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n ALU���
• ��� :	ADD,	INC
• ��� :	AND,	CMA,	CME
• "*'� : CIL,	CIR
• &/%�� :	LDA,	INP
• ��� :	CLA,	CLE
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AC/E�����	����
���
! = # $ % & % ' ( , * = #($) % & % ' (

�� ���� �=
���� �������

AND OP_AND = #(-) % ' . : /0 ← /0 & #3
ADD OP_ADD = #(4) % ' . : /0 ← /0 + #3, 6 ← 0789 4:
LDA OP_LDA = #(;) % ' . : /0 ← #3
CLA OP_CLA = ! % <=; 44 : /0 ← -
CLE OP_CLE = ! % <=; 4- :	 6 ← -
CMA OP_CMA = ! % <=; > :	 /0 ← /0
CME OP_CME = ! % <=; ? :	 6 ← 6
CIR OP_CIR = ! % <=; $ :	 /0 4@: - ← /0 4.: 4 ,

/0 4. ← 6, 6 ← /0(-)
CIL OP_CIL = ! % <=; : :	 /0 4.: 4 ← /0 4@: - ,

/0 - ← 6, 6 ← /0(4.)
INC OP_INC = ! % <=; . :	 /0 ← /0 + 4
INP OP_INP = * % <=; 44 : /0 $: - ← &B=3
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3x84/?3 T(7:0)SC(2:0)

IR(14:12)
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3x84/?3 D(7:0)IR(15:0)
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OP_CLA
OP_INC
AC��(

OP_AND,	OP_ADD
OP_LDA,	OP_INP
OP_CMA
OP_CIR,	OP_CIL

OP_ADD
OP_CIR,	OP_CIL
OP_CLE,	OP_CME

OP_AND = "($) & ' (
OP_ADD = " ) & ' (
OP_LDA = "(*) & ' (
OP_CLA = + & ,-* ))
OP_CLE = + & ,-* )$
OP_CMA = + & ,-* .
OP_CME = + & ,-* /
OP_CIR = + & ,-* 0
OP_CIL = + & ,-* 1
OP_INC = + & ,-* (
OP_INP = 2 & ,-* ))

AC(15:0)ALU(15:0)

CLA��>INC��'AC@<?
6>-:+>,=-:8=5���

!;012A%
�" $&�
&����'ALU%
�

��%ALU��&
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AC�����

ALU(0)
D Q AC(0)0

1
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HA
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c1ALU(1)
D Q AC(1)0

1
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HA

ALU(15)
D Q AC(15)0

1

0
1

HA

c2

clk

AC_LD
AC_INC AC_CLR

c15

AC�����
�	�
OP_AND = "($) & ' (
OP_ADD = " ) & ' (
OP_LDA = "(*) & ' (
OP_CLA = + & ,-* ))
OP_CMA = + & ,-* .
OP_CIR = + & ,-* /
OP_CIL = + & ,-* 0
OP_INC = + & ,-* (
OP_INP = 1 & ,-* ))

AC_CLR = OP_CLA

AC_INC = OP_INC

AC_LD = OP_AND+ OP_ADD+ OP_LDA+ OP_CMA+ OP_CIR+ OP_CIL+ OP_INP

AC_LD	:	CLA
�-INC
�
���AC��	��ALU
���������

+.'-") -
!,")(,&�
���*#$%



6

ALU�����
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ALU������

OP_AND !" & $%
OP_ADD !" + $%
OP_LDA $%
OP_CMA !"
OP_CIR A_CIR = (, !" *+: *
OP_CIL A_CIL = !" *-: . , (
OP_INP A_INP = {!" *+: 0 , 123%}

15 14 2 1E 3AC

13 12 0 E114 AC

815 07AC INPR

A_CIR

A_CIL

A_INP
����
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!56(*+:.)

AC+ DR
OP_ADD

DR
OP_LDA

!"
OP_CMA

A_CIR
OP_CIR

A_CIL
OP_CIL

A_INP
OP_INP

AC & DR
OP_AND

16

16

16

16

16

16

16

AND"���
MUX
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16

16

16

16

16

16

{	X,	Y	}	:	!� ��

7�����
MUX��	
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ALU���������	�
ALU�����
�

OP_AND !" & $%
OP_ADD !" + $%
OP_LDA $%
OP_CMA !"
OP_CIR A_CIR = (, !" *+: *
OP_CIL A_CIL = !" *-: . , (
OP_INP A_INP = {!" *+: 0 , 123%}

A_CIR(6) = 8 ( (6 = *+)
!"(6 + *) (6 ≠ *+)

A_CIL(6) = 8!"(6 − *) (6 ≠ .)
( (6 = .)

A_INP(6) = 8123%(6) (6 < 0)
!"(6) (6 ≥ 0)

"=(6)
OP_ALU(6:0)

!>?(6)

OP_ADD

OP_LDA

OP_CMA
A_CIR(6)

OP_CIR
A_CIL(6)

OP_CIL
A_INP(6)

OP_INP

OP_AND
!"(6)
D%(6) @!

"1(6)

7

AC & DR

AC + DR

DR

AC

FA :	Full-Adder�����
����1	:P10	��
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!"($)
OP_ALU(6:0)

&'(($)

OP_ADD

OP_LDA

OP_CMA
A_CIR($)

OP_CIR
A_CIL($)

OP_CIL
A_INP($)

OP_INP

OP_AND
&!($)
D)($) *&

!+($)

7

OP_ALU(6:0)
,) (0)
&! (0)
&_!+' (0)
&_+./ (0)
&_!+) (0) ALU	(0)

CI	(0)

CO	(0)

OP_ALU(6:0)
,) (14)
&! (14)
&_!+' (14)
&_+./ (14)
&_!+) (14) ALU	(14)

CI	(14)

CO	(14)

OP_ALU(6:0)
,) (15)
&! (15)
&_!+' (15)
&_+./ (15)
&_!+) (15) ALU	(15)

CI	(15)

CO	(15)

OP_ALU(6:0)
,) (1)
&! (1)
&_!+' (1)
&_+./ (1)
&_!+) (1) ALU	(1)

CI	(1)

CO	(1)
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0
1
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1
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14

15
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14

15
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!01

!234(56)

E

&'((57: 9)

0

1

14

15

!01 = 9

15

OP_ALU(6:0)
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E$�� ������
! = # $ % & % ' (

OP_ADD = #(*) % ' , : - ← /012 *3
OP_CLE = ! % 456 *7 :	 - ← 7
OP_CME = ! % 456 8 :	 - ← -
OP_CIR = ! % 456 $ :	 - ← 9/(7)
OP_CIL = ! % 456 3 :	 - ← 9/(*,)

OP_CME

OP_ADD
AC(7)
OP_CIR
AC(*,)
OP_CIL

/012(*3)
D Q -1

0 -(*)

clkE_LD E_CLR

-

%'!&�#�
���
$�� 

���	7	:
P13	��

E_CLR = OP_CLE

E_LD = OP_ADD+ OP_CME+ OP_CIR+ OP_CIL

d

%'!&�#������
������à�"'�
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E.*+,�
����
OP_NE = OP_ADD+ OP_CLE+ OP_CME+ OP_CIR+ OP_CIL

OP_NE	:	 E.*+,$��/���0��OP_NE OP_ADD OP_CME OP_CIR OP_CIL
ADD 0 1 0 0 0
CLE 0 0 0 0 0
CME 0 0 1 0 0
CIR 0 0 0 1 0
CIL 0 0 0 0 1
E�� 1 0 0 0 0 OP_NE

OP_CME

OP_ADD
AC($)
OP_CIR
AC(&')
OP_CIL

()*+(&,) D Q

clk

-(&)
-

-

-

OP_CLE	:	)-(
�%�5!$	���
����/�"00$�#�� '&

. = / 0 1 2 1 3 4
OP_ADD = /(&) 1 3 ' : - ← ()*+ &,
OP_CLE = . 1 678 &$ :	 - ← $
OP_CME = . 1 678 9 :	 - ← -
OP_CIR = . 1 678 0 :	 - ← :(($)
OP_CIL = . 1 678 , :	 - ← :((&')
��� /OP_NE0: -��
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• ACrhij)5vgqctdsgqoskwbALUX�,
• ALU	FMUX[E���"[�*v)5[�%�w
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OP_CLA
OP_INC
AC#@]

OP_AND,	OP_ADD
OP_LDA,	OP_INP
OP_CMA
OP_CIR,	OP_CIL

OP_ADD
OP_CIR,	OP_CIL
OP_CLE,	OP_CME

AC(15:0)ALU(15:0)
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• �?C�[�*vKB��w
• �?:([�*v�H0w
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��
�� :	Ripple-Carry	Adder
ak bk ck ck+1 sk
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

!" = $"⨁&"⨁'"
'"() = $" ⋅ &" + &" ⋅ '" + '" ⋅ $"
ak ,	bk :	16/��
ck :	.456��
sk :	16/��
ck+1 :	.456��

3302��*%1&*��-
2302)��(,��$�

FA

a0b0

s0

FA

a1b1

s1

FA

a2b2

s2

FA

a14b14

s14

FA

a15b15

s15Cout(16)

c0c1c2c3c14c15c16
��"
�!

.456
���!

Ripple-Carry	Adder	:	���
7FA	:	Full	Adder8*.456��
�!-����à ALU�!"+.456��"'�#�

�� �1	:
P10		�
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����&Propagate-Generate(PG)�

!" = $"⨁&" ⨁'"
= $" + &" ⋅ $" ⋅ &" ⨁'"
'"*+ = $" ⋅ &" + $" + &" ⋅ '"

= $" ⋅ &" + $"⨁&" ⋅ '"

!" = ," ⋅ -" ⨁'"

," = $" + &"
-" = $" ⋅ &"

*+,.
���

," = $"⨁&"
-" = $" ⋅ &"

P(propagate)� :	*+,.���
G(generate)� :	*+,.����

2��&P�
/����-
����$
�
'% 0

D ckck+1

akbk

sk

pkgk

ckck+1

ak

sk

bk

pkgk

*+,.
���

*+,.
���

�PG����#!$
(�*+,.��
�'�	")

'"*+ = -" + ," ⋅ '"
!" = ,"⨁"

'"*+ = -" + ," ⋅ '"
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PG�����������	

gk pk

sk

akbk

ck

gk+1 pk+1

sk+1

ak+1bk+1

gk+2 pk+2

sk+2

ak+2bk+2

gk+3 pk+3

sk+3

ak+3bk+3

ck+4
ck+1ck+2ck+3

����
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!"#$ = &"#' + )"#' ⋅ &"#+ + )"#+ ⋅ &"#, + )"#, ⋅ &" + )" ⋅ !"

!"#$ = &"#' + )"#' ⋅ &"#+ + )"#+ ⋅ &"#, + )"#, ⋅ &" + )"#' ⋅ )"#+ ⋅ )"#, ⋅ )" ⋅ !"

PG�������������
��������
à 4-bit	Carry	Lookahead Generator

!"#, = &" + )" ⋅ !"
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4-Bit	Carry	Lookahead Generator

ck+1

gk pk

ck
ckck+2

gk+1 pk+1

ck+3

gk+2 pk+2

ck+4

gk+3 pk+3

����
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&′" = &" )′" = )" !"#, = &′" + )′" ⋅ !"
&′"#, = &"#, + )"#, ⋅ &′" )′"#, = )"#, ⋅ )′" !"#+ = &′"#, + )′"#, ⋅ !"
&′"#+ = &"#+ + )"#+ ⋅ &′"#, )′"#+ = )"#+ ⋅ )′"#, !"#' = &′"#+ + )′"#+ ⋅ !"
&′"#' = &"#' + )"#' ⋅ &′"#+ )′"#' = )"#' ⋅ )′"#+ !"#$ = &′"#' + )′"#' ⋅ !"
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g’k+3

p’k+3

g’k

p’k

g'i+3 p'i+3
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SUM
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SUM
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SUM
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Carry	Lookahead Adder��

!" = $" ⋅ &" ⨁("

$" = )" + +"
&" = )" ⋅ +"

$" = )"⨁+"
&" = )" ⋅ +"

!" = $"⨁("

PG

SUM

Carry	Lookahead���������
ckck+1
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gk+2 pk+2
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Ripple-carry	$+,.����
/������$+,.����
0

gk pk
ck

gk+1pk+1gk+2pk+2gk+3pk+3
ck+4

ck+1ck+2ck+3 ck

ckck+1

gk pk

ck
ck+2

gk+1 pk+1

ck+3

gk+2 pk+2

ck+4

gk+3pk+3

Carry	Lookahead	$+,.����
/����
�$+,.�����0

����/FA0 PG��� : Carry		
Lookahead	���Ripple-Carry	
�!$+,.����"�� *,%&

&-.'#)��
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• ��$�NFAO;PG0LSUM08
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à>GIM��.�9� 
• �$�9�%���
• AC?I<LJMC�%;ALU5�"
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ALUDAB@H=@�*���&

�$�9�%�����:
• ��$�9!�9�;084:2651
��9�;	N+-O4:�%;,
�NLDALCIRLINPLCLALAC��O

• 16DAB�$�5ADDLCILLINC;�"
• SUM�*5ANDLCMA�%;,�

!"($)
OP_ALU(6:0)

&'(($)

OP_ADD

OP_LDA

OP_CMA

OP_CIR

OP_CIL

OP_INP

OP_AND)&

!*($)

7

A_CIR($)

A_CIL($)

A_INP($)

&!($)
D+($)

,($)
-($) SU

M &'(($).($)
/($)

0($)

/($)

0($)PG .($)

SUM����PG�����

>GIM
#��*

D+ $
&!($)
A_CIR($)
A_INP($)

ALU�&� :
• 7	9MUX/�
• AC��L?I<L=K
?IFKB�%73
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��������

!(#)

%(#) SU
M &'((#))(#)

*(#)

+(#)

*(#)

+(#)PG )(#)

SUM
���PG��
���

!%&(
����

D, #
&-(#)
A_CIR(#)
A_INP(#)

�� ! # % # -./ �� :	&'((#)
LDA 0,(#) 0 0 1(#) )a����*
CIR &_-3,(#) 0 0 1(#) )a����*
INP &_345(#) 0 0 1(#) )a����*
CLA 0 0 0 1(#) )0��*

AC�� &-(#) 0 0 1(#) )a����*
ADD 0,(#) &-(#) 0 1(#) )��*
CIL &-(#) &-(#) 6 1(#) )��*
INC &-(#) 0 1 1(#) )��*
AND 0,(#) &-(#) * +(#) )AND*
CMA &-(#) 0 * *(#)⨁8)CMA*

*(#) = !(#)⨁%(#)
+(#) = !(#) ⋅ %(#)

1(#) = *(#)⨁)(#)

&'((#) = ;
1 # ��'��
+ # <=>

* # ⨁8 ?@<

A_CIR = 6, &- 8B: 8
A_INP = {&- 8B: E , 345,}

-./ = -3(G))16$"#���
����$"#!%&(��*

% # = G, -./ = G ⇒ ) # = G 	�

-3' :	&'( = &- + &- + 6
34- :	&'( = &- + G + 8

-J& :	&'( = &- = &-⨁8
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ALU�
	��

!(#)
%(#) SU
M &'((#))(#)

*(#)

+(#)

*(#)

+(#)PG )(#)

SUM	��PG�
	��

 $%&
����

D, #
&-(#)
A_CIR(#)
A_INP(#)

�� ! # % # -./ �
 :	&'((#)
LDA 0,(#) 0 0 1(#) 'a�
��(
CIR &_-3,(#) 0 0 1(#) 'a�
��(
INP &_345(#) 0 0 1(#) 'a�
��(
CLA 0 0 0 1(#) '0��(

AC�� &-(#) 0 0 1(#) 'a�
��(
ADD 0,(#) &-(#) 0 1(#) '��(
CIL &-(#) &-(#) 6 1(#) '��(
INC &-(#) 0 1 1(#) '��(
AND 0,(#) &-(#) * +(#) 'AND(
CMA &-(#) 0 * *(#)⨁8'CMA(

A_IN(9: ;) ! #
0001 0,(#)
0010 &_-3,(#)
0100 &_345(#)
1000 &-(#)
0000 00..00

B_IN % #
1 &-(#)
0 00..00

C_IN(8: ;) -./
01 6
10 1
00 0

AC���������
OP_AND = 0(;) = > ?
OP_ADD = 0 8 = > ?
OP_LDA = 0(@) = > ?
OP_CLA = A = B5@ 88
OP_CMA = A = B5@ C
OP_CIR = A = B5@ D
OP_CIL = A = B5@ E
OP_INC = A = B5@ ?
OP_INP = * = B5@ 88

-./ :	16#!"�������#!" $%&�
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ALU��������

�� ! " # " $%& �� :	'()(")
LDA ,-(") 0 0 .(") �a�����
CIR '_$0-(") 0 0 .(") �a�����
INP '_012(") 0 0 .(") �a�����
CLA 0 0 0 .(") �0���

AC�� '$(") 0 0 .(") �a�����
ADD ,-(") '$(") 0 .(") �	��
CIL '$(") '$(") 3 .(") �	��
INC '$(") 0 1 .(") �	��
AND ,-(") '$(") * 4(") �AND�
CMA '$(") 0 * 5(")⨁7�CMA�

AC������
�
OP_AND = ,(9) : ; <
OP_ADD = , 7 : ; <
OP_LDA = ,(=) : ; <
OP_CLA = > : ?2= 77
OP_CMA = > : ?2= @
OP_CIR = > : ?2= A
OP_CIL = > : ?2= B
OP_INC = > : ?2= <
OP_INP = 5 : ?2= 77

A_IN
(C: 9) ! " �������

0001 DR(") A_IN 9 = OP_LDA + OP_ADD+ OP_AND
0010 A_CIR(") A_IN 7 = OP_CIR
0100 A_INP(") A_IN = = OP_INP

1000 AC(") A_IN C =
OP_LDA+ OP_ADD+ OP_AND+ OP_CIR+ OP_INP+ OP_CLA

0000 00..00 A_IN 9 + A_IN 7 + A_IN = + A_IN C = OP_CLA

DR(")
A_IN 9
A_CIR(")
A_IN 7
A_INP(")
A_IN =

AC(")
A_IN C

! "



22

ALU�
	�����

�� ! " # " $%& �
 :	'()(")
LDA ,-(") 0 0 .(") (a�
��)
CIR '_$0-(") 0 0 .(") (a�
��)
INP '_012(") 0 0 .(") (a�
��)
CLA 0 0 0 .(") (0��)

AC�� '$(") 0 0 .(") (a�
��)
ADD ,-(") '$(") 0 .(") (��)
CIL '$(") '$(") 3 .(") (��)
INC '$(") 0 1 .(") (��)
AND ,-(") '$(") * 4(") (AND)
CMA '$(") 0 * 5(")⨁7(CMA)

AC ��������
OP_AND = ,(9) : ; <
OP_ADD = , 7 : ; <
OP_LDA = ,(=) : ; <
OP_CLA = > : ?2= 77
OP_CMA = > : ?2= @
OP_CIR = > : ?2= A
OP_CIL = > : ?2= B
OP_INC = > : ?2= <
OP_INP = 5 : ?2= 77

B_IN # " 	�����

1 AC(") B_IN = OP_ADD+ OP_CIL+ OP_AND
0 00..00 OP_ADD+ OP_CIL+ OP_AND

3
C_IN 9
C_IN 7

$%&

AC(")
B_IN

# "

C_IN(7: 9) $%& 	�����

01 3 C_IN(9) = OP_CIL
10 1 C_IN(7) = OP_INC
00 0 OP_CIL+ OP_INC

$%& :	16$"#����
���$"#!%&'�
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ALU��������

�� ! " # " $%& �� :	'()(")
LDA ,-(") 0 0 .(") 'a����(
CIR '_$0-(") 0 0 .(") 'a����(
INP '_012(") 0 0 .(") 'a����(
CLA 0 0 0 .(") '0��(

AC�� '$(") 0 0 .(") 'a����(
ADD ,-(") '$(") 0 .(") '	�(
CIL '$(") '$(") 3 .(") '	�(
INC '$(") 0 1 .(") '	�(
AND ,-(") '$(") * 4(") 'AND(
CMA '$(") 0 * 5(")⨁7'CMA(

AC"� !��
�
OP_AND = ,(9) : ; <
OP_ADD = , 7 : ; <
OP_LDA = ,(=) : ; <
OP_CLA = > : ?2= 77
OP_CMA = > : ?2= @
OP_CIR = > : ?2= A
OP_CIL = > : ?2= B
OP_INC = > : ?2= <
OP_INP = 5 : ?2= 77

5(") = !(")⨁#(")
4(") = !(") ⋅ #(")

.(") = 5(")⨁D(")
'()(") = E

. " 	�%��
4 " FGH

5 " ⨁7 IJF $K' :	'() = '$ = '$⨁7

g(")
S_OUT 7

'() "

p(")
c(")

S_OUT 9

S_OUT(7: 9) ALU " �������

01 5 " ⨁7 S_OUT(9) = OP_CMA
10 4 " S_OUT(7) = OP_AND
00 5 " ⨁D(") '	�%��(

����9	:
��'�$&#(



24

ALU��������

�� ! " # " $%& �� :	'()(")
LDA ,-(") 0 0 .(") #a����$
CIR '_$0-(") 0 0 .(") #a����$
INP '_012(") 0 0 .(") #a����$
CLA 0 0 0 .(") #0��$

AC�� '$(") 0 0 .(") #a����$
ADD ,-(") '$(") 0 .(") #	�$
CIL '$(") '$(") 3 .(") #	�$
INC '$(") 0 1 .(") #	�$
AND ,-(") '$(") * 4(") #AND$
CMA '$(") 0 * 5(")⨁7#CMA$

AC!�� ��
�
OP_AND = ,(9) : ; <
OP_ADD = , 7 : ; <
OP_LDA = ,(=) : ; <
OP_CLA = > : ?2= 77
OP_CMA = > : ?2= @
OP_CIR = > : ?2= A
OP_CIL = > : ?2= B
OP_INC = > : ?2= <
OP_INP = 5 : ?2= 77

5(") = !(")⨁#(")
4(") = !(") ⋅ #(")

.(") = 5(")⨁D(")
'()(") = E

. " 	�"��
4 " FGH

5 " ⨁7 IJF $K' :	'() = '$ = '$⨁7

S_OUT(7: 9) ALU " �������

01 5 " ⨁7 S_OUT(9) = OP_CMA
10 4 " S_OUT(7) = OP_AND
00 5 " ⨁D(") #	�"��$

g(")
S_OUT 7

'() "

p(")
c(")

S_OUT 9

����9	:
��



g(")
S_OUT $

%&' "

p(")
c(")

S_OUT (
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)*(")
OP_ALU(6:0)

%&'(")

OP_ADD

OP_LDA

OP_CMA

OP_CIR

OP_CIL

OP_INP

OP_AND+%

),(")

7

A_CIR(")

A_CIL(")

A_INP(")

%)(")
D-(")

DR(")
A_IN (
A_CIR(")
A_IN $
A_INP(")
A_IN .

AC(")
A_IN /

0 "

1
C_IN (
C_IN $

)23

AC(")
B_IN

4 "

)23 :	16312���*
���312.57:��

ALU�!
 :
• 7	�*MUX&�
• AC��9/7,9-8
/7482� )'

ALU�!� :
• .57:��%�*��
• ���(MUX&�
• AC��9/7,9-8/7482� �"

ALU�!� :
• 	��(� ��

ALU�!� :
• CIL9INC+���(�"

0(")
4(") SU

M %&'(")5(")
6(")
7(")

6(")

7(")PG 5(")

S_OUT $: (A_IN /: ( ,B_IN

.57:
���$D- "

%)(")
A_CIR(")
A_INP(")

#�


