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Most CPU operations are performed by ALU.
Control unit tells ALU which operation to perform.

The result of the ALU operation is then stored into a register.

- ALU is the processor's core component.

To ensure a faster operation in the hardware, ALU only uses combinational logic
gates for execution.
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Inefficient Design: Design each of the arithmetic circuit and logic circuit separately

Use multiplexer and selection pins to connect them into a single output
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Instead, we design the ALU using Parallel Adder
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Design of Arithmetic Unit

1 bit N bits N bits

$1/S0| Cin X Y F

For 8 arithmetic operations,

3 selection inputs are
necessary.

Cinis one of the selectors.

S1 and SO are the other two.




Design of Arithmetic Unit

1 bit N bits N bits

$1/SO| Cin X Y F
0 A 0 A, Transfer A
1 A 0 A+1, Increment A

For the arithmetic unit,
assume that Z = Cin.

13



Design of Arithmetic Unit

1 bit N bits N bits

$1/S0| Cin X Y F
0 A 0 A, Transfer A
1 A 0 A+1, Increment A
0 A B A+B, Addition
1 A B A+B+1, Addition with Carry
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Design of Arithmetic Unit

1 bit N bits N bits

S1/S0| Cin X Y F
0 A 0 A, Transfer A
1 A 0 A+1, Increment A
0 A B A+B, Addition
1 A B A+B+1, Addition with Carry
0 A B’ A+B’, 1s complement Subtraction,
Subtraction with borrow, A-B-1
1 A B” |A+B’+1, 2s complement Subtraction,

Subtraction, A-B

1s complement of B = B’

2s complement of B =B’+1
Subtraction stands for A-B

A-B stands for A+B’+1

A+B’+1 =A-B

Thus, A+B’ = A-B-1 = Sub w Borrow
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Design of Arithmetic Unit

1 bit N bits N bits

all1=2”n-1
A+all1+0=A+(2"n-1)

= (A-1) + 2™n
A-1 causes the decrement
While, 2”n causes the carry out

S1/S0| Cin X Y F

0 A 0 A, Transfer A

1 A 0 A+1, Increment A

0 A B A+B, Addition

1 A B A+B+1, Addition with Carry

0 A B’ A+B’, 1s complement Subtraction,

Subtraction with borrow, A-B-1

1 A B” |A+B’+1, 2s complement Subtraction,
Subtraction, A-B

0 A all 1 A-1, Decrement A

1 A all 1 A, Transfer with carry

all1=2"n-1

A+all1+1=A+(2"n-1) +1
= (A-1) + 2°n -1
=A+2Mn

A is the transfer operation
While, 2”n causes the carry out
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Design of Arithmetic Unit

1 bit N bits N bits

S1(SO0| Cin X Y F

0 A 0 A, Transfer A

1 A 0 A+1, Increment A

0 A B A+B, Addition

1 A B A+B+1, Addition with Carry

0 A B’ A+B’, 1s complement Subtraction,

Subtraction with borrow, A-B-1

1 A B” |A+B’+1, 2s complement Subtraction,
Subtraction, A-B

0 A all 1 A-1, Decrement A

1 A all 1 A, Transfer with carry
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Design of Arithmetic Unit

1 bit N bits N bits

S1(SO0| Cin X Y F
0O 0 0 A 0 A, Transfer A
0|0 1 A 0 A+1, Increment A
0 1 0 A B A+B, Addition
0|1 1 A B A+B+1, Addition with Carry
0 A B’ A+B’, 1s complement Subtraction,
Subtraction with borrow, A-B-1
1 A B” |A+B’+1, 2s complement Subtraction,
Subtraction, A-B
0 A all 1 A-1, Decrement A
1 A all 1 A, Transfer with carry
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Design of Arithmetic Unit

1 bit N bits N bits

S1(SO0| Cin X Y F
0O 0 0 A 0 A, Transfer A
0|0 1 A 0 A+1, Increment A
0 1 0 A B A+B, Addition
0|1 1 A B A+B+1, Addition with Carry
1|0 0 A B’ A+B’, 1s complement Subtraction,
Subtraction with borrow, A-B-1
1|0 1 A B” |A+B’+1, 2s complement Subtraction,
Subtraction, A-B
0 A all 1 A-1, Decrement A
1 A all 1 A, Transfer with carry
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Design of Arithmetic Unit

1 bit N bits N bits

S1/S0| Cin X Y F

0O 0 0 A 0 A, Transfer A

0|0 1 A 0 A+1, Increment A

0 1 0 A B A+B, Addition

0|1 1 A B A+B+1, Addition with Carry

1|0 0 A B’ A+B’, 1s complement Subtraction,

Subtraction with borrow, A-B-1

1|0 1 A B” |A+B’+1, 2s complement Subtraction,
Subtraction, A-B

1 |1 0 A all 1 A-1, Decrement A

1 |1 1 A all 1 A, Transfer with carry
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Design of Arithmetic Unit

s1/s0| cin
0o 0ol o
0 0| 1
0 1| o
0 1| 1
10! o
1o 1
101 ] o
1 [1 ]| 1

1 bit N bits N bits

X

> > > > P

Y

| o O O

Bl

all 1

all 1

F
A, Transfer A
A+l, Increment A
A+B, Addition
A+B+1, Addition with Carry

A+B’, 1s complement Subtraction,
Subtraction with borrow, A-B-1

A+B’+1, 2s complement Subtraction,
Subtraction, A-B

A-1, Decrement A

A, Transfer with carry

The equations would then be,
X=A

Y=0 when S1S0=00
B when S1S0=01
B’when S1S0=10
1 when S1S0=11

Thus,

Y=0S1’S0’ + BS1’SO + B’S1S0’ + 1S1S0
=BS1’SO + B’S1S0’ + S1S0
=BS1’SO + B’S1S0’ + (B+B’)S1S0
=BS1’S0O + B’S1S0’ + BS1S0 + B’S1S0
=BS0(S1’+S1) + B’S1(S0’+S0)

Y=BSO + B’S1

We did not consider S2 selection pin
in these equations as we only
designed the arithmetic unit so far.
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Design of Arithmetic Unit

Cin
59
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FA = F,
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i

Figure 9-8 Logic diagram of arithmetic circuit
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Design of Logical Unit

A, *
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This is an inefficient design.
A more efficient ALU can be obtained if we investigate the possibility of generating logic operations in an already
available arithmetic circuit.
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Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

S2 S1 SO
0 0 O
0 0 O
0 0 1
0 0 1
01 o0
01 o0
0 1 1
0 1 1
1
1
1
1

1 bit N bits N bits

Cin| X Y
0 A 0
1 A 0
0 A B
1 A B
0 A B’
1 A B’
0 A alll
1 A alll
X
X
X
X

F
A, Transfer A

A+1, Increment A
A+B, Addition

A+B+1, Addition with Carry

A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1

A+B’+1, 2s complement
Subtraction, Subtraction, A-B

A-1, Decrement A
A, Transfer with carry

We introduce S2 for arithmetic and
logical operations.

During logical operations, we would
want to inhibit the carry in, Cin into the
adder circuit. As, a carry would effect
the result of the logical operation.

Now that we are inhibiting the Cin,

So, Cin is DON’T CARE (X). Hence, we
cannot have 8 logical operations, but 4
logical operations instead.
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Design of Logical Unit

1 bit N bits N bits

S2/S1) S0 | Cin | X Y

070 07 0 /f— O\
o\o| 0/ 1 \A o{
0 0 1| 0 A B

0o 0 1| 1 A B

0 1 0 0 A B’

0 1 0 1 A B’

0 1 1 0 A |all1l

R

oY« 1 ; 1 A all

\ ‘

11010 X A 1 0

1 X

1 X

1 X

F
A, Transfer A
A+1, Increment A
A+B, Addition
A+B+1, Addition with Carry

A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1

A+B’+1, 2s complement
Subtraction, Subtraction, A-B

A-1, Decrement A

A, Transfer with carry

Recall that,
X=A
Y=BSO + B’S1
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=0

Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

2 S1 SO Cin| X | Y
o0 0 0| A | o0
‘0 0 0 1 A 0
0 0 TN 0

o(o 1)1 (:; B
o= 0 | A——7
o1 0 1| A | P
‘0 1 1.0 | A lall1
0 1 1 ] A all 1
10 0D X CA | 0

™’

1071 | x | AT B
1 X

1 X

F
A, Transfer A

A+1, Increment A

A+B, Addition

A+B+1, Addition with Carry
A+B’, 1s complement

Subtraction,

Subtraction with borrow, A-B-1

A+B’+1, 2s complement
Subtraction, Subtraction, A-B

A-1, Decrement A

A, Transfer with carry

Recall that,
X=A
Y=BSO + B’S1
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=0

Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

$S2 S1 SO Cin

0 0

O r O -

b s AT

[HEY
i\
X X X KX

F
A, Transfer A
A+1, Increment A
A+B, Addition
A+B+1, Addition with Carry

A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1

A+B’+1, 2s complement
Subtraction, Subtraction, A-B

A-1, Decrement A

A, Transfer with carry

Recall that,
X=A
Y=BSO + B’S1
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=0

Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

S2 S1 SO | Cin X Y F
0 0 0 0 A 0 A, Transfer A i
‘00 0| 1| A oO A+1, Increment A i
‘0 0 1 0| A | B A+B, Addition |
‘0 0 1| 1 A B A+B+1, Addition with Carry |
0 1 O 0 A B’ A+B’, 1s complement
Subtraction,
i Subtraction with borrow, A-B-1 —
010 1 AR Ak comslenent
00) 0 (A all 1 y A-1, Decrement A
0 \*"\/ 1 x-ﬂﬂ/ A, Transfer with carry
1 0 O X A 0 n
1 0 1 X A B _
1T 0D X (A | B
1 [1T 1| x | ATam

Recall that,
X=A
Y=BSO + B’S1
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=0

Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

s2 S1 SO
10 0 0
0 0 O
0 0 1
0 0 1
0 1 0
0 1 0
L0 1 1
=0 1 1
1 0 0
1 0 1
1 1 0
101 1

For arithmetic operations (52=0),
Z = Cin.

And for logical operations (§2=1),

whatever be the value of input carry,

Z=0.

Thus, Z =S2’.Cin + S2.0

Z=S2'.Cin

Cin| X Y F
0 A 0 A, Transfer A
1 A 0 A+1, Increment A
0 A B A+B, Addition !
1 A B A+B+1, Addition with Carry
0 A B’ A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1
1 A B’ A+B’+1, 2s complement
Subtraction, Subtraction, A-B
0 A—all1 A-1, Decrement A .
iy A—ah1 A, Transfer with carry B
X A 0 . . .
%——A——B ‘ ?
X A B’ (ot ¢ Ful dder 7 -
X A_lall1l

Full Adder

f
[

N

Y

Fulddder [

"

Full Adder
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Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

$2 S1 SO
0O 0 O
O 0 O
0O 0 1
0O 0 1
O 1 O
O 1 O
o 1 1
o 1 1
1 0 O
1 0 1
1 1 O
1 1 1

Cin X Y
0 A 0
1 A 0
0 A B
1 A B
0 A B’
1 A B’
0 A |alll
] A all]
X A 0
X A B
X A B’
X A |alll

F
A, Transfer A
A+1, Increment A
A+B, Addition
A+B+1, Addition with Carry

A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1

A+B’+1, 2s complement
Subtraction, Subtraction, A-B

A-1, Decrement A

A, Transfer with carry

X=A
Y=BSO + B’S1
Z =S2’.Cin

|4

w
*
— Full Sdder Folll i

F=

Full Adder Output Sum Equation,
F=XPYPz
= XDYDO0 [Z=0 when S2=0]
= XYy
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Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

$2 S1 SO
0O 0 O
0O 0 O
0O 0 1
0O 0 1
0O 1 O
0O 1 O
o 1 1
o 1 1
1 0 O
1 0 1
1 1 0
1 1 1

Cin| X Y
0 A 0
1 A 0
0 A B
1 A B
0 A B’
1 A B’
0 A |all1l
1 A alll
X A 0
X A B
X A B’
X A |all1l

F
A, Transfer A
A+1, Increment A
A+B, Addition
A+B+1, Addition with Carry

A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1

A+B’+1, 2s complement
Subtraction, Subtraction, A-B

A-1, Decrement A

A, Transfer with carry
A
AXORB
A XNOR B
NOT A

X=A
Y=BSO + B’S1
Z=S52'.Cin

|4

w
*
— Full Sdder Z

F=

F=X®Y=APO=A
F=X®Y=ADB
F=X®DY=APB’ = AB+A’B’ =
AOBF = XY = AP1 = A.0+A’.1
= A’



=0

Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits

S2 S1 SO (Cin| X Y F

O 0 O 0 A 0 A, Transfer A

O O O 1 A 0 A+1, Increment A

0O 0 1 0 A B A+B, Addition

O 0 1 1 A B A+B+1, Addition with Carry

O 1 O 0 A B’ A+B’, 1s complement

Subtraction,

Subtraction with borrow, A-B-1

0O 1 0 1 A B’ A+B’+1, 2s complement

Subtraction, Subtraction, A-B

O 1 1 0 A all 1 A-1, Decrement A

o 1 1 1 A alll A, Transfer with carry

1 0 O X A 0 ABUTI WANTAORB

1 0 1 X A B A XOR B

1 1 O X A B’ A XNOR B BUT | WANT AAND B

1 1 1 X A |all1l NOT A




=0

Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits
S2 S1 SO Cin X Y F
0 0 O 0 A+K 0 A, Transfer A
O O O 1 A+K 0 A+1, Increment A
0O 0 1 0 A+K B A+B, Addition
0O 0 1 1  A+K B A+B+1, Addition with Carry
0O 1 O 0 A+K B’ A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1
0O 1 O 1 A+K B A+B’+1, 2s complement
Subtraction, Subtraction, A-B
o 1 1 0 A+K all 1 A-1, Decrement A
=0 1 1 1 A+K alll A, Transfer with carry
1 0 O X A+K 0 ABUTIWANTAORB
1 0 1 X A+K B A XOR B
1 1 O X A+K B’ A XNOR B BUT | WANT A AND B
1 1 1 X A+K all1l NOT A

We would try to place such
values in K, so that,
F=XPYPHZ

=(A+tK) DY D Z
gives us the desired result
for some operations, while
the result of other
operations remains
unchanged.



=0

Arithmetic when S2
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Design of Logical Unit

1 bit N bits N bits
S2 S1 SO Cin X Y F
O 0 O 0 A+0 0 A, Transfer A N
0 0 0 1 A+ © A+1, Increment A — F= )’(ffovgi@c _
0 0 1 0 A+ B A+B, Addition =( A@)YEBC - 'n
0O 0 1 1 A+0 B A+B+1, Addition with Carry Thus we OR 0 with A so that the
O 1 O 0O A+ B A+B’, 1s complement result remains unchanged.
Subtraction,
Subtraction with borrow, A-B-1
0O 1 O 1 A+0 B’ A+B’+1, 2s complement
Subtraction, Subtraction, A-B
o 1 1 0O A+0 all1 A-1, Decrement A F=X®DY=(A+B)dD0=A+B=AORB
0 1 1 1 A+0 all1 A, Transfer with carry | F=X®Y = (A+0)OB =ADB
1 0 0 X A+B O AORB F=X®Y = (A+B")DB’
1 0 1 X A+0 B A XOR B = AB+B’'B+ABB’ = AB=A AND B
1 1 0 X A+B’ P’ A AND B F= XY = (A+0)P1
1 1 1 X A+0 alll NOT A =AD1=A0+A’ 1 =A
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Arithmetic when S2

=1

Logical when S2

A

Design of Logical Unit

1 bit N bits N bits
S2 S1 SO Cin X Y F
0 0 0O O A+ O A, Transfer A
O O O 1 A+0 0 A+1, Increment A
0O 0 1 0O A+0 B A+B, Addition
0O 0 1 1 A+0 B A+B+1, Addition with Carry
0O 1 O 0 A+0 P A+B’, 1s complement
Subtraction,
Subtraction with borrow, A-B-1
0O 1 O 1 A+Q0 B’ A+B’+1, 2s complement
Subtraction, Subtraction, A-B
o 1 1 0 A+0 all1l A-1, Decrement A
=0 1 1 1 A+0 all1 A, Transfer with carry
1 0 O X A+B O AORB
1 0 1 X  A+0 B A XOR B
1 1 O X A+B’ P A AND B
1 1 1 X A+0 all1 NOT A

So, K=B when S251S0=100
and B’ when S2S1S0=110

Thus, modifying the previous
equation of X,

X=A+S2S1'S0’B + S2S1S0’B’



Final ALU Design

1 bit N bits N bits

S2 /81 SO  Cin X Y F
‘oo 0 0 A+0]| O A, Transfer A

0 0|0 1 A+0 0 A+1, Increment A
E o/o 1| 0o A+0| B A+B, Addition
E_' olo| 1| 1 A+0| B A+B+1, Addition with Carry
% 0 1|0 0 | A+0 | B" | A+B’, 1s complement Subtraction,
= Subtraction with borrow, A-B-1
E 0/1|0 1 | A+0 | B A+B’+1, 2s complement
'é Subtraction, Subtraction, A-B

0| 1|1 0 | A+0 | all1 A-1, Decrement A
o 01| 1 1 | A+0 | all1 A, Transfer with carry
o [[1]0/ 0| x | AaB| O A ORB
@ [l1]/0] 1| x Aw0| B AXOR B
Tf T2 0] x |aB| A AND B
o
'g.o 1|1 1 X A+0 | all1 NOT A
-

Function Table of ALU

X=A+S5251'S0’B + S251S0’B’

Y=BSO + B’S1

Z=52".Cin

. Equations

Z,

FA |—=F,

Lo

FA [—=F;

i

Cs

Cou

Figure 9-13 Logic diagram of arithmetic logic unit (ALU) (For 2 bits) 36



Generating all possible basic logical operations

Or-ing K with A, F = XYDZ K Y  F=(A*K)DY
= (A+K)DYDO 0 0 A
= (A+K)@Y 0 B A XOR B
0 B’ A XNOR B
/ \ 0 1 NOT A
16 combinations of 0, B, B’, 1 1 0 All 1
gives us different logical operation results 1 B NOT B
1 B’ B
F= (A-H’()EBY A 1 1 All 0
= (A+B)OB B 0 AORB
= A’B+AB’+B’ 5 5
= A’B+(A+1)B’ B B
= A’B+(A’+1)B’
= A’B+A’B’+B’ \ B 1 ANORB
’ Y, B’ 0
= 2'5,?;8 e - — B B A NAND B
= (A.B)’ B’ B’ A AND B
= A NANDB B’ 1




Generating all possible basic logical operations

Similarly K X F = X (B+K)
Or-ing K with B, F = XYDHZ 0 0 B
- X@(B"‘K)@O g 2 BBX>:\I%RRAA
— +
X@(B ) 0 1 NOT B
/ 1 0 All 1
16 combinations of 0, A, A’, 1 1 A NOT A
gives us different logical operation results 1 A A
B
= AQ(B+A’
®(B+A’) A X
= A’B+A’+AB’ ,
A A
= A’(B+1)+AB’ A 1 B NOR A
= A’(B’+1)+AB’ ’
= A’B’+A’+AB’ ‘  A 0
= B'(AT+A’)+A’ I A A B NAND A
= B’+A’ A’ A’ B AND A
= (B.A)’ A 1
=B NAND A




Status or Flag Registers
UL UL

« Carry can be detected when the
Coutis 1.
/ C8 D
4@( o T select * Signis1when MSBis1in
\ Co = Cou -— signed ALU operation.
Y Y
23:;; Y f f E « Overflow occurs when the
carry-out of the 2 MSB are
different.
—? 4 | « Zero Flagis set when all the bits
; e | of the result are 0. i.e.
P l [ Z=F1'F2’..F7'F8’
=200 FYEXFY Z=(F1+F2+...+F7+F8)’

V- Overflow E
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Interpreting Flag Registers & Comparator Design

Status bits after the subtraction of unsigned numbers (A — B)

Relation Condition of Status Bits Boolean Function

_ A=B Z=1 Z
Opp05|te<

A$B  Z=0 Z

A>=B C=1 C
Opposite

A<B C=0 C’

A>B C=1 and Z=0 CZ’
Opposite<

A<=B C=0 or Z=1 C’'+Z

In case of unsigned operation, we are not concerned with the sign flag and
overflow flag.
There is no signed overflow in unsigned operation.



Interpreting Flag Registers & Comparator Design

r ®

{4

| - LT -'\\ /w&
vY | , \

A=B
E;—A +5

A A>:B

\,.Do—' ALB

Design of a comparator using ALU T— ASB

status registers, when an "unsigned” number
subtraction A-B is performed.

AL=D
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Interpreting Flag Registers & Comparator Design

Status bits after the subtraction of sign-2’s complement numbers (A — B)

Relation ' Condition of Status Bits Boolean Function
_ A=B Z=1 Z
Opp05|te<
A$B  Z=0 V4

A>=B  (S=0andV=0)or (S=1andV=1) S\’ +SV = SOV
Opposite <
A<B  (S=1andV=0)or(S=0andV=1) SV’ + S’V =S@V

S A>B Z=0 and ((S=0 and V=0) or (S=1and V=1)) | Z’(SQOV)

A<=B | Z=1or((S=1andV=0)or (S=0and V=1)) Z’ + (SBV)

In case of signed operation, we are not concerned with the carry flag, as a carry
out cannot tell anything about the signed result of an operation.
Recall that, signed subtraction can eventually be converted to sighed addition.



Interpreting Flag Registers & Comparator Design

=
=
I\ NIZR\” — A=B
F R A o Lpo-A%£8
=) op—A=8
ﬁ?tw«s
AT l A?B

Design of a comparator using ALU status
registers, when a "signed” number
subtraction A-B is performed.
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