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Full Adder Delay Analysis
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Ripple Carry Adder Analysis
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| — (Carry lookahead logic -

Total delay for final sum & carry is 2n+2 gate delays (n = # of stages)
Assumes XOR is 2 delays
Delay from C; to C,,, is 2 gate delays (except stage 0, where delay is 4 units)



Carry o )
Lookahead /rig
Adder = m
Analysis S S I R | A s P

4A CE

| | | 21 |
A 53 {;3 Ps IC:I Sz 'Gz p; '::_3 4A5 G1 p. f_‘:. 5_:_ G:, P

=
A _@—Cq
: LCﬁ

_________________________________________________________

6A 5A

6-4



ocw.utm.my

Carry Lookahead Logic Derivation

Carry Generate G, = A, B; must generate carry whenA=B =1

Carry Propagate P; = A, xor B,

Sum and Carry can be reexpressed in terms of generate/propagate:

S, = A, xor B, xor C, = P, xor C,
C.,=A B +AiC +BiC
=A B + (A +B)C
= A, B, + (A xor B) C,
=G+ PG
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Carry Lookahead Logic

 Reexpress the carry logic as follows:

C; =Gy + Py G
C,=G,+P, C,

=G+ P Gy + P Py Gy
C3=G,+P, G,

=G+ PG+ P, PG+ P, PPy Gy
C4=G,+P,C,

=G3+P;G,+P; P, G +P; P, P Gy + P, P, P, Py Gy

e Variables are the adder inputs and C, (carry in to stage 0)!
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Structure of One Stage in CLA
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To compute S;, only X ; ... Xg, ¥y --- Ypand c, are needed.
No need to wait for c; ;
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Alternative CLA Design

Carry lookahead network

|

I

C..=A B, +AiC +BiC,
=A B+ (A +B)C

=G+ PG

U

4A

A modified implementation:
P, computed using OR gates (slightly faster)
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Cascading CLA

e Similar to ripple adder, but different latency

Ais12 Bisiao Arrg Biig Az4 Bra Az Bso
1l 1l 1l Il
A B A B A B A B
Cla_'Cout Ci, E‘Cout Ci, ?Cout Ci, Tcout CinI— Co
164 S S S S
4 4 4 4
S15:12 Sii:8 S7.4 S3.0

A
v

Delay of each stage
Is 4 gate levels instead
of 10 for ripple adders
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Hierarchical Carry Lookahead

Carry lookahead unit

C4
CarryOut

G P

(H Carry lookahead unit

83 P73

cp

©3 82 P2 €2 g1 P 1 g0 M0

()

Second level carry lookahead unit — extends lookahead to 16 bits
If extended to 64 bits — reduces gate delay from 130 to 14, or improved by a factor of 9 6-11
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Carry Select Adder

 Redundant hardware to make carry calculation go faster

e Compute the high order sums in parallel
— one addition assumes carry in=0

— the other assumes carryin=1

6A C,

C
8 4-Bit Adder 0
6A [7:4]
Ca 4-Bit Adder | 1
6 [7:4]
[ 1 0]1 O]1 O[T O
4 Cy
2:1 Mux 6A

Cs S7 S
8A 8A

Adder
Low

Adder
High

4-Bit Adder
[3:0]
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Equality Comparators

1/4 74x86

1-bit comparator AO— 2
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. A0 s DIFFO
A-bit comparator o2 -
U1
A1 4 s DIFF1
B1 —~
U1 DIFF
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Bo 10
U1
A3 12 .1 DIFF3 EQ_L
B2 12
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Iterative Comparator

X0 YO X1 Y1 X2 Y2 X(N=1) Y(N=1)
X Y X Y X Y X Y
CMP EQ1 CMP EQ2 CMP EQ3 EQN-1)| __ CMP EQN

EQI EQO EQI  EQO w| ECQ EQO —m weow ———= ECI EQO —m

1]
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Arithmetic Logic Unit

Basic building block of every CPU.
Combinational circuit.
Does integer addition, subtraction.

Also does all 16 bitwise logical \
operations. a ’

. .. —> Zero
Does not <?Io multiply, d|V|.de. They >A LU+ Result
would be implemented either by a — Overflow

separate unit, or subroutines (slow but b ‘
cheap).

Floating operations are also one or

. CarryOut
more separate units. (More: faster,
costlier.)

Why combine arithmetic & logic?
They share a lot of circuitry.



Start with
Simple
Logical
Operations

- oowutmmy
Sample ALU 1: Mux Approach

1. AND gate (c =a . b)

2. ORgate(c=a+h)

a —»
C
b —

z::D—vc

"2 | b [c-a.b

0 0 0

0 1 0

1 0 0

1 1 1
b Jc-ath

0 0 0

0 1 1

1 0 1

1 1 1
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Sample ALU 1

Use 2:1 MUX to choose 1 of 2
logical operations

a
0
Result
1
b

If Operation is 0, then Result=a AND b

If Operation is 1, then Result=a OR b
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Sample ALU 1
Now add Full Adder for Carryln
arithmetic
a —e > N\ N\
0
If Op is 0, then Result=aAND b — L
If Op is 1, then Result=a OR b ?"—>§ > 1
If Op is 2, then Result = sum of (a + b + Carryln) G —> Result
>
+ 2
b & > ./
v

CarryOut
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Sample ALU 1

Repeat the 1-bit ALU 32 times

If Op is 0, then Result; = a; AND b,
If Op is 1, then Result; = a, OR Db,
If Op is 2, then Result; = sum of (a; + b))

Carryln

|

a0 —»

b0 —»

Carryln
ALUO

» ResultO

CarryOut
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ALU 1 with Subtraction Ability

Carryln
If Op is 0, then Result =a AND b
If Opis 1, then Result=a OR b a * > \ p
_,_J

If Op is 2, ) O
and if Binvert is O, ._>) > 1 » Result

then Result = sum (a + b) £

>
if Binvert is 1, b 0 + 2
then Result = sum (a + (-b)) 1 —/
v
CarryOut

Note that (- b) is 1's comp

Add a 1 into Carryin, to get 2’s comp
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ALU 1 with Zero Detection

Cperation
1
/. - ¥
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Sample ALU 2: Truth Table Approach

We want to design an ALU which can do the following operations:

m; | my | Operation
0 0 Aplus B
0 1 A minus B
1 0 Aplus 1l
1 1 Anor B

Assume inputs A and B are 4-bit 2’s complement numbers, and F is output.

One way of obtaining the circuit is by creating the truth table:

ml mO a3 a2 al a0 b3 b2 bl b0 f3 f2 fi fo
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 1 A plus B
0 0 0 0 0 0 0 0 1 0 0 0 1 0
1 1 1 1 1 1 1 1 1 0 0 0 0 0
1 1 1 1 1 1 1 1 1 1 0 0 0 0 AnorB

A huge truth table. Imagine truth table for 8-bit inputs!
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Sample ALU 2

Design a universal logic block (called
a bit slice) that accepts only 1-bit of

the inputs (per logic block).

We then copy and connect this bit
slice as many times as there are

input bits.

m; | my | Operation
0 0 Aplus B
0 1 A minus B
1 0 Aplus 1l
1 1 Anor B

: alul
ml : :

" M1 :
ml 1l

- M FI—
all :

- AI COUTI
(a1l :

: BI

%—GINI

OO

IR 5

: CIHI g
bl BI é
al AI COUTI ECDm1
md M@ FI fﬂ
ml ML :

alul

é .......... éiﬁi ...........
ml :

" M1 :
ml s 12

- M FI—
a2 :

- AI COUTI
h2 :

- BI
coutl ¢

: CINI

B

R EREE

: CIHI
b3 BI
a3 AI couTIl
md M@ FI f3
1mrl ML
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Sample ALU 2

Each bit slice has 5 inputs and 2 outputs. Truth table is el m0 i i i f cout
on the right. P e 1o
Remember, the bit slice circuit is universal, i.e. exactly A tambah B 011 o1
same circuit for all input bits. o1 o1
For A plus 1 operation for example, we don’t need B 111 11
input. But remember, it must be universal. Other " ont o
operations require B input. D
Another example: NOR operation doesn’t require cini o o111
input, but the truth table for NOR operation must have e o
cini input. L
010 00
o011 10
m, | m, | Operation e o
O | 0| AplusB e
0 1 A minus B & NOR: B 1 13?: 11:1:
1] 0| Aplusi Y
1 1 Anor B
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Samgle ALU 2

Bit Slice Circuit for Sample ALU 2

0 16Tmux § 0 § 16Tmux
Gk : B e LEL
SEL3 : S 0
SEL2 : LU P
SEL1 : S - tsAn
—_1SELD : LN P
SLIUR P : N
nib ; TR
b - iy : LU
N L. [ : Y
mrl mia i bi cini fi couti u:!n!_b hd cini I
o ooo0Q oo c!n! s o] 5
001 10 S e i SN
o410 10 c!n!_b T cini T
A tambah B o111 01 c!n! h OLIT—f u] h auT
100 10 c!n! h D. : I
101 01 u:!n!_b A u:!n! A
110 01 cini_h 1 cini M1
T L 12 : L iz
01 000 10 A5 : u] : A5
Dot ot 1M1 4 : S - 1M1 4
oo oo 15 § L s
o111 10 : : : : : :
101 11 . e el
110 10
111 01
1T 0000 Qo
o011 10 .
010 o0 Eﬂ ED'ID::”D
A tambah 1 1D 1|:I 1|:I ::E o1 1
101 01 :: 1D ;]{
110 10
111 01
1T 100X 1 X
A MNORB o1 xX 0x
1 XX 00X
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Sample ALU

Circuit for Sample ALU 2 for 4-Bit Inputs

alul
0 mrl [ I-,'N-,-‘_E:ET - - M1 fI:I
‘o ml WELT S PPN Fal— SUTENT  — f[3.0] :
1.1 ......... a. [é:l:l-] ..... i .......... IE‘E%T . al:l ar R .............................................
B LR R R R IN.FI.-IT. bl:l
42 b3.0] [CC—ge— EI
R R f CIMI
@7 B
T EITIIRRERPILY
- lernz
b1—: EI
8‘1—5 AI r|::r|:|IUTIf':—':""rt1
ml:l— Mo FIEL
1l ML :
alul
o S
—{H1 :
md . f2
TR Ho FI—
22 AT COUTI
— eI
coutl -
———  BIHI
.
TS ERREISPILS
- leInI
b3 BI
5‘3—: AI couTz|
mIII— Mo Fli
1l ML

alul 6-27
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74x181 TTL ALU

Selection M=1 M = 0, Arithmetic Functions
S3 S2 S1 SO Logic Function Cn=0 Ch=1
0 O 0 O F=notA F=Aminus 1 F=A
0 0O 0 1 F=Anand B F=ABminus 1 F=AB
0 O 1 O F=(notA) + B F =A (not B) minus 1 F =A (not B)
0 O 1 1 F=1 F =minus 1 F = zero
0 1 0 O F=AnorB F =Aplus (A + not B) F =Aplus (A+ not B) plus 1
0 1 0 1 F=notB F =AB plus (A + not B) F=AB plus (A+not B) plus 1
0 1 1 O F=Axnor B F = Aminus B minus 1 F=(A+notB) plus 1
0 1 1 1 F=A+notB F=A+notB F =Aminus B
1 O 0 O F=(notA)B F =Aplus (A+ B) F=Aplus (A+B)plus 1
1 O 0 1 F=AxorB F=AplusB F =Aplus B plus 1
1 O 1 O F=B F =A (not B) plus (A + B) F =A (not B) plus (A+ B) plus 1
1 O 1 1 F=A+B F=(A+B) F=(A+B)plus 1
1 1 0 O F=0 F=A F=AplusAplus 1
1 1 0 1 F =A (not B) F=ABplusA F=ABplusAplus 1
1 1 1 O F=AB F=A (not B) plus A F =A (not B) plus A plus 1
1 1 1 1 F=A F=A F=A plus 1

Due to arithmetic equivalence, active HIGH or active LOW input and outputs are available!

Not all operations useful, but fall out when doing the useful ones
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/74x181 TTL ALU

74x181
— S0
—{s1 G
12 p
183
{M  A=B
CIN
AO FO
BO
A1 F1
B1
A2 F2
B2
A3 F3
B3

CouTt

P3

74x182
1 co
GO
C1
PO
G1
c2
P1
G2
c3
P2
G3 G

o
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16-bit ALU with

Carry Lookahead
Unit

CLA unit speeds up
calculations of multi-chip ALU

Cco

C16

s . H'Emm\JEL»

A3
A2 F3|,_13
23[a; 181 3 a1
AD F1 ,_50
E% FO |2
A=B| 14
20/BL  Cniald6
1| B0
7ICn < 0—112—
38| M Ple
S3S251S0
T3T4T516
191A3
A2 F3[,-13
a1 181 55 1
AD F1[,0
18183 FOle=2
B? A=BlL1d
—JO BO Cn+4 1
7lcn gL
8IM 0
S3S2S51S0
341516
191A3
A2 F3[,-13
A 181 5 k|
AD F1/.10
18|B3 FO (-2
55182 aA=B|14
BO Cn+é._l;37
A5 ] e
S3S2S1S0
T3141516
A3
A2 F3[,-13
a7 181 5l
AD F1|,10
1 B3 FO [0
2 B1 A=B _14
BO Cn+é._l;37
>
FItve PlI5
S3S2S51S0
T3141516
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74x381 and 74x382 ALUs

74x381 T4x382
Inputs |50 “Iso
s2 st SO Function — % e —¥ s
__' 52 o 14 — 52 OVR 1II
0 0 0 F = 0000 “lein | CIN COUT |-
0 0 | F =B minus A minus 1 plus CIN 3 ;‘g Fo 1 ;‘g k0
0 1 0 F=Aminus B minus 1 plus CIN ' A e 1_ A = E
0 l l F =Aplus B plus CIN {81 —{® ;
l 0 0 F=A®B —:AE Fz | — e Rf—
L0 1 F=A+B I A T Ll
1 1 0 F=A-B “lgg — e
l l 1 F=1111

Compared to 74x181, these ALUs encode their select inputs more compactly, and
provide only eight different but useful functions

The difference?

— 74x381 provides group carry lookahead outputs
— 74x382 provides ripple carry-out and overflow outputs

6-31
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Combinational Multiplier

Product of 2 4-hit
numbers is an 8-bit
number

Product of m-bit x n-
bit numbers is an
(m+n)-bit number

Partial products

6-32
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Combinational Multiplier

B, Bo Ay
B, By
A Ag
AgB; AgyBg /
A,B, A,B,
Cs Co» C Co A,

B, By

v | v v

HA HA | <
l l l ¥
C3Csy Ci Co

Fig. 3-33 A 2-Bit by 2-Bit Binary Multiplier
6-33
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Basic Idea of A Larger Multiplier

Addend Augend
......

rrrrr
uuuuuuuuu

Addend Augend

rrrrr
UUUUUU
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4x4 Combinational Multiplier

A3 B3|A3 B, A, B3|A3 By AyBy, A1B3z|A3By A By A1By, AgB3|A;Byg A1By AgBy| AgBy A1 Bg|AgBg
l\."’J l\."’J FA rﬂ HA HA — HA
A v { [ d J
FA - FA - FA < FA <
1 I_ 1 1
J 1 | v ¥ 2 ]
FA - FA - HA FA -
T | 1 1 .y
Sy Se Ss S4 S3 S S; So

Note use of parallel carry-outs to form higher order sums

12 Adders, if full adders, this is 6 gates each = 72 gates
16 gates form the partial products

total = 88 gates!
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Combinational Multiplier

Another Representation of the Circuit
Sum In X

/Cin
/
Y
FA I'C'I' Building block: full adder + and
o o
/ !
v
Cout Sum Out
A3| Azl All Al]l
50 = A3 BO A2 BO Al BO AD BO
v & v N 7 v 2 s
Bl A3 Bl A2 Bl Al Bl A0 B1
= C C C C
Y # Vs 7 N g7 s 7 s
52 — A3 B2 A2 B2 Al B2 A0 B2
+ < +s y 4,5 y #s y S
B A3 B3 A2 B3 Al B3 AO B3
VAR D AR T A T AR T ¥ Y
P7 P& c Ps £ P4 4 P3 P2 P1 PO

4 x.4 array.of building. blocks



