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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
Carry Lookahead Adder 7 Young W. Lim

(2A) 6/30/25



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
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(2A) 6/30/25



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
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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
g3 ' ' ' CGen
_ psgz —0, Sum of Product :
_psngl S ngl g1 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, Sy So
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

(2A) 6/30/25



Block CLA Structures (1)

a15:12‘ ‘bls:u .8 ‘ ‘bn:s

a;., ‘

‘b7:4

PGsgs PGeg> PGg:
915:12‘ ‘p15:12 Jii:s ‘ ‘pn:s 97:4‘ ‘p7:4
Cie C1i2 Cg
<+ CGenss < CGengs < CGeng:
| | |
\/ Y Y
Ci6:13 Ci2:9 Cg:5

C15:12‘ ‘p15:12 Ciis ‘ ‘pn:s

XORss3 XORg:
515:12 511:8
Carry Lookahead Adder
(ZA) 15:12 Sii:s 20

C7:4‘ ‘p7:4

ds.q ‘ ‘b&o

93:0‘ ‘pS:O
Co
CGengy <«—

XORg:

S7:4

4‘

Cyq

C3.0 ‘ ‘pS:O

XORgo
53:0
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
(ZA) 15:12 Sii:8 S7.4 S3.0 6/30/25



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
PB 5 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 oG
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, =g, + PG+ 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
6/30/25

(2A)



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 6/30/25
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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 6/30/25
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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 CGens;
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 SlS S‘12 (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
Carry Lookahead Adder 38 Young W. Lim
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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=€4,9Dp,, (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
+ Block Carry Lookahead

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

Carry Lookahead Adder 41 Young W. Lim
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A 4-bit Ripple Carry Adder

3 3 2 2 1 1 0 0
Y / / /
g3 p3 gz p2 gl p1 go po
C, C, :( c, GC C, GC C,
Ps P, P, Py
| | |
S3 S, Sy So

Critical Path : ¢, - cs - C2-C1- Co : 8 gate delay

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

Carry Lookahead Adder 42 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,
< B3 = B2 BL BO
Si5:12 Sii8 S7.4 S3.0
91512 |P15:12 Ji1:8) P11:s 97.4 | P7:4 9ds.0| P30
Yy v )/ )/ ) J
< Cle CGengs o CGeng: C, CGeng: C, CGengo ‘E
Carry Lookahead Adder 43 Young W. Lim
6/30/25
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A 4-bit Ripple Carry Adder

Cs = 93+ P39s+ P3Pr9:1+ P3PaP19o+ P3P2P1PoCo

95
Cout Cin
Ca Co carry paths
inthe 4 FA’s
GBO 9, 9, 9, 9
carry lookahead
Cout circuits
C,
—P; —P, —P,;
Peo P, P, P, P,
gy S
(<
B c,
¢, = Ggo+Ppycy
Gpo = g3+ P3G, + D3P29: + P3P2P19o
Pgo = DP3DP2P1Po
Carry Lookahead Adder 44 Young W. Lim
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A 4-bit Ripple Carry Adder

the path delay from ci, to c..: : 8 gate delay

95
COUt
C
4 carry paths
in the 4 FA’s
GBO 95 9, 9, 9
carry lookahead
Cout circuits
C
4 _p3 _p2 _pl
PBO Fis P, P; Py
t
\__ Cout Cin
C C
CO C 4 0
in Cs C4
Ci Cq
the path delay from ci, to c..: : 2 gate delay Cy C,,
Carry Lookahead Adder 45 Young W. Lim
6/30/25
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Geo, Pso : Block Carry Generate and Propagate

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

Ggy = g3+ P39, + PsP2g: + P3PoP19,
Pgo = DP3P,P1Po

¢, = GpotPpyCy

CGenBo +—

Ggo€g, : 6A Pgo€p, @ 1A
Gpo€g: : 5A Gpo€p, @ 6A Pyo€p, : 1A
Gpo€9g, : 3A Gpo€p, : 4A Pu€p, @ 1A
Gpo€gs : 1A Gpo€py @ 2A Pgo€p; @ 1A
delay(c,«g,) < 7A delay (Gho€¢g,) < 6A
delay(c,¢<p,) = 3A delay (G,,¢p,) < 6A
delay (c,¢c,) = 2A delay(Py,¢p,) = 1A
Carry Lookahead Adder 46 Young W. Lim
6/30/25
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Gei1, Pe1 . Block Carry Generate and Propagate

— CGenBl —

Cg = g;* P;gs * P7P6¢9ds + P7PsPs9ds T PP PsP4C4

g;+ P;9¢+ P7Psgs + P7PsPs94

GBl
Pg, = DP,DPsPsP,

cg = Gy, +PpC,

Gg€g, : 6A Py, ¢p, : 1A
GBl(-QG : 5A Gsl(_ps : 6A PBl(-ps 1A
Gp€gs : 3A Gpi€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,) = 3A delay (G,,¢p,) < 6A
delay (ca¢c,) = 2A delay(Py,¢<p,) = 1A
Carry Lookahead Adder 47 Young W. Lim
6/30/25
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Ge2, Ps2 : Block Carry Generate and Propagate

«— CGeng,

Cio = 9utP1910tP11P1099Fr P11 P10 P9s9s T P11 P10PoPsCs

Gg, = gt Pudiot PuiPio99+ P11 PioPoIs
Py, = P11 P1oPyPs

Ciy = Gpy+Pp,Cy

Gp,€9gn @ 6A Py, €py @ 1A
Gp €9y @ 5A Gp€py @ 6A Pg,¢py, : 1A
Gp, €9y @ 3A Gpy€pyy @ 4A Py,¢p, : 1A
Gy €9gy 1A Gp,€pny + 2A Pg,¢p,, @ 1A

delay(c,¢g,) < 7A delay (G,,¢g,) < 6A
delay(c,¢p,) = 3A delay (G,,¢ p,) < 6A
delay(c,,¢c,) = 2A delay(P,,¢p,) = 1A
Carry Lookahead Adder 48 Young W. Lim
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Ges, Pss : Block Carry Generate and Propagate

<« CGengs <«

Ci6 = YGistPi15Gi1atPisP14913F P1s P1aP13912 + PisPia P13 P12C12

Ggs = 15+ PisGis * PisP1a9iz + PisPia P13910
Pp3; = PisPuPi3Pi2

€15 = Gyt PpsCyy

Gpz€9g;s @ 6A Py€pp @ 1A
Gps €9, @ 5A Gps€piz @ 6A Pgs¢p,; @ 1A
Gpz€gi; : 3A Gps€pu 44 Pgs€py, 1A
Gg3€g,, @ 1A Gps€pis @ 2A Pgi¢ps @ 1A

delay(c¢g,) < 7A delay (G,,¢g,) < 6A
delay(c,;¢p,) = 3A delay (G,,¢p,) < 6A
delay(c,s¢c,,) = 2A delay(Py,¢p,) = 1A
Carry Lookahead Adder 49 Young W. Lim
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Delay to generate all Gg and Pg

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

GBS gl5 gl4 g13 ng

P
£3 Pis Pyy Py Py,

|

—» U

12

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

GBO gS gz gl 90

delay (p,,g, ¢ a,b,) = 1A delay(c, « G,) = 1A delay(c, ¢ a,,b;) < 8A
delay (G, € p,9,) < 6A delay(c, € Py) = 2A delay(c, € a,b) = 4A
delay (P, « p,,g) = 1A delay(c, « c;) = 2A delay (c, «c;) = 2A
pi, gi : all computed in parallel
Carry Lookahead Adder 50 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 A

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

after Tog + Tpg viock, @ll Gui’S, Pyi’S are available.

But each carry lookahead circuit can compute
its own Cou, ONly after cin Is ready.

Thus, co -¢4 — Cs - Ci2 forms a critical path

in the 1% block, the path delay co — c4 takes Tano or
in the 2™ block, the path delay ¢4 — cs takes Tanp or
in the 3 block, the path delay cs — ci» takes Tanp or
in the 4™ block, the path delay ci1»> — Cis takes Tano or

Carry Lookahead Adder 51 Young W. Lim
(2A) 6/30/25



Tpg1 Tpg_block

Cin — Cout Path delay
in the 1% bIOCk, Co —C4 TAND?OR =2A
in the 2@ bIOCk, C4 —»Csg TAND?OR =2A
in the 3" block, Cs —C12 Tanoor =24
in the 4" block, C1z —Cis Tanoor =24
Co — Cout Path delay
in the 15t block, Co —C4 Tanp or =2A
in the 2@ bIOCk, Co —Cs TAND_OR =4 A
in the 3¢ b/OCk, Co —»C12 TAND_OR =6A
in the 4 bIOCk, Co —Cis TAND_OR =8A
Carry Lookahead Adder 52 Young W. Lim
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A 4-bit Ripple Carry Adder

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

0O 0
)

c
IN

P,

k =4 Full Adders — a 4-bit ripple carry adder

carry lookahead circuit

Carry Lookahead Adder

(2A)

53

Young W. Lim
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Tpg1 Tpg_block

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

the 1% block’s ripple carry adder
starts to computes its sum bits using coafter Tpg + Tpg biock

the 2™ block’s ripple carry adder
starts to computes its sum bits using c, after Tpg + Tpg piock + 1-Tano or

the 3" block’s ripple carry adder
starts to computes its sum bits using cs after Tpg + Tpg biock + 2 Tano or

the 4™ block’s ripple carry adder
starts to computes its sum bits using ci. after Tpg + Tpg biock + 3 Tanp or

Carry Lookahead Adder 54 Young W. Lim
(2A) 6/30/25



Critical paths after 7 A

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

B3 B2

16

+2A +24

12

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 7A

delay(p,,9, ¢ a,b,) = 1A delay(c, « G,) = 1A delay(c, ¢ a,,b;) < 8A

delay (G, € p;,g,) < 6A delay(c, ¢ P,) = 2A delay(c, ¢« a,,b;) = 4A

delay (P, « p,,g) = 1A delay(c, « c;) = 2A delay (c, «c,) = 2A

pi, gi : all computed in parallel

Carry Lookahead Adder 55 Young W. Lim
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TAND_OR *(N/k- 1)

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

C
1 _G Pis Py Py

B3 p15 p14 p13 plZ

Tcill|

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 56 Young W. Lim
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K Tra

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

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 57 Young W. Lim
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A 4-bit Ripple Carry Adder

When c; is available,
all g’’s and pj’s are
already available

Lookahead
circuits
compute Ci:4

Ciisg
= 7A
Si+3 Si+2 Si+1 Si
Critical Path : ci - Ci:1 — Civ2 — Ciss — Sivs ; 7 gate delay
https://upload.wikimedia.org/wikiversity/en/1/18/RCA.Note.H.1.20151215.pdf
Carry Lookahead Adder 58 Young W. Lim
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Psi‘s, Gei's are computed in parallel

ajs bis a, by

Pis 9is Pis YGua

Py,

a;; by,

Pz 913

+7 A

a,, by,

Pz 912

a,; by, a, by, ay by ag by

P11 911 Pio 910 P9 9o Ps s

Py,

+7 A

Carry Lookahead Adder

(2A)

a, b, a; by a; b; a, b,

P 9; DPs 9o Ps 9s DPs gu

PBl

+7 A

59

a; b,

ps

g3

a, b,

)2

Py,

9>

a, by a, b, oA
P1 91 Po 9o 1A

24

9A

11A
+7 A

13A

154

14A

l6A

i8A

204

Young W. Lim
6/30/25



A 4-bit Ripple Carry Adder

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

Carry Lookahead Adder 60 Young W. Lim
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4-bit CLA

G; = ayb, G, = a,b, G, = a;-b, Gy = ay'by  Ppartial
* * +b. Eul
Adder

A

S3:0 GG PG

Carry Lookahead Adder 61 Young6\//g.ol7i2 rg
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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 62 Young W. Lim

(2A) 6/30/25



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 63 Young W. Lim
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Carry Skip Adder

(k=-1)A_, J

(R-2) ASKIP J L%

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

06/30/25 64
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