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ECE 645 — Computer Arithmetic

Lecture Roadmap

 Fast Adders
o Carry-lookahead adders
o Carry-select adders
* Hybrid adders




Required Reading

* B. Parhami, Computer Arithmetic: Algorithms and
Hardware Design

 Chapter 6, Carry-Lookahead Adders, Sections 6.1-6.2,
pp. 91-96.

o Chapter 7, Variations in Fast Adders, Section 7.3, Carry-
Select Adders, pp. 114-116

* Note errata at:
* http://www.ece.ucsb.edu/~parhami/text_comp_arit.htm#errors
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ECE 645 — Computer Arithmetic




Solutions to Carry Propagate Problem

1. Detect the end of propagation rather than wait for
the worst-case time

2. Speed-up propagation via
. look-ahead

carry select, etc

3. Limit carry propagation to within a small number of bi

4. Eliminate carry propagation through the redundant
number representation
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ECE 645 — Computer Arithmetic




Basic Signals

Generate signal: g = XY,

Propagate signal: p=x0Y,

Anihilate (absorb) signal: A Y =X Y
Transfer signal: ti=g+p=a=xtY

Cout=1giveng =1

Carry recurrence

Cir=G+CP=G+GCH

Unrolling Carry Recurrence

G=0G1t+GPi1=
=G4 * (G2 + GoP2)Py = Gg t G2 Py * GoPioPiy =
=G4t 2Pt (G + G3Pia)PioPiy =
=081 1 G2Pi1 T Q3PP T GaPisPioPiy =
=081 1% G2Pi1* G3PioPi T GaPizPioPig t - s
* GoP1P2---Pi2Pis + GPeP1P2---Pi2Pi1 =
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4-bit Carry-Lookahead Adder (1)

Cs= Gt BHPs* G PPz + GoP1PP3 + GPP1PP3

C3=Gt 01 P2+ GP1P2 T GPP1P2

Co =01t GoPy *+ CPoP1

Ci=%t GPg
SH=%UYoUC=pUCy ss=p e
SZZDZDCZ 53:p3[|C3

4-bit Carry-Lookahead Adder (2)

Cy= O3+ C5p5 3 gates less
C3= Gt G P2+ QPP + GPP1P2
Co=G+ QP+ GPeP:

Ci=%t GPg

SH=%UYoUC=pUC ss=p e
SZZDZDCZ 53:p3[|C3




4-bit Carry Network with Full Lookahead
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4-bit Lookahead Carry Generator Equations

|+3 g+2 + g+1 p|+2 + g p|+1p|+2 + C|p|p|+1p|+2

|+2 g+1 + g p|+1 + C|p|p|+1

Cir =G TGP

Oi.i+3] = G+3 T G2 Piez T i1 P2 Pisz + G Piv1 Piv2 Pis3

Pji..i+3] = Bi Pir1 Pis2 Pix3




4-bit Lookahead Carry Generator Schematic
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4-hit Lookahead Carry Generator Schematic
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16-bit 2-level Carry Lookahead Adder

Ci5 Cia Ci3 C11 C10 Gy C; G G G G G
4P O12P12 0P Ogh sl 9P P
s GuP]  |GPd o] Jospd P 0P| (0P|

10 T X T T

CLA GEN L CLA GEN % | CLA GEN CLA GEN o

Ou2,15] | Puzasi | Y1y | Peay | Y71 | | Pa 90,31 Ppo,31

CLA GEN -

9[0,15]| | Pro,15]

Operation of the 16-bit 2-level Carry Lookahead
Adder (1)

Signals Formulas Delay
computed
G B 2SR 1 gate delay
i=0..15 pi=x 0y,
9ii.i+310 Pji..i+3] 2 gate delays
i=0, 4, 8, 12

Oi.i+3) = G+3 T Gi2Pivs T G P2 Pivz + G Piva Piv2 Pivs
Pi..i+3] = Pi Pis1 Bi+2 Piss




Operation of the 16-bit 2-level Carry Lookahead
Adder (2)

Signals Formulas Delay
computed
Cs G, Cpp 2 gate delays

Y0..15p Ppo..15]

Cs=Go.31 T GPpo.3 Ce=Ga.71% Go0.31Pu.71+ QP31 Pa.7
C2=Ys.113F G4.71P8.111 T Yo..31Pa. 7P 111 T ©Ppo..31P.. 7P 11

O0.151 = Y12.15)F 98.111P12.15) T Ya. 71 P8, 11P[12..15
* Go.3P.71Ps.111Ppa2..15)

Ppo..151 = Pro.3jPra..7Pi8..111Pp12..15)

Operation of the 16-bit 2-level Carry Lookahead
Adder (3)

Signals Formulas Delay
computed
Ci+1r Ge2s Gi3 2 gate delays
i=4,8, 12

.., C5, G, Gy Ggy Crp G0y C13 Cia Cis
Ci3 = Gi2 t Gi1 P2 T G Pi1Piv2 + GPiPL1P2
Ci+2 = g+1 + g pi+1 + Cipipi+1
Ci1=G TGP




Operation of the 16-bit 2-level Carry Lookahead
Adder (4)

Signals Formulas Delay
computed
Si+1r S+2r S43 1 gate delay
i=4,8,12

e, S5, S S S Sio S11 Siz S Sis

s=p Ug

Total: 8 gate levels in the CLA adder vs.
32 gate levels in the ripple carry adder
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Operation of the 64-bit 3-level Carry Lookahead
Adder

Level Signals computed Delay

PRE | . B i=0..63 1 gate delay

1 | Yu.i+ap Priiva] =0, 4, 8,12, ..., 56,60 | 2 gate delays

2 9ii.i+15)0 Pj.i+15] i=0, 16, 32, 48 2 gate delays

3 90..63p P[o..63] Cie0 G320 Gy 2 gate delays

2 | Cyp Coa Cogy Cagr Cyor Caar Gsr Cor G0 2 gate delays

1 | Cou G G Cos G Copr -0 G Gop Gog | 2 9ate delays

POST|  S1 S $3 S5 S S7v v S S5 S3- | 1 gate delgy

Delay of a k-bit Carry-Lookahead Adder

Tlookahead-adder: 4 |0g4 K

k Tlookahead-adder Tripple-carry—adder
4 4 8
16 8 32
32 12 64
64 12 128
128 16 256
256 16 512
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Carry-Select Adders
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One-level k-bit Carry-Select Adder

k-1 k2

| k2bitadder |agl w2 @
¢
|_ k/2-bit adder - — | ki2-bitadder  —
K2+14 o K2+ A k2

0
Mux -
k2

Cout- high K/2 bits low K2 bits
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One-level k-bit Carry-Select Adder
Cost & Latency

Cselect-add(K) = 3C4qq(k/2) + k/2 + 1
Tselect-add(k) = Tadd(k/2) + 1

Units: cost and delay of a single 2-to-1 multiplexer
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Two-level k-bit Carry Select Adder

k-1 3ki4
k/4-bit adder

3kid-1
Kd-bit adder

0
kid-1 0
Cin
k/4 bitM

o k4

Mux

ki2+1

Cout . High k2 hits Middle k/4 bits Low K4 bils
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Hybrid Adders
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A Hybrid Ripple-Carry/Carry-Lookahead Adder

(ST €32 Clo ¢y

[12.15]
1

1
4-Bit Lookahead Carry Generator <J
(with carry-out)

L 16-bit Carry-Lookahead Adder

28




A Hybrid Carry-Lookahead/Carry-Select Adder

Cin

Lookahead Carry Generator

J 3 'Y

I j{]
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Tux

Block
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Carry-Select
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