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B

1018

100000 00110100| 00000000
100001| 00110000] 00000001
100010{ 10001100[ 00000000 OpCode Control
100011 11213813 gggggggg DeCOder C1 €2 €3 C4Cs5C6C7C8C9Ci10C11C12C13C14 C15Ci16 C17 C18
100100
100101[ 01000100 00000000 llllllllll‘ 11 l 1“‘
100110 01010000] 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000( 11111011
101000[10100100]/ 00000010
Code Memory
081 109 1010 1014
Registers ca] les Flags
Ci2] |cis
A 00000000 \ALH I{ |o 00 o|
B
C
D
B |ooo00000 1c15
ol |7 ALU
C |00000000 Al 1011 &
B
C
D Joooooooo] |p 1017
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000
0 0100{00000000
102 103 0101[00000000
PC 1 Switches 1 0110/00000000
PC 011100000000
Update [Looo00]
Logic 0 Data Memory

i281 CPU



Write .
Select 101 Write Enable
100000 00110100{ 00000000
100001 00110000{ 00000001
100010 10001100[ 00000000 OpCode Control
Input  J1o0011 E;’iggi; gggggggg Decoder C1C C3 Ca C5 C6 C7 C§ €9 C10 C11 €12 €13 €14 €15 Ci6 C17 Cig
100100
1001011 01000100/ 00000000 lllllllllll 11 l 1‘ ll
100110] 01010000]/ 00000001 00000000000 O0OOODOOOO
1001111 11100000])11111011
1010001 10100100( 00000010
Read Code Memory _
Select elect Write Enable .
Write Enable
o e o
Registers C4P0fct2 Read Select ALU Select Flags
C12 C13
A Joooooooo] |} I{ 0000
B
c ALU Result REG Writebac
B 00000000 D Mux
Port1]Read Select lclg
Co] |c ALU Source
Input 7 ALU
C 00000000 Al 1011I\/|ux ) b
2 Write Enable
D |oo000000 D 1017 !
t
0000100000101
0001100000000
[ 0010100000000
0011100000000
PC Mux ) 010000000000
1C2 VV”telEcg‘ab'e 0101[00000000
PC 1 Switches 0110{00000000
Undat PC 011100000000
paate [100000]
& :
Logic 0 Data Memory

i281 CPU



B

6 |100000 00110100| 00000000

100001 00110000 00000001 ) 27
100010 10001100] 00000000} 16 o (8high | OpCode : Control
\ \
16 |re00r] 11010011] 00000000 Decoder C1 €2 C3 Ca Cs C €7 Cs Co C1o C1 C12 C13 C14 Cis Clg C17 Cig
100100[ 11110010| 00000011
Blow ! RERN Pl
1001011 01000100/ 00000000 1 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
C C C
o Jeo o Jen
Registers el 1 Flags A
\
A 00000000 \ALH [000 o
B 4
5 61
D ow
. B 00000000 1c15
- cis
C6l C 8 l
C [o0000000] N 8 3 8 .
B
p 4 low -
D [oo000000] |p
8
o | °°°° 20000101
g 0001[00000000] | 43
¢ 1016 0010[00000000
g 0011[00000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 8 low e 0101]00000000
PC 6 11 1 Switches 1 0110{00000000
X 6 PC 6 0111/00000000
6 Update 6
100000
[ :
Logic 0 [£00009] 16 Data Memory

i281 CPU



gverlgit 101 Write Enable
6 |100000 00110100 00000000
100001 00110000 00000001 ) 27
I 10001100] 00ooooooo|] (16 o (8high | OpCode 3 Control
N \
16 100011/ 11010011] 00000000 DeCOder C1C2C3C4C5C6C7C8CoC10C11C12C13C14C15C16C17 C18
100100[ 11110010[ 00000011
8 low
100101[ 01000100[ 00000000 lllllllllll 11 l 1‘ ll
6 |100110[ 01010000 00000001 0000000O0O0O0O0OOOODOOOODO
100111[11100000[ 11111011
101000[10100100| 00000010
Read Code Memory
Select elect Write Enable Write Enabl
081 109 1010 rite =nabie
1014
Registers C4F’0rctg Read Select ALU Select Flags 4
C12 Cc13 Y
8 4
B \
c ° ALU Result REG Writebac
5 D
\8 Port1]Read Select ALUS lCIS
Input Co| |c7 ource| ALU
c 4 Jornis : ARNY
2 Write Enable
o i |-
t
0000[00 000101
8 0001[00000000] | 48
4 1 0010[{00000000
2 Select] 0011]00000000
6 low PC Mux Write Enabl 0 g 0100[00000000
= . elc?a © - S— 0101[00000000
PC 6 1 Switches — Input |0110{00000000
Und < 6 PC 011100000000
6 pdate 6 100000
Logic 0 [£00009] 16 Data Memory

i281 CPU



The Arithmetic Logic Unit
(ALU)



B

6 |100000 00110100| 00000000
100001 00110000 00000001 ) 27
100010] 10001100] 00000000(} 16 o (8high | OpCode 3 Control
N \
16 100011 11213813 88388222 DeCOder €1 C2C3C4Cs5C6C7C8CoC10C11C12C13C14 Ci5Ci6 C17 C18
100100
Blow ' NREN Vi
100101[01000100] 00000000 l 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
csf Jeo e Arithmetic Logic Unit e
Registers o — 4
13 N
A 00000000 A 1 l
B \8 I\
C Ay
B [00000000 y 6 low
\8 c
18
] ALU !
8 8
C
C [o0000000] N 1 1 N .
B
C
D Joooooooo] |p 1017
0000[00000101
8 0001[00000000] | 48
4 0010[00000000
0011{00000000
6 low 0100{00000000
102 103 16 0101[00000000

6 1 Switches 011000000000
U F;Ct \ 6 PC 6 0111[00000000
6 paate 6 100000
Logic 0 [£00009] 16 Data Memory
i281 CPU




B

6 100000
100001
100010
100011

16

100100
100101
6 100110
100111
101000

00110100 00000000

00110000 00000001

10001100( 00000000

11010011(00000000

11110010( 00000011

01000100 00000000

01010000 00000001

11100000(11111011

10100100( 00000010

Code Memory

OpCode
Decoder

27

¢]
o

C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

C15 Ci16 C17 C18

9
—~

O = O

O = O
O

ik

§

FEARY

oo

These two control inputs determine

cg] Jeo 1010

the type of arithmetic operation 1014
Registers
g cal le Flags A
A A 000 0]
B 4
C
NE ) Jex
2 Cél C 8 lclg
c ; 8 A
2 4 low
. : lor
8 4
L | 20°° [o0000101
g 0001[00000000] | 43
¢ 1016 0010[00000000
g 001100000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 ]1 e 0101]00000000
oo 6 11 | Switches — 0110[00000000
< 6 PC 6 0111[/00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU



This ALU Can Perform 4 Operations

ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




This ALU Can Perform 4 Operations

Names of these

. Ci2 Ci3
control lines

ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




This ALU Can Perform 4 Operations

Ci2 Ci3
ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 (SUB/CMP)

Both SUB and CMP are implemented
as subtraction. They both set the flags.

The difference is that CMP does not write
back the result of the subtraction to the registers.
Only the side effect through the flags remains.



B

6 |100000 00110100| 00000000
100001 00110000 00000001 ) 27
100010] 10001100] 00000000(} 16 o (8high | OpCode 3 Control
N \
16 100011 11213813 88388222 DeCOder €1 C2C3C4Cs5C6C7C8CoC10C11C12C13C14 Ci5Ci6 C17 C18
100100
Blow ' NREN Vi
100101[01000100] 00000000 l 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
csf Jeo e Arithmetic Logic Unit e
Registers o — 4
13 N
A 00000000 A 1 l
B \8 I\
C Ay
B [00000000 y 6 low
\8 c
18
] ALU !
8 8
C
C [o0000000] N 1 1 N .
B
C
D Joooooooo] |p 1017
0000[00000101
8 0001[00000000] | 48
4 0010[00000000
0011{00000000
6 low 0100{00000000
102 103 16 0101[00000000

6 1 Switches 011000000000
U F;Ct \ 6 PC 6 0111[00000000
6 paate 6 100000
Logic 0 [£00009] 16 Data Memory
i281 CPU




The ALU

ALU_SELECT1

®
ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter 8 calculator |— ,er0
shift out |
8
8 ALU_RESULT
. add / sub
0 ;
8-bit adder 8 carry
1
8 carry —,_)
overflow
° ]
= ) overflow
1




The ALU

L/R

8-bit shifter

add / sub

8-bit adder




The ALU

ALU_SELECTO
L/R
8 8 8-bit shifter N
g add / sub
8-bit adder N




The ALU

ALU_SELECT1

4
ALU_SELECTO
L/R
8 8 8-bit shifter 8
N
8
0
Sl 1 ALU RESULT
g add / sub

8-bit adder 8




The ALU

ALU_SELECT1

4
ALU_SELECTO
L/R
8 8 8-bit shifter 8
shift out
N
8
0
Sl 1 ALU RESULT
g add / sub

8-bit adder 8

carry

overflow




The ALU

ALU_SELECT1

ALU_SELECTO

LT/R

8 8 8-bit shifter

8
shift out |
8
- ALU_RESULT
8 M/ sub \T‘
0
8-bit adder 8 ) carry
1
o;
)

overflow

overflow




The ALU

ALU_SELECT1

®
ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter 8 calculator |— ,er0
shift out |
8
8 ALU_RESULT
. add / sub
0 ;
8-bit adder 8 carry
1
8 carry —,_)
overflow
° ]
= ) overflow
1




This ALU Can Perform 4 Operations

ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




SHIFTL

ALU_SELECT1

®
ALU_SELECTO
I/ R L negative
o 8 flag 8
g 8 8-bit shifter calculator |— ,er0
shift out |
ALU_RESULT
g add / sub
0 ;
8-bit adder 8 carry
1
8 carry —,—)
overflow
_|_—j° ]
= ) overflow
1



0

ALU_SELECT1

SHIFTR

ALU_SELECTO

T/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

flag

— negative

calculator |— ,er0

ALU_RESULT

\Lfﬁ’ \“_le

carry

overflow



ADD

ALU_SELECT1

®
ALU_SELECTO
I/ R L negative
8 flag 8
g 8 8-bit shifter 8 calculator | — ,arq
shift out |
ALU_RESULT
g add / sub
0 %
8-bit adder carry
1
8 carry —,—ﬂ
overflow
—1° ]
= ﬂ overflow
1



1

ALU_SELECT1

SUB / CMP

ALU_SELECTO

T/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

flag

— negative

calculator |— ,er0

ALU_RESULT

carry

overflow

\3_%’ \“AJLI



The Shifter Circuit

ALU_SELECT1

ALU_SELECTO

/ L/R \

8 8 8-bit shifter

8
shift out |
8
ALU_RESULT

8 M/ sub \T‘

0
8-bit adder 8 ) carry

1

N carry

overflow

L— negative
8 flag &

calculator

—— Z€10

) overflow
1



The Shifter Circuit

_/13\_

7 &

7R

o

7 A

_‘)/15\1__0/

1

O Oo

<

Shift_Out



é/lﬁ\_

s

s

7

7

A

A

t
Shift_Ou



_/13\5

7

7 &

7 &

7

7

7 &

Shift_Out



Shift Left

é/lﬁ\_

s

s

7

7

2

A

Shift_Out



Shift Left

1013\1_

s

S

s

A




Shift Right

_/13\5

7

7 8

7 &

73

7

_‘)/15\5_0/

1

o Oo

<

Shift_Out



ight
ift Rig
Shi

1 _0/13\5
7
1_0/13\5 1
2/13\3 |
SR
_0/ 1
1_0/13\5 0 1




The ALU Shifter Circuit

el e

7 &

o

7 A

7

°/

1

LLLLLLLLLLLL

Oo

AITO/
Shift_Out

Goes to
Carry Flag



The ALU Shifter Circuit

el e

7 K

o

7 A

_‘)/15\1__0/

1

O Oo

AITO/
Shift_Out

Goes to
Carry Flag



The Internal ALU Bus Multiplexer

ALU_SELECT1

ALU_SELECTO

LT/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

L— negative
flag &
calculator |— ,er0
ALU_RESULT
carry
overflow




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

C12
U7... Uy =& ¢ .
Z; ... Zo
VooV =31













2-to-1 Multiplexer

ALU_SELECT1

®
ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter 8 calculator |— ,er0
shift out |
8
8 ALU_RESULT
g add / sub TT‘
0
8-bit adder 8 carry
1
8 carry I )
overflow
° ]
= ) overflow
1



2-to-1 Multiplexer

ALU_SELECT1

?
ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter 8 calculator |— ,er0
shift out |
8
Sl 1 ALU RESULT
. add / sub
0 %
8-bit adder 8 carry
1
g carry —,—)
overflow
o;
= ) overflow
1



2-to-1 Multiplexer

input_0

select é

input_1

Ba
Ba




2-to-1 Multiplexer

ALU_SELECTI é}




2-to-1 Multiplexer

Ba
Ba

@
o




The Adder / Subtractor

ALU_SELECT1

®
ALU_SELECTO

I/ R L negative
8 flag 8
8 8 8-bit shifter 8 calculator |— ,er0
shift out |

ALU_RESULT

g add / sub

8-bit adder 8

8 s 1
—
>

overflow/
I

overflow




The Adder / Subtractor

add / sub

Y7 X7 Y6 X6 Y5 X5 Y4 X4 Y3 X3 Y2 X2 Y1 X1 YO XO

YLl YL YL YL YL YL Y

FA | FA | FA | FA | FA | FA | FA | FA

S, Se Ss S, S, S, S, So



The Adder / Subtractor

add / sub

Y7 X7 Y6 X(-; Y5 X5 Y4 X4 Y3 X3 Y2 X2 Y1 X1 YO XO

YLl YL YL YL YL YL Y

FA | FA | FA | FA | FA | FA | FA | FA

S, Se Ss S, S, S, S, So

This is an 8-bit ripple-carry adder. Note that the X and Y lines are swapped.



The Adder / Subtractor

ALU_SELECT1

®
ALU_SELECTO

LT/R

8-bit shifter

shift out

The XORs
are on this line

add / sub

8-bit adder

carry

overflow

flag
calculator

— negative

—— Z€10

ALU_RESULT

carry

overflow




The Adder / Subtractor

add / sub

Y7 X7 Y6 X6 Y5 X5 Y4 X4 Y3 X3 Y2 X2 Y1 X1 YO XO

YLl YL YL YL YL YL Y

FA | FA | FA | FA | FA | FA | FA | FA

S, Se Ss S, S, S, S, So



The Adder / Subtractor

add / sub

Y7 X7 Y6 X6 Y5 X5 Y4 X4 Y3 X3 Y2 X2 Y1 X1 YO XO

Yl YL YL YL YL YL YL Y

«—eo— FA |[«9q1 FA | FA | FA | FA | FA | FA | FA

S7 Ss S5 S4 83 Sz S1 So

® )D— overflow

carry




The Adder / Subtractor

add / sub
Y7 X7 Y6 X6 Y5 X5 Y4 X4 Y3 X3 Y2 X2 Y1 X1 YO XO
Cs Cr7 Cs Cs Cy4 Cs3 C2 C1 Co
«<—e— FA |*¢1 FA |« FA |« FA [« FA |« FA | FA | FA |
S7 Ss S5 S4 83 rlz S1 So
€10
‘ J
negative
¢ )D_ overflow negative and zero can be
computed here as well

carry



The Adder / Subtractor

add / sub

Y7 X7 Y6 X(-; Y5 X5 Y4 X4 Y3 X3 Y2 X2 Y1 X1 YO XO

I EIA NI Sl e R

The CPU implementation uses this design,
because negative and zero need to be
computed for the result of the shifter too.

_S) This is done only once in the flag calculator.
® overflow

7

carry



The ALU Flag Calculator

ALU_SELECT1

®
ALU_SELECTO

LT/R

flag — |negative

8 8 8-bit shifter calculator

8
shift out |
8
: ALU RESULT
8 M/ sub \T‘
0
8-bit adder 8 ) carry
1
o;
)

— | ZE€10

N carry

overflow

overflow




The ALU Flag Calculator

Z€10

negative



ALU Outputs to the Flags Register

ALU SELECT1 4 Outputs to the
Flags Register
* s
ALU_SELECTO
L/R .
—— |negative

8 flag
calculator

8 8 8-bit shifter

8
shift out |
8
: ALU_RESULT
8 M/ sub \T‘
0
8-bit adder 8 ) carry
1
o;
)

Z€1o0

N carry

overflow

overflow

N




The Flags Register



B

6 100000
100001
100010
100011

16

100100
100101
6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

27

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

¢]
o

C4

C7C

Co C

Control

Ci1Ci2Ci13¢C

N
w
)
W
)
)
=
)
=3

O = O
O = O
O

i

Cs
'
0

C6
'
0

|

O g ©

ﬁ

O i o

2N

o =
=
= s
O
O

Cg Co C10
He | Jou
Registers el 1 Flags 4
\
A 00000000 \ALH LUy uy
B 4
C
6 low
D
. B 00000000 ) 1015
\
C6l C 8 1(:18
C [o0000000] N 8 3 8 .
2 4 low
D [oooo0000] |p 1017
8 4
", | °°°°[eoo00101
g 0001[00000000] | 43
¢ 1016 0010[00000000
X 0011[00000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 ]1 e 0101]00000000
oo 6 11 | Switches — 0110[00000000
< 6 PC 6 0111[/00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU



4-Bit Parallel-Access Register

Out_3 Out_2 Out_1 Out_0

s — T T | |

Clock i i l

In_3 In 2 In_1 In O



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable I [ [
! } 3 4
0 0 0 0)
D Q |- D Qe D Q e D Q |~
1 1 1 1
> Qf— > Ql— > 0 > 09—
Clock l o l

Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag

Write

Enable I ‘ [ # [ + +

Clock l o l

Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable I [ [
0 0 0 OL
D Q [—e&- D Q [—e- D Q |- D —&—
> Qf— > Ql— > 0 > -

Clock l o l

Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable [ [
0 0 OL
e~ D Q ) D Q i et
1 1 1
I > 6 I > 6 I
Clock
Carry Overflow Negative Zero



Write

The Flags Register

Enable

Clock

Carry Overflow Negative Zero
Flag Flag Flag Flag
0 0 OL
Q e D Q e D Q e ——
1 1 1

Reset

Carry

Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
VCC o T T
Write
Enable I [ [
Q e
0 0 0 0
Q e D Q e D Q —e- el
1 1 1 1
QI— > Qf— > Q -
Clock A (lf > ([ & T T
Reset [
Carry Overflow Negative Zero



The Flags Register

Parallel Output to the Control Logic

[Carry Overflow Negative Zero
Flag Flag Flag Flag
VCC 2 T
Write
Enable I [ [
O . —©
0 0 0 0
D Q e D Q e —— ——
1 1 1 1
> Qf— > Ql— —
Clock A ? ?

Reset

Carry Overflow Negative

Zero

Y
Parallel Input From the ALU



Only Seven OPCODEs
Update the Flags Register



B

100000 00110100| 00000000
100001| 00110000] 00000001
100010{ 10001100[ 00000000 OpCode Control
1000111 11010011) 00000000 DeCOder C1 €2 C3 C4Cs5C6C7C8C9CioCi1Ci12C1 C15C16 C17 C18
100100[ 11110010]/ 00000011
1001011 01000100/ 00000000 l 1 1 l 1 1 l l 1 l l 1 1 1 l l l
100110 01010000] 00000001 00000000000 0O 0000
100111[11100000( 11111011
101000[10100100]/ 00000010
Code Memory
Flags Write Enable
cg] | oo 1010 1014
Registers . Flags
Cs
Ci2] |cis
A 00000000 \ALH I{ 0000
B
C
D
B |ooo00000 1c15
ol |7 ALU
C |00000000 Al 1011 &
B
C
D Joooooooo] |p 1017
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000
0 0100{00000000
102 103 0101[00000000
PC 1 Switches 1 0110/00000000
PC 011100000000
Update [Looo00]
Logic 0 Data Memory

1018

i281 CPU



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0

Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0

X1 | X0

X1 |X0|[Y1l]| YO

N ZLTYM ¥EINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

CiC2[C3]|C4]|C5(C6 |C7[C8[Co[C10([C11/C12|C13[C14 |C15[C16[C17|C18

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

MOVE

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

Cq4 is set to 1 for opcodes that

update the flags register.
Only 7 opcodes do that



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0

Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0

X1 | X0

X1 |X0|[Y1l]| YO

N ZLTYM ¥EINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

CiC2[C3]|C4]|C5(C6 |C7[C8[Co[C10([C11/C12|C13[C14 |C15[C16[C17|C18

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

MOVE

LOADI/LOADP

(ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

Cq4 is set to 1 for opcodes that

update the flags register.
Only 7 opcodes do that



These 7 OPCODEs Update the Flags

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDIT
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



B

6 |100000 00110100| 00000000
100001 00110000 00000001 ) 27
100010] 10001100] 00000000(} 16 o (8high | OpCode 3 Control
N \
16 100011 11213813 88388222 DeCOder €1 C2C3C4Cs5C6C7C8CoC10C11C12C13C14 Ci5Ci6 C17 C18
100100
Blow ' NREN Vi
100101[01000100] 00000000 l 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
cs] Jeo e Arithmetic Logic Unit e
Registers o — 4
13 N
A 00000000 A 1 l
B \8 I\
C Ay
B [00000000 y 6 low
\8 c
18
] ALU !
8 8
C
C [o0000000] N 1 1 N .
B
C
D Joooooooo] |p 1017
0000[00000101
8 0001[00000000] | 48
4 0010[00000000
0011{00000000
6 low 0100{00000000
102 103 16 0101[00000000

6 1 Switches 011000000000
U F;Ct \ 6 PC 6 0111[00000000
6 paate 6 100000
Logic 0 [£00009] 16 Data Memory
i281 CPU




B

6 100000
100001
100010
100011

16

100100
100101
6 100110
100111
101000

00110100 00000000

00110000 00000001

10001100( 00000000

11010011(00000000

11110010( 00000011

01000100 00000000

01010000 00000001

11100000(11111011

10100100( 00000010

Code Memory

OpCode
Decoder

27

¢]
o

C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

C15 Ci16 C17 C18

9
—~

O = O

O = O
O

ik

§

FEARY

oo

These two control inputs determine

cs) oo Jeio

the type of arithmetic operation 1014
Registers
g cal le Flags A
A A 000 0]
B 4
C
NE ) Jex
2 Cél C 8 lclg
c ; 8 A
2 4 low
. : lor
8 4
L | 20°° [o0000101
g 0001[00000000] | 43
¢ 1016 0010[00000000
g 001100000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 ]1 e 0101]00000000
oo 6 11 | Switches — 0110[00000000
< 6 PC 6 0111[/00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

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

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

N ZLTYM ¥EINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

CiC2[C3|C4]|C5(C6 |C7[C8[Co|C10[C11JC12]C13[C14 |C15[C16[C17|C18

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




Diagram for c,,

iring

The W

dOON
OLNdNI
ADLNdNI
ALNdNI
JALNdNI
HAOIN
Iavo'l
aav
aav
ans

1dns
avol
JAVO1T
HHO.LS
JHHOLS
TLATHS
HLAIHS
dIND

cll

cl3




XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0

Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0

X1 | X0

X1 |X0|[Y1l]| YO

N ZLTYM ¥EINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

CiC2[C3]|C4]|C5(C6 |C7[C8[Co[C10([C11[C12]C13F14 |C15[C16[C17|C18

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

MOVE

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




Diagram for c,,

iring

The W

dOON
OLNdNI
ADLNdNI
ALNdNI
JALNdNI
HAOIN
Iavo'l
aav
aav
ans

1dns
avol
JAVO1T
HHO.LS
JHHOLS
TLATHS
HLAIHS
dIND

cll

cl3




This ALU Can Perform 4 Operations

ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




This ALU Can Perform 4 Operations

ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD ADDI
1 1 SUB/CMP SUBI

These two OpCodes
map to here as well



This ALU Can Perform 4 Operations

Names of these

. Ci2 Ci3
control lines

ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




This ALU Can Perform 4 Operations

Ci2 Ci3
ALU SELECT1 | ALU_SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 (SUB/CMP)

Both SUB and CMP are implemented
as subtraction. They both set the flags.

The difference is that CMP does not write
back the result of the subtraction to the registers.
Only the side effect through the flags remains.



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

e
Q
=
O
2
O
a
O
=
O
= — N
o 0LOETAS D.E_ - 1_ [
A HBUW.HmmIDﬂL I GG GGG 17 | |- -
O L] L y.
5 XOW 0¥N0S 0TV G NI I
Cm TTEYNE ELTEM SYELSIOTI A | [ [ ] |-
§ 0LOTTES HELTMM SYALSIOTI FMEEIEIEIEIEIE 2|
¢ TIOITES ALTHM SYALSIOEI islislislis]ivliolio] b ol }o)
& 0LOFTAS TIMOd SYILSIOEI M 2|58 S
P TILOFTAS TINOd SYELSIOES g = o1} o
5’ 0ILOFTES 0I¥Od SHALSIDEI gl 1218 [2lg(g(g] 8] 8RR
o TIOTTES 0IL¥0d SYELSIOTI g (R (RRIR]E] (B2 |5ER]®
S’ NZ FLTHM ¥EINNOD WHED0Md|r | v | (v |m [t | |t | [t | [t | [t | o [t | | o [t o [t |
S XOW WEINNOD WYED0¥d IR AR
) TIEYNT ILTHM WENI| ||
[aT]
2 N
ElE|EIElalS AE1E Bl R AES
[a7] W m H H m m S~ m [£3]
[a)a] HiH 0]
R AR B R R R R E EE R EHEEE

C42 and c43 are set by these opcodes that

need the ALU to compute something.
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SHIFTL also uses the ALU, but in this

case the two control lines are both

equal to zero.



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

OLOITES

TIOTTES O

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

0LOITIS HFLTUM SHALSIOEI

TIOTTES FILT¥M SHALSIOEM

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

N ZLTYM ¥EINNOD WY¥H0Nd

XOW YIINNOD WYID0dd

CiC2[C3]|C4]|C5(C6 |C7[C8[Co[C10([C11/C12|C13[C14 |C15[C16[C17|C18

TTEYNT FELIEM WINI

0]

1
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1
1
1
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X1 | X0
X1 | X0

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

X1 | X0

X1 | X0
X1 [ X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0

X1 [ X0
Y1l | YO | X1 | X0

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

X1 | X0
X1 | X0
Y1l | YO
X1 | X0
Y1l | YO
X1 | X0
X1 )| X0 | Yl]| YO

1
1
1
1
1
1
1
1
1
1
1

1
But they ignore the result!

Bl
B2
B3
B4

In fact, all of these other commands tell
the ALU to shift left. The ALU is never idle!

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP
ADD

ADDI

SUB

SUBI
LOADF
STORE
STOREF
SHIFTL
SHIFTR
BRE/BRZ
BRNE /BRNZ

BRGE




The MOVE command
iIs implemented as addition with 0
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The MOVE command copies the contents

of one register into another. But it tells

the ALU to do addition?! Why?



MOVE

Full name:
MOVE
Description:

Move (i.e., copy) the contents of the second register into
the first register, overwriting the first register.

Assembly Example:
MOVE A, B

Instruction Layout:

o,0,1/,0,0/0|O0O(1]|0|O0O|O0O|O|O0O|O|O0|O




MOVE

Full name:
MOVE

Description:

Move (i.e., copy) the contents of the second register into
the first register, overwriting the first register.

Assembly Example:
MOVE A, B

Instruction Layout: A=B+0

o,0,1/,0,0/0|O0O(1]|0|O0O|O0O|O|O0O|O|O0|O




XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV
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0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
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1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0

Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0

X1 | X0

X1 |X0|[Y1l]| YO
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CiC2[C3]|C4]|C5(C6 |C7[C8[Co[C10([C11/C12|C13[C14 |C15[C16[C17|C18

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

MOVE

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

The MOVE command copies the contents

of one register into another. But it tells

the ALU to do addition?! Why?



B

6 |100000 00110100| 00000000

100001 00110000 00000001 ) 27
100010[00100007 00000000 | , 16 4 \8high | OpCode 7 Control
N \
16 |r00011) 11010011] 00000000 Decoder C1 €2 C3 Ca Cs C €7 Cs Co C1o C1 C12 C13 C14 Cis Clg C17 Cig
100100[ 11110010] 00000011
8 low
100101[ 01000100/ 00000000 lllllllllll 11 l 1‘ ll
6 |100110[ 01010000 00000001 00000000000 O0OOODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
o 1
allo |
2 \\4
A 00000000
B |ooo00000 6low
\8 lCIS
8
C |o0000000 S
D [oo000000 1017
0000[90 000101
g 0001[00000000] | 43
¢ 0010{00000000
0011{00000000
6 low 0100{00000000
102 103 16 . 0101[00000000
PC 6 1 Switches 1 0110/00000000
Und < 6 PC 6 0111[/00000000
6 pdate 6 100000
Logic 0 [£00009] 16 Data Memory

i281 CPU



B

00110100

00000000

00110000

00000001

00100001

00000000

27

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

04—.9
o

ey
o

N

S}

[}

=

%3

=

o - o
o <
o i
= = b%

04—53

T

B |00000000
C |o0000000
D |ooo000000

\ aw >

o0 w>

8
[
6 low
|-
PC
Update
Logic

Data Memory

i281 CPU



The Program Counter (PC)



B

6 |100000 00110100 00000000
100001 00110000 00000001 ) 27
100010] 10001100] 00000000(} 16 o (8high | OpCode 3 Control
N \
16 100011/ 11010011] 00000000 DeCOder C1C2C3C4C5C6C7C8CoC10C11C12C13C14C15C16C17 C18
100100[ 11110010] 00000011
B low | RN P
100101[ 01000100] 00000000 l 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 0000000O0O0O0O0OOOODOOOODO
100111[11100000] 11111011
101000[10100100] 00000010
Code Memory
Cg C9 C10
He | Jen
Registers
9 cal le Flags K
\
A [ooooo0000] [X [0 00 of
B 4
C
B [00000000 y 1% 6 low
\8 8 1C18
C6l C
C [o0000000] N 8 \\8 8 .
2 4 low
D Joooooooo] |p 1017
8
) 0000150000101
8 0001[00000000] | 48
[ 1016 0010{00000000
g 0011{00000000
6 low 0 g 0100[00000000
16 8 low \\ 010100000000
PC 6 Switches 1 0110/00000000
Undat < PC 6 0111]00000000
6 pdate 6 100000
[ .
Logic [£00000] 16 Data Memory

i281 CPU



6-Bit Parallel-Access Register

OUTs OUTy, OUT; OUT, ouT, OUT,

0

D Q& |
> 6— |—

N,

ol O

4
.—Iv—
vV g

Ol O

1

A
W)

Ol O

1

=1
= —
—
W)

Ol O

Load I
E D Q¢ = ﬂ
> Qf— > —
Clock l_ | | l_

IN N, IN; IN, N,




The Program Counter Register

PC; PC, PC, PC, PC, PC,

0

D Q& |
> 6— |—

IN,

Write

Enable I
E D Q& = ﬂ
> Qf— > —
Clock l_ | | l_

IN IN, N, IN, N,

ol O

4
.—Iv—
vV g

Ol O

1

A
W)

Ol O

1

=1
= —
—
W)

Ol O




The Program Counter Register

Parallel Output to the 6 Read Select Lines of the Code Memory
A

4
PC;s PC, PC;, PC, PC, PC,
Write
Enable I
0
ﬂ D Q¢ D Q-+ —b- E D Qe ] D Q-
- . o - - .. t o
Clock | l_ l_ | l_ |
IN; IN, IN, IN,
1\ J

Parallel Input From the PC Update Logic



The Program Counter Register

PC; PC, PC, PC, PC, PC,

0

D Q& |
> 6— |—

IN,

Write

Enable I
E D Q& = ﬂ
> Qf— > —
Clock l_ | | l_

IN IN, N, IN, N,

ol O

4
.—Iv—
vV g

Ol O

1

A
W)

Ol O

1

=1
= —
—
W)

Ol O




The Program Counter Register

PC;s PC, PC, PC, PC, PC,
Writ
Enabl I I
ﬂ D Q- D Q= D Q
> Qb Q- > Q
=hs
Clock |




The Program Counter Register

VCC

PC;s PC, PC; PC, PC,
Write

Enablé ]‘ ]’ I ]‘

Q Q @)
ﬂ D Q& ﬂ D Q-+ E - ﬂ - E -
D> 6— D> 6— > > >
[T
Clock |

IN IN, N, N, N, N,

Reset E



The Program Counter
Update Logic



B

6 |100000 00110100| 00000000
100001 00110000 00000001 ) 27
100010] 10001100] 00000000(} 16 o (8high | OpCode 3 Control
N \
16 100011/ 11010011] 00000000 DeCOder €1 C2C3C4Cs5C6C7C8CoC10C11C12C13C14 Ci5Ci6 C17 C18
100100[ 11110010| 00000011
§low ' RN P
100101[01000100[ 00000000 l 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000 O0OOODOOOO
100111{11100000[ 11111011
101000[10100100| 00000010
Code Memory
C C C
811 9 1 10 1014
Registers el 1 Flags 4
\
A (00000000 \ALH [0 00 of
B 4
C
6 low
q B |00000000 y 1c15
\ 8 1018
C6l C
C [o0000000] N 8 \\8 8 .
B
C 4 low -
D |o0000000 D
8
j 000000000101
8 0001[00000000] | 48
L ¢ 1016 0010{00000000
g 0011[00000000
6 low 0 g 0100{00000000
C2 c3 16 8 low e 010100000000
[ PC 6 11 1 Switches 1 0110/00000000
Y 6 PC 011100000000
. 6 Update | [100000]
Logic 0 16 Data Memory

i281 CPU



/

B

6 100000

Y 100001
100010
100011
\\ 100100

100101

6 100110
100111

00110100

00000000

00110000

00000001

10001100

00000000

8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

>< 101000

11100000

11111011

10100100

00000010

k Code Memory

Decoder

27

¢]
o

4 C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

Ci

9

C16 C1

C18

—~

s )

O = O
O

m

§

T

/

cg] Jeo 1010

Registers

1014

cal Ic Flags 4
AY
A Joooooooo] |} |0 00 0|
B 4
C
B 00000000 y 1% 6 low
.8
C6l c 8 1018
C [o0000000] N 8 \\8 8 .
2 4 low
D looo000000 D 1017
8
4 0000{p0000101
8 0001[00000000] | 48
= Jers 001000000000
g 0011[00000000
6 low - 0 g 0100[00000000
© c3 \\ 010100000000
o0 6 11 ! Switches —g-eme] | 0110[00000000
u < 6 PC 011100000000
6 Update 6
\ 100000
y }o?glc ~— 0 [L00000] 16 Data Memory

i281 CPU



I

16

100000 00110100{ 00000000
100001 00110000{ 00000001
100010 10001100| 00000000 \16

100011} 11010011{00000000
100100 11110010( 00000011
1001011 01000100 00000000
100110 01010000 00000001
1001111 11100000f 11111011
1010001 10100100( 00000010

Code Memory

8
._Av____
6 low
|
PC S 1
6 Update 6
Logic 0

103

6 PC

|100000|

i281 CPU



I

16

100000| 00110100/ 00000000
100001] 00110000/ 00000001 )
100010[ 10001100] 00000000(} | 16 ° , 8 high
100011[ 11010011] 00000000 )
100100[ 11110010[ 00000011

8 low
100101[01000100[ 00000000
100110[ 01010000[ 00000001

100111111100000{ 11111011
1010001 10100100 00000010

Code Memory
8
.A—
< 6 low )
e o
6
U F;Ct K PC
6 pdate 6 100000
Logic 0 I—I

i281 CPU



I

16

100000 00110100{ 00000000
100001 00110000{ 00000001
100010 10001100| 00000000 \16

100011} 11010011{00000000
100100 11110010( 00000011
1001011 01000100 00000000
100110 01010000 00000001
1001111 11100000f 11111011
1010001 10100100( 00000010

Code Memory

6
|
Pc !
6 Update 6
Logic 0

103

6 PC

|100000|

i281 CPU



I

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code 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

6 low

i281 CPU



I

6 100000
100001
100010
16 100011

1100100

100101
6 100110
100111
101000

00110100{ 00000000
00110000{ 00000001
10001100[ 00000000]} \ 16

. 8 high

11010011(00000000
11110010( 00000011
01000100 00000000
01010000 00000001
11100000(11111011
10100100( 00000010

.ﬁ6

Code Memory

00000
LI

6 low

1
|

V
6-bit adder

V
6-bit adder

C

|
PC

100000

i281 CPU



Clock =—

I

6 100000
100001
100010
16 100011

1100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000|| 16 o 8high

11010011

00000000

11110010

00000011 6 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

.ﬁ6

Code Memory

000001
LT

6

V
-bit adder

6 Clock

V
6-bit adder

C

|
PC

100000

i281 CPU



Clock =—

I

6 100000
100001
100010
16 100011

1100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

. 8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

.ﬁ6

Code Memory

6 low

000001
LT

6-bit adder

Vv

Co

Both adders can only add.
They don’t do subtraction.
The line cq is set to ground/zero.

6 Clock

V
6-bit adder o

Cy l C3
PC

100000 N

i281 CPU



Clock =—

I

6 100000
100001
100010
16 100011

1100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ ,8high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

.ﬁ6

Code Memory

000000
LT

6 low

An alternative implementation
could add 000000, but set cy to 1.

6-bit adder

Vv

Co 1

6 6 Clock
V
6-bit adder o

Cy l C3
PC

100000 N

i281 CPU



Clock =—

Je
6 |100000 00110100 00000000
100001 00110000{ 00000001
100010| 10001100| 00000000} 16 . 8high
16 |10001111010011]00000000
=————1100100[ 11110010[ 00000011
100101[ 01000100] 00000000
6 |00110[ 01010000{ 00000001

100111111100000{ 11111011
1010001 10100100 00000010

6 low

Carry and Overflow are generated,
but are ignored in this CPU design.
Code Memory Thus, the PC can wrap around!

f 6 cl) (|) (l) (l) (|) ; In other words, when the PC reaches

address 111111, advancing it by 1
\V4 sets it to address 000000.
carry  6-bit adder
overflow -
6
¢
p 0 0 Clock

V

carry  6-bit adder

overflow

Cy l C3
PC

100000 N

i281 CPU



Clock =—

I

6 100000
100001
100010
16 100011

] 100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000|| 16 . 8high

11010011

00000000

11110010

00000011 6 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

.ﬁ6

Code Memory

000001
LT

6

V
-bit adder

V
6-bit adder

Clock

C
Next PC

| =
PC

100000

Current PC
6

\

\

i281 CPU



Clock =—

I

6 100000
100001
100010
16 100011

] 100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Current PC 6

Code Memory

Offset from the second byte
of the current instruction

V
6-bit adder
6 Current PC + 1 Offset
¢ 6 6
6
vV
6-bit adder

Current PC + 1 + Offset

Current PC + 1

Clock

C

Next PC

| =
PC

100000

Current PC
6

\

\

i281 CPU



Clock =

I

6 |200000
=1100001
100010

16 200011
] 100100
100101
6 [100110
100111
101000

00110100 00000000
00110000 00000001

10001100| 00000000(] 16 o 8high

11010011(00000000
11110010( 00000011
01000100 00000000
01010000 00000001
11100000(11111011
10100100( 00000010

6 low

Code Memory

[Coemrc]s 000001
| [

V
6-bit adder

6
Current PC + 1
[

6

6

Vv

6-bit adder

Take this route if the current instruction

is NOT a jump or a branch. This increments the
program counter by 1 and the execution
continues sequentially to the next instruction.

Current PC + 1

Clock
= Cy l C3
\ \6 1 Next6PC PC Curr6ent PC
] 100000 e
\

i281 CPU



Clock

I

6 |200000
=1100001
100010

16 200011
] 100100
100101
6 [100110
100111
101000

00110100

00000000

00110000

00000001

10001100

11010011

00000000

11110010

00000011 6 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Current PC 6

Code Memory

000001
LT

6

V
-bit adder

6
Current PC + 1
[

00000000} (16 8 high

Take this route if the current instruction

is a jump or a branch. This increments the

program counter by 1 and also adds the offset,
which comes from the second byte of the instruction
stored in the code memory (last six bits only).

The execution continues out of order by

6 ¢ 6 Clock
V
6-bit adder
\ 6 Next PC
Current PC + 1 + Offset 6
\6 0

|
PC

100000

skipping to the instruction at the new address.
The skip can be either forward or backward,
depending on the value of the offset.

Current PC
6

N\

\

i281 CPU



Possible Offsets with +1 Correction

0 11111111
1 00000000
2 00000001
3 00000010
4 00000011
5 00000100
6 00000101
7 00000110
8 00000111
9 00001000
10 | 00001001
11 | 00001010
12 | 00001011
13 | 00001100
14 | 00001101
15 | 00001110
16 | 00001111
17 | 00010000
18 | 00010001
19 | 00010010
20 | 00010011
21 | 00010100
22 | 00010101
23 | 00010110
24 | 00010111
25 | 00011000
26 | 00011001
27 | 00011010
28 | 00011011
29 | 00011100
30 | 00011101
31 | 00011110
32 | 00011111

-1 11111110
-2 11111101
-3 11111100
-4 11111011
-5 11111010
-6 11111001
-7 11111000
-8 11110111
-9 11110110
-10 11110101
-11 11110100
-12 11110011
-13 11110010
-14 11110001
-15 11110000
-16 11101111
-17 11101110
-18 11101101
-19 11101100
-20 11101011
-21 11101010
-22 11101001
-23 11101000
-24 11100111
-25 11100110
-26 11100101
-27 11100100
-28 11100011
-29 11100010
-30 11100001
-31 11100000
-32 N/A

i281 CPU



Clock =
Je
6 |100000 00110100 00000000
100001 00110000{ 00000001
100010| 10001100| 00000000} 16 . 8high
16 |10001111010011]00000000
=————1100100[ 11110010[ 00000011
100101[ 01000100] 00000000
6 |00110[ 01010000{ 00000001
100111[11100000] 11111011
101000[10100100] 00000010

6 low

Code Memory

.ﬁ6 000001
LT

V
6-bit adder
6
¢
6 6 6 Clock
V
6-bit adder
& 1 PC
6 L0
100000 >
6 0

i281 CPU
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c3 is always 1, because this is
a single-cycle processor, i.e., it
executes one instruction per clock cycle.



Clock =—

I

6 100000
100001
100010
16 100011

1100100

100101

6 100110
100111
101000

00110100]/ 00000000
00110000/ 00000001 .
10001100| 00000000(] 16 o 8high

11010011(00000000
11110010( 00000011
01000100| 00000000
01010000 00000001
11100000(11111011
10100100( 00000010

6 low

.ﬁ6 0000
|1

Code Memory

01
| |

6- b|t adder /%

V

6-bit adder

Clock

|
PC

100000
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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
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(ZF)

ZF

Bl=

C,is the OR
of these five

Zero Flag

B2= ~ZF

Negative Flag (NF)
Overflow Flag (OF)

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

B4= XNOR (NF, OF)

times the OPCODE



Comparison of Signed Numbers



Comparison of Signed Numbers

* Equal

* Not equal

 Greater

» Greater or Equal

e Less

* Less or Equal

ZF = 1

ZF =0

ZF =0 and NF = OF

NF = OF

NF != OF

ZF =1 or NF !=0OF



Comparison of Signed Numbers

- Equal ZF

* Not equal Z:

- Greater ZF + XNOR( NF, OF )
» Greater or Equal XNOR( NF, OF )

* Less XOR( NF, OF)

* Less or Equal ZF + XOR( NF, OF)
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30
0.2
<3 <3} A > &=
VUZRAS &&5go
FEHEED & >0 g
MEMmMmM= OO0ZN
F Do )
ot
) .
' -
JUMP 1] 1
BRE/BRZ BL| 1
BRNE/BRNZ B2| 1
BRG B3| 1
BRGE B4 1
C,is the OR :;= Zg Zero Flag (ZF)
of these five - Negative Flag (NF)
B3= AND (~ZF, XNOR(NF, OF
times the OPCODE  pq- snoncee. oy ) Overflow Flag (OF)

i281 CPU



g Q
0.2
<3 <3} A > &=
VUZRAS BESo
FEHEED & >0 g
MOMmm= UDOZN
JUMP * 1
BRE * B1
BRNE * B2
%RG *B3
ot
] *
' -
BRGE * B4
JUMP 1] 1
BRE/BRZ B1| 1
BRNE/BRNZ B2| 1
BRG B3 1
BRGE B4 1
C,is the OR :;= Zg Zero Flag (ZF)
of these five N Negative Flag (NF)
times the OPCODE  pa o rars X¥OR(NE, OF)) Overflow Flag (OF)

B4= XNOR (NF, OF)

i281 CPU



Some Interesting Dualities

« Equal = Not Equal

» Greater = Less or Equal

 Less = Greater or Equal



Comparison of Unsigned Numbers
(not supported by this CPU)



Comparison of Unsigned Numbers
- Equal

* Not equal

» Greater

» Greater or equal

*Less

* Less or Equal



Comparison of Unsigned Numbers
- Equal

* Not equal

» Greater / Above

» Greater or Equal / Above or Equal

* Less / Below

» Less or Equal / Below or Equal



Comparison of Unsigned Numbers

* Equal

* Not equal

 Greater

» Greater or Equal

e Less

* Less or Equal

ZF =1

ZF =0

ZF=0 and CF =1

CF=1

CF=0

ZF=1 or CF=0



Comparison of Unsigned Numbers

- Equal ZF
* Not equal Z:
* Greater Z: « CF
» Greater or Equal CF
* Less &

* Less or Equal ZF + CF



Comparison of Unsigned Numbers

- Equal ZF
* Not equal Z:
* Above Z: « CF
 Above or Equal CF
* Below a=

* Below or Equal ZF + CF



Simulation of the For Loop program
that adds the numbers from 1 to 5



Add the numbers from1to 5

// C Version

// using a for loop

int
int

int

int

N=5;
ij;

sum;
main ()
sum=0;

for(i=1; i<=N; i++) {

sum+=i;

// printf("%d\n", sum);

; Assembly Version

.data
N BYTE
i BYTE
sum BYTE
.code
LOADI
LOADI
LOAD
Loop: CMP
BRG
Add: ADD
ADDI
JUMP
End: STORE

w U

)

Loop

[sum],

B

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

i++

next iteration

write B to sum



Add the numbers from1to 5

Machine Code Version

Data Memory:
00000101
00000000
00000000

Code Memory:

0011010000000000
0011000000000001
1000110000000000
1101001100000000
1111001000000011
0100010000000000
0101000000000001
1110000011111011
1010010000000010

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

w U

-~

Loop

[sum],

B

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

i++

next iteration

write B to sum



Clock

Je Code Memory:
6 100000f 00110100] 00000000 0011010000000000
100001) 00110000/ 00000001 )
100010] 10001200] 00000000} (16 o 8 high 0011000000000001
100011 11010011] 00000000|| ° )
4&100100 111100101 00000011 6 low 1000110000000000
100101{01000100] 00000000 1101001100000000
6 |100110[ 01010000[ 00000001
me=1100111[11100000] 11111011 1111001000000011
101000[{10100100] 00000010
0100010000000000
Code Memory 0101000000000001
.ﬁ 000001 1110000011111011
6
[]11]]] 1010010000000010
V
6-bit adder
6
¢ 6
p Clock
vV
6-bit adder
= C) l C3
g 1 PC
6 6
100000 \
6 0

i281 CPU



Clock =—

I

6 100000
100001
100010
16 100011

1100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

\

16

. 8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

.ﬁ6

Code Memory

00
| |

6 low

1
I

6- b|t adder /%

6

|
6

V
6-bit adder

; Assembly Version

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code
LOADI B, O ; sum=0
LOADI A, 1 ; i=1
LOAD D, [N] ; register D=N
Loop: CMP A, D ; i<=N ?
BRG End ; exit if i>N
Add: ADD B, A ; sum+=i
ADDI A, 1 5 i++
JUMP Loop ; next iteration
End: STORE [sum], B ; write B to sum
Clock
Cy l C3
1 PC
6 N
0 100000 N

i281 CPU



Clock =—

I

6 |100000 00110100/ 00000000

100001 00110000{ 00000001

100010| 10001100{ 00000000 \16

16 100011111010011|00000000

=————1100100[ 11110010[ 00000011

1001011 01000100 00000000

6 |1001101 01010000/ 00000001

1001111 11100000 11111011

1010001 10100100 00000010

Current PC

GP——
Current PC

Code Memory

Offset from the second byte
of the current instruction

6-bit adder

6
Current PC + 1

Offset

|
6

V
6-bit adder

; Assembly Version

Current PC + 1 + Offset

Current PC + 1

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code
LOADI B, O sum=0
LOADI A, 1 i=1
LOAD D, [N] register_ D=N
Loop: CMP A, D i<=N ?
BRG End exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
JUMP Loop next iteration
End: STORE [sum], B ; write B to sum
Clock
C2 l C3
1 Next PC PC Current PC
6 N
0 100000 N

i281 CPU




Clock =—

I

6 |100000 00110100/ 00000000

100001 00110000{ 00000001

100010| 10001100{ 00000000 \16

16 100011111010011|00000000

=————1100100[ 11110010[ 00000011

1001011 01000100 00000000

6 |1001101 01010000/ 00000001

1001111 11100000 11111011

1010001 10100100 00000010

Current PC

GP——
Current PC

Code Memory

Offset from the second byte
of the current instruction

6-bit adder

6
Current PC + 1

Offset

|
6

V
6-bit adder

; Assembly Version

Current PC + 1 + Offset

Current PC + 1

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code
LOADI B, O sum=0
LOADI A, 1 i=1
LOAD D, [N] register_ D=N
Loop: CMP A, D i<=N ?
BRG End exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
JUMP Loop next iteration
End: STORE [sum], B ; write B to sum
Clock
C2 l C3
1 Next PC PC Current PC
6 N
0 100000 N

i281 CPU




Clock = ‘Cl ; Assembly Version
6 |100000] 00110100| 00000000 -data
100001{ 00110000/ 00000001 . N BYTE 5
100010 10001100] 00000000} (16 o (8high 1 BYTE ?
16 |rocor:[TT0T0011[00000000(| ° ) sum BYTE  ?
——100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 |100110[ 01010000 00000001 LOADI B, 0 i sum=0
o []o0r12[T1100000] 11111011 LOADI A, 1 i =1
o 101000[ 10100100 00000010 LOAD D, [N] i register_D=N
S Loop:  CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100000 Jd6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /L‘L
6
100001 000000
6 6
p Clock
6-bit adder 0
= C2 l C3
100001 1 Next PC PC Current PC
6 6
100001 100000 )

i281 CPU



Clock = ‘Cl ; Assembly Version
6 |100000] 00110100{ 00000000 -data
100001| 00110000/ 00000001 . N BYTE 5
100010 10001100[ 00000000} 16 o | 8high 1 BYTE ?
16 |ro0011[TT070011[00000000(| ) sum BYTE ?
=————1100100[ 11110010[ 00000011
6 low code
100101[01000100[ 00000000 .
6 |100110[ 01010000 00000001 LOADI B, i sum=0
— []200111[11100000[ 11111011 LOADI A, 1 i 1=1
o 101000[10100100[ 00000010 LOAD D, [N] ; register_D=N
8 Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100001 Jds6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /L‘L
6
100010 000001
6 6
p Clock
6-bit adder 0
= C2 l C3
100011 1 Next PC PC Current PC
6 6
100010 100001 >

i281 CPU
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4

Assembly Version

6 |100000] 00110100{ 00000000 -data
100001 00110000{ 00000001 . N BYTE 5
100010| 10001100{ 00000000 || 16 . 8 high 1 BYTE 2
16 |roco11[T10T0011[00000000]| ) sum BYTE 7
——100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 [100110[01010000[ 00000001 LOADI B, 0 i sum=0
o []o0r12[T1100000] 11111011 LOADI A, 1 i i=1
~— 101000 10100100 00000010 LOAD D, [N] ; register D=N
8 Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100010 Je6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /Ll
6
100011 000000
6 6
p Clock
6-bit adder 0
= C2 l C3
100011 1 Next PC PC Current PC
6 6
100011 100010 )

i281 CPU
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; Assembly Version

6 |100000] 00110100{ 00000000 -data
100001 00110000{ 00000001 . N BYTE 5
100010| 10001100] 00000000} 16 8 high 1 BYTE 2
16 |ro0o11[11010011[00000000]| ) sum BYTE 7
——100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 [100110[01010000[ 00000001 LOADI B, 0 i sum=0
— [P==00111[11100000] 11111011 LOADI A, 1 i i=1
— 101000 10100100 00000010 LOAD D, [N] ; register D=N
8 Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100011 6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /Ll
6
100100 000000
6 6
p Clock
6-bit adder 0
= C2 l C3
100100 1 Next PC PC Current PC
6 6
100100 100011 )

i281 CPU



Clock = ‘Cl ; Assembly Version
6 |100000] 00110100{ 00000000 -data
100001{ 00110000/ 00000001 . N BYTE 5
100010] 10001100] 00000000} 16 o 8 high 1 BYTE ?
16 |ro0011[TT070011[00000000(| ) sum BYTE ?
=————1100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 [100110[01010000[ 00000001 LOADI B, 0 i sum=0
o []o0r12[T1100000] 11111011 LOADI A, 1 i i=1
o 101000 10100100/ 00000010 LOAD D, [N] ; register D=N
S Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100100 Je6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /L‘L The branch is not taken.
6
100101 000011
6 6
p Clock
6-bit adder 0
= %) l C3
101000 6 1 Next PC PC Current PC
6 6
100101 6 100100 N

i281 CPU
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; Assembly Version

6 |100000] 00110100{ 00000000 -data
100001 00110000{ 00000001 . N BYTE 5
100010| 10001100] 00000000} 16 8 high 1 BYTE 2
16 |roco11[T10T0011[00000000]| ) sum BYTE 7
——1100100[ 11110010[ 00000011
6 low code
100101[01000100[ 00000000 .
6 [100110[01010000[ 00000001 LOADI B, 0 i sum=0
— []200111[11100000[ 11111011 LOADI A, 1 i i=1
o 101000 10100100/ 00000010 LOAD D, [N] ; register D=N
S Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100101 Je JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /Ll
6
100110 000000
6 6
p Clock
6-bit adder 0
= C2 l C3
100110 1 Next PC PC Current PC
6 6
100110 100101 )

i281 CPU
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; Assembly Version

6 |100000] 00110100{ 00000000 -data
100001 00110000{ 00000001 . N BYTE 5
100010| 10001100] 00000000} 16 8 high 1 BYTE 2
16 |roco11[T10T0011[00000000]| ) sum BYTE 7
——100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 |100110[ 01010000[ 00000001 LOADI B, 0 i sum=0
o [0 [ T1100000] 11111011 LOADI A, 1 poi=1
— 101000 10100100 00000010 LOAD D, [N] ; register D=N
g Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100110 Jo6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /Ll
6
100111 000001
6 6
p Clock
6-bit adder 0
= C2 l C3
101000 1 Next PC PC Current PC
6 6
100111 100110 )

i281 CPU



Clock = ‘Cl ; Assembly Version
6 |100000] 00110100{ 00000000 -data
100001{ 00110000/ 00000001 . N BYTE 5
100010 10001100[ 00000000} 16 o | 8high 1 BYTE ?
16 |ro0011[TT070011[00000000(| ) sum BYTE ?
=————1100100[ 11110010[ 00000011
6 low code
100101[01000100[ 00000000 .
6 |100110[ 01010000 00000001 LOADI B, 0 i sum=0
— [c0111[T1100000] 11111011 LOADI A, 1 pi=1
— 101000 10100100/ 00000010 LOAD D, [N] ; register D=N
g Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100111 6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /L‘L The jump is taken.
6
101000 111011
6 6
p Clock
6-bit adder 1
= %) l C3
100011 6 Next PC PC Current PC
6 N
101000 6 | o 100111 N

i281 CPU
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; Assembly Version

6 |100000] 00110100{ 00000000 -data
100001 00110000{ 00000001 . N BYTE 5
100010| 10001100] 00000000} 16 8 high 1 BYTE 2
16 |ro0o11[11010011[00000000]| ) sum BYTE 7
——100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 [100110[01010000[ 00000001 LOADI B, 0 i sum=0
— [P==00111[11100000] 11111011 LOADI A, 1 i i=1
— 101000 10100100 00000010 LOAD D, [N] ; register D=N
8 Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100011 6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /Ll
6
100100 000000
6 6
p Clock
6-bit adder 0
= C2 l C3
100100 1 Next PC PC Current PC
6 6
100100 100011 )

i281 CPU
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; Assembly Version

6 |100000] 00110100{ 00000000 -data
100001{ 00110000/ 00000001 . N BYTE f
100010 10001100[ 00000000|] 16 o 8high 1 BYTE ?
16 |ro0011[TT070011[00000000(| ) sum BYTE ?
=——=—1100100[11110010| 00000011 6 low
100101] 01000100/ 00000000 -code -
6 |00110[ 0T0T0000] 00000001 LOADI B, 0 i sum=0
o []o0r12[T1100000] 11111011 LOADI A, 1 pi=l
o 101000 10100100/ 00000010 LOAD D, [N] ; register_ D=N
S Loop: CMP A, D ; i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 5 i++
100100 Je6 JUMP Loop ; next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder Let’s assume that the
branch is taken this time.
6
100101 000011
6
6 6 Clock
6-bit adder 1
= C2 l C3
101000 6 Next PC PC Current PC
6 6
100101 6 | o 100100 N

i281 CPU
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; Assembly Version

6 |100000] 00110100{ 00000000 -data
100001{ 00110000/ 00000001 . N BYTE 5
100010 10001100] 00000000} (16 o (8high 1 BYTE ?
16 |ro0011[TT070011[00000000(| ) sum BYTE ?
——100100[ 11110010[ 00000011
6 low code
100101[01000100] 00000000 .
6 [100110[01010000[ 00000001 LOADI B, 0 sum=0
o []o0r12[T1100000] 11111011 LOADI A, 1 i=1
o 101000 10100100( 00000010 LOAD D, [N] register_ D=N
‘9 Loop: CMP A, D i<=N ?
o Code Memory BRG  End exit if i>N
Add: ADD B, A sum+=1i
00000 1 ADDI A, 1 i++
101000 Jo6 JUMP  Loop next iteration
| | | | End: STORE [sum], B ; write B to sum
6- b|t adder /L‘L
6
101001 000010
6 6
p Clock
6-bit adder 0
= C2 l C3
101011 1 Next PC PC Current PC
6 6
101001 101000 )

i281 CPU



/

B

6 100000

Y 100001
100010
100011
\\ 100100

100101

6 100110
100111

00110100

00000000

00110000

00000001

10001100

00000000

8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

>< 101000

11100000

11111011

10100100

00000010

k Code Memory

Decoder

27

¢]
o

4 C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

Ci

9

C16 C1

C18

—~

s )

O = O
O

m

§

T

/

cg] Jeo 1010

Registers

1014

cal Ic Flags 4
AY
A Joooooooo] |} |0 00 0|
B 4
C
B 00000000 y 1% 6 low
.8
C6l c 8 1018
C [o0000000] N 8 \\8 8 .
2 4 low
D looo000000 D 1017
8
4 0000{p0000101
8 0001[00000000] | 48
= Jers 001000000000
g 0011[00000000
6 low - 0 g 0100[00000000
© c3 \\ 010100000000
o0 6 11 ! Switches —g-eme] | 0110[00000000
u < 6 PC 011100000000
6 Update 6
\ 100000
y }o?glc ~— 0 [L00000] 16 Data Memory

i281 CPU



B

6 |100000 00110100| 00000000

100001 00110000 00000001 ) 27
100010 10001100] 00000000} 16 o (8high | OpCode : Control
\ \
16 |re00r] 11010011] 00000000 Decoder C1 €2 C3 Ca Cs C €7 Cs Co C1o C1 C12 C13 C14 Cis Clg C17 Cig
100100[ 11110010| 00000011
Blow ! RERN Pl
1001011 01000100/ 00000000 1 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
C C C
o Jeo o Jen
Registers el 1 Flags A
\
A 00000000 \ALH [000 o
B 4
5 61
D ow
. B 00000000 1c15
- cis
C6l C 8 l
C [o0000000] N 8 3 8 .
B
p 4 low -
D [oo000000] |p
8
o | °°°° 20000101
g 0001[00000000] | 43
¢ 1016 0010[00000000
g 0011[00000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 8 low e 0101]00000000
PC 6 11 1 Switches 1 0110{00000000
X 6 PC 6 0111/00000000
6 Update 6
100000
[ :
Logic 0 [£00009] 16 Data Memory

i281 CPU



B

6 100000
100001
100010
16 100011

100100
100101
6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

OpCode

11010011

00000000

Decoder

11110010

00000011

27

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

¢]
o

4 C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

C15 Ci16 C17 C18

9
—~

s )

O = O
O

m

§

T

oo

cg] Jeo 1010

Registers

1014

sequential order

cal Ic Flags 4
A A [0 0 0 9]
B 4
C
6 low
B 00000000 y
r Je
C6l c 8 . . . 1018
C X N .
2 4 low
D ; |-
8
o | °°°° 20000101
8 0001[00000000] | 43
? 1016 0010[00000000
] \ 0011100000000
6low ; 0 0100[00000000
jump or branchl%gjdress . N 3 1610100000000
PC 6 1 Switches 1 0110{00000000
\y 6 PC 011100000000
Updgte 6 [100000]
Logic 0 16 Data Memory
next address in

i281 CPU



Questions?



THE END



