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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)
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1281 CPU

 The CPU was designed specifically for this class ©

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



1281 CPU Web Links

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

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

Web link for the i281 Simulator:


https://www.ece.iastate.edu/~alexs/classes/i281_CPU/
https://www.ece.iastate.edu/~alexs/classes/2025_Fall_2810/labs/Lab_13/
https://www.ece.iastate.edu/~alexs/classes/i281_simulator/index.html

i281 Simulator

Current Instruction: LOADI A, O i281 CPU Running: BubbleSort
[—— - p— P———
- 3 2 BHEE
100000 [0011 | Opcode Control - b— - b
100001 | 1000110000001000 Decoder [ | €1 €2 €1 €4 C5 €6 5 €y Cg €1gCy) €y €13 €1y €45 €1 €7 Cp |
100010 [0011010000000000
100011 [1101001100000000 lllllllllllll‘llll 00 00000000 ©00O0O0O0OGOO
100100 [1111001100001110 0010000001 0000T100°0
100101 [1000110000001000 ]
100110 [0110110000000000 ¢ 1 lc" lc“‘ o
—] 100111 [1101011100000000
- c Speed:50
101000 [1111001100001000 Registers co | Jes 1 4
101001 [1001100100000000 Flags -
101010 [100111010000000% ] A[coo00000 N m Auto Mode on Show Description
101011 | 1101111000000000 c Game Mode on Show Bus Width
101100 [1111001100000010 b
[1111001100000010 | cis : ; v T
101101 [1011110100000000 ] B[G0000000 . Register View [ Syntax Highlighting
101110 [1011100100000001 R . ¢ 1 Start PC @ 32 [ Show Data Path
7 . 0
101111 [0101010000000001 “
Stop At End % Show Control Path
110000 [1110000011110100 C [cecooooo d
110001 [0101000000000001 A 1
17
110010 [1110000011101110 c
110011 [0000000000000000 DI33353500 o oooo [(00000111
110100 [0000000000000000 o001 [oooooo1y
110101 [0000000000000000 o010 [Tooooooro
110110 [0000000000000000 0011 [oooooooy
110111 [0000000000000000 yS Cie o100 [ooooo1io
111000 [0000000000000000 > o101 [ooooo100
111001 [0000000000000000 o110 [ooooo101
111010 [0000000000000000 . 1 0111 [00001000
111011 [0000000000000000 : : 1 1000 [L00000111
111100 [0000000000000000 — PC : 1001 [00000000
111101 [0000000000000000 Update 1010 [C00000000
111110 [0000000000000000 | Logic 7 1011 [Co0oo0000
111111 [0000000000000000 1100 [00000000
. 1101 [00000000
Instruction Memory IZ] : 2
1110 [[00000000
1111 [o0000000
Data Memory

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



How to Play Pong in the Simulator

Current Instruction: LOADI A, O

i281 CPU Running: BubbleSort

|

100000 [0011 | Opcode Control

100001 | 1000110000801600 Decoder € € €3 €4 C5 €6 €7 Cg €9 €9 Cyy €13 €13 C1q €45 €16 €17 Crg

100010 [0011010000000000

100011 [1101001100000000 1 l 1 1 l l ‘ 1 ‘ l l l l ‘ 1 ‘ 1 l

100100 [1111001100001110 00 00000010000T1000

100101 [1000110000001000 ]

100110 [0110110000000000 ] o, 1 169 lc“‘

—] 100111 [1101011100000000 - .

101000 [1111001100001000 Registers co | Jes 1 4

101001 [1001100100000000 A Flags

101010 [1001110100000001 20090000, A 0000

101011 [1101111000000000 .

101100 [1111001100000010 b .

101101 [1011110100000000 ] B [20000000 "

101110 [1011100100000001 . . 0

101111 [0101010000000001 6 d 9

110000 [1110000011110100 C [cecooooo ﬂ

110001 [0101000000000001 A

110010 [1110000011101110 c 1 v

110011 [0000000000000000 DI33353500 D oooo [(00000111

110100 [0000000000000000 0001 [00000011]

110101 [0000000000000000 o010 [Tooooooro

110110 [0000000000000000 0011 [oooooooy

110111 [0000000000000000 Cie o100 [ooooo1io

111000 [0000000000000000 > o101 [ooooo100

111001 [0000000000000000 o110 [ooooo101

111010 [0000000000000000 . o111 [ooooro00

111011 [0000000000000000 ? 1 1000 [L00000111

111100 [0000000000000000 PC : 1001 [00000000

111101 [0000000000000000 Update 1010 [C00000000

111110 [0000000000000000 Logic z 1011 [00000000

111111 [0000000000000000 1100 [00000000

Instruction Memory mm 1101100000000
1110 [Coooooooo
1111 [o0000000

Data Memory

Speed:50

Auto Mode on
Game Mode on
Register View
Start PC @ 32
Stop At End

Show Description
Show Bus Width
[ Syntax Highlighting
[ Show Data Path
[ Show Control Path

click load



i281 Assembler Examples ~

Load Assembly File Belr veue

Load file Search Algorithms »

Sorting Algorithms»
Struct
Switch Statement

ew

Bios Switches

7-segment »

click on Examples and then select Pong



i281 Assembler About Examples ~

Successfully Assembled

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

Assembly Code:

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

.code

0 NOOP



Current Instruction:

i281 CPU Running: Pong
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Game Mode in the Simulator
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Speed:100

% Auto Mode on |_|Show Description

4 Game Mode on __|Show Bus Width

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

% Stop At End % Show Control Path



Game Mode in the Simulator
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01 000O0OO0OODPO 0 00O0O0OOOO

use the slider to increase

I(@) the sped to 100

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



Game Mode in the Simulator
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Speed:100

% Auto Mode on |_|Show Description

4 Game Mode on __|Show Bus Width

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

% Stop At End % Show Control Path

o] e

click reset to play again



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




The 1281 Simulator Was Implemented by a
Senior Design Team (Fall 2020/Spring 2021)
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The hardware version of the i281 was implemented by
another Senior Design Team (Fall 2023/Spring 2024)
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The CPU Components



B

=

6 100000

.16

100001
100010
100011

100100
100101
6 100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

K Code Memory

Decoder

AN

27

The Code Memory (or Instruction Memory)

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

o
N7
(@)

o
N

f—
(e}

o0 w»>

8
¢
6 low 1
C2 ‘03 16
6 Switches
U F;Ct —' | s
pdate 6 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



B

=

6 100000

.16

100001
100010
100011

100100
100101
6 100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

CMEM (or IMEM)

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

K Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers
C4] Ic
A [o0000000 }LH
B
C
. B |o0000000] |D
\
061 C
C loooooooof N
B
C
D |o00000000] |p
8
¢
6 low
C2 c3
PC 6 11 ‘ Switches 16
Update | | ¢ Pe
pdate 6 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

The OpCode Decoder

¢ |100000] 00110100] 00000000
100001{ 00110000] 00000001 ( \ , 27
100010] 10001100] 00000000} (16 o (8hig OpCode ,
16 |ro0011[TT010011] 00000000]|[ ° Decoder ) C1C2C3CaCs C6Cy
Se——1100100[ 11110010[ 00000011 2 low 1 1 l l 1 1 1
100101 01000100] 00000000
6 [100110[01070000[ 00000001 0000000
100111[11100000[ 11111011
101000(10100100] 00000010
Code Memory
cxl lcq lcm
Registers C“l .
5
C12
A |oooooooo] X l l
B
C
q B 00000000 D
\
Cél C
C [o0000000f
B
C
D 00000000 D
8
¢
6 low
C2 c3
1 ‘ Switches 10
PC 1 6 PC 6
6 Update
: |1ooooo|
¢ X Logic [~o 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU
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i281 CPU
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100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

. 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

All Control Signals

Control
6 €2 €3 C4 C5 C6 C7 C8 Co C1p C11 C12 €13 C14 C15 C16 C17 C18
NERRRRRRR AR R R
\000000O0O0O000O0O0O0O0O0O0O0/

Registers
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2] troren)
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o
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00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



1c1 Write Enable

100000{ 00110100] 00000000
100001] 00110000/ 00000001
100010[ 10001100/ 00000000 OpCode Control
100011 11010011) 00000000 Decoder /C1 €2 C3 €4 C5 C6 €7 Cg Co 1o C1t C12 C13 C14 C15 Cig C17 Cig
100100[ 11110010 00000011
100101 (515507001 30500000 RN R
100110[ 01010000] 00000001 \000000000000000000/
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory .
elect  Write Enable Write Enable
cxl lcq lcm lcm
Registers  Fart0[Read Select ALU Select Flags
5
C12 Ci13
A loooooooo A I{ 0000
B
c ALU Result REG Writebac]
B Joo000000 D lclsMux Mux
Port1]Read Select lclg
Cél c7 ALU Source ALU
C [00000000] [N J crux 1o
g Write Enable
D [ooo0o0000] |b 10” 1
DMEM Input 0000190000101
Mux 000100000000
¢ 1016 0010[00000000
0011{00000000
PC Mux , 0 0100[{00000000
|2 Wr'te‘E;‘ab'e 0101[00000000
PC 1 Switches 1 0110/00000000
PC 011100000000
Update [100000]
Logic 0 Data Memory

i281 CPU



Write

1c1 Write Enable

Select The green inputs are generated/computed internally.
100000{ 00110100 00000000
100001| 00110000 00000001
100010[ 10001100/ 00000000 OpCode Control
100011 ﬂgiggié gggggggg Decoder C1 €2 €3 €4 C5 C6 C7 Cs €9 €10 €11 C12 C13 C14 €15 Cl6 C17 €13
100100
100101 [ G T6007061 3000666 EERARRERRR RN RN RN
100110[ 01010000[ 00000001 00000000000O0O0OO0ODOOO0ODO
100111[11100000[ 11111011
101000[ 10100100/ 00000010
Read Code Memory .
Select elect Write Enable .
Write Enable
cxl lcq lcm lcm
Registers C4P°"ég Read Select ALU Select Flags
C12 C13
A |ooo00000 A I{ 0000
B
C ALU Result REG Writebac
B Joo000000 D lclsMux Mux
CPort1 Read Select ALUS lclg
Input 6| lc7 ource] ALU
C (00000000 Al J crux 1o
g Write Enable
D [o0000000] |b Read 1C” 1
t
DMEM Input 0000190000101
Mux 0001100000000
¢ 1016 Write | 0010]00000000
Select] 0011{00000000
PC Mux , 0 0100[{00000000
102 Wr'te‘E;‘ab'e 0101[00000000
PC 1 Switches 1 Input | 0110/00000000
Undat PC 011100000000
pdate [100000]
Logic 0 Data Memory

i281 CPU



Write 101 Write Enable : :
Select The purple inputs are generated manually from switches.
100000 00110100 00000000
100001| 00110000 00000001
nput |00 10001100[ 00000000 OpCode Control
100011 ﬂgiggié gggggggg Decoder C1 €2 €3 €4 C5 C6 C7 Cs €9 €10 €11 C12 C13 C14 €15 Cl6 C17 €13
100100
100101 [ G T6007061 3000666 EERARRERRR RN RN RN
100110[ 01010000[ 00000001 00000000000O0O0OO0OO0OO0ODO0ODO0
1001111 11100000/11111011
1010001 10100100/ 00000010
Read  Code Memory .
Select elect Write Enable .
Write Enable
081 109 1010 lcm
Registers  Fart0[Read Select ALU Select Flags
5
ci2] e
A [oooooooo] [ I{ 0000
B
C ALU Result REG Writebac
B Joo000000 D lclsMux Mux
Port1]Read Select lclg
Input Cél c7 ALU Source ALU
C [00000000] [N J crux 1o
1(3: Write Enable
D [o0000000] | Read 1C” ;
t
DMEM Input 0000190000101
Mux 0001100000000
¢ J e Write | 0010[00000000
Select] 0011{00000000
PC Mux 0 0100
1(;2 Write‘E?able 0101 88388888
PC 1 Switches 1 Input | 0110/00000000
Undat PC 0111/00000000
pdate [100000]
Logic 0 Data Memory

i281 CPU



Write 1c1 Write Enable . . . :
Select This one is both green and purple (i.e., internal/external).
100000| 00110100( 00000000
100001] 00110000/ 00000001
nput |00 10001100[ 00000000 OpCode Control
100011 11010011) 00000000 Decoder C1C2C3CaCs C6 C7 Cg Co Cio Ci1 C12 C13 Cia Ci5 Cig C17 Cig
100100[ 11110010] 00000011
10010107050 1501 50005000 RN RN R
100110 01010000| 00000001 00000000000 O0O0O0OOOOO0OO
100111[11100000[ 11111011
101000{10100100[ 00000010
Read  Code Memory .
Select elect Write Enable Write Enabl
csl 109 lcm r elcr:? e
Registers  Fart0[Read Select ALU Select Flags
5
C12 Ci13
A 100000000 A I{ 0000
B
c ALU Result REG Writebac]
B Joo000000 D lclsMux Mux
CPort1 Read Select ALUS lclg
Input 6| lc7 ource] ALU
C [o0000000 Al J crux — 0
g Write Enable
D loooooooo] |b Read 1C” 1
t
DMEM Input 0000190000101
Mux 0001100000000
1016 Write | 001000000000
Select] 0011{00000000
PC Mux , 0 0100[{00000000
102 Wnteﬁgable Input 16101[00000000
PC 1 Switches 1 Input | 0110/00000000
Undat PC 0111]00000000
paate [100000]
Logic 0 Data Memory

i281 CPU



I

.16

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

Code Memory

8 low

OpCode
Decoder

27

cxl lcq lcm

Registers

A 100000000
B Joo000000

C.

\U O wx

Cs

N
!

1017

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

.8
Cél C
C [00000000] N
B
C
D [ooooo000o] |b
8
¢
6 low
C2 c3 16
PC 11 ‘ Switches
Updat ¢ Pe
pdate 100000
Logic [~o [100000] 16

The Switches
for User Input

Data Memory

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

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

/

~ A~ alle Jen

The Register File
With Four Registers

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Registers
C4| Jcs
0121 1013
A [oooooooo] [}
B 8 4
C \
B-_oooooooo y
.8
] |e7 ALU
C
C [o0000000 :LH Jon
B 8 0
C 8
D [00000000 y
\= — T
8
¢
6 low
C2 c3 16
PC 6 11 ‘ Switches
Update | S Pe
pdate 6 100000
Logic [~o [100000] 16

Data Memory

i281 CPU



B

.16

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

Code Memory

8 low

OpCode
Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

The Arithmetic Logic Unit

(ALU) lc14
Registers cip s Flags K
ci2| |ci3
A 00000000 |2 I{ 0000
3 4
: ~
q B 00000000 y
\
col | ALU
C |ooo00000 Al 101 3 ®
B
C
C
D 00000000 D 1 17
0000190000101
8 0001100000000
¢ 0010[00000000
0011{00000000
6 low 010000000000
102 ‘03 6 0101[00000000
Switches 011000000000
PC ! 6 PC 6 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



B

.16

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

Code Memory

8 low

OpCode
Decoder

27

Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

Cg C9 C10
He | [on
Registers cip s Flags 4
C12 C13
A [oooooooo] [} } l URONURD
4
B
C
. B |oooooooo] |2
\
Col lc
C 00000000 Al W8 s
B
C
D |oooooo0o0o] |p 1017
0000190000101
8 0001100000000
¢ 0010[00000000
0011{00000000
6 low 0100{00000000
102 ‘03 6 0101[00000000
PC 1 Switches 0110{00000000
6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

c1zl

[e)
\cow>é:4>
(e}
W

o
(=}

!
o

o0 w»>

C13

6 low

Update
Logic

PC

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU




!

C1

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Mem

8

ory

8 low

Decoder

27

cs] Jeo 1c1o

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

o
N7
(@)

o
N

f—
(e}

o0 w»>

L

Update

PC

6

The Program Counter
¢6low pdate Logic

R

1

\

6

ogic
—

|100000|

Switches

16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cs] Jeo 1c1o

Registers C“l . Flags 4
5 \
C12
A loooooooo A l l
B
C
q B |oooo0000 D
\
_{§ ;
C |ooo00000 N \ I
B
C
D |oooooo0o0o] |p 1017
0000100000101
8 0001100000000
¢ 1 0010{00000000
The Program Counter 3 0011{00000000
6 low 0 g 0100{00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches il 1 011000000000
Undat PC 0111]00000000
pdate 100000
Logic [* [100000] 16 Data Memory

i281 CPU



I

.16

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

Code Memory

OpCode
Decoder

27

8 low

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Registers

A 100000000

(¢
A
Q

A
6 low
1018
8 8
\ . - 0 3

1 4 low
/ lcn \ 1

0000100000101

00000000

0001

4
. B [00000000
\
] [¢ 8
C [00000000] N
B
C
D [ooooo000o] |b
8
8
¢
8
6 low
C2 c3
. 16 .81
PC 11 ‘ Switches il
Updat S Pe
pdate 100000
Logic [~o [100000] 16

0010
0011
0100
0101

00000000
00000000 =
00000000
00000000

00000000
00000000

0110
0111

\ Data Memory /

The Data Memory
i281 CPU




I

¢ |100000] 00110100] 00000000
100001] 00110000/ 00000001 ) 27
100010] 10001100] 00000000} (16 o 8high | OpCode , Control
\16 100011) 11010011/ 00000000 Decoder C1 C2C3C4C5C6C7C8C9CroCr1Cr2C13Ci4C1s5Ci6Cl7 Cis
< 100100[ 11110010] 00000011
8 low
10010107050 1501 50005000 RN RN R
100110{ 01010000| 00000001 0000000000000OO0OOCOO
100111[11100000[ 11111011
101000[10100100] 00000010
Code Memory
cxl lcq lcm lc“‘
Register
egisters 1. Flags 4
A [o0000000] X 0000
4
B
C
B 00000000 y Jos 6 low
\8 C
Cél C 8 0 g g p l 18
C |o0000000 A \ - 0 q
2 1 4 low
D [o0000000] | /[ ‘c” \[]!
8 4
4 0000100000101
g —H °001[00000000] | #3
[ 1016 0010[00000000
g 0011[{00000000] |=H
6 low 0 g 0100{00000000
[ G S 0101100000000
. 16 .81
PC 11 ‘ Switches il 1 0110/00000000
Undat 6 PC 0111]00000000
6 paate [100000]
* Logic [~o 16 \ Data Memory /
DMEM

i281 CPU



The Memory Layout



Memory Layout

* The i281 CPU uses two different memories



B

>

100000

100001
100010
100011

100100
100101
100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

CMEM (or IMEM)

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

K Code Memory

Decoder

cs| Jeo Jewo

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

o
N =
(@)
W

o

N

f—
(e}
N

o0 w»>

1011

ALU

PC
Update
Logic

lcm

0

T |

0000
0001

PC

Switches

0010
0011
0100
0101

0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

\ Data Memory /

DMEM

i281 CPU



Memory Layout

* The i281 CPU uses two different memories

 Data Memory
16 x 8 bits

« Code Memory
64 x 16 bits



Memory Layout

* The i281 CPU uses two different memories

 Data Memory
16 x 8 bits

« Code Memory
64 x 16 bits

Note that they have different number of bits



Memory Layout

* The i281 CPU uses two different memories

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

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

This is a combined total of 144 bytes!



Memory Layout

* The i281 CPU uses two different memories

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

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

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



Data Memory Layout

* Organized as one contiguous block

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



Data Memory Layout

* Organized as one contiguous block

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

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

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



Video Card

Memory-mapped video memory

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

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

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

The contents of the second 8 bytes of the data

memory cannot be visualized, but programs can still
use them



Data Memory Contents for the
Bubble Sort Program

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



Data Memory Contents for the
Bubble Sort Program

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



Data Memory Contents for the
Bubble Sort Program

Address Data Comment
0000 00000111 //array[O0]
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 oooqgll
0001 00000011—
0010 00000010,
0011 00000001
0100 oooo@::@k——»
0101 00000100—
0110 oooo@
0111 00001000—
1000 00000111
1001 00000000
1010 00000000
1011 00000000
1100 00000000
1101 00000000
1110 00000000
1111 00000000




Memory-Mapped Video Memory

A0 s

AN

3
‘b

1

ahah AT il
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. B b
SRHDE

i __m A




Memory-Mapped Video Memory

Address Data

0000 oooqgll

0001 00000011—
0010 00000010,
0011 00000001
0100 oooo@—»
0101 00000100—
0111 ooom—»

1000 00000111

1001 00000000 Changing these bits
will not affect what is

1010 00000000 gispiayed, but it will

1011 00000000 affect the program.

1100 00000000

1101 00000000

1110 00000000

1111 00000000




Memory-Mapped Video Memory

Address Data
0000
0001
0010
0011
0100
0101
0110
0111
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 oooqgll
0001 00000011—
0010 00000010—
0011 00000001
0100 oooo@—»
0101 00000100—
0110 oooo@
0111 00001000——
1000 (00000111)
1001 00000000 'M"ismemory cell

is used by the program,
1010 00000000 but it cannot be visualized
1011 00000000 on the 7-segment displays.
1100 00000000
1101 00000000
1110 00000000

1111 00000000




Memory-Mapped Video Memory

Address Data

0000 oooqgll

0001 00000011—
0010 00000010,
0011 00000001
0100 oooo@—»
0101 00000100—

0110 oooo@
0111 00001000——
1000 (00000111
1001 |00000000
1010 |00000000
1011 |00000000 All of these cannot be visualized
1100 |00000000 on the 7-segment displays.

1101 |00000000
1110 |00000000
1111 \00000000

|



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 00000000
0001 00000000
0010 0000000

0011 0000000C

"

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
00000000
00000000
0000000
00000000

y

===
[
[
[
o
o
T o
11
o

1 (il
01011110

00000000 -
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

o
o
[
o
[
o
o
11
SN
|
N

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



B

>

100000

100001
100010
100011

100100
100101
100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

This shows only a small
part of the user memory.

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

K Code Memory

Decoder

cxl lcq 1c10

Registers

A 00000000
2] troren)
C [00000009)
D [isam00]

o
N =
(@)
W

o

N

f—
(e}
~

o0 w»>

1011

ALU

PC
Update
Logic

102

1018

T |

0000
0001

‘CB

PC

Switches

0010
0011
0100
0101

0110
0111

00000101

00000000

00000000

00000000 =

00000000

00000000

00000000

00000000

\ Data Memory /

This shows only the first half

of the data memory

i281 CPU



i281 Simulator

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

e I S O e
100000 [0011 Opcode Control

{00001 [1000110000001000 ] Decoder | © €3 €4 €5 €6 €7 Cg Cg Cjg €y €15 €13 €y Cy5 €16 €17 Cy IJI_| J______H_ LLlL‘L‘\J\_‘

100010 [ 0011010000000000
100011 |1101001100000000
100100 [1111001100001110

lll‘llll‘ll‘lll‘ 00 000O0O0O0OO0OO 000O0O0O0OO0OO

00000O0T10O0CO0OOT1TO0O0O0

© —
S —

100101 [1000110000001000
100110 [0110110000000000 ¢ 1 1% lc‘“ )
l—{100111 [1101011100000000 i 1c Speed:50
101000 [1111001100001000 Registers c, [ 1
101001 [1001100100000000 el e Flags o
101010 [1001110100000001 A [oscccoo} N 34" 000 0] Auto Mode on Show Description
101011 [1101111000000000 r—c Game Mode on Show Bus Width
101100 [1111001100000010
oren, | T CRCITIITE B —y s Register View 4 Syntax Highlighting
101110 [1011100100000001 . ALU 0 18 Start PC @ 32 % Show Data Path
e ! X M Stop At End [ Show Control Path
110000 [1110000011110100 C [covooooo 2 é
110001 [0101000000000001
110010 [1110000011101110 / t I N\
110011 [0000000000000000 D [Secoooos} L 0000 [oo000111
110100 [0000000000000000 0001 11
110101 [0000000000000000 0010 [oooooo1o —
110110 [0000000000000000 || | o011 [Cooooooor
110111 [0000000000000000 ® e o100 [ooooo1to
111000 [0000000000000000 D o101 [ooooo100
111001 [0000000000000000 o110 [ooooo101
111010 [0000000000000000 . 1% 0111 [ooooro000
111011 [0000000000000000 : Switches ) 1000 [[o0000111
111100 [0000000000000000 o PC ! 1001 [00000000]
111101 [0000000000000000 Update 1010 [ oooooooo
111110 [0000000000000000 | Logic { 1011 [Cooooooeo]
111111 [0000000000000000 1100 [Toooooo00]
S EHII 1101 [00000000
1110 [00000000
K j 1111 [o0000000
Data Memory

This shows all 32 words
of the user code memory This shows all 16 bytes
of the data memory



i281 Simulator

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

xa 3 2 BH5E
100000 [0011 Opcod Control
100001 [1000110000001000 Dgggdgf 1 ¢, ¢, €5 €4 €5 € €5 S Co S0y C1a C1a Oy Cus Cre C1y Cug L‘l_l J______H_ LL”JL\\JL‘

100010 | 0011010000000000
100011 |1101001100000000
100100 | 1111001100001110

lll‘llll‘ll‘lll‘ 00 000O0O0O0OO0OO 000O0O0O0OO0OO

00000O0T10O0CO0OOT1TO0O0O0

© —
<

100101 [1000110000001000
100110 [0110110000000000
—1 100111 [1101011100000000 s 1 1% lcm Speed:50 .
101000 [1111001100001000 Registers c, [ 1c”‘ peed:
101001 [1001100100000000 A el e Flags Auto Mode on Show Description
[sooecooot} [0 000
101010 [1001110100000001 A 0000
101011 | 1101111000000000 r—c Game Mode on Show Bus Width
101100 [1111001100000010 b e . X o
101101 [1011110100000000 B _) = Register View ® syntax Highlighting
101110 [1011100100000001 . ALU 0 Cis Start PC @ 32 4 Show Data Path
101111 [0101010000000001 n 0
110000 [1110000011110100 C [2oooosoe H 0 é [ Stop At End [ Show Control Path
110001 [0101000000000001 10”
110010 [1110000011101110
110011 [0000000000000000 D [Gevssees} L o000 [00000111
110100 [0000000000000000 0001 [L00000011
110101 [0000000000000000 o010 [Tooooo0010
110110 [0000000000000000 | oo11 [Coooooool
110111 [0000000000000000 ’'S 6 o100 [To0000110
111000 [0000000000000000 2 o101 [L00000100
111001 [0000000000000000 o110 [Looooo0101
111010 [0000000000000000 . lc‘ ) 0111 [Loooo1o00
111011 [0000000000000000 ‘ Switches 1 1000 [[ooo00111
111100 [0000000000000000 — PC t 1001 [[oooooo00
111101 [0000000000000000 Update 1010 [[o0o000000
111110 [0000000000000000 | Logic 7 1011 [[oooo0000
111111 [0000000000000000 1100 [00000000
Instruction Memory E] & ii?; :zzzgzgg
1111 [T00000000
Data Memory

Use this button to see
the other 32 words
in the BIOS code memory



The OPCODE Decoder



I

¢ |100000] 00110100] 00000000
100001{ 00110000] 00000001 ( \ , 27
100010] 10001100] 00000000} (16 o (8hig OpCode ,
16 |ro0011[TT010011] 00000000]|[ ° Decoder ) C1C2C3CaCs C6Cy
Se——1100100[ 11110010[ 00000011 2 low 1 1 l l 1 1 1
100101 01000100] 00000000
6 [100110[01070000[ 00000001 0000000
100111[11100000[ 11111011
101000(10100100] 00000010
Code Memory
cxl lcq lcm
Registers C“l .
5
C12
A |oooooooo] X l l
B
C
q B 00000000 D
\
Cél C
C [o0000000f
B
C
D 00000000 D
8
¢
6 low
C2 c3
1 ‘ Switches 10
PC 1 6 PC 6
6 Update
: |1ooooo|
¢ X Logic [~o 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



The 1281 Assembly Instructions

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

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

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

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



The 1281 Assembly Instructions

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

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

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

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



There are only 26 OPCODEs

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP

ADD
ADDI
SUB
SUBT
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 SUBT 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 BRZ
these two STORE BRNE
are aliased
LOADP 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
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE



24
There are only 26_. OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

these two
are aliased



23
There are only 26_ OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP

BRG
BRGE

these two
are aliased

these two
are aliased



There are only 23 OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP

JUMP
BRE/BRZ
BRNE /BRNZ
BRG

BRGE



I

¢ |100000] 00110100] 00000000
100001{ 00110000] 00000001 ( \ , 27
100010] 10001100] 00000000} (16 o (8hig OpCode ,
16 |ro0011[TT010011] 00000000]|[ ° Decoder ) C1C2C3CaCs C6Cy
Se——1100100[ 11110010[ 00000011 2 low 1 1 l l 1 1 1
100101 01000100] 00000000
6 [100110[01070000[ 00000001 0000000
100111[11100000[ 11111011
101000(10100100] 00000010
Code Memory
cxl lcq lcm
Registers C“l .
5
C12
A |oooooooo] X l l
B
C
q B 00000000 D
\
Cél C
C [o0000000f
B
C
D 00000000 D
8
¢
6 low
C2 c3
1 ‘ Switches 10
PC 1 6 PC 6
6 Update
: |1ooooo|
¢ X Logic [~o 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



Yo |— NooP
1 — En
Y En W y, |— INPUTC
@)
Y2 |— MOVE L 1 |— INPUTCF
Y3 |— LOADI/LOADP w, & Y2 [ INPUTD
Y+ b— ADD W (SD_ Y3 |— INPUTDF
T V5 — aDDI -
@)
~ Y6 — SUB
2 = | SHIFTL
o Y7 }— SUBI En o §0
. —— SHIFTR
S % l—r1oap N S
& &
= Jo |— LOADF 8
A Y10 — STORE 1" &
W, il l— STOREF
W, J12 En % y, |—BRE/BRzZ
o
. /13— cup L 71 |—BRNE/BRNZ
° Jup—Jump s 1w & » |—sraG
Mis S .
o—|w, & 73 —BRGE
@
Ii5 | Taa | X213 | T12 | T11 | Ti0 | X9 Ig I, Ie Is I, I3 I I; Io
J\ J\ J
Y
< ADDR/VAL/OFFSET
v 2 _ Ry
, 2

RX



Yo |— NOOP
1 — En
Y En W y, |— INPUTC
@)
Y2 |— MOVE L 1 |— INPUTCF
Y3 |— LOADI/LOADP w, & Y2 [ INPUTD
Y+ b— ADD W (SD_ Y3 |— INPUTDF
T V5 — aDDI -
@)
~ Y6 — SUB
o) — | SHIFTL
o Y7 }— SUBI En o §0
' —— SHIFTR
S % l—r1oap N S
& &
= Jo |— LOADF 8
Wy Y10 — STORE 1" &
W, il l— STOREF
W, J12 En % y, |—BRE/BRzZ
o
. /13— cup L 71 |—BRNE/BRNZ
° Jup—Jump s 1w & » |—sraG
Mis S .
¢—|w, & 73 [—BRGE
H
| The second instruction byte
is NOT routed through
Ii5 | T1a | Ta3 | T12 | T11 | T10 | Io Ig(| I Is | Is | Io | I3 | I2 | In Io the OPCODE decoder.
J\ )T\ )
Y
< ADDR/VAL/OFFSET
v 2 _ Ry

2 Rx



. Yo |— Noop
N En % y, |— INPUTC
@)
Y2 |— MOVE L 1 |— INPUTCF
Y3 |— LOADI/LOADP w, & Y2 [ INPUTD
Y4 — ADD Wy (SD_ Y3 b— INPUTDF
T V5 — aDDI -
@)
~ Y6 — SUB
o) — | SHIFTL
o Y7 |— SUBI En o §0
' —— SHIFTR
S J% l—roap N S
& &
= Jo |— LOADF 8
W, Y10 — STORE *—1 "o g
W, 1l l— STOREF
W, J12 En % y, |—BRE/BRzZ
y /13— cup 7 Y1 |— BRNE/BRNZ
’ f“ — JUMP 1w & » [—Bre
" e—|w, 2 75 |—BRGE
@
Ii5 | Taa | T13 | I12 | I11 | T10 Iy Ig
\ J\ J
Y
<2 __ Ry




B

.16

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

Code Memory

OpCode
Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000009)
D [isam00]

o
N7
(@)

o
N

f—
(e}

o0 w»>

8
¢
6 low 1
C2 ‘03 16
6 Switches
U F;Ct —' | s
pdate 6 100000
Logic [~o [100000] 16

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



En
N
-
Q
(SN
N
o
(@)
(@)
o)
(N
(@)
-

W3

W,

Wi

%)

Qo
N
N2
y3

Ya
Ys

Yo
Y7
3L
Yo
Y10
Ju
Y12
13
Y14
Jis

Iis

I14

I3

I:2

Iz

Ii0

Io

J\

—— NOOP
En % y, |— INPUTC
| MOVE 1 Y |— INPUTCF
— LOADI/LOADP w, & Y2 [ INPUTD
—— ADD Wy (SD_ Y3 — INPUTDF
—— ADDI -
| SUB
| suBT En g ¥ |— SHIFTL
L 1oaD z Y1 — SHIFTR
- LOADF g
—— STORE Moo &
—— STOREF
En % y, —BRE/BRZ
— CMP 7 Y1 |— BRNE/BRNZ
— JUMP w, & Y2 —BRG
Wo (% Y3 — BRGE
@
I These 4 bits
| pass through,
Ig but don’t go
5 through the
decoder tree.
4 RY
£ 2 __ RX




. Yo |— Noop
N En % y, |— INPUTC
@)
Y2 |— MOVE L 1 |— INPUTCF
Y3 |— LOADI/LOADP w, & Y2 [ INPUTD
Y4 — ADD Wy (SD_ Y3 b— INPUTDF
T V5 — aDDI -
@)
~ Y6 — SUB
o) — | SHIFTL
o Y7 |— SUBI En o §0
' —— SHIFTR
S J% l—roap N S
& &
= Jo |— LOADF 8
W, Y10 — STORE *—1 "o g
W, 1l l— STOREF
W, J12 En % y, |—BRE/BRzZ
y /13— cup 7 Y1 |— BRNE/BRNZ
’ f“ — JUMP 1w & » [—Bre
" e—|w, 2 75 |—BRGE
@
Ii5 | Taa | T13 | I12 | I11 | T10 Iy Ig
\ J\ J
Y
<2 __ Ry




En
N
-
Q
(SN
N
o
(@)
(@)
o)
(N
(@)
-

W3

w,

Wi

%)

Iis

I14

I3

I:2

I

Ii0

Yo |— Noop
N En % y, |— INPUTC
¥ |— MOVE 1 Y1 |— INPUTCF
Y3 |— LOADI/LOADP w, & Y2 [ INPUTD
Y4+ — ADD Wy (SD_ Y3 |— INPUTDF
Y5 — ADDI _
Y6 |— SUB
Y7 |— SUBI En & Yy [ SHIFTL
v |— Loap z Y1 b— SHIFTR
Yo |— LOADF g
Y10 — STORE " &
Y11 — STOREF -
J12 En % y, |—BRE/BRzZ
/13— cup 7 Y1 |— BRNE/BRNZ
/14— JuMp w, & % |—BRG
s W, é Y3 |— BRGE
@
|
Ig Ig
| Y0 |
v1 These are their

names used in the

X0 hardware design.
x1



Iis

I14

I3

I:2

I

Ii0

Io

Ig




Jo |— NOOP

1 JE—

En 1 inpuTc
o N INPUTCF
] Vs |— INPUTD
S v, — INPUTDF
o
W J5 }— MOVE
& Yo b— LOADI/LOADP
(@]
8 Y7 }— ADD
@ % }—AaDpDI

Y7 ¥ — sus

We Y10 b— SUBI

w, 2" [— LOAD

Y12 — LOADF

Wy Y131 STORE

w; 41— STOREF

Ji5 — SHIFTL

Ji6 — SHIFTR

W Y7 — cMP

W, Y18 b— Jgump
Y19 |— BRE/BRZ
20 — BRNE/BRNZ

Y21 — BRG
Ios | T1a | T13 | Ti2 | a1 | I10 | Io | Isg )22 — BRGE
Y3 b— X1
Yl x0
Y5 b—v1

Y26 — YO0




Iis

I14

I3

I:2

I

Ii0

Io

Ig

En

19p039p _HAOIJO

% — Noop \
Y1 — INPUTC
Y2 INPUTCF
Y3 — INPUTD
Y4 — INPUTDF
Y5 }— MOVE
Y6 }— LOADI/LOADP
Y7 }— ADD
Y8 |— ADDI
Yo |— suB 23 one-hot
Y0 — supT encoded
outputs
Y11 — 1oaD
Ji2— LOADF
Y51 STORE
Y14 |— STOREF
Y15 — SHIFTL
Y16 f— SHIFTR
Y7 — cMP
Yis f— JguMp
Y19 1— BRE/BRZ
)20 — BRNE/BRNZ
Y21 — BRG
\@— BRGE /
Y3 — X1
Y — x0
Vs b—v1
Y26 b— YO0




Yo — NOOP

! En » b 1npPUTC
o N INPUTCF
] Vs |— INPUTD
S Ji |— INPUTDF
m J5 — MOVE
2 Js |— LOADI/LOADP
é Y7 }— ADD
€ Js — ADDI
W7 Y |—suB
We Y10 }— SUBI
w, 2" [— LOAD

Y12 — LOADF

Wq Y131 STORE

W, 14— STOREF

Ji5 — SHIFTL

Y16 b— SHIFTR

24] Y7 — cMP

W Y18 — guMp
Y19 — BRE/BRZ
Y20 |— BRNE/BRNZ

Y21 — BRG
Ios | Tna | Ti3 | Tnz | I | Io| Io | Is Y — BRGE
Y23 b— X1
Y24 — X0 These 4 are NOT
Y25 — y1 one-hot encoded

Y26 b— YO0




I

+
6 |1oo000 00110100{ 00000000 23 4
100001] 00110000/ 00000001 ) \27
100010] 10001100] 00000000} (16 o 8high | OpCode < Control
\
\16 100011) 11010011/ 00000000 Decoder €1 C2C3C4C5CpC7C8CoCroCr1 Cr2C13Ci4Ci5Ci6C17 Cl8
A\ 1001004 11110010/ 00000011
8 low
100101 [ 3T550T061 30665000 EERRRRRRRRRERERRR
6 |100110[ 01010000 00000001 0000000000000OO0OOCOO
1001111 11100000/11111011
1010001 10100100( 00000010
Code Memory
cxl lcq lcm lc“‘
Reqgisters
g 041 cs - Flags 4
A Joooooooo] [} l l
B
C
o B Joo000000 D
\
061 c g
C 100000000 N N ®
B
C
D [o0000000] | 10”
0000190000101
8 0001100000000
@ 0010100000000
0011100000000
6 low 0100100000000
[ G 0101/00000000
) 16 81
PC 11 ‘ Switches il 1 0110{00000000
Undat 6 PC 6 0111{00000000
6 pdate [100000]
* Logic [~o 16 Data Memory

i281 CPU



The Control Logic



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



XOW MOVHALTIM 9Fd

TTGYNT FLIEM WINA

XOW LOANT WENd

XOW INSTE 0TV

FIGYNT FLTIM SOV

0LOTTES NTY

TLOITES NTY

XON F0¥N0S NTY

TTGYNT FLTEM SHILSIOTT

1
1
1
1
1
1
1
1

1
1

OLOTTHES ALTEM SYHALSIOTH

TIOTTES FLTEM SYILSIOTA

X1 | X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0
X1 | X0

X1 | X0
X1 | X0

OLOITES TI¥NOd SYALSIDTM

TIOFTES TINOd SHIALSIOTM

X1 | X0

OLOITES 0L¥Od S¥IALSIDTM

TLOETAS 0I¥Od SHELSIOET

X1 | X0

X1 | X0
Y1l | YO

X1 |[X0|Y1l|YO0|[|X1]| X0

X1 | X0

X1 |X0|Y1l| YO0 | X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1 | X0 | Y1l | YO

TTEYNT FLTEM YEINNOD WY¥DONd

1

1
1

1
1
1
1

1

1
1
1
1

XOW ¥IINNOD WYED0dd

Bl

B2

B3

B4

TTGYNT FLIEM WHNI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




XOW MOVHALTIM 9Fd

TTGYNT FLIEM WINA

XOW LOANT WENd

XOW INSTE 0TV

TIGYNE FLTIM SOVIA

0LOTTES NTY

TLOITES NTY

XON F0¥N0S NTY

TTGYNT FLTEM SHILSIOTT

1
1
1
1
1
1
1

1

1
1

OLOTTHES ALTEM SYHALSIOTH

TIOTTES FLTEM SYILSIOTA

X1 | X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0
X1 | X0

X1 | X0
X1 | X0

OLOITES TI¥NOd SYALSIDTM

TIOFTES TINOd SHIALSIOTM

X1 | X0

OLOITES 0L¥Od S¥IALSIDTM

TLOETAS 0I¥Od SHELSIOET

X1 | X0

X1 | X0
Y1l | YO

X1 |[X0|Y1l|YO0|[|X1]| X0

X1 | X0

X1 |X0|Y1l| YO0 | X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1 | X0 | Y1l | YO

TTEYNT FLTEM YEINNOD WY¥DONd

1

1
1

1
1
1
1
1

1

1
1
1

1
1

XOW ¥EINNOD WYMOO¥d

Bl

B2

B3

B4

TTGYNT FLIEM WHNI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB

UBI
LOAD

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

\| BRGE

23 one-hot
encoded

lines from
OPCODE
decoder
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XOW MOVHALTIM 9Fd

TTGYNT FLIEM WINA

XOW LOANT WENd

XOW INSTE 0TV

FIGYNT FLTIM SOV

0LOTTES NTY

TLOITES NTY

XON F0¥N0S NTY

TTGYNT FLTEM SHILSIOTT

1
1
1
1
1
1
1
1

1
1
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(ZF)

ZF

Bl=

Zero Flag

B2= ~ZF

computed using

Negative Flag (NF)
Overflow Flag (OF)

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

B4= XNOR (NF, OF)

the flags register



The Control Signals



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

Update
Logic

PC

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8high | OpCode

11010011

00000000

Decoder

11110010

00000011

27

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

cxl lcq lcm

Registers

A 100000000

5

B Joo000000

.8
Cél C7
C loooooooof N
B
C
D |o00000000] |p
8
¢
6 low
C2 c3
PC 6 11 ‘ Switches 16
Update | | ¢ Pe
pdate 6 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8high | OpCode

11010011

00000000

Decoder

11110010

00000011

27

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

cxl lcq lcm

Registers

A 100000000

5 [sczmod]
C [00000000)
p [sszzod]

8
¢
6 low 1
2 ‘03 16
6 Switches
U F;Ct —' | s
pdate 6 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

¢ |100000] 00110100] 00000000
100001{ 00110000] 00000001 . 27
100010] 10001100] 00000000} (16 o 8high | OpCode ,
(16 |*00011[11010011]00000000 ) Decoder €1 Cy C3 Ca Cs C C7
A 100100 11110010( 00000011 8 low 1 1 l l 1 1 l
100101[01000100] 00000000
6 [100110[01070000[ 00000001 0000000
100111[11100000[ 11111011
101000[10100100] 00000010
Code Memory
Registers C“l .
5
C12
A |oooooooo] X l l
B
C
. B J00000000] |D
\,
Cél C
C [o0000000f
B
C
D Jo0000000] |p
8
¢
6 low
C2 c3
, 16
PC 11 ‘ Switches
Updat L
6 pdate [100000]
¢ X Logic [~o 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq®

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

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

Code Memory

8 low

OpCode
Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Registers

A 100000000
B Joo000000

C.

N

!

\U O wx

Cs

.8
Cél C
C [00000000] N
B
C
D [ooooo000o] |b
8
¢
6 low
C2 c3 16
PC 11 ‘ Switches
Updat S Pe
pdate 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cs] Jeo 1c1o

Registers

041 cs ch Flags 4
A loooooooo A l l
B
C
. B |oooo0000 D
\
061 C
C loooooooof N 8 s
B
C
D |oooooo0o0o] |p 1017
0000100000101
8 000100000000
¢ @ 0010{00000000
s [N 0011{00000000
6 low 0 g 0100{00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches il 1 011000000000
6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



B

.16

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

Code Memory

OpCode
Decoder

27

8 low

cs] Jeo 1c1o

Registers

041 cs ch Flags 4
A loooooooo A l l
B
C
q B |oooo0000 D
\
061 C
C loooooooof N 8 s
B
C
D |oooo0000 D @
0000100000101
8 000100000000
¢ 0010{00000000
0011{00000000
6 low 0100[00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches il 1 011000000000
6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



1c1 Write Enable

¢ |100000] 00110100] 00000000
100001| 00110000/ 00000001 ] 27
100010] 10001100] 00000000} (16 o 8high | OpCode ~— Control
\
16 100011 ﬂgiggié gggggggg Decoder C1 €2 €3 C4 C5 C6 €7 C8 C9 C1o C11 €12 C13 €14 C15 C16 C17 C13
Ay 100100
8 low
10010107050 1501 50005000 RN RN R
6 |100110[ 01010000 00000001 00000000000 O0O0O0OOOOO0OO
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory .
eclect  Write Enable Write Enable
cxl lcq lcm 1014
Registers  Fart0[Read Select ALU Select Flags 4
5 \
C12 C13
A Joooooooo] [} . I{ \ 0000
B \
C N ALU Result Writebac
B |oo000000 D lCISMUX %E&VMUX
W3 Port1]Read Select lcm
Cél c7 ALU Source ALU
C [00000000] [N 1011!\/|ux .8 :
g 4low Write Enable
D loooooooo] |b 10”
0000100000101
3 0001100000000
¢ 1016 0010{00000000
g 0011[00000000
6 low PC Mux . 0 0100{00000000
Write, Enable 8
102 ‘03 . 6 Slow >——0101[00000000
PC 6 1 Switches 1 0110/00000000
Undat < 6 PC 6 0111/00000000
6 pdate 6 100000
* Logic [~o [100000] 16 Data Memory

i281 CPU



101 Write Enable

100000 00110100/ 00000000
100001] 00110000/ 00000001
100010[ 10001100/ 00000000 OpCode Control
100011 ﬂgiggié gggggggg Decoder C1C2C3CaCs C6 C7 Cg Co Cio Ci1 C12 C13 Cia Ci5 Cig C17 Cig
100100
100101 [ 3T550T061 30665000 EERRRRRRRRRERERRR
100110 01010000| 00000001 000000 00000O0O0OO0OO0DO
1001111 11100000f11111011
1010001 10100100( 00000010
Code Memory .
elect Write Enable )
Write Enable
cxl lcq lcm lcm
Registers C4P°"ég Read Select ALU Select Flags
ci2| e
A [oooooooo] [ I{ 0000
B
c ALU Result REG Writebac
B Joo000000 D lclsMux Mux
Port1]Read Select lclg
Cél c7 ALU Source ALU
C [00000000] N J crux — 0
g Write Enable
D [o0000000] | 10” ;
DMEM Input 0000190000101
Mux 0001100000000
¢ J i 0010[00000000
0011100000000
PC Mux , 0 0100[{00000000
|2 Wr'te"%g‘ab'e 0101[00000000
PC 1 Switches 1 011000000000
PC 011100000000
Update [100000]
Logic 0 Data Memory

i281 CPU



The Five Bus Multiplexers



I

6 |100000] 00110100/ 00000000
100001 00110000 00000001 ) 27
100010] 10001100] 00000000} (16 o 8high | OpCode , Control
\
\16 1000111 11010011 00000000 Decoder C1 C2C3C4C5C6C7C8C9CroCr1Cr2C13Ci4C1s5Ci6Cl7 Cis
< 100100[ 11110010] 00000011
8 low
100101 515501551 55006505 RN RN RN
100110 01010000| 00000001 00000000000 O0O0O0OOOOO0OO
100111[11100000[ 11111011
101000[10100100] 00000010
Code Memory
cxl lcq lcm
Register
egisters . 4
A 100000000 A
B
C
. | B Lecooooos y 6 low
\
061 . 8 | lClS
C |o0000000 A i\ - g
B
C
D [ooo0o0000] |b 10”
N
0000100000101
g 0001[00000000] | 48
@ 0010100000000
0011[{00000000] j=d
6 low 0100[00000000
‘03 16 010100000000
PC Switches 0110/00000000
Undat PC 0111/00000000
6 paate [100000]
N Logic 16 Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cs] Jeo 1c1o

Registers

041 cs ch Flags 4
A loooooooo A l l
B
C
. B |oooo0000 D
\
061 C
C loooooooof N 8 s
B
C
D |oooooo0o0o] |p 1017
0000100000101
8 000100000000
¢ 1 0010{00000000
ALU SOURCE_MUX ¢ 0011{00000000
6 low 0 g 0100{00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches il 1 011000000000
6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



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

C11
U7... Uo 48_ 0 g
Z;... 2
Voo Vg =2 1




Vo —













These 8 lines form the output bus.












B

.16

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

Code Memory

8 low

OpCode
Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cs] Jeo 1c1o

Registers

A 100000000

C.

N

f—

Cs

lcm

Flags

|0 00 0|

A
4
B
p ALU RESULT_MUX
. B |oooo0000 y
\
061 C
C loooooooof N 8 s
B
C 4 low
D |oooooo0o0o] |p 1017
0000100000101
8 0001100000000
? 1C16 001000000000
g 0011{00000000
6 low 0 g 0100{00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches il 1 011000000000
6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU






B

.16

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

Code Memory

8 low

OpCode
Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cs] Jeo 1c1o

Registers

041 cs ch Flags 4
A [oooooooo] [} } l , lo 000
B
C
D
. B |oooo0000 lms
\
061 C
C loooooooof N 8 s
2 4 low
D |oooooo0o0o] |p 1017
0000100000101
8 0001100000000
? 1016 001000000000
g 0011{00000000
6 low 0 g 0100{00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches > 1 011000000000
6 PC 0111/00000000
Update | [Lo0000]
Logic 0 16 Data Memory
DMEM_INPUT_MUX

i281 CPU






B

.16

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

Code Memory

8 low

OpCode
Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cs] Jeo 1c1o

Registers

A 100000000

C.

N

f—

Cs

lcm

Flags

|0000|

A
(B: REG_WRITEBACK_ MUX
6 low
D
) B |00000000 ) lCIS
\
cal c lcm
8 8
C |ooo00000 N \ o .
B
C 4 low
D |oooooo0o0o] |p 1017
N\
0000100000101
8 0001[00000000] | 48
? 1C16 001000000000
g 0011{00000000] jd
6 low 0 g 0100{00000000
C2 c3 010100000000
. 16 81
PC 11 ‘ Switches il 1 011000000000
6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU






B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cs] Jeo 1c1o

Registers 4
\
A [00000000
. B 00000000
\
C [00000000 i I\
D |00000000 1017
0000190000101
8 0001100000000
¢ 1016 0010[00000000
PROGRAM_COUNTER_MUX g 0011{00000000
6 low 0 ¢ |oroofooo00000
0101)00000000
3 . 16 81
PC ‘ Switches il 1 0110/00000000
PC 011100000000
Update [100000]
Logic 16 Data Memory

i281 CPU



I

¢ [100000[ 00110100] 00000000
100001| 00110000] 00000001 . 27
100010] 10001100] 00000000} (16 o 8high | OpCode ,
16 1000111 11010011[00000000 ) Decoder C1 C2 €3 C4 C5 C6 C7
e 100100[ 11110010] 00000011 2 low 1 1 l l 1 1 1
100101[01000100]/ 00000000
100110[01010000| 00000001 0000000
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory
cxl lcq lcm
Registers C“l .
5
C12
A loooooooo A l l
B
C
. B |oooo0000 D
\
Cél C
C |ooo00000 N
B
C
D |00000000 D
)| 8
Note that the 0 and 1
6 low are swapped

C2
PC U B T
Update 6
Logic [~—10

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



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

Co
U5... Uo 46_ 0 6
Zs ... 2
V... Vy =1




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

C2

Vs ... Vo =

Us...Ug —~—— 0

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












The Four Registers

(implemented as a register file with
two read ports and one write port)



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

/

~ A~ alle Jen

The Register File
With Four Registers

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Registers
C4| Jcs
0121 1013
A [oooooooo] [}
B 8 4
C \
B-_oooooooo y
.8
] |e7 ALU
C
C [o0000000 :LH Jon
B 8 0
C 8
D [00000000 y
\= — T
8
¢
6 low
C2 c3 16
PC 6 11 ‘ Switches
Update | S Pe
pdate 6 100000
Logic [~o [100000] 16

Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A [sszm0003]
2] troren)
C [00000000]
o) o

o

N
e

Q

Register A

\U o w >

O
N

f—
(e}

o0 w»>

6 low

Update
Logic

PC

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



B

6 |1oo000 00110100{ 00000000
100001| 00110000/ 00000001 ] 27
100010] 10001100] 00000000} (16 o 8high | OpCode , Control
\
16 100011 iigiggié gggggggg Decoder C1 €2 C3 C4 €5 C6 C7 C8 €9 C10 C11 C12 €13 C14 C15 C16 C17 C18
Ay 100100
8 low
10010107050 1501 50005000 RN RN R
100110 01010000| 00000001 00000000000 O0O0O0OOOOO0OO
1001111 11100000f11111011
1010001 10100100( 00000010
Code Memory
cxl lcq lcm lc”
Registers e Register B Flags 4
5 \
c12
A [oooo0000f [} | l
B
C
o B Jo0000000 D
\
061 C
C [00000000] N W3 s
B
C
D loooooooo] |b 10”
0000190000101
8 0001100000000
[ 0010100000000
0011100000000
6 low 0100100000000
C2 c3 010100000000
PC 11 ‘ Switches 16 8 low 1 011000000000
Updat 6 PC 0111{00000000
6 pdate 100000
* Logic [~o [100000] 16 Data Memory

i281 CPU



I

6 |1oo000 00110100{ 00000000
100001] 00110000/ 00000001 ) 27
100010] 10001100] 00000000} (16 o 8high | OpCode , Control
\
\16 100011) 11010011/ 00000000 Decoder €1 C2C3C4C5CpC7C8CoCroCr1 Cr2C13Ci4Ci5Ci6C17 Cl8
A\ 1001004 11110010/ 00000011
8 low
100101 [ 3T550T061 30665000 EERRRRRRRRRERERRR
100110 01010000| 00000001 00000000000O0O0OO0ODOOO0ODO
1001111 11100000/11111011
1010001 10100100( 00000010
Code Memory
cxl lcq lcm lc“‘
Registers cip s Register C . Flags K
12
A Joooooooo] [} l l
B
C
o B Joo000000 D
\
061 c g
C 00000000 N N ®
B
C
D [o0000000] | 10”
0000190000101
8 0001100000000
@ 0010100000000
0011100000000
6 low 0100100000000
[ G 0101/00000000
) 16 81
PC 11 ‘ Switches il 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate [100000]
* Logic [~o 16 Data Memory

i281 CPU



I

6 |1oo000 00110100/ 00000000
100001| 00110000 00000001 ) 27 Control
100010| 10001100[ 00000000(} (16 o (8high | OpCode , ontro
\
\16 1000111 11010011 00000000 Decoder €1 €2 C3C4C5C6 C7C8CoCroC11 C12C13 C14 C15 C16 €17 C18
A\ 1001004 11110010/ 00000011
8 low
10010137000 1301 53000660 RN RRRERE RN RE
6 |100110[ 01010000 00000001 0000000000000OO0OOCOO
1001111 11100000/11111011
1010001 10100100( 00000010
Code Memory
cxl lcq lcm lc“‘
Registers Flags 4
“ll| RegisterD ¢ :
c13
A [oooooooo] [N } l 0000
B
C
B Joo000000 D
8
\
Cél c g
C |ooo00000 N A ®
B
C C17
D 00000000 D 1
0000190000101
8 0001100000000
@ 0010100000000
0011100000000
6 low 0100100000000
[ G 0101/00000000
1 ‘ Switches 16 8 low 1 0110{00000000
PC 1 6 PC 0111]00000000
6 Update |100000|
* Logic [~o 16 Data Memory

i281 CPU



Register A

A7 A6 A5 A4 A3 A2 A1 AO
Write
Enable
0 0 L 0 0 L 0 0 L 0 0 l
D Q- D Qf~ D Ql}-e D Q- D Qle D Q- D Q- D Q
1 1 1 1 1 1 1 1
> Ql— > Q— > Ql— > Ql— > Ql— > Ql— > Q— > Ql—
Clock_| || | i | i | | ||

IN, INg INs IN, IN, IN, IN, IN,

8-Bit Parallel-Access Register



Register A

VCC @ o
A7 A6 A5 A4 A3 A2 A1 AO
Write
Enable
o) ) o) l
0 okl Q ..‘L 0 ol ..‘L 0 ol oklL T Q
1 1 1 1 1 1 1 1
e o] o o — o o o] Q—
Clock (@) o) @) 0
IN- INg IN5 INg4 IN5 IN, IN INg
Reset
ADO—O & !



Register A

A, Ag As A, As A, A, A,
Write
Enable
0 D Q—AL 0 D Q}-= 0 D Q- 0 D Q—<L 0 D Q- 0 D Q—<L 0 D Q= 0 D Q—l
1 1 1 1 1 1
> Ql— > Q— > Ql— > Q— > Ql— > Q— > Q— > Ql—
Clock | || | i | i | i ||

IN7 INg IN5 INg4 IN3 IN2 IN4 INo

8-Bit Parallel-Access Register



Register B

B, Bg Bs B, B, B, B, B,
Write
Enable
0 D Q-AL 0 D Q-+ 0 D Q-L 0 D Q4 0 D Q—«L 0 D Ql+ 0 D Q& 0 D Ql
1 1 1 1 1 1 1
> Q— > Q— > Ql— > Qfb— > Ql— > Qfb— > Ql— > Ql—
Clock | || | | i i | i ||

IN7 INg IN5 INg4 IN3 IN2 IN INg

8-Bit Parallel-Access Register



Register C

Crs Cs Cs Cy4 Cs C, C1 Co

Write
Enable

o
o
11,7

S
v}
11f

S
o
'

S
o
11,7

S
|}

'

S
o
‘1,7

S
)

'

L
)
—

Ql =)
Ql =)
Q1 =)
Ql =)
Q1 =)
Ql =)
Ql =)
Q1 =)

>
Clock r

8-Bit Parallel-Access Register



Register D

D, D¢ Ds D, D, D, D, Do
Write
Enable
(: D Q—-AL ? D Q—<L 0 D Q- 0 D Q—AL (1) D Q= 0 D Q—AL (: D Q- [1) D Q—L
> Qf— > Ql— > Q— > Ql— > Ql— > Q— > Ql— > Qf—
Clock | [ | i | i | | ||

IN7 INg IN5 INg4 IN3 IN2 IN4 INo

8-Bit Parallel-Access Register



I

6 |1oo000 00110100{ 00000000
100001] 00110000/ 00000001 ) 27
100010] 10001100] 00000000} (16 o 8high | OpCode , Control
\
\16 100011) 11010011/ 00000000 Decoder €1 C2C3C4C5CpC7C8CoCroCr1 Cr2C13Ci4Ci5Ci6C17 Cl8
A\ 1001004 11110010/ 00000011
8 low
100101 [ 3T550T061 30665000 EERRRRRRRRRERERRR
6 |100110[ 01010000 00000001 0000000000000OO0OOCOO
1001111 11100000/11111011
1010001 10100100( 00000010
Code Memory
cxl lcq lcm lc“‘
Registers Flags 4
“N Port 0 C1zl ci3 0000 -
A |oooooooo] | |} - |_|
B
C
o B Joo000000 D
\
Cél C7 3
C 100000000 N N ®
B
C
D [o0000000] | 10”
0000190000101
8 0001100000000
@ 0010100000000
0011100000000
6 low 0100100000000
[ G 0101/00000000
) 16 81
PC 11 ‘ Switches il 1 0110{00000000
Undat 6 PC 0111]00000000
6 pdate [100000]
* Logic [~o 16 Data Memory

i281 CPU



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




Bo —
Co—

oaOw»



OaQwp

v






B; —
C7—

N

Ap— A
' Co—C
D, —
A 0 D
B P,
C
D

nv)
N



B; —
C7—

A —
Be —
Cg —

N

As— A

Bs— B

' Cs—C

A Ds=—D

B Pe
C
D

U
~

Ap— A
BO—B PO
' Co—C
D =——
A 0 D
B P,
C
D

nv)
N

These 8 lines form the output bus
for Port_0 of the register file.



B; —
C7—

N

Ap— A
' Co—C
D, —
A 0 D
B P,
C
D

nv)
N



B; —
C7—

A —
Be —
Cg —

N

As— A

Bs— B

‘ Cs—C

A Ds=—D

B Pe
C
D

U
~

Ap— A
' Co—C
D, —
A 0 D
B P,
C
D

nv)
N



SR TA

Vi
C, —

RN I WA

D, —

RN I WA

nv)
N

CROR B WA

L



\Uow

A

o
|
o 0w

o
|
O O W LN

L



UOUU}A

2—

C, —

(] D, —
A
C
D
P,

UOUU}A

nv)
N

UOU'>A



o = > LN

Vi
C, —

WA A

w)

D, —

»)

W BA

o

w > )

P,



AO B > [N

nv)
N

AO & > D



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8high | OpCode

11010011

00000000

Decoder

11110010

00000011

27

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

cxl lcq lcm

Registers

A 100000000

5 [sczmod]
C [00000000)
p [sszzod]

8
¢
6 low 1
2 ‘03 16
6 Switches
U F;Ct —' | s
pdate 6 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



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

Q7...Qo




B7 —
C7—

R @Rlvels

gaOw»
[9)

[9)

N

Qo



B; —
C7—

N

Ap— A
BO—B QO
' Co—C
D =—
A 0 D
B Q1
C
D

[9)

2

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



SR TA

2—
C, —

RN I WA

Q4

D, —

RN I WA

[9)

2

CROR B WA

LY

Qo



o
|
\Uow

Qs

w
I
g O W/ L)

Q4

<
2—B
C.—C

D

D, —

A

N
I
CROR= VWA

o
|
o 0w

Qo



SRS IEWA

|
UOU'>A

Q4

O m—
Co—
Dy, —

<
A
C

D

UOUI>A

UOUU}A




o® = >[N

2_
Cy, —

A A

w)

D, —

w)

W BA

o

oA

Qo



AN T > D

AO & > D

Qo



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

/

~ A~ alle Jen

The Register File
With Four Registers

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Registers
C4| Jcs
0121 1013
A [oooooooo] [}
B 8 4
C \
B-_oooooooo y
.8
] |e7 ALU
C
C [o0000000 :LH Jon
B 8 0
C 8
D [00000000 y
\= — T
8
¢
6 low
C2 c3 16
PC 6 11 ‘ Switches
Update | S Pe
pdate 6 100000
Logic [~o [100000] 16

Data Memory

i281 CPU



The Data Memory

(implemented as a register file with
sixteen 8-bit registers that has
one read port and one write port)



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Registers

A 100000000

C4] |cs

N
!

A
B 4
C
. B [00000000 y
\
] [¢ 8
C loooooooof N
B
C
D |o00000000] |p
8
8
¢
8
6 low
C2 c3 81
PC 6 11 ‘ Switches 16 il
Update | | S Pe
pdate 6 100000
Logic [~o [100000] 16

c17 1

~
=)
=
}

0000100000101

00000000

0001

0010
0011
0100
0101

00000000
00000000 =
00000000
00000000

00000000
00000000

0110
0111

\ Data Memory /

i281 CPU




I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

(00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



8-Bit Parallel-Access Register

Write
Enable

0 D Q- 0 D Q—4L 0 D Q- 0 D Q—4L 0 D Q- 0 D Q-—L 0 D Q- 0 D Ql
1 1 1 1 1 1 1 1
> Ql— > Q— > Ql— > Ql— > Ql— > Ql— > Q— > Ql—




The Code Memory

(implemented as a register file with
64 16-bit registers that has
one read port and one write port)



B

=

6 100000

.16

100001
100010
100011

100100
100101
6 100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

K Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers
cal lc
A [o0000000 }LH
B
C
. B |o0000000] |D
\
061 C
C loooooooof N
B
C
D |o00000000] |p
8
¢
6 low
C2 c3
PC 6 11 ‘ Switches 16
Update | | ¢ s
pdate 6 100000
Logic [~o [100000] 16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

(00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



16-Bit Parallel-Access Register
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To Be Covered Later



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

OpCode
Decoder

27

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Arithmetic Logic Unit

lc14

Flags

|0 00 0|

Registers
C4l © Clzl C13
A Joooooooo] [ 1
B 8
C N\
B-_oooooooo y
8
e} |7 ALU
C [o0000000 Al 101
B
C
D loooooooo] |b
8
¢
6 low
C2 c3 16
PC 6 11 ‘ Switches
Update | S Pe
pdate 6 100000
Logic [~o [100000]

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



Je
¢ [100000[ 00110100] 00000000
100001/ 00110000{ 00000001 . 27
100010] 10001100] 00000000} (16 o 8high | OpCode ,
16 |ro0011[TT010011] 00000000]|[ ° Decoder €1 Cy C3 Ca Cs C C7
Se——1100100[ 11110010[ 00000011 2 low 1 1 l l 1 1 1
100101[01000100] 00000000
6 [100110[01070000[ 00000001 0000000
100111[11100000[ 11111011
101000[10100100] 00000010
Code Memory
cxl lcq lcm
Registers
9 041 cs ci2
A [oooooooo] [ l l
B
C
. B Joo000000] |D
\
Cél C
C [00000000] [N
B
C
D Jo0000000] |p
8
¢
6 low
C2 c3
o . 16
PC 6 11 ‘ Switches
Update ||, L
6 pdate 6 [100000]
¢ X Logic 0 16

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

Update
Logic

Jes

PC

PC

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



Some Additional Topics



Examples of Some Famous
Microprocessors



Intel's 4004 Chip

Reset

Test

Memory
Control 4( CM-ROM
Output

DD

CM-RAM3
CM-RAM2
Memory
Control —
Outputs
CM-RAM1
CM-RAMO

Sync-Out
Clk Phase 2
Clk Phase 1

Y

Ss
D3
D2
| Data Bus
1/0

D1

DO

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



Technical specifications
« Maximum clock speed was 740 kHz

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

* Instruction execution time 1 or 2 instruction cycles
(10.8 or 21.6 ps), 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 ‘ DO-D3 bidirectional

Data Bus
Data Bus
Buffer
4 Bit internal Data Bus
Temp. l I
Accumulator Reaqi srt)er Instruction Register
g Register Multiplexer
0 1
Flag _ Stack
Flip Flops Multiplexer . s
Instruction _ | Program Counter '8' 4 5
Decoder and g g
Machine 8 Level No. 1 = 6 .
Cycle £ Level No. 2 z
. o A
Encoding £ &’ 8 9
Level No. 3 3
‘ 2l 10 11
Address
Stack 12 13
Decimal 14 15
Adjust
Scratch
— Pad
Timing and Control
ROM Control RAM Control Test Sync Clocks <—|

1 s t l 1 I Reset

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




Intel 4004 registers

13 1 09 O 07 0 05 04 05 0, O, °o (bit position)

Main registers

Accumulator

Program counter
Program Counter

Push-down address call stack

Call level 1
Call level 2
Call level 3

.. l I Flags

Status register

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



Intel's 8086 Chip

MAX
7, MODE
GND 1 40 O Vee
AD14[] 2 39 ADIS
AD13[] 3 38 ] A16/S3
AD12[3 4 37 JA17 /5S4
AD11] 5 36 [JA18/S5
AD10L] 6 35 JA19/S6
ADe 7 34 [0 BHE/S7
ADs[]8 33 I MN/MX
AD7 D9 goss 32 J RD
AD6[J10  CPU 31 RQ/GTO
ADS ] 11 30 [ RQ/GTH
AD4 12 29 [ LOCK
AD3I[C]13 28s2
AD2[] 14 27 3 S1
ADIC 15 26 S0
Apo]16 25 [0S0
NMIC317 24 JOS1
INTRC] 18 23 TEST
cLKk 19 22 EJREADY
GND [ 20 21 RESET

MIN
MODE

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



Intel 8086 registers

1971776 15 14 15 12 14 19 % % %7 % % 04 %5 % 04 O (bit position)

Main registers

_ _ AX (primary accumulator)
_ _ BX (base, accumulator)
_ _ 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 . . Flags [http://en.wikipedia.org/wiki/Intel_8086]




» .
CS
DS
SS

ES

IP

AH

AL

BL

CL

1
BH
CH
DH

DL

SP

BP

Sl

DI

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

BX
CX
DX

[&-]

11

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



