y
a 1ILOITES OTY |l |Ale] |Ale]m]=] =] |- -
)

5 X/ @odnos ate| | || [= | al =l =] |-

=

O

(@)

O

[e%e)

)

0LOETES EITHM SYELSIOT SIRIRIRRISR|R 2%
1I0TTES ALTEM SYELSIOR olislisliolislivlislle ol }e)
5 OLOETAES TI¥0d SHALSIONM M HE S
f  TIOWTAS TINOd SYALSIOEY ol |5 o] bo) o
5’ 0IOETAS 0I¥Od SWALSIOTI 2 IRIS IRIRISRIS| 9] 2IR]IR](S2
¢ TIOITES 0IMOd SHALSIOTA gl ([R5 (RIRIRIR] (2] |PR]==
¢S’ NE ELTIM WAINNOD WYNOO0Ed|r v [« [ [ ]|t | | [ [ [ ] | | [ [ [ [ | o | 1 [ [ [ A
&S XOW ¥EINAOD WYEDO¥d - @ |2 |@| @
f ) mqmmzmlmamelzaaw |
ﬁ
N \\ \
0 [aT]
g 3 >
= BBl slsl5EE | E S
o) [ [ H ~ m =]
£ SEEEEREEEEEEREEE EREEEEE
m ZlH[H|H]|H 2112 n|nnln M|, y,
C _
0 ° «
- 30
50
© 80O
n cl
N oO




XOW MOVHALTNM 9"

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1

1
1

Cg 1Co [C10[C11/C12 |C13[C14 [C15]|C16]|C17(C1s

0LOTTIS ALTEM SHALSIOEM SIRIRIRISRISIS|S 2R
TIOITIS FLTEM SHILSIOTA olivlislisiiolivliolle o] }o)
5 OLOETAS TINOd SYALSIOEY S8 2|8 S
S TIOETES TI¥0d SYALSIORI o] B b o1l o
p—
S OTOEIES 0I¥Od SHALSIOTA 2l 212 RIIRIR] 18] 218188
o TIOETIS 0I¥Od SYALSIOTI 2l (212 (RIZIRIE] (2] |19]=]=][=
¢S’ NI ELTEM SHINNOD WWEDOEd|r v | v |t [t |t |t [t |t ot [t [t [t [ f ot f o [ ot et | ot |t |t | o |
S XOW ¥EINNOD WYEO0dd IR
) TIGYNT FLTEM WENI| [~ |-
[aT]
g :
[T 7] [ ]
Vl0IAalIA _/h_l . [T P N4 m m
olE[EBIE a5l Ll |lol5 (2 BIEIE| a[2[5], s
SEE S EEE R EEEEEEEEEE
NIIIIWMMMSSMMSSSS MmiAajMa|Ma

I,

1,

IlO

Ill

X1

IlZ

I3

Il4

Is5

Taken from
these bits of the

instruction



o0 — —
5 XOW MOVHELTNM OFd - -
pwu TIGYNZ TITEM WIENG [ |-
O — -
5 XON IOINI WENd o [
> XOW I0STE aTe| |H| |- o | |-
) TEYNT ELTEM SOVIA [ | [ IGIG
S
on -
S OLOHETHES NIV | |
nwu H_H_Um_.hmmlbﬂw 1 [ [ — 1 =
5 XOW EO¥N0S 0TV |- (= =] |
Cm FTEYNE ELTEM SYELSIOTI A |t ||t |t [ | o [ |
_ _ fr—
¢S OLOETIS ELT¥M SYELSIOTY SIRIRIRISIK|S]S2 SIS
F TLOITIS ELTYM SYELSIOTA o] io]islis]is]isliolte o]}
5 OLOITES TI¥Od SYALSIDEA 28 2|2 S
F TLOETAS TI¥Od SYALSIOEY o] I be! ol b ol
' 0LOETES 0I¥Od SYALSIORI 2 1218] IRI2I2IR] 8] 8RR
S TIOTTES 0L¥Od SYALSIONM gl =s (RRRR (F] R R
n%zmlmEHmzlmMBZDOUIgOMQl11111111111111111 GG
S' XOW YIINNOD WYEDONd 212
o TIGYNZ TITEM WINI| ||~
a1
: ;
y e [
(O O] ya ] Fa] _/h_l 2y | m m

o BB Ela[Bl Ll [alal5 (B IEIE . |a[E /5], [x

SEE S EEE R EEEEEEEEEE

NIIIIWMMMSSMMSSSS MiAfmaim

I,

1,

IlO

Ill

X1

IlZ

I3

Il4

Is5

Taken from
these bits of the

instruction



XOW MOVHALTNM 9"

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1

1
1

Cg 1Co [C10[C11/C12 |C13[C14 [C15]|C16]|C17(C1s

OLOTTES ELTEM SYALSIOTI SRIRRRIRSS S8
TIOTTES FLTHM SWALSIOES olivlislisiiolivliolle o] }o)
5 OLOETAS TINOd SYALSIOEY S 2| S
S TIOETES TI¥0d SYALSIORI o] B b ol bo! o
5’ 0IOETAS 0I¥Od SWALSIOTI 2l (RS 1IRISISIS] (8] (2IR]IRIR
o TIOETIS 0I¥Od SYALSIOTI g (RIS (RIZIRIE] (2] 2]=R]=]=
¢S’ NI ELTEM SHINNOD WWEDOEd|r v | v |t [t |t |t [t |t ot [t [t [t [ f ot f o [ ot et | ot |t |t | o |
S XOW ¥EINNOD WYEO0dd IR
o TIGYNT FLTHM WINI| |~ |~
[aT]
g >
e 7] Iy
VIV IAlIA _Il_l . [T P N4 m m
olE[EBIE a5l Ll |lol5 (2 BIEIE| a[2[5], s
SEE S EEE R EEEEEEEEEE
NIIIIWMMMSSMMSSSS MiAlMm|/M

I,

1,

1,

Ig

I,

Y,

I

Ill

IlZ

I3

Il4

Is5

Taken from
these bits of the

instruction



XOW MOVHALTNM 9"

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1

1
1

Cg 1Co [C10[C11/C12 |C13[C14 [C15]|C16]|C17(C1s

OLOTTES ELTEM SYALSIOTI SRIRRRIRSS S8
TIOTTES FLTHM SWALSIOES olivlislisiiolivliolle o] }o)
5 OLOETAS TINOd SYALSIOEY sloS 2| S
S TIOETES TI¥0d SYALSIORI ol (5 ol bo! o
5’ 0IOETAS 0I¥Od SWALSIOTI 2l (212 IRISISIS] (2] [2IRIRIR
o TIOETIS 0I¥Od SYALSIOTI gl (22 (RIZIRIE] (2] 12]=R]=]=
¢S’ NI ELTEM SHINNOD WWEDOEd|r v | v |t [t |t |t [t |t ot [t [t [t [ f ot f o [ ot et | ot |t |t | o |
S XOW ¥EINNOD WYEO0dd IR
o TIGYNT FLTHM WINI| |~ |~
[aT]
g >
e 7] Iy
VIV IAlIA _Il_l . [T P N4 m m
olE[EBIE a5l Ll |lol5 (2 BIEIE| a[2[5], s
SEE S EEE R EEEEEEEEEE
NIIIIWMMMSSMMSSSS MiAlMm|/M

I,

1,

1,

Ig

I,

Y,

I

Ill

IlZ

I3

Il4

Is5

Taken from
these bits of the

instruction



XOW MOVHALTNM 9"

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1

1
1

Cg 1Co [C10[C11/C12 |C13[C14 [C15]|C16]|C17(C1s

OLOTTES ELTEM SYALSIOTI SRIRRRIRSS S8
TIOTTES FLTHM SWALSIOES olivlislisiiolivliolle o] }o)
5 OLOETAS TINOd SYALSIOEY S 2| S
S TIOETES TI¥0d SYALSIORI o] B b ol bo! o
5’ 0IOETAS 0I¥Od SWALSIOTI 2l (212 IRISISIS] (2] [2IRIRIR
o TIOETIS 0I¥Od SYALSIOTI gl (22 (RIZIRIE] (2] 12]=R]=]=
¢S’ NI ELTEM SHINNOD WWEDOEd|r v | v |t [t |t |t [t |t ot [t [t [t [ f ot f o [ ot et | ot |t |t | o |
S XOW ¥EINNOD WYEO0dd IR
o TIGYNT FLTHM WINI| |~ |~
[aT]
g >
e 7] Iy
VIV IAlIA _Il_l . [T P N4 m m
olE[EBIE a5l Ll |lol5 (2 BIEIE| a[2[5], s
SEE S EEE R EEEEEEEEEE
NIIIIWMMMSSMMSSSS MiAlMm|/M




XOW MOVEILTEM OFd

TIGYNT FLITHM WINA

XON INANI WINA

XOW INSTH OTY

FTIYNT ALTEM SOVTI

0LOATES NTY

1IOITIAS NTY

XOW FO¥N0S OTY

TTIUNT ALTNM SHALSIOTA

1
1
1
1
1
1
1
1

1
1

Cg 1Co [C10[C11/C12 |C13[C14 [C15]|C16]|C17(C1s

OLOTTES ELTEM SYALSIOTI SRIRRRIRSS S8
TIOTTES FLTHM SWALSIOES olislivliolio] vl iolle ol b
5 OLOETAES TI¥0d SHALSIONM 2 2R S
S TIOETES TI¥0d SYALSIORI o] B b ol bo! o
5’ 0IOETAS 0I¥Od SWALSIOTI 2l (212 IRISISIS] (2] [2IRIRIR
o TIOETIS 0I¥Od SYALSIOTI gl (22 (RIZIRIE] (2] 12]=R]=]=
¢S’ NI ELTEM SHINNOD WWEDOEd|r v | v |t [t |t |t [t |t ot [t [t [t [ f ot f o [ ot et | ot |t |t | o |
S XOW ¥EINNOD WYEO0dd IR
o TIGYNT FLTHM WINI| |~ |~
[aT]
g >
e 7] Iy
VIV IAlIA _Il_l . [T P N4 m m
o BB Ela[Bl Ll [alal5 (B IEIE . |a[E /5], [x
SEE S EEE R EEEEEEEEEE
NIIIIWMMESSMMSSSS MiAlMm|/M

)

F
NF)
OF)

Z

(

Negative Flag (
Overflow Flag (

ZF
~ZF

Bl=

Zero Flag

B2=

computed using

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

B4= XNOR (NF, OF)

the flags register



The Control Signals



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches = By 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
1
g 00000000 Jes N & low
N \8 0\ lclg
* 8 8 8
00000000 N o-—| 0 q
1/ 4 low
c _
00000000 l 17 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 lc3 _ 6 Slow 0101{00000000
N B = Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 [ GTg0000[ 00000008 | EERARRRRRRRERERRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers
g cal le Flags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N\
N \8 0\ lclg
* 8 8 8
00000000 S —— " g
1/ 4 low
c —
00000000 l 17 1
438 4
4 000000000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011{00000000] }=
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
1
g 00000000 Jes N & low
N \8 0\ lclg
* 8 8 8
00000000 N o-—| 0 q
1/ 4 low
c _
00000000 l 17 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

J 8 low
N

OpCode
Decoder

Control

Code Memory
C C C
811 9 1 10 1(:14
Registers Flags 4
00000000] [X \ 0000
B N
b ) 6 low
5 00000000 |2 1015 AN
N Co| lcs \\8 0\ g 5 g 1C18
00000000] [ N 8|
° 1 4 low
C p—
00000000] |p e ) Jer
48
A 4 0000100000101 g
8 0001190000000 | 4
1 1016 0010[00000000
] 0011{00000000] j=
6 low N g | ©100[00000000
102 103 _ 16 8low 0101[00000000
PC N B Switches —c—g@=< | 0110[00000000
Uodat 6 PC 0111{00000000
6 pdate
\ ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory
af o) o
Registers Flags 4
A loooooooo] [X 0000
B \\4
5 6 low
5 B [00000000] |2 1015 AN
N Co| lcs \\8 0\ g 5 g 1C18
C [00000000] X A —— ¢
B 1 4 low
C —
D |oooo0000] |b - lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1C3 6 Slow 0101{00000000
PC EE Switches ——@=x 1 0110{00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000[ 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder S 1 ¢5 C3 €4 C5 G ©7 Cg € €1 €1y Ci Ci3 Cug Cos € €17 Cig
\ 100100f 11110010| 00000011 8 low
100101 9T060706[06600005]| | NN R R RR RN
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111{711100000[ 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
) 00000000] |D 1015 N\
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c -
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[/00000000] j=
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 @
Registers Flags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
¢ J 6 low
q 00000000 D N
N Cel |cy \\8 g 2 g 1C18
00000000 A N o-—| 0
B 1 4 low
C —
00000000] |D - lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 8high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

J 8 low
N

Control

Code Memory

Cgl 109 1010 1c14

Registers Flags 4
A Jooooo000] |[A 0000
B \<4
5 J 6 low
g B |oo000000] |2 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
C [oooo0000] [ N B 1o
B
C p—
D loooooooo] |b Jer |
0000100000101 g
8 0001190000000 | 4
\ G 0010[00000000
0011[00000000] |-
\\6 low 0100{00000000
102 1C3 16 0101[00000000
PC O Switches —c—g~ 0110[00000000
Uod ) 6 PC 0 0111{00000000
6 pdate 6
A : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
)
00000000 D 10
8 15
N Cel |cy \\8 0\ g ?
00000000 X S
B 1 4 low
C c —
00000000] |p - m 1
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
alfo feo lon
Registers F|ags 4
00000000 X 0000
B \\4
)
00000000 D 10
8 15
N Cel |cy \\8 0\ g ?
00000000 X S
B 1 4 low
C c
00000000] |p ~ Jer
438 4
4 0000100000101
8 0001100000000
= 1016 0010100000000
2 0011{00000000
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



lcl Write Enable
6 |100000] 00110100) 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100{ 11110010 00000011 8 low
100101 0T000100] 00000003]| | ERERRRRERRRARRERE!
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
1001111 11100000/ 11111011
101000 10100100/ 00000010
Code Memory VWi
Write Enable
elect Write Enable
C81 109 1010 lcl“
Registers PO'ZOIRead Select ALU Select Flags 4
4 5 c
12 C13
00000000] [X 11 0000
B 8 44
C ® ALU Result II%ErQVWritebac
N (0)
00000000 D csMux N Mux
8 Port1]Read Select 8 1018
N Co| lcs ALU Source| al U N 2 5 5
00000000] N J crMux N &0
B 1 41ow Write Enable
C |~ lCn 11
00000000 D
\\8
DMEM Input] 7, | 9999100000101 g
8 Mux 0001100000000] | Y
= 1016 0010100000000
8 ) 0011100000000 [t
PC Mux N
\\6 low Write Enabls < 8 0100{00000000
102 1C3 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
N 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



lcl Write Enable
100000 00110100| 00000000
100001 00110000| 00000001
100010 10001100[ 00000000 OpCode Control
100011 11010011} 00000000 T Decoder C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
100100 11110010| 00000011
100101 01000100] 33000000 RRERRRRRRRRRR AR
100110[ 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
1001111 11100000 11111011
101000 10100100/ 00000010
Code Memory VWi ,
clect Write Enable _
Write Enable
C81 109 1010 1014
Registers C4P°'20|Read Select ALU Select Flags
> C12 Ci3
00000000 A I{ 0000
B
C ALU Result |IREG Writebac]
00000000 D csMux Mux
Port1|Read Select c
Co| |cy ALU Source ALU 0 1 18
00000000] N J crMux o—1 0
g 1/ Write Enable
00000000] |D lc” 1!
DMEM Input 0000100000101
Mux 0001100000000
[ 1016 0010100000000
bC M ) 0011100000000 =
ux
Write Enabl€ 0100/00000000
102 1C3 0101[00000000
PC ) Switches - 1 0110/00000000
PC 011100000000
Update [100000]
Logic 0 Data Memory

1281 CPU



The Five Bus Multiplexers



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |oooit E‘Eggié 88888822 Decoder S ©1 €2 €3 €4 Cs G C7 Cs Co Cio i Cia €13 Ciy Cis Cig Ci7 Cig
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 000000 0000O0O0O0OO0OO0OO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
Cs
00000000 A
B
C
q 00000000 D
® Cel |cy 8
00000000 X S
B
C
00000000] |p lc”
0000100000101 g
8 0001100000000 | Y
— 0010{00000000
0011[00000000] =
\\6 low 0100/00000000
103 16 0101100000000
PC Switches =—=c—=g- 0110{00000000
Uod PC 0111/00000000
6 pdate
\ : 100000
¢ N Logic |—| N Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

J 8 low
N

Control

Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

AR RN R RN

00000000000 O

000O0O0OO

Code Memory
C C C
e Jeo loo
Registers Flags 4
A 100000000 ) 0000
N
N
J 6 low
e B 100000000 1015 k
Y \F 7;\\ g ) . 1C18
C 00000000 N 0 .
’L,/ 4 low
D |o0000000 Jer |
\\8 4
4 | °°°°l00000101 .
8 0001[g0000000] | 4
1 1016 0010[00000000
ALU SOURCE_MUX 3 > 0011{00000000] j=
\\6 low Se 8 0100/00000000
102 103 16 8low 0101[00000000
PC CH B Switches ———g= i 011000000000
Uodat ’ 6 PC 0 0111{00000000
6 pdate 6
\ ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



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

C11
U7...U0 AKS— 0 g
Z; ... 2,
V, ..V, —e— 1




Up— 0

Vo — 1












These 8 lines form the output bus.













B

6 |100000[ 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 81
N ow
100101 9T060706[06600005]| | NN R R RR RN
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100| 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers . Flags 4
ce] Jen 0000
00000000 [X . I\ .
B N
C > ALU RESULT _MUX 6l
00000000 y ( |e \ ) N
8 \15
\ \\8 0 8 8
00000000 . A
1/ 4 low
00000000 & lc” 1
48 4
A 7 | °focoo0ran] | |
8 0001100000000 | Y
= 1016 0010100000000
2 0011[/00000000] j=
6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC EE 5C Switches ——@=x 1 0110{00000000
6 0111{00000000
6 Update
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU






B

6 |100000| 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 [100011)11010011) 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000{ 11111011
101000 10100100{ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000
1
. 00000000 N6 low
Y 1C18
8 8
00000000 S —— " g
4 low
00000000 lc” 1
0000100000101 g
8 0001100000000 | Y
— 0010[/00000000
0011[00000000] }=
J 6 low 0100{00000000
N
102 1C3 _ 16 0101/00000000
. ) Switches =—=c—=g- 0110{00000000
PdC 6 PC 0111{00000000
6 Update
\ : 100000
¢ ‘ Logic [~~1o [100000] \ Data Memory
DMEM_INPUT_MUX

1281 CPU






B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
N
N REG_WRITEB&CK_MUX
g 00000000 Jes ) N
N \8 0\
* 8 8
00000000 Se
1/ 4 low
00000000 lc”
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC 0111{00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU






B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 T000100[ 00000000]| | AN RN AR RR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 0000
44
N
61
. 00000000 Jes ) N
N \8 0\ lclg
\ 8 8 8
00000000 S —— " g
1/ 4 low
c —
00000000 l 17 1
438 4
4 000000000101 g
8 0001100000000] | Y.
= 1016 0010100000000
PROGRAM_ COUNTER_MUX 8 0011{00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ 100000
¢ v Logic ~T1o0 [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

8 low
N

Control

Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

AR RN R RN

00000000000 O

000O0O0OO

Code Memory
Csl 109 1010 1c14
Registers Flags 4
A [00000000 0000
14
J 6 low
e B Joo000000 1015 k
N \8 7;\‘ lcm
Y 8 8 8
) W
C 100000000 N | .
’L,/ 4 low
D |o0000000 ) Jer |
8
N
A 4 0000{0p0000101 g
3 0001[g0000000] | 4.
T 0010{00000000
) Note that the 0 and 1 8 Jeis 0or0100000000})
6 low are swapped >—] 0 g | ©100[00000000
©2 103 _ 16 8low 0101[00000000
PC N R Switches ——g= i 0110{00000000
Uodat ) 6 PC 6 0111[00000000
6 pdate 6
\ ) 100000
' Logic |~—10 [100000) & Data Memory

1281 CPU



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

Co
U5...U0 AL 0 6
Zs ... Z,
Vg ...V, =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| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder B Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory /
. ”C 10 \ The Register File
8 9 10 . .
With Four Registers Jes
Registers i le Flags 4
> Ci2 Ci3
00000000] [X 11 0000
A g I\ J4
\\ N
< J 6 low
5 00000000 D 1015 S
v c 8 0\ 1018
6 C7 ALU Y 8 8 8
00000000] N Jon N 0
8 .8
2 \ 0 8 1/ 4 low
00000000 y Jer 1
48 1 J 8 4
N N
K / 8 4 |°99°| 00000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
J6 low N g | ©100[00000000
N 102 lc3 16 R low 0101]00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC K 0111]00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 8high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

J 8 low
N

OpCode
Decoder

Control

Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

AR RN R RN

00000000000O0OO0OO0OOO0OOO

Code Memory

o o oo

Redqist Register A
egisters . Flags A
[A 00000000 ] 0000
J4
N
J 6 low
e B 100000000 1015 k
N \8 7;\‘ lcm
Y 8 8 8
C 00000000 N 0 .
’L,/ 4 low
D |o0000000 Jer |
\\8 4
4 | °°°°l00000101 .
8 0001[g0000000] | 4
1 1016 0010[00000000
] 0011[00000000] |=
6 low N g | ©100[00000000
102 103 16 8low 0101[00000000
PC CH B Switches ———g= i 011000000000
Uod ’ 6 PC 0 0111[00000000
6 pdate 6
A ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Cgl 1Co C10
11 1 1C14
Registers Register B Flags 4
A 00000000 0000
14
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
* 8 8 8
C [00000000 A —— " g
1 4 low
D [00000000 L~ lc” 11
48 4
A 7 | °focoo0ran] | |
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC O Switches —c—g=x i 0110[00000000
Und < 6 PC 0111/00000000
6 pdate 6
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
1001111 11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers | Register C Flags 4
ce] Jen 0000
A [00000000
J4
N
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
* 8 8 8
[C 00000000 N — "
1/ 4 low
D (00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
? 0011[00000000] =
6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC O Switches —c—g=x i 0110[00000000
Und < 6 PC K 0111]00000000
6 pdate 6
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 9T060706[06600005]| | NN R R RR RN
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000[ 10100100[ 00000010
Code Memory
Cgl 1Co C10
11 1 1C14
Registers . _ Flags 4
5] Register D cnl cis
A 00000000 . 0000
N
N
B 00000000 N6 low
8 1015 A
® \\8 0\ g g 9 lC]g
C [00000000 A —— " g
1 4 low
[D 00000000 L~ lc” 11
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1(;3 Suitchos 6810w 0101{00000000
PC O witches ——g= i 0110[00000000
Und < 6 PC 0111/00000000
6 pdate 6
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



Register A

Write
Enable
0 D Qf-e ':D~D Q|- 0 D Q}-e 0 D Qe ED—D Q—<L ED—D Q|- ED—D Q—<L ED—D Q—cL
1 1 1 1 1 1 1 1
> Ql— > Ql— > Q— > Q— > Q— > Q— > Q— > Ql—
Clock . | L F . . ]
IN, INg IN, IN, IN, IN, N, INg

8-Bit Parallel-Access Register



Register A

VCC -
Write
Enable
Q
|:D— D Qf-s \:[BJ— Qs ? _.L
1 1
> Qf— o Q—
Clock r r e)
IN- INg IN5 IN4 IN; IN, IN, INg
Reset




Register A

Write
Enable
1 1 1 1 1 1 1 1
> Ql— > Ql— > Ql— > Ql— > Ql— > Ql— > Ql— > Ql—
Clock | |/ . i L F . . I
IN- INg IN5 IN, IN5 IN, IN, INg

8-Bit Parallel-Access Register



Register B

Write
Enable
D Qe D Q}—-e D Qe D Qe D Qe D Qe D Qf-e D Qe
1 1 1 1 1 1 1 1
> Ql— > Qf— > Qf— > Qf— > Qf— > Qf— > Q— > Qf—
clock | [ I = |1 - I I |
IN, INg IN, IN, IN, IN, IN, INg

8-Bit Parallel-Access Register



Register C

Write
Enable
D Qe D Qe D Qe D Qe D Qf-e D Qf-e D Q- D Qe
1 1 1 1 1 1 1 1
> Qf— > Qf— > Qf— > Qf— > Qf— > Qf— > Qf— > Qf—
o | [t [T [T e
IN, INg IN, IN, IN, IN, IN, IN,

8-Bit Parallel-Access Register



Register D

Write
Enable
D Qe D Qe D Qe D Qe D Qf-e D Qf-e D Q- D Qe
1 1 1 1 1 1 1 1
> Qf— > Qf— > Qf— > Qf— > Qf— > Qf— > Qf— > Qf—
o | [t [T [T e
IN, INg IN, IN, IN, IN, IN, IN,

8-Bit Parallel-Access Register



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
1
g 00000000 Jes N & low
N \8 0\ lclg
* 8 8 8
00000000 N o-—| 0 q
1/ 4 low
c _
00000000 l 17 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



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

Cy4 'C5

A7 AO +

o0

P, ... P,

o]

C7 CO +
D7 DO —

s

o

o
oQwp

OO




AO—
BO_
CO_
Dy —

Qw >
»)



A1—

C1—
D1—

>
w
@

»)

>
w
@)
)

-

o



A2—
B, —
Cz—
D, —

>
oo
@)

w)

Po
A

AO—B

BO_ C

CO—D

i

A q

B

C

D

0



A —
B, —
C7—
D; —

>
vo)
@)

)

A6_
Be—
Cg=—

>
vo)
@

O

>
w
@)

)

o

A, —
B, —

D, —

>
oo
@)

)

o0

Az —
B; —
C; —
D;—

A

A2_B

Bz— C

C2_D

| oz

A g
B
C
D

Po
A

AO—B

BO_ C

CO—D

i

A q

B

C

D

0



Ar—
B; —
C,—
D; —

OO wp

A6_
BG—
Ce —

Ay— A
BO_ B PO
' CO_ C
A1 _ A DO_ D
B»] B P1
' C1 — C
A2— A D1 — D
Bz— B P2
' C2— C
D2— D
A;— A
B3— B P3
l C;—C
D3— D
Ai— A
B,— B P,
' Cs—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



A —
B, —
C7—
D; —

>
vo)
@)

)

A6_
Be—
Cg=—

>
vo)
@

O

>
w
@)

)

o

A, —
B, —

D, —

>
oo
@)

)

o0

Az —
B; —
C; —
D;—

A

A2_B

Bz— C

C2_D

| oz

A g
B
C
D

Po
A

AO—B

BO_ C

CO—D

i

A q

B

C

D

0



A —
B, —
C7—
D; —

>
vo)
@)

)

A6_
BG—
Cg=—

>
vo)
@)

O

>
w
@)

)

o

A, —
B, —

D, —

>
oo
@)

)

o0

Az —
B; —
C; —
D;—

A

A2_B

Bz— C

C2_D

' D2—

A 4
B
C
D
Py

Po
A

AO—B

BO_ C

CO—D

L

A q

B

C

D

0



A; —
B; —
C7—
D; —

COQw

/
| A
B.—| B
Ce—C
Ds— D

P,

/4
B — A
B
C5_C
D;— D
P

eI A

wRe N I TA

o

—_



A; —
B, —
C;, —
D; —

o O T/»

00

Cs||C5

pAp

5—B

C5—C

. Ds— D
Ce— C
Ds—{ D

o QO =/

o
&)

g A W/ L)

N
I
RN FA




0 1
C411Cs e s
] &1
KA A D1_
2_ 2
o= C
s
B; —8 P,
C;—C
4_A
B, —8B P,
{ C,4 C
A Ds—D
5_ s p5
] S—¢
K/—1 A D5_D
B —18 P,
Cs— C
Ds D

wNON SISWA

o

A; —
B, —
C; —
D, —

oAQp >




A7—
B7—
C7—
D7—

Villve =
)

BG—
CG_

%

Z
7N

6. —p
Cs— <
Ds —

5 P

B

D

P;

/ \
D T >
)

Yol WA



A7—
B7—
C7—
D7—

>
vy
@

O

<

A
Bl — .
BG—C
Ce— >
D6_

P

2
74

<

A
‘ _B
Bg—C
Cy— :
D3—

Py




B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| |7 \\8 0\ g g . 1C18
00000000 | I S & °
B 1 4 low
C c —
00000000 | |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches = By 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



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

Ce 'C7

A7 AO +

0

Q... Qq

o]

C7 CO +
D7 DO —

s

o

o
oQwp

CO




A7—
B7—
C7—
D7—

Qw >
)

A6_
Be—
Cg=—

Qw >
»)

A, —
B, —

D, —

O w >
w)

0

A3—
B; —
Cy—
D3—

Qw >
»)

A2—
Bz—
C2—
D2—

QO w >
)

Qo
A

AO—B

BO_ C

CO—D

i

A -

B

C

D

9]

2



Ar—
B; —
C,—
D; —

OO wp

AG_
Be—
Ce —

Ay— A
BO_ B QO
' CO_ C
A1 _ A DO_ D
B»] B Q1
' C1 — C
A2— A D1 — D
Bz— B Q2
' C2— C
D2— D
A;— A
B3— B Q3
l C;—C
D3— D
A,— A
B4— B Q4
' Cs—C
B5— B Q5
' C5_ C
A Ds— D These 8 lines form the output bus
B for Port_1 of the register file.
Qs
C
D



A; —
B; —
C7—
D; —

COQw

Ce | |C7

pAp

Al — A

5—B

C5_C

. D;— D

BG—B QG
Ce— C
Ds D

oA w > /L)

wReN I TA

0

1



A; —
B, —
C;, —
D; —

CQw

CaOw

By —

Dy —

A
O W/
»)

I >A
oo

0

1



N

1]

IIU>A
o O

2

A; —
B, —
C7_
D, —

O QW

Be —
Ce —

74

B, —|

C5—
D5—

'u:(>A
@
o

0

1



A7—
B7—
C7—
D7—

Villvo =
)

74
7 o—

B
BG— -
CG—D

Villve =
)

7 —

Qo
CO—D
Q Dy —
A S
‘ _B
A, ’
C1—D
D1—
>
‘ _B
Doy = >
2_D
< o]
A o
‘ _B
B3— -
C3—D
D3—
Q,



A7—
B7—
C7—
D7—

QW >
w

/4

A

B

5_(:

C5_ Z

< D, —

1A -
S .
BG—C
Cg=— >

D6_

<

A
‘ _B
B3—C
Cy;— :
D3—

Q,




B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder B Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory /
. ”C 10 \ The Register File
8 9 10 . .
With Four Registers Jes
Registers i le Flags 4
> Ci2 Ci3
00000000] [X 11 0000
A g I\ J4
\\ N
< J 6 low
5 00000000 D 1015 S
v c 8 0\ 1018
6 C7 ALU Y 8 8 8
00000000] N Jon N 0
8 .8
2 \ 0 8 1/ 4 low
00000000 y Jer 1
48 1 J 8 4
N N
K / 8 4 |°99°| 00000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
J6 low N g | ©100[00000000
N 102 lc3 16 R low 0101]00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC K 0111]00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



The Data Memory



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | AN RN AR RR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
C
61
. 00000000 y Jers ) N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c -
00000000] |p - / l 17 \[12
\\8 \4
‘4 0000{00000101 g
8 s 200100000000 | 1}
— 1016 0010[00000000
2 0011{00000000] |-+
J6 low N ¢ ||oto0[00000000
A \
102 1C3 _ 6 Slow . 0101[00000000
) Switches =g 1 0110/00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 \_Data Memory /

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c —
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



Write

8-Bit Parallel-Access Register

Enable

Clock

=




The Code Memory



=

6 || 100000

Y 100001
100010
100011

e 100100
100101
6| 200110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

J 8 low
N

Decoder

Control

\ Code Memory /
Csl 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
C
2 00000000 J;/J 105 \fﬂow
® Col ¢y \8 0\ 1C18
Y 8 8 8
00000000] N N S
° 1 4 low
C p—
00000000 |b v Jer |
\\8 4
4 0000100000101 g
8 0001190000000 | 4
1 1016 0010[00000000
? 0011[00000000] =
6 low N g | ©100[00000000
102 103 _ 16 8low 0101[00000000
PC N B Switches —c—g@=< | 0110[00000000
Uodat 6 PC 0111{00000000
6 pdate
¢ A ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000[[00110100{ 00000000]
~—]100001[ 00110000 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
5 00000000 D 1015 N\
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
C c -
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011{00000000] j=
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 1 0110{00000000
PC S 6 PC 0111[00000000
6 Update
\ 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



16-Bit Parallel-Access Register




To Be Covered
Next Time



fe
100000| 00110100[ 00000000
100001 00110000| 00000001 . 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
100011 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
100110] 01010000] 00000001 000000O0O0OOOGOO
100111 11100000{ 11111011
101000[ 10100100( 00000010
Code Memory
csf oo Jew Arithmetic Logic Unit e
Registers . Flags 4
[ es 0000
A [00000000
8 14
N\
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
C [00000000 N -— 0
1 4 low
8 _
D [00000000 L~ lc” 1
\ /38 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
? 0011[00000000] =
6 low N g | ©100[00000000
102 1C3 6 Slow 0101{00000000
PC CH B Switches ———g= i 011000000000
Und < 6 PC K 0111]00000000
6 pdate 6
\ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X \ [ [oooof])
B \\4
C
61
. 00000000 y o1s ) N
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S —— " g
B 1 4 low
C c -
00000000] |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= Cle 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches =—=—@—=x 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000[ 00110100/ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 9T060706[06600005]| | NN R R RR RN
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100| 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
¢ J 6 low
) 00000000] |D 1015 L
N Co| lcs \\8 0\ g 5 g 1C18
00000000] I N -] 0
B 1 4 low
C —
00000000] |D - ) lc” 1
Jd38
A 7 | °focoo0ran] | |
8 0001100000000 | Y
= 1016 0010100000000
2 0011[/00000000] j=
6 low N g | ©100[00000000
/ﬁ 102 1C3 _ 16 8low 0101{00000000
PC ) Switches ——@=x 1 0110{00000000
Undat 6 PC 0111{00000000
6 pdate
\ _ 100000
¢ \ Logic 0 [100000] & Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 8high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

Control

J 8 low
N

Code Memory

Cgl 109 1010 1c14

Registers el I Flags 4
A Jooooo000] |[A 0000
B \<4
b J 6 low
e B [00000000] |2 1015 §
N Co| lcs \\8 0\ g 5 g 1C18
C [oooo0000] [ N 0
o 1 4 low
C p—
D [o0000000] |D - 1017 1
\\8 4
4 | °°°°l00000101 .
8 0001[g0000000] | 4
1 1016 0010[00000000
] 0011{00000000] |-
6 low N g | ©100[00000000
102 lc3 _ 16 8low 0101[00000000
PC CH B Switches ———g= i 011000000000
) PC 6 0111{00000000
Updat A\
6 pdate 6
A ) 100000
v Logic |~ [100000] J16 Data Memory

1281 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
N\

Sync-Out

Clk Phase 2

Clk Phase 1

D2

D1

DO

Data Bus
I/O

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



Technical specifications
 Maximum clock speed was 740 kHz

* Instruction cycle time: 10.8 ys
(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 ‘ DO0-D3 bidirectional

Data Bus
DataBus |
Buffer
4 Bit internal Data Bus
Temp. l I
Accumulator Re isrt)er Instruction Register
g Register [ Multiplexer
0 1
Flag Stack 2 3
Flip Flops Multiplexer
Instruction _ | Program Counter S| 4 5
Decoder and g g
Machine |« 8 Level No. 1 = 6 P
Cycle § Level No. 2 2
. @ . o
Encoding g & 8 9
Level No. 3 =
} 2l 10 11
Address
Stack 12 13
Decimal 14 15
Adust [
l Scratch
— Pad
Timing and Control -
ROM Control RAM Control Test Sync Clocks <_I

l M t I'I Reset

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



Intel 4004 registers

11 1o °9 °8 °7 °s °5 °4 °3 °2 °1 °o (bit position)

Main registers

Accumulator

Program counter

Push-down address call stack

Call level 1
Call level 2
Call level 3

I.ll Flags

Status register

Program Counter

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



Intel's 8086 Chip

MAX MIN
MODE MODE

Nl
GND 1 40 0 Vee
AD14] 2 393 AD1S
AD13[] 3 380 A16/53
AD12] 4 37 A17/54
AD11d 5 38 JA18/S5
AD1OLC] 6 35 A19/56
aps 7 34 [ BHE/S7
ADS[] 8 33 IMN/MX
AD7 Q9 goss 32 RD
Ape1o0  cPu  31JRQ/GTO  (HOLD)
Aosq 11 30 3 RQ/GT1  (HLDA)
AD4 ] 12 29 3 LOCK (WR)
AD3IC]13 28 s2 (M/10)
AD2[] 14 273 s (DT/R)
ADIC] 15 26 S0 (DEN)
ADOC]16 25050 (ALE)
NMIC 17 24 3051 (INTA)
INTRCJ 18 23 TEST
cLk 19 22 LI READY
GND ] 20 21 RESET

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



Intel 8086 registers

19 18 17 16 15 14 13 12 11 1o °9 °s 07 °6 °5 °4 °3 °2 °1 °o (bit position)

Main registers

_ _ AX (primary accumulator)
L B exase s
_ _ CX (counter, accumulator)
_— DX (accumulator, other functions)

Index registers
0000 Source Index
0000 Destination Index
0000 Base Pointer
0000 Stack Pointer
Program counter
0000 _ Instruction Pointer
Segment registers

0000 Code Segment
0000 Data Segment
0000 ExtraSegment
0000 Stack Segment

Status register

l . l . l l l . l . l . I l l . Flags [http://en.wikipedia.org/wiki/Intel_8086]




CS

DS

S5

ES

IP

AH

AL

BL

CL

1
BH
CH
DH

DL

SP

BP

Sl

Dl

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

BX
CX
DX

1"

12

Simplified block diagram of
Intel 8088 (a variant of 8086);
1=main registers;
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



