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Carry Kill, Propagate, Generate conditions (1)

XY

0O O K Kill (=PG)
0 1 P Propagate
1 0 P Propagate
1 1 G Generate

< X
+— <

Cout €!— FA <+—— Cin

n <+

https::/electronics.stackexchange.com/questions/21251/critical-path-for-carry-skip-adder
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Carry Kill, Propagate, Generate conditions (2)

killed carry 0 0
v v

killed carry 0 0
v v

0 «—3x

P =t X
O w—=

propagated carry 0 . propagated carry 0 !
P
1 € — 1 0
0 1
generated carry 1 1 generated carry 1 1
G G
1l &=—— g <+—1 1l =—pulp —<+—— 0
1 0
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C, propagation condition

a, b, a, b, a, b, a, b,

P, 1 O P, 1 O P, 1 O o 1 O

0O 1 0O 1 0O 1 0O 1
out 1 1 1 CO

1< - <  FA <« - FA =7
0 0 0 0

P
S =P, AP, AP AD, 3 Es
=(a,®b,) A (a,®b,)A(a,®b)A(a,Pb,) 0, a3
2
Cc, can be propagatedtoc_, S = p,p,p,P, _C——| b,
onlyifs=1 Py a,
bl
_po a,
https://en.wikipedia.org/wiki/Carry-skip_adder b0
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A FAIn terms of pand g

Half Adder
s=p®dc < C
Half Adder
pAC CC p=a®b . a
C,~9+tpAcC
g=aAb ¢ 7
A\ b
Half Adder
Half Adder 8 8 gg p S=a®b = a
S=za®hb 0 1 0 1
= 1 0 0 1 -
crand 1 1] 1 0 g C:a’\b_C b

L | Full adder with additional generate and propagate signals.
https://en.wikipedia.org/wiki/Carry-skip_adder
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Carry Equations in a Ripple Carry Adder

C,=0g,*P, A C, p=a ®b
C,=09, %P, AC gi:ai/\bi
C3:g2+p2 A C2
Ca= U TIPsiATE,

generated carry « - » propagated carry
a, b, a, b, a, b, a, b,
C, C, C, C, C,
<« — FA <« FA =<=——“ FA = FA = -
COUt N
SS S2 Sl SO
https://en.wikipedia.org/wiki/Carry-skip_adder
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A 4-bit Ripple Carry Adder

a, b, a, b, a, b, a, b,
Half Adder 1
p=a ®b
k/ \/ \/ \/ g=a A b
O P, g, P, g, P, 9 Po
C, C, c, C, | C,
Tt T Half Adder 2
p3 p2 pl po Ci+1 = gi i pi A Ci
S, = B D G
I I I
SS SZ S1 SO
Critical Path : ¢, - cs - C2-C1- Co : 8 gate delay
https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf
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Expanding carry equations

Civ1 = g; T D;C;

C; = gyt PyCy m= C; = (Jot PyCy

/
L
C, = g, +tpG -/Cz = gl+p1[go+poco]
L
C3 = Go¥ PoCy == (3 = 92+p2[91+p1[go+p0C0H
-
€= G+ PsCy o, = 93+p3[92+pz[gl+p1[go+poco]H
Cour c

dot PoCy = C4

C> g1 ¥ P19got P1PyCy = Cy

g, * P9, T Pp,P19go T P2 P1PoCoy = Cs
gzt D39, + P3prg, + P3P P19ot P3PaP1PoCo = C4

Carry Lookahead Adder 0] Young W. Lim
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Carry Generate and Carry Propagate Signals

C, C, o C, C,
<«— FA =<«—— FA =<-— - FA <« FA = °
Cout Cin
Cl
. generated
these carries can 9o oropagated 90
. C C
be computed in parallel PoCo 0
CZ
generated
lg)l g propagated gl generated g
p1 pO C propagated propagated 0 C
1£0%*0 0
C3
generated
gz g propagated 2 generated g
p2 p1 g propagated propagated 1 generated g
2E 190 propagated propagated propagated 0
P2P1PoCo Co
C
= generated
9s propagated s generated
P39, g propagated propagated 9> generated
p3 p2 ! propagated propagated propagated gl generated
P3P>P19o g
p3 p2 p1 po CO propagated propagated propagated propagated 0 CO
Carry Lookahead Adder 10 Young W. Lim
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Carry equations into Gates (1)

Cit1 = g;t D;C;
c, C3 Ca €1
C, = g3+ p3[92 o p2[91 B p1[go i pocom
Fan-in number: small
8 gate delay Stage number: large Ripple Carry Adder
Carry Lookahead Adder 11 Young W. Lim
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Carry equations into Gates (2)

9" dot PoCy = €y
P,9,*
P,p.0, g, T P1got P1PyCy = C,
PsP,P,9,* g, ¥ P9, ¥ PaP19o t P2 P1PoCo = C3
C —
PaPoP;PqCe gs+* D3g,* P3Prgy+ P3PrP19Go T P3sPaP1PoCo = Cy4
(
( g; 9> g1
— P39, P29 . P19
C, — P3 P29 — DP>P1Y9 P1PoCo
P3P>P19 P, P1PoCo
P3P, P1PoCo
c, —_—
PoCo
Sum of Product : Fan-in number: large
2 gate delay Stage number: small Carry Lookahead Adder
Carry Lookahead Adder Young W. Lim
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Carry Lookahead Adder

P S S SR
GP GP GP GP
93 l J p3 gzl l p2 gl l J pl go \ \ po
CGenc, C,
v \/ A v | A/
CGenc,
v \/ Y |
CGenc,
v \J
CGen c,
[ S N R
C, ModB | Cs ModB @ © ModB | & ModB | Co
Sum Sum Sum Sum
SB S2 S1 S0
Synthesis of Arithmetic Circuits: FPGA, ASIC and Ebedded Systems, J-P Deschamps et al
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Carry Lookahead Adder

compute
giand p; GP GP GP
in parallel
gg p3 g2 J gO pO
Csy = Y5 +p3gz+p3p291+p3p2p1go+p3p2p1poco Co

v \/ \ | \

C3 = g»+ DP9, + D2P19o+ P2P1PoCo

v v Y \

gﬂg‘g;ﬁz”a C; = g1 % P19, ';plpoC:

C1 = Got DoCy

"

C, C, C, C,
XOR XOR XOR XOR
S3 SZ S1 SO
Synthesis of Arithmetic Circuits: FPGA, ASIC and Ebedded Systems, J-P Deschamps et al
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Replicating carry circuits (1)

g=aAb

g, J
| |
C, €, c, C, C,
— - Half Adder
p=a ®b

no merit C, ‘3_1@( G Half Adder
in reducing Cis TG PAC
a critical path delay s, = pdc

S S, Sy So

Carry Lookahead Adder 15 Young W. Lim
(2A) 11/6/25



Replicating carry circuits (2)

( g, Sum of Product:
2 gate delay
— DP3|9>»
c, — Ds|P.9g, Ci's can be computed
§ Palp, PG4 in parallel
§ P3|P2P1PoCq since g,-’s and p,-’S

are computed in parallel

( ,,
gl gl
P19 ¢y P1|90 ¢y — 0
PiPoC P1PoCo Po Co
Carry Lookahead Adder 16 Young W. Lim
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Limitations of Carry Lookahead

AND2, OR2 go+ poCo = C,
AND3, OR3 g1 ¥ P19go * P1PoCo = €
AND4, OR4 9o+ P2g1 ¥ P2 P1Ggot+ PaP1PoCo = C3
AND5, OR5 gst P3got P3Prgis + P3PoP19Got P3PoP1PoCo = C4
AND32, OR32 possible? — C3
AND33, OR33 possible? — Cyp

Large number of fan-in : impractical

High Radix Addition (29)
Multi-level Carry Lookahead

Carry Lookahead Adder 17 Young W. Lim
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A 4-bit Carry Lookahead Adder

3 3 2 2 1 1 0 0
GP
gi: 1 gate delay ||
pi : 1 gate delay
compute
giand p;
in parallel 9; Ps 9 P, 9, P, 9 Py
93 | ' CGen
_ psgz —0, Sum of Product :
_p3p291 ngl gl 2 gate delay
= — P9
p3p2p190 pzplgo g 0 go ci : 2 gate delay
p3p2p1poco pzplpoco p1p0Co pOCO
compute
ciin parallel
C, C, C, C,
C; Ps c, P c, P, C,. Po Sum
Si: 1 gate delay
compute
Siin parallel
S S S S
3 2 1 v O
Carry Lookahead Adder 18 Young W. Lim
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A 16-bit adder using four 4-bit CLA’'s

A5 Dis.py a5 Dbyg a, b;, as., by,
Ci6 Cip Cg Cy Co
+— B3 — B2 — Bl D BO <
515:12 Sll:8 S7:4 S3:0
partition a 16-bit adder into four 4-bit CLA blocks : B3, B2, B1, BO
Carry Lookahead Adder 19 Young W. Lim
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Block CLA Structures (1)

a15:12‘ ‘bls:u .8 ‘ ‘bllzs

a;.4 ‘ ‘b7:4

ds.q ‘ ‘b&o

PGg3 PGeg> PGg: PGgo
915:12‘ ‘p15:12 Jii:s ‘ ‘pn:s 97:4‘ ‘p7:4 93:0‘ ‘pS:O
Cie C1i2 Cg Cy Co
<+ CGenss < CGengs < CGeng: A g CGenBo —
| | | |
\/ \/ \/ \/
Ci6:13 Ci2:9 Cg:5 Cs1
C15:12‘ ‘p15:12 Cii:8 ‘ ‘pn:s C7;4‘ ‘p7:4 C3.0 ‘ ‘pS:O
XORg3 XORg> XORg: XOREgo
Sis.12 Sii:8 S7.4 S3.0
Carry Lookahead Adder 20 Young W. Lim
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Block CLA Structures (2)

Each block computes 4 g's and 4 p’s in parallel

As soon as ¢in, 4 g's, and 4 p’s of each block is available,
each block computes 4 carries in parallel

As soon as 4 carries and 4 p’s of each block is available,
each block computes 4 sums in parallel

However’ ais.qp bis.p, ayq.g bi.s az.,4 b,., as. by
only after coi Of BO/B1/B2 is available, by by by by
the four carries of B1/B2/B3 can be computed "G S P e
915:12‘ ‘p15:12 Ji1:8 ‘ ‘Pu:s 97:4‘ ‘P7:4 93:0‘ ‘p3:0
These can be computed in parallel, | CGenss «% | CGens |« | CGens + | CGengy
if block carry generate signal Gg;
and b|OCk Carry propagate Signal PBI C16:13 GBS ¢PB3 _CliS G¢82 ¢P)Bz _CB{, G{l ¢PBI _ail (';BO ¢PBO
are used
C15:1z‘ ‘Pm:u Ciig ‘ ‘Pn:s C7:4‘ ‘p7:4 C3.0 ‘ ‘Pa:o
XORg3 XORg2 XORg:1 XORgo
! E : E
515:12 Sll:B S7:4 S3:0
Carry Lookahead Adder 21 Young W. Lim
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Multi-level CLA

PGsgs PGs> PGg: PGsgo
915:12‘ ‘p15:12 Ji1:8 ‘ ‘p11:8 g; 4‘ ‘p7:4 ds o‘ ‘p3:0
Cie C12 Cg Cy Co
CGensg +— CGensz +— CGenBl — CGenBo —
bl AR R
Ci6.13 Gps Ppgs Cip.9 Gpy Ppy Cgs Gpg Py Ccsn Gpo Ppg
\ A | \ A | \ A | \ A |
Co
CGengo N
Level 1
Cis 12‘ ‘p15:12 Cii:8 ‘ ‘pn:s C7:4‘ ‘p7:4 C3.0 ‘ ‘p&o
XORg3 XORg> XORg: XORgo
515:12 511:8 S7:4 53:0
Carry Lookahead Adder 29 Young W. Lim
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Block Carry Equations

9i5:12 Pis.a2 di1.s  Piis 97.4 DP7.4 ds.o Ps.o

by by by by

Cg

C C C
«——  CGengs 2—  CGeng CGens; “—— CGengy |«—

vy v v vy
Gps Ppgs Gp, Pgo Gp Pgy Ggo Pgo

Cie = GpstPpsCyy Cip = Gt PpyCy Cg = Gp,+Py, C, Cy = GpotPpoCy
Gai
Bi
PBiCin Cin
Bi
Carry Lookahead Adder 23 Young W. Lim
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Block Carry Generate and Propagate Signals

Ci6 Cip Cg C, Cy
< .~ CGengz - CGeng, *«—— CGeng: [« CGengy «—
C4
.y = ted
these conditions can Goo 4@ Gy
. Pgocy propes m Co
be computed in parallel
CS
GB . generated GB X
PB ) G 50 4 propagated = generated G
Py, PgCy < propagated n < propagated B0 = C,
ClZ
GB 5 generated GB ,
Pg,Gg, propagated E < generated ® G, e
P B2 P B1 G BO propagated - > propagated - g GB .
P B2 P B1 P 50 Co 4 propagated - 4 propagated - 4 propagated - CO
C
16
G generated
P B3 G | propagated GB 3 generated
PB 3 P B2 G : propagated : propagated GB 2 . 4 generated e G
B3+~ B2“~'Bl1
P B3 P B2 P B1 G B0 propagated - propagated < propagated Bl - generated GB )
P B3 P B2 P B1 P BO CO 4 propagated u 4 propagated u 4 propagated - 4 propagated - Co
Carry Lookahead Adder 24 Young W. Lim
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Expanding Block Carry Equations

Cafivy) = Gpi+ PpiCy,

€, = GpotPgocy =
4
’
Cg = G +PpiCy =

-

c, = GpgytPpy,c,

Cg = Gp+ Py, GBO+PBOC0]

. e . i
Cig = Gp3tPysCy mm ¢ = Gyot Py, GB2+PB2[GB1+PBl[GBO-I-PBOCO]H
Cout Cin

Ggot+ Pgocy = €4
C> Gy, + Py,Ggzo+ P5,PyoCcy = C4
Gy, + P53, Gz, + Pg, Py, Ggy+ Py, Py PpoCy = Cypp
G F 20 Cign 17 2552 50 G 7 12558502 50 Cg o7 P50/ 50Cs = Cug
Carry Lookahead Adder 25
(2A)
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Block Carry Generating Circuits

9i5:12  Pis:12 Jii.s  Piis 9d7.4 P74 ds.o P30
Ci6 Cpo Cg Cy Co
<+ CGengz; [« CGeng, |+ CGengy <« CGengy |«—
Level 0
| | | | | | | |
i;m P+33 iBz sz CiBl le fBO IlBo
Co
CGencgo ¢
Level 1

Carry Lookahead Adder 26 Young W. Lim
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Carry Lookahead Logic Comparison

Cis1 = g;t DiC; Block BO Carries 9o+ PoCo = €1

g1+ P19yt P1PeCy = G

C> 9>+ P29+ P2P19go + P2P1PoCo = €3

gs* P39, ¥ P3P9y ¥ PsPoP19Got P3sP2P1PeCo = €4

C, = Gp+P,c,. i Gpo*+ PpoCo = Cy4
4-(i+1) Bi BiC 4. Group GO Carries

Gpg, + Py, Gpy+ P Pgocy = ¢4

:> Gpy+ Pp, Gy, + Py, Py Gy + Py, Py Ppocy = €y
Gps+ Pp3Gpy+ Py PpyGpy+ Py Py Py Gy + P3Py, Pp PyoCy = Cyg

the same structure

Carry Lookahead Adder 27 Young W. Lim
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Block Carry Generating Circuits — simplified

9i5:12 Pis.a2 di1.s  Piis 97.4 DP7.4 ds.o Ps.o
Ci6 Cpo Cg Co
D CGengs |« CGeng, |+ CGeng; CGengy |«—
Level 0
| | | | | | | |
i;Ba 1133 iBz Pﬁz CjBl P£1 fBo 1130
Cy
CGencgo ¢
Level 1
Gpgo+ Pgocy = ¢4
Gpy + PgGpo+ Py Ppocy = ¢4
Gpy, + Pp, Gy, + Py, P, Gy + Py, Py Pgocy = €y,
Gpgs+ Pp3Gpy + PpyPyyGyy+ Ppy P, Pp Gy + P3Py, Pg Pyocy = Cyg
Carry Lookahead Adder 28 Young W. Lim
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Ggo, Pso : Block Carry Generate and Propagate

CGengy <«—

913 Fia 912 Fiz 9, P Eio Fio
Cy = g3+ DP3go+ P3Pagi+ P3P2P19o + P3sPaP1PoCo [ A SRR S A S | %
C3 } C3=g,*+*P,9,% P,P1 9o+ PP PoCy
2 | 2
- C, €, =9,% P9y * PPy
Gpo = g3+ P3sgo+ P3P29: + P3P2P19 \ A
Pgy = P3DP,P 1D
Ggo = G *+ P59, *+ P3Py9, + P3P, P19, l Py = PPy, Py |
C4 = GBO+PB0C0 GBO PBO
C4
Geo B0 g3 g3
P39> 9>
P3P»9. 91
P3P>P19 9o
PeoCo Co P3P2P1PoCo Co
Carry Lookahead Adder 290 Young W. Lim
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Ge1, Ps:1 : Block Carry Generate and Propagate

«— (CGeng <«

g9, P, s Pg J; P g9, p,
Cs = g, + P79 + P,PcYs + P,PesPs9, + p7p6p5p4c4 Cq Cg='g7+1"7ge+p7peg;+p7pspsg4+p7pspsp404 | c,
C, C7=96+P695;p6p594+p;p5p404 |
C6 ‘ Ce =0s* Psg,+ PsP,Cy ‘
Gp = g7+ D796+ P;P69s + D7 Pe P59 l Cy~ I 6=g ¥hies |
Py, = DP;DPsPsD,s |
Gy = 9, *+ P96 + P, Ps9s+ PP P59, Py = pP,PePsP,

T~

G

C8: GB1+PB1C4 B1 B1
C8
Ge:1 Bi1 g7 g7
D796 9s
D7 D695 ds
P7PePs94 ds
Psg:C4 Cs DP7P¢PsP4C4 c,
Carry Lookahead Adder 30 Young W. Lim
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Gs2, Ps2 : Block Carry Generate and Propagate

Ci6 C Cg Cy Co
¢ -~ CGeng, -
Tﬂ iﬂ gllo rIlO Tg 39 Ts FiB
G R At S A S R B % Cip = gutPugiotPi1iP109otP11PioPsY9s T P11P1oP9PsCs
Cy

1

Ciu =910t Pw9st PioPoy9s + pm'pgpaca ‘

Co

Cio=Gs*+ Pygs* PsPsCs |

CQ | €9 =0yt PgC

Y
Gp, = 9yt Pubi* PuPi9s * Py PioPsTs

Py, = PuPiwPsPy ‘

T~

Gg, = gu*tPudiot PiiPi09s* P11 PioPoYs
Py, = P11 P1oPsPs

Gg, B2 C12: GB2+PB2C8
Cp
9u dn Ges B2
Jdio P119Y10
9o P11 P09y
ds P11 P1oPoJs
Cg P11 P10P9PsCs PasCe Cs
Carry Lookahead Adder 31 Young W. Lim
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Ggs, Pss : Block Carry Generate and Propagate

Ci6 Co
< CGengs <
ng p15 gl4 p14 913 pl3 ng p12

AR S S N T .

T

o=t st PisPrud it PePubud it PPubuPuty ‘ Cio Ci6 = JistP1sguutPisP1agdi3+ Pis P1aP13912 + PisP1a P13 P12Cr2
Cis QM&M&&&F
C14 ‘ Cu=913tP139, P3P Coy ‘
Cis | €u=0,+P .0y, Ggs = G5+ P1sGis * PisP1a9iz+ PisPia P13910
! Pg3; = PisPuuPi3Pi
Gps = 915+ PisGus * PisPia9is + PisP1a P90 Pps = PisPuPiPi
C16
9is 9dis Ges B3
914 Pi5914
9diz PisP14913
9 Pi5s P14 P13912
Ci2 PisP1aPi3P12C2  p,,¢, Cs
Carry Lookahead Adder 32 Young W. Lim
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Block Carry Generating Circuits — detailed

Ji5.10  Pisa2 Ji1:8 Pii:s 9d7.4 P74 dsz.o P30
lookahead ‘ ‘ lookahead ‘ ‘ lookahead ‘ ‘ lookahead ‘ ‘
Ci6 Cio Cg Cy Co
CGengs =« CGeng, |« CGeng; [« CGengy «—
Level 0
‘C16:13 ‘Clz:g ‘Cs:s ‘C4:1
for sum bits Y5 for sum bits YG for sum bits VG for sum bits YG
B3 P, B2 p_ BL p_ BO p_
|
GB3:01 PB3:0
Y
CGenGO Level 1
{CIG’CIZ’CB’C4} GGO PGO for a next level group
Carry Lookahead Adder 33 Young W. Lim
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Simple Carry Lookahead Adder - BO

a, bs a, bz a b1 a, 0
compute GP
giand p;
in parallel
compute
c;in parallel d, P, g, P, ‘ g, P, 9 Py 114
93 gS ' ' ' CGeng;
pggz _p3g2 _g2 Level 0
p3p2g1 _pgngl ngl gl
P3P,P, Y, P3P,P, 9, —P,P,9, — P9 %
p3p2p1p0 p3p2p1poco pzplpoco plpOC0 pOCO «— Cin C
' (304
(2)34 GBO PBO C, Cq C, c (4)34
C, BP; c, P, c, P, C, Py | Sum
compute
Siin parallel
S, S, S, S, (5)4A
Carry Lookahead Adder Young W. Lim
y 34 11/6/25
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Simple Carry Lookahead Adder - B1

a, b? a, be a; b5 a, 4
compute GP
giand p;
in parallel
compute
ciin parallel g, P, O Ps ‘ O )8 Ps d, P, @1a
97 97 ' ' ' CGeng;
p7gﬁ _p7g6 _g6 Level 0
p7p6g5 _p7p695 p6g5 g5
p7p6p5g4 p7p6p5g4 _p6p5g4 _ p5g4 g4
p7p6p5p4 p7p6p5p4c4 p6p5p4c4 pSp4C4 p4C4 <«— GCip C4
' (3)54
(2)34 Gy 4 Fei Cq C; Ce c (474
C; P; Cs P Cs P C, P, | Sum
compute
Siin parallel
S, Sq S S, 5)84A
Carry Lookahead Adder Young W. Lim
y 35 11/6/25
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Simple Carry Lookahead Adder - B2

a11 b11 alO blO a9 b9 as 8
compute GP
giand p;
in parallel
compute
c;in parallel g, P, g, P ‘ J Py Js Py 114
gn _gll CGensi
P..9: —P..9, —9Y., Level 0
pnplogg _p11p10g9 —pmgg gg
p11p10p9g8 p11p10p9g8 _p10p9g8 - pggs gs
p11p10p9p8 p11p10p9p808 plopgp8C8 p9p8C8 p8C8 <— Cin C8
' l (3)54
(2)34 Gsz P|32 Cp Ciu Cio c (474
Cy Pu Cig Pio Co Py Cg Py Sum
compute
Siin parallel
S11 S10 89 88 (5)8A
Carry Lookahead Adder 36 Young W. Lim
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Simple Carry Lookahead Adder - B3

a15 b15 a14 b14 a13 b13 a12 12
compute GP
giand p;
in parallel
compute
ciin parallel O35 Pis Y P Y5 Pz 95 P, @14
ng _gl5 CGensi
P.s9.. —P,:9,, —9. Level 0
p15p14gl’3 _p15p14g13 _p14g13 913
p15p14p13g12 _plsp14p13912 _p14p13912 - plsglz 912
p15p14p13p12 15p14p13p12C12 p14p13p12C12 plSplZCl2 p12C12 <— Cln C]_Z
l (3)54A
(2)34 GB3 PBS Cis Cis Cua Cis 474
Cis  Pis Cu Py Cs Py Cc, P, Sum
compute
Siin parallel
S15 Sl4 S13 SlZ (5)84a
Carry Lookahead Adder 37 Young W. Lim
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A 2-Level Carry Lookahead Adder - Level 1

CGeng; CGeng: CGeng; CGengy
Ji6 9. g7 93 CGensi
P59, P..9,, p796 pggz
P.:P.. 9.5 P..0,9, p7p695 p3p2g1
p15p14p1391: p11p10p9g8 'p7p6p5g4 pgpzplgo
p15p14p13p12 P.:P1,PPs p7p6p5p4 p3p2p1p0
Gg, lPB3 Gg, l Pe, Gg, l Pl Gg, l Peo (234
Ges CGengs CGenco Level 1
P..G
Pssp BZG — G,,
PsspszpslG — P_G,, G,,
PBspBZPBIPBO — Pg,Pei Gy — PaiGeo . C
=" ez 61 B0 Pe2Pe1Pao Co P1Pgo Co Pgo Co <_O
Ci6 Cio Cq C, (3)54
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Delay calculations of 2-Level CLA (1)

Ji5.10  Pis:a2 Ji1:8 Pii:s 9d7.4 P74 dz.0o P3.0 114
lookahead ‘ ‘ lookahead ‘ ‘ lookahead ‘ ‘ lookahead ‘ ‘
3)5A c c C C C
()54 T CGeng; +— CGeng, <«— CGeng, «— CGengo 4%,) 02
(4)7a4 #16:13 ‘Cn:g ‘CB:S ‘C4:1 (4)34
for sum bits Y5 for sum bits YG for sum bits VG for sum bits YG
B3 P,, B2 P,, B1 P,, BO P,,
|
GB3:01 Pgs. (2)34
Y
CGengo
{CIG’CIZ’CB’C4} GGO PGO for a next level group 3)54
(5084 Si6:13 = C16:13® Di6:13 S12.9 = C12.9® P12.9 Sg.5 = Cg.5® Pg.5 S41=€4,9D,., (5)44
Carry Lookahead Adder 39 Young W. Lim
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Delay calculations of 2-Level CLA (2)

Starting at time of zero:

 calculation of p;and gi is done at time 1,
 calculation of the Pg is done at time 2,
 calculation of the Ggi is done at time 3,
 calculation of the inputs for the CGeng; from the CGeng, are done at:
e time O for CGengy,
e time 5 for CGeng;, CGengz, CGengs,
 calculation of the S; are done at:
e time 4 for Sumgo,
e time 8 for Sums;, Sumsz, SuMEgs,
 calculation of the final carry bit (ci6) is done at time 5.

The maximal time is 8 gate delays (for Sp.s)).

https://en.wikipedia.org/wiki/Carry-lookahead_adder

Carry Lookahead Adder 40 Young W. Lim
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A Variation of 2 Level CLA

Ripple Carry Adder
+ Carry Lookahead

S. & D. Harris, Digital Design and Computer Architecture 2™ ed.

Carry Lookahead Adder 41 Young W. Lim
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Block Carry Generators

915:12 Pis12 9i1:8 Pi1.s 97.4 Dy.4 ds.o DPs3.9

R ¥ S T R

C16 C12 Cg
<4 CGB:,v <4 CGBZ <4 CGBl <4 CGBO <4+— CO

block carry block  block A simplified carry lookahead circuit
generators carry in carry out
Cout Cin computes block carry output much faster
CGes c, c, than a ripple carry adder block does
CGe: Cq C, ...
cG C C Whereas the traditional carry lookahead adder
B2 12 8 :
CGus c c computes all the carries,

the simplified carry lookahead circuit
computes only the block carry output

https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf
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A 16-bit adder using four 4-bit Simplified CLA’'s (1)

A5 Disp a5 Dbyg a, b,, as., by,
£ B3 |« B2 Bl <+ BO
515:12 Sll:8 S7:4 S3:O
Ji5:12 Pis:12 Ji1:8 Pii:s 7.4 D7.4 ds.0 Ps.o
Yy v Yy v Yy v Yy v
< Coe CGegs < s CGa2 < c CGeg: < . CGgo ‘E_
B3, B2, B1, BO : 4-bit ripple carry adder blocks
CGags, CGgz, CGg1, CGgo - 4-bit block carry generators
Cis, C12, Cs, C4 . block carries
Carry Lookahead Adder 43 Young W. Lim
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A 16-bit adder using four 4-bit Simplified CLA’s (2)

Ripple Carry Adder Ripple Carry Adder Ripple Carry Adder
Block B3 Block B2 Block B1

Ripple Carry Adder
Block B0

| - RARD AeRE  BEOG
R I O

o
o

il
T

16 C C 4 0
12 < 8 « -~

16 = 4-4 12=4-3 8=42 4=4-1
Block Carry Generator Block Carry Generator Block Carry Generator Block Carry Generator
CGg3 CGs: CGg: CGsgo

As soon as the block carry input ci, and g;’'s and p;'s are available,
a carry lookahead operation can be performed

in parallel with a ripple carry adder operation

https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf

Carry Lookahead Adder 44

Young W. Lim
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A 4-bit Ripple Carry Adder Block BO

a, b, a, b, a, b, a, b,
U, J J/ J
g3 p3 gz p2 gl p1 go po
Ps P, Py Py
I I I
S S S S

when gi's and pi’s are available,
the critical path : ¢4 — C3 « C2 « C1 « Co: 8 gate delay

https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf

~

parallel
computations
of gi's and p;’s

serial
computations
of ¢i's and S;'s

Carry Lookahead Adder

oA 45
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Two ways of computing a block carry (1)

Cy = gz+ P39y, * P3Pr9g:+ PsPrP19o+ P3P2P1PoCo

Method 1 : using multiple 2-input gates

Cy, = gzt p3(92 + p2<91 + pl(gO + D Co))) In a ripple carry adder,
to compute sum bits Ss, S,, Si1, So,
c, c, c, c, & carry bits c4, cs, ¢z, ¢ must be computed
P, P, P, Py

Method 2 : using multi-input gates

-G p As gi’'s and pi's are computed in parallel,
Cy = GpotEpCy -
Ggo and Pgo can be computed in parallel

Ggy = g3+ P39, + P3P2g: + P3PoP19o

P,y = PsP,P.Ps the path from c, to c, is much smaller,

compared to the 15 method

Carry Lookahead Adder 46
(2A)

Young W. Lim
11/6/25



Two ways of computing a block carry (2)

Method 1 : using multiple 2-input gates C, = g5+ P3(go+ py(gy + pi(go + PoCo)))
the carry path
C, C, C, in a ripple carry adder block
9; 4 9, 4 9,
Cout = C4 C0 =G

Method 2 : using multi-input gates ¢, = Gz, +Py,C, Ggy = g3+ P39, + P3sP2g; + P3P2P19,
Pgy = D3DP,P 1D

GBO 9, 9, 9, 9%
Cout = C4 _p3 _p2 _pl
P
BO p3 p2 pl pO a carry lookahead
__C | C_ I circuit
_I CO = Cin
Carry Lookahead Adder 47 Young W. Lim
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A Ripple Carry Adder Block and a Block Carry Generator

a ripple carry adder block

e

0
|

Cout Cs C, C,
4

Ps P2 Py

Po

Ceo 95 9, 9,

a block carry generator

Method 1 : using multiple 2-input gates

Cy, = g3t p3(92 + p2(91 + p1<go + poco)))

Method 2 : using multi-input gates

C4, = GpotPpyCy

Gpy = g3+ P39, + P3P2g, + P3PoP19,
Pgy = P3P,P1DPo

Carry Lookahead Adder
(2A)

48

Young W. Lim
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After all g/'s and p/'s are available

The longest path : the path from Ci, to Cou: - 84

the carry path
in a ripple carry adder block

9,
Cout C4 C0 Cin
GBO gS gZ gl gO
a carry lookahead
circuit
C C
out 4 _p3 —p2 pl
P P, P, P, P,
T 4 ;I after gi’s and p;'s are available,
— it takes 64 to compute Ggo
c And 1A delay to compute Pgo
C .
0 n

the longest path : the path from go to Cou: : 74

the shortest path : the path from ci, to Cou : 24 A = a gate delay

Carry Lookahead Adder 49 Young W. Lim
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After all Ggi's and Pgi’'s are available

Gg| 95 9, 9, 9
a carry lookahead
circuit
C C
out 4 _p3 _p2 _pl
Pao P; P, P, By
| I | (6+1) gate delay is sufficient
? to compute Ggoand Pgo from a; and b;
c, Ci, I.e, after (6+1) gate delay,

both Ggoand Pgo are available

after (6+1) A, Ggolis available.
after (1+1) A, Pgois available.

When Ggo is available and thus and Pgy is available,

the longest path : the path from ci, (= Co) to Cous (= C4) 1 2 A
the path from Pgo tocout (=Cs):2A4

the shortest path : the path from Ggo tocou(=Cs) 1A

Carry Lookahead Adder 50 Young W. Lim
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Block Carry Generator BO

Cy = gs+ P39, ¥ P3sPr9g,+ PsPrP19o+ P3P2P1PoCo N

Ggy = g3+ P39, + PsP2g: + P3PoP19,

CGeo

a block carry generator B0

P,

60 P, P, P, P,
Pgo = DP3DP2P1Po I
-
CO
€y = GpotPpCy
Ggo€g, : 6A Pgo€p, @ 1A
Ggo€g, : 5A Gpo€p; @ 6A Po¢p, : 1A
Ggo€9g, : 3A Gpo€p, @ 4A Po,¢p, : 1A
Gpo€gs : 1A Gpo€py @ 2A Pgo€p; @ 1A
delay(c,«g,) < 7A delay (Gz¢g,) < 6A
delay(c,¢p,) < 7A delay (G,,¢p,) < 6A
delay(c,¢c,) = 2A delay(Pg ¢ p,) = 1A
Carry Lookahead Adder 51 Young W. Lim
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Block Carry Generator B1

«— CGBl —

a block carry generator B1

Cg = g;* P;gs * P7P6¢9ds + P7PsPs9ds T PP PsP4C4 G G % 9 9
c, (
Gg, = g, + DP;9¢+ D;PsGs+ D7 DPsPs 94 _C - > oo e e
Py, = P;PsPsP SN
B1 7P6Ps Py C

cg = Gy, +PpC,

Gg€g, : 6A Py, ¢p, : 1A
GBl(-QG : 5A Gsl(_ps : 6A PBl(-ps 1A
Gpi€gs : 3A Gp1€ps © 4A P, ¢p, : 1A
G31<'94 1A G316P7 o 2A PBI(_p7 1A
delay(c,¢g,) < 7A delay (G,,€g,) < 6A
delay (cy¢p,) < 7A delay (G,,¢p,) < 6A
delay (ca¢c,) = 2A delay(Py,¢<p,) = 1A
Carry Lookahead Adder 52 Young W. Lim

(2A) 11/6/25



Block Carry Generator B2

— CGpg> —

a block carry generator B2

G, Gu 9o 9 9, Cip = GuutPi119i10tP11P109ot P11 PioPo9s T P11 P10PoPsCs
p]_l p10 p9 —
P., . Gp, = gt Pubiot PPyt P11 PoPseJs
I ! Py, = D11P10PsPs
-
CE
C1p = Gyt Pp,Cy
Gg,€9g,, : 6A Pg,¢py, : 1A
Gp,€ g, @ 5A Gp,€py @ 6A Py,¢p, : 1A
Gg €9, @ 3A Gp,€pyy @ 4A Pg,¢p, : 1A
Gy €9gy 1A Gp,€pny + 2A Pg,¢p,, @ 1A
delay(c,¢g,) < 7A delay (G,,¢g,) < 6A
delay(c,¢p,) < 7A delay (G,,¢ p,) < 6A
delay(c,,¢c,) = 2A delay(P,,¢p,) = 1A
Carry Lookahead Adder 53 Young W. Lim
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Block Carry Generator B3

CGes

a block carry generator B3

Gp3 € g5 -
Gp3€ g
Gps €915
Gp3€ gy

6A
5A
3A
1A

delay(clﬁ(-gi)
dela.)’(cus(_pi)
delay (C16(_C12)

Pis

ﬁ_
N
C12
Pgy¢p, @ 1A

Gps€p;z @ 6A Pps€py 1A
Gps€py @ 4A Ppi€py, o 1A
Gps€pis @ 2A Pps€pis 1A

< 7A delay (G,,¢g,) < 6A

< 7A delay (G,,¢p,) < 6A

= 2A delay(P,,¢p,) = 1A

Ci6 = YGistPi15Gi1atPisP14913F P1s P1aP13912 + PisPia P13 P12C12

Gps = G5+ PisGus + PisP1agiz + PisPia P390
Pp3; = PisPuPi3Pi2

€15 = Gyt PpsCyy

Carry Lookahead Adder
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All Pgi's and all Gg's are computed in parallel

als 15 a14 14 ‘113 13 alz 12 a; by a,y by oA
‘pls 915 P14 Y14 p13 913 P12 912‘ ‘pn 911 Pio 910 Py 99 Ps gs ‘p7 97 Ps 96 Ps Js P4 94 Ps 93 P> 9> Py g1 Po go‘ 1A
- I I I Py, 24
Gaa 74
a b, a, b, a b, a, b,
delay(p;,g, ¢ a,b;) = 1A @ @ @ @
delay (G, € p;,9)) < 6A ‘ delay (Gy €« p.,g, € a,b) < 7A 9; Ps 9, P, 9, P, 9% Py
delay (P, < p;,g,) = 1A delay (P, « p,,g, ¢« a,b) = 2A
Ggo 9, 9, 9, 9
C“_C P P P,
Pao P, P, P, P,
t
-
CO
from a;, b to Ggi, Psi: all in (1+6) A
Carry Lookahead Adder 55 Young W. Lim
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Delay to generate all Ggi and Pg;

 (1+6)A

from a;, b; to Ggj, Psi : all in (1+6) A

Ges 955 914 913 9

P
£3 Pis Pyy Py Py,

1]

()

12

from a;, bi to Ggi, Psi : all in (1+6) A

Gm 9, 95 95 g,

delay(p;,g9, ¢ a,b;) = 1A

delay (G, € p;,9)) < 6A ‘ delay (G, € p,,g, ¢ a,b,)
delay (P, € p;,9;) = 1A delay (P, € p;, g,

delay(c, ¢« G,) = 1A delay(c, « G, <« a,b,)
delay(c, ¢ Py) = 2A —) delay(c, « P, €« a
delay(c, ¢ c;) = 2A delay (c, «c,)

I 1A

from a;, bi to Gg;, Psi: all in (1+6) A

from a;, b to Ggi, Psi : all in (1+6) A

GBO gS gz gl 90

7A
2A

8A

‘2‘ 2 pi, gi : all computed in parallel

Carry Lookahead Adder
(2A)

Young W. Lim
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Block carries are computed sequentially

can compute Cis can compute ci.
after ci2, Ggs and Pg;s are available after cs, Gg2 and Pg; are available
GBS 915 9. g13 9:, Gaz gll glO g9 95

P
£3 Pis Pyy Py Py,

1]

()

12

can compute cs can compute c;
after c4, Gg; and Pg; are available after co, Ggo and Pso are available

GBO gS gz gl 90

to compute block carries, Block Carry Dependencies
Gsi and Ps;i must be available Co » C4 - Cg - C12 — Cy
after 74, delay (G, ¢ p,,g, ¢ a,b) < 7A
Gsi and Ps; must be available delay (Py ¢ p;,g, € a,b) = 2A
Carry Lookahead Adder 57 Young W. Lim
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The critical path for block carries after 7A

from a;, b; to Gg;, Pgi: all in (1+6) A from a;, bi to Gg;, Psi: all in (1+6) A
GB3 GBZ
cls 12
PB3 PBZ
+2A +24
C12 Cs

154

from a;, bi to Ggi, Psi : all in (1+6) A from a;, b; to Gg;, Psi : all in (1+6) A

GBO
C4
PBU
+2A
C
11A 9A 74
delay(c, € ¢,) = 2A delay(c, € ¢,) = 2A > 9A after 74, Ggi and Ps; are available
delay(c, ¢ c,) = 2A delay(c, ¢ c,) = 4A > 11A dela
- )’(Gi € p.g; € ai:bi) = 7A
delay(c,, € c;) = 2A delay(c,, € ¢,) = 6A > 13A delay(PZ € pg € a,b) = 2A
delay(c,, ¢ c,) = 2A delay(c,, ¢ c,) = 8A > 15A l A o
A
+7A
Carry Lookahead Adder 58 Young W. Lim
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Parallel computations for each block carry input

+7A +7A +7A +7A +7A +7A +7A +7A
14 A 12A 10A 8A 6A 4A 2A oA
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
k' TFA =4. TFA
a3 b3 a2 b2 al bl aO bO 4 >
gi éz gzi éz gli él 9 éo Cy Co
Cour| s o o | c, <>
G % % % % % Tano_or
Ps P, P, Po ~
T T T T Cg C, Cq Cs c,»
Gey G, 9, 9, 9 Cqg C,
¢ = P, P, P, |
Pgo P, P, Py P, ~
LQ;I_C%‘ Ci2 Ci1 C1o Co Cs ‘

(] C/n q

Ci Cg N

I

X

&)

o

the critical path = Cg Cys Cua Cia Cizp ol

Q.

three carry lookahead paths + c c "

. 16 12
the last ripple carry adder block path D
< >« > =
K-Tea =4-Tea (N/k'l)'TAND_OR = 3-Tanp or

Carry Lookahead Adder 59 Young W. Lim
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Delays to generate all block carries c4, Cs, Ci2, Cis

ais by ay by aszby apby, ay by a, by a, by ag by a, b as ‘14 b, a, b, a, b, a, b, oA
‘pls 915 PiaY914 P13z Y913 Pn 912‘ ‘pn 91 Pw 9w Py 99 Ps gs‘ ‘p7 97 Ps 9o Ds gs P4 94‘ ‘p3 93 P2 9> DPi1 91 Po go‘ 1A
Gy %Co 74
c, 4| +2 A 11A
e 4/4,24\/ 134
ol 154
last block carry generator
is not be necessary Delay from cg4.i.1) to c4.i : 24, after 7A
GBU g3 gz gl gO
c“_G P P,
Peo Ps P, Py Py
CU
Carry Lookahead Adder 60 Young W. Lim
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The last block carry generator is not needed

| pé pé [3} p% N (2] [:A | p. p%
| | | | l sI | |
only a ripple carry adder is deployed : = = -
without a carry lookahead circuit Pro P.P. P. P,
to trade off between speed and area

Carry Lookahead Adder 61 Young W. Lim
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Computing Si:s, Sis2, Siv1, Si for a block carry input ¢

+7A +7A +7A +7A +7A +7A +7A +7A
14 A 12A 10A 8A 6A 4A 2A oA
\ \ \ | \ \ \ \ \ | \ \ \ | \ | |
K-Tea =4-T,
4 FA FA >
a, b a b a b a b internal carry bits c, Cy c, c, c,
&; FE; L?:t; &; sum bits ~ Ss S S So
g Ps 9, P, 9, Py 9 Po
. ) ) ) block carry out Cs Co
Cji X 3 X 2 X 1 _ g:
P, P, P, Po Tanp_or
Cg C, Ce Cs Cy
| [ | [
S, s, s, S, 57 SG SS 54
GBD 95 9, 9, Y
Cout C8 C4
€= Ps P P
Peo P; P, P, P,
L@;C‘T_(%‘ Ciy Cqq Co Cq Cg

< < < <

Carry Lookahead Adder 62 Young W. Lim
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Delays to sum bits So, Si1, S2, S; from block carry input co

9, P, g, P, g, P, 9 Py
| | | |
C, C, C, C, C, '
— : : ¢ serial
—t — — — computations
P, P, P, P, - ofc’sand S/’s
S, S, S, So
delay (S, « c,) = 1A delay (S, « c,) = 1A
delay(S, ¢ c¢,) = 1A delay(c, ¢ c,) = 2A delay (S, ¢« c,) = 3A
delay (S, « c,) = 1A _I_ delay(c, ¢ c,) = 2A ) delay (S, ¢« c,) = 5A
delay (S, ¢« c,) = 1A delay(c, « c,) = 2A delay (S, ¢« c,) = 7A
from internal carries from block carry inputs from block carry inputs
to sum bits to internal carries to sum bits
https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf
Carry Lookahead Adder 63 Young W. Lim
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Delays for the last block

i+4

Pis Pi

i+3 i+2 Si+1 i

delay(c,;¢c,,) =kTp, =4-2:A

kTea = the carry path delay
in a k-bit ripple carry adder block

delay (S, ¢c,,) =kT,—1 =7A

Unless multi-level carry lookahead methods are used,
in the last block, only a ripple carry adder is deployed
without a carry lookahead circuit

to trade off between speed and area

carries Cis, Ci4, C13 Needs to be computed
for sum bits Sis, S14, S13, S12

the carry lookahed circuit does not help much
in the last block

delay(c,s€cpy) = Taypor = 2°A

Carry Lookahead Adder
(2A)

Young W. Lim
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Delays to sum bits and internal carries

g, P, g, P, g, P, 9 Py
| | | | \
c, C, C, C, c, ‘ '
— , serial
—t — — — - computations
P, P, P, P, - ofc’sand S/’s
S, S, S, S,
delay (S, ¢ ¢,) = 74 74 74 74 74 74 74 74
delay (S, € c,) = +14A  +124 +104 +8A  +64  +4A  +24  +04
delay(S, ¢ c,) = \ ! ! ! \ \ ! \
delay(S, « c,) = | |
K-Tea = 4-Tea
\ \
AND-OR gates Cy Cs C, ¢y Co
XOR gate S, S, S So
+1A [ 4—
+3 A <
’ +7 A 54 4
s, +74 [«
https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf
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Delays to sum bits from block carry inputs

2-3A
=64A

(1+32)A
=74

Carry Lookahead Adder

(2A)

+2A

+5 A

+2 A

+2 A

54

W
=Y

/ // ///
+34 /454
>
y, S 2
//////
’/ +7 A
S;

11A

124

13A

14 A

154

16 A

17 A

184

194

17 A

Young W. Lim
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Tpg1 Tpg_block

Tog - path delay from a;, bi to p;, g 1A
Tog biock - path delay from p;, gi to Ggi, Psi 6/

Tog + Tpg viock - Path delay from a;, b; to Gg, Pkgi 7

. a, b, b, a, b, a, b,
after Tog + Tpg viock, @ll Gui’S, Pyi’S are available. ki
But each carry lookahead circuit can compute ﬁ ﬁ ﬁ @ Tog = 1A
its own cou, Only after ci, is ready. % Pol &7 TP G Pl %0 R
. T =6A
Thus, co —C4s — Cs — C1o forms a critical path, « Pg_biack
after all Gsi and Py are computed (74) 6, o o, o, o

Carry Lookahead Adder 67 Young W. Lim
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TanD OR

Cin — Cout Lookahead circuits Ripple Carry Adder
in the 1% bIOCk, Co —»Cy4 TAND?OR =2A Co —»Cy4 K- TFA =4.2/A =8A
in the 2nd bIOCk, Cs —Cg TAND?OR =2A C4s —Cg k'TFA =4.2/A =8A
in the 3 block, Cs —»Ci2 Tanp or =2/ Cs - Ci2 K:Tea=4-2 A =8A
in the 4t bIOCk, Ci> »Cis TAND_OR =2A Ci> »Cis5 k- Tea=4-2 A =8A

Co — Cout Lookahead circuits Co — Cout Ripple Carry Adder
in the 1% bIOCk, Co —»Cy 1'TAND70R =2A Co - Cy4 1'k'TFA =14-2A =8A
in the 2" block, Co —Cs 2-Tanp or =4A Co —Cs 2:kTen =242 A = 16A
in the 3 block, Co —»C12 3-Tanp or = 6A Co —»C12 3k Tea =342 A =24A
in the 4 block, Co —Cis 4-Tanp or = 8A Co —»Cis5 4.-k-Tea=4-4-2 A = 32A

GBO
from csiptocsiz2A c,

Tano or = 2/ <

Carry Lookahead Adder 68 Young W. Lim
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Delays for each block carry input co, C4, Cs, C12

a ripple carry adder

While carry lookahead operation is performed,
the sum bits are computed by a ripple carry adder

when ¢, Iis available after Tpg + Tpg_block + O-Tanp or
the 1t block’s ripple carry adder and
the 1% blocks carry lookahead circuits can compute in parallel

when c, is available after Tpg + Tpg biock + 1 Tano or
the 2" block’s ripple carry adder and
the 2" blocks carry lookahead circuits can compute in parallel

a carry lookahead circuit

when cs is available after Tpg + Tpg biock + 2 Tano or
the 3" block’s ripple carry adder and
the 3" blocks carry lookahead circuits can compute in parallel

when ci. Is available after Tpg + Tpg piock + 3 Tano or
the 4™ block’s ripple carry adder and
the 4™ blocks carry lookahead circuits can compute in parallel
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TAND_QR*(N/ K- 1)

+2A+2A+2A=(16/4-1)24

¢ _G K
16 p p p
15 14 13 12

B3 p15 p14 p13 plZ

Tcill|

TAND_OR =2A TAND_OR =2A

delay (c,,,) € Gg) = 1A delay (G, € a,,b) < 7A delay(c,,.,, ¢ a,b) < 8A
delay(c,,, € By) = 2A delay(Py ¢ a,b) = 2A delay(c,,, ¢ a,b) = 4A
delay(c,,, ¢ ¢,;) = 2A delay(c,,,, ¢ ¢,) = 2A
computed in serial
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KTra + Tano_or*(N/K-1)

+2A+2A+2A=(16/4-1)2 A

TAND_OR =2A TAND_OR =2A

delay (c,,,) € Gg) = 1A delay (G, € a,,b) < 7A delay(c,,.,, ¢ a,b) < 8A
delay(c,,, € By) = 2A delay(Py ¢ a,b) = 2A delay(c,,, ¢ a,b) = 4A
delay(c,,, ¢ ¢,;) = 2A delay(c,,,, ¢ ¢,) = 2A
computed in serial
Carry Lookahead Adder 71 Young W. Lim

(2A) 11/6/25



Tog + Tpg biock + Tano_or*(N/K-1) + KTra
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Multi-input vs. multiple 2-input gates (1)

multi-input NAND gates vs. multiple 2-input NAND

a trade-off between transistor count, area, and speed,
as well as design library availability.

While a multi-input NAND gate uses
+ fewer transistors
(N PMOS and N NMOS for an N-input gate)
+ a simpler structure,
— slower fall times and
— larger overall transistor sizes.

Conversely, using multiple 2-input NAND gates
— slower overall speed and
— increased area.

Google Al Overview : visi 2-input nand vs multi-input nand
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Multi-input vs. multiple 2-input gates (2)

Structure:

An N-input NAND gate requires
N parallel PMOS transistors
for the pull-up network and
N series NMOS transistors
for the pull-down network.

Benefits:

Reduced Transistors: Uses fewer transistors
compared to cascading 2-input NANDs for the same
logic function.

Pao P; P, P, Py Pyo

l Py
L Lo

P3

Google Al Overview : visi 2-input nand vs multi-input nand
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(2A)

Drawbacks:

Slower Fall Time:
increasing pull-down resistance with more inputs,
slowing down the output's transition to a LOW state.

Larger Transistor Sizes:
wider PMQOS transistors to maintain drive strength,
which can increase the physical area of the gate.

Library Limitations: Standard VLSI cell libraries may
not provide multi-input NAND gates with fan-ins

greater than 4 or 5, limiting their practical use

when compared to 2-input NAND gate

=C

—( =

Young W. Lim
11/6/25



Multi-input vs. multiple 2-input gates (3)

Multi-input NAND: One 4-input NAND: P, 0. p.p.p
where area and transistor count are critical, and 4 p-type transisters t
where the performance impact of slower fall times 4 n-type transistors —
is acceptable. Total 8 transistors
Multiple 2-input NANDs: Three 2-input NAND P,
when speed (fast fall time) is a priority, or 3 * 2 p-type transistors \_G:G:G:p ’
when designing with standard cell libraries 3 * 2 n-type transistors b P "
that lack large fan-in gates. Total 12 transistors
Google Al Overview : visi 2-input nand vs multi-input nand
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Multi-input vs. multiple 2-input gates (4)

multi-input 2-input

.
.

area Am > A .
fall time A, > A,
Peo P, P, P, P, Py,

()
L

area A, < 3-A,
propagation .
delay Am < 3 A2

larger fall time per gate,

but smaller propagation delay in total
similarly, larger area per gate,

but smaller area in total

Google Al Overview : visi 2-input nand vs multi-input nand
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Unequal rise and fall times (1)

interconnect mismatches and unbalanced drivers
- unequal rise and fall times,
- signal integrity issues

e glitches

* delay faults

* increased power dissipation
* logic malfunctions

* reduced circuit reliability.

These asymmetries create

unbalanced parasitic effects,

causing signals to propagate at different speeds
and potentially corrupting the intended logic,
especially in high-frequency, high-density chips.

Google Al Overview : visi unequal fall and rise times cause serious problems or not
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Unequal rise and fall times (2)

Crosstalk and Noise:

unbalanced drivers and

different interconnect lengths

- unequal parasitic capacitance and inductance
- Increased crosstalk.

- unintended voltage pulses (glitches)
or signal delays.

Signal Delay Faults:
unequal transition times
- crosstalk and signal skew
- delay faults,
signals arrive at their destination
later than expected
- particularly detrimental
in high-speed circuits,

Google Al Overview : visi unequal fall and rise times cause serious problems or n

Carry Lookahead Adder

oA /8

Logic Malfunctions:
The introduced noise pulses or delays
— can flip the logic value

- Incorrect outputs

- logic errors.

Increased Power Consumption:
mismatched transition times,
during parallel or in-phase switching

- affect how parasitics are charged / discharged
- Increased dynamic power dissipation

ot

Young W. Lim
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Unequal rise and fall times (3)

Why it's a growing problem:

High-Density and High-Frequency Designs:
as VLSI technology scales down,

chip density increases,

operating frequencies rise.

- exacerbates parasitic coupling

Process Variations:
Random variations in semiconductor fabrication

- differences in interconnect lengths
and driver strengths
- unequal rise and fall times.

To mitigate these issues, designers employ
techniques to balance transition times, control

impedance, and reduce crosstalk,
ensuring reliable operation in modern VLSI circuits.

Google Al Overview : visi unequal fall and rise times cause serious problems or not
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Four cases of Method 2

CaseA-B (2-input, 2-input) 64 3A
Case A - B’ (2-input, m-input) 64 1A
CaseA’'-B (m-input, 2-input) 24 3A
CaseA’- B’ (m-input, m-input) 2A 1A

6A +1A =7A
64 +1A =7A
3A +1A =4A
24 +1A =34A

using multiple 2-input gates

large propagation delay

using multi-input gates

small propagation delay

small power consumption large power consumption
GBO g3 gZ gl go A
A o N — o
P, P, P, 6 TFda 24
2 g
In the book of S. & D. Harris’s book =
B
P, P, PBO Ps P, P, B,
Fg=a=E 4 M S 18
P>

P3

In the book of S. & D. Harris’s book

Carry Lookahead Adder 80
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Case 1l (A-B)

14 A 12A 10A 8A 6A 4A 2A oA
\ | \ \ \ | \ | \ \ | \ \
74 P
a, b, a, b, a, b, a, b, 44 <« g
Pi»9;
\\ i=15,14,13,12
Py, <
G o /
Pi>Y;
‘ i=11,10,9,8
64 ) 2) e
B1 /
Gpy /
Pi>9;
:\ i=7,6,5,4
Py, <
Gy, L/
CaseA-B Pi>9;
Case A-PB’ A i=3,2,2,1
gase Aj— B, P33 A/
aseA’--B /
Gps
Carry Lookahead Adder 81 Young W. Lim
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Case 2 (A-B’)

14 A 12A 8A 2A oA
\ | \ \ \ | \ \
74 | 4
a, b, a, b, a, b, a, b, 20 <P
Pi,>J;
L1 ! | T i=1s1413,12
g3 p3 gz pz gl pl gO pO /
Ggo /
GBO 9; 9, 9, 9 pi > gi
CaseA-B / \ i=11,10,9,8
64  caseA-B’ Py, ~ ‘
CaseA’-B :
Case A’ -- B’ GBl A/
1A
Pi,9;
N i=7,6,5,4
Py, N ‘
Pi» 9i can be computed in parallel Gp, /
Py, Gg can be computed in parallel Di, 9,
N i=3,2,2,1
after Pi> 9; are computed P,, .
In the book of S. & D. Harris’s book GBS A/
Carry Lookahead Adder 82 Young W. Lim
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Case 3 (A'- B)

14 A 12A 104 8A 6A 4A 2A oA
\ \ \ \ \ \ \ \ \ \ \ \ \
74 > 4A « >
a, b, a, b, a, b, a, b, 34« P
Pi> i
i=15,14,13,12
Py :Q
Gy
Pi,9;
i=11,10,9,8
Py, j
Gp
Pi>Ji
i=7,6,5,4
P, <
CaseA-B /
CaseA-PB’ GB2
CaseA’-B
Case A’ -- B’ pi’gi
i=3,2,2,1
Py, :?\
Ggs
Carry Lookahead Adder 83 Young W. Lim
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Case 4 (A’ - B)

14 A 12A 104 8A 64 4A 24 oA
\ \ \ \ | \ \ \ \ \ \ \ | \
7A > 3A « P
a, b, a, b, a, b, a, b, 240 < P
Pi>9;
/\ i=15,14,13,12
P, )
GBO /
i pi’gi
‘ i=11,10,9,8
C“_C Py, ‘//
GBl /
Pi>Ji
i=7,6,5,4
PBz “//
CaseA-B
CaseA-B’ GB2 A/
CaseA’-B
Case A’-- B’ Pi>9Y;
<1 i=3,2,2,1
Py, &
GB3 /
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Delays to generate all block carries c4, Cs, Ci2, Cis

ais bs ay by a; by a, by ay, by ay by ag by ag by a, b, ag by a; bs a, b, a; by a, b, a; by a, b, (13
Pis 915 Puia 912 P13z 91z Pz 92 Pii 911 Pio 9o Ps 9o Ps Ys P39; Ps 9¢ Ps 9s Ps Yu Ps 93 P> 9o P1 91 Po Yo 1A
1)
. (2)
G P

CaseA-B 74 (2) 4A (1) 74

Case A - B’ 7A(2) 248(1) 78

CaseA’-B 3A (1) 4A(2) 4A

Case A’ B’ 3A(2) 24(1) 34
Carry Lookahead Adder 85 Young W. Lim
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Multi-level Carry Lookahead

Overlapping Ce ¢,
i - 6-bit Lookahead -
Contiguous
Bt 4-bit Lookahed . Cs i i
i i GG, PG,
Ciy _ Cqg
- -bit Lookah -
5-bit Lookahead GG, PG,
Ci6 3-bit Ci3 i i
Lookahead GG, PG,
i i Group G's & P's
GG, PG
o SNy
C C
Cis €y Cs noneed = < 4-pit Lookahed =
Carry Lookahead Adder 86 Young W. Lim

(2A) 11/6/25



Contiguous Multi-level Carry Lookahead

C, C,
< 4-bit Lookahead =

c, '

8 4pi
<« 4-bit Lookahed <

GG, PG,
C12 : Cg i i
< | 4-bit Lookahead = GG. PG
1 1
C C
‘i 5-bit Lookahead 4712 (;(;2i iP G2
i i Group G's & P's
GG, PG
po treeddey
Ci6 . Co
Cp, Cg C4 noneed < 4-bit Lookahed =—
Carry Lookahead Adder 87 Young W. Lim
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Carry Skip Adder

k-1)A_, J

(R-2) Dgyip J L%J

Oklobdzija: High-Speed VLSI arithmetic units : adders and multipliers

11/06/25 88
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