PARALLEL CARRY GENERATI ON ADDER 1. FIELD OF THE I NVENTI ON_This i nvention
rel ates to nethod and apparatus for generating the 5 carry birts“for-thé-
sumof two multi-bit inputs. More particularly this invention relates to a
digital integrated circuit-which generates the carry output within a

m ni mum fhunber of gate del ays. 2. ART .BACKGROUND: 10 - Digital
integrawed circuitry, such as ripple cérlr)'/ adders and sel ect carry adders,
that perforns the binary addition ofw o |1 known and
widely used. Each bit of the result z v Gl Joot (% e

corresponding two input bits and the carry-in, which is the carry generated
fromthe sumof adjacent less significant bits and its 15 <carry-in.
However, as the speed of the conputers increase so does the need to
"increase the speed of all the digital circuitry utilized in or with the

conputer. This need is particularly evident in systems which enploy 32 and
64 bit words. Ripple Eﬁ-&,&é&hﬁm% upwar ds of 64 gate delays for a
32 bit adder because ; ' [ ani. fel i }s 20

b E.O Pﬂﬁﬁgr%'bé?gs & mIax*and gﬁ& ?Rgérﬁigb iorHblerating Ihé

dependent on the results rocessin Sser?si gni ficant bits.

"For. exanpl' e, tshe catrybité fdvitihe Sl of thepmoticot inptasinMotepditiculdryathis was a carry
generated by the sumcalculated for bit N-1. Simlarlythe sumof bits N1

i s dependent upofnvention faiates toa digitabintegraind cireuilwhich pengratesthe caryys, t he
cal cul ation of t r eI ' del ayed until 25 the
carrys of the Iersbgtdsﬁ?g‘ﬁtlhﬁ%?ﬁélhgﬁ'[ﬁsuﬁ%%ég%{gtgfgﬁ%d. There are circuits that
| nprove upon the nunber of gate delays. For exanple, in U S. Patent No.
4,682,303, a carry select _adder is described in which, for exanple in a 32
bi{_£ase, the | o#-16 BBIRACKGBOMMDI and two sets of the -2-

10 Digital integrated circuitry, such as ripple carry adders and select
carry adders, that performs the binary .addition of two input values are
well known and widely used. Each bit of the result is calculated from the
sum of the corresponding two input bits and the carry-in, which is the
carry generated from the sum of adjacent le_ss significant bits and its

15 carry-in. However, as the speed of the computers increase so does the
need to increase the speed of all the digital ciréuitry utilized in or with the
computer. This need is particularly evident in sy‘stems which employ 32
and 64 bit words. Ripple carry adders require upwards of 64 gate delays
for a 32 bit adder because the processing of the more significant bits is

(Y _ 20 dependent on the results of the processing of the lesser significant bits.
For éxample. the sum of bit N is dependent upon whether there was a
carry generated by the sum calculated for bit N-1. Similarly,the sum of
bits N-1 is dependent upon the carry generated from the sum of bits N-2.
Thus, the calculation of the more signiﬁcént bits must be delayed until

25 the carrys of the less significant bits are calculated. There are circuits
that improve upon the number of gate delays. For example, in U.S.
Patent No. 4,682,303, a carry select adder is described in which, for
example in a 32 bit case, the low 16 bits are summed and two sets of the



upper 16 bits are calculated, the first group having a carry in signal, of
zero and the second group having a carry in signal of one wherein the R
out put generated during the carry out generated due to the cal cul ati on of
the lower 16 bits determ nes which result to choose. The '303 patent 5
further optimzes this concept by breaking down the size of the 16 bi{
groups further into three sets of 8 adders. The patent describes ci I’(}l;dtl’y
in which the gate delays are decreased %o 18 stages for a 32 bit

conput ati on. However, this nmethod requifés extensive and conplex circuitry
and 18 gate delays is a still an undesirable nunber of delays. 10 U S
Patent No. 4,764,886, discloses a hit slice adder. The adder disclosed is
simlar to a rip{pPer &@PF?%&G&!‘FUWB@ thadrst group having A carneingtignal ofed | n
parall el for ea yl I o V- |n has a
val ue of zero aﬁ% (?Eg& g‘gasée de@h%&!:@rsar )(%'Igﬁin a“?/glfﬁghg%ifgﬂ{e

output is nulti de@emﬂateddmrugaweérmeurgeneratbd Uused thet calguidtion dfhe out put
val ue. Although this nmethod f her decreases the tine required for a 32

bit cal cul ation,th ?I‘Fé"eédﬁé"sﬁﬁ’mimédlh"?@ﬁ@f 19 ‘3‘89?9 alee 3ePPateMt nunber of
gate delays to %ﬁ-%{#‘l ﬁ-n;}%tsﬁﬁig%%@ez: B{?break» HownNYE3Y oPthe {6pit NVENTI ON It

is therefore an 0 |nven ion to provide a paraIIeI carry

generator in whigrbupserthed mtoltatemts)bfahudmrme patent deseribes ciroultr ned in a
m ni mal nunber of gate del a s w thout severel i ncreasi ng t he anmount of
S

| ogi ¢ circuitry ipadightba gal d‘f'%”f%f?tdﬁﬁﬁeaé?ﬂ f%%‘?gﬁﬁ for g ent invention
o ot et B R
paral l el carry gsrotgtand ta‘gata dofaye trastil av endésiableaiumbeniobdelays. -\
10 U.S. Patent No. 4,764,886, discloses a bit slice adder. The adder
disclosed is similar to a ripple carry adder but two calculations are
performed in paraliel for each of the individual bits - the case where the
carry-in has a value of zero and the case where the carry-in has a value
of oné. The output is multiplexed with the actual carry in bit selecting
15 the output value. Although this méth_od further decreases the time
required for a 32 bit calculation, the adder still requires at least a

significant number of gate delays to perform the calculation.

¥



10 the carry for. a mbit nunber within [err] + 1 gate delays where nis
smal | est binary ordered nunber greater than or equal to m Thus in the
parall el carry generation adder of the present invention, the sumis
calculated in [err] + 2 gate delays and with respect to a 32 bit addition,
t he ‘progess can be performed in as little as 7 gate delays. This is 15

achi evedwhy breaking down the 32 bit word according to binary ordered -

val ues and cascadi ng portions of the cal culations required wherein the
carry generated for the nost significant bit of the |lower binary ordered
group is used to calculate the carrys fo8 the bits in next higher ordered
group By ordering the bits and the logic circuitry in this manner, the 20
anount of gate delays to perf QUMMARY OF VTHE ¢NVENTPON s M ni rmi zed wi t hout
excessively increasing the anount of logic. The logic required to construct
the parallel carry genibiedherefase aﬂl?@leﬁ?@fslbﬁpquﬁmelnvﬁnfo‘ﬁﬂrﬁ%?"ims’ecmar acterized

hnerat eg 1 or 1 aoPREIBRHS, dehera F Wi UHSRELRLIELER S Bip dafbe 10,
if m=n =0, then Bﬂérh']ed-mﬁaﬁ'hunallnﬂmbﬁéfdaﬁbHé]ﬁysSwmﬂ‘thsev&el? the lar gest
bi nary nunber (e.g. 1, 2, 4, 8, 16, . ) Less than or equal to n-m

[err] is the carr ywmasmetherammt QSI'OGW@WMUV requineds i cant bit 5 of the

| over ordered 9rou " AR e BY e el IFBGR Sbie b o1

the individual addady genaétobmh[raéf be s®with sLén alithaidtic [cﬁéduis sgeH err];

- as adders, subtracters and comparators.

- _ The parallel carry generator of the present invention calculates

10 the carry for a m bit number within logan + 1 gate delays where n is
smallest binary ordered number greater than or equal to m. Thus in the

- parallel carry generation adder of the present invention, the sum is

calculated in logzn + 2 gate delays and with respect to a 32 bit addition,
the proc;ess can be performed in as little as 7 gate delays. This is

15 achieved by breaking down the 32 bit word according to binary ordered
values and céscading portions of the calculations required wherein the
carry generated for the most significant bit of the lowérbin_ary ordered
group is used to calculate the carrys for the bits in next higher ordered
group By ordering the biis and the logic circuitry in this manner, the

20 amount of gate delays to perform the carry calculation is minimized

without excessively increasing the amount of logic._

The logic required to construct the paraliel carry gen’eratbr of the
present invention may be characterized by the following récursive
25 equation wherein the carry-out ("C") is generated for two words, A and
B. |
Con=Cmm+p1*ORm+pn)+Cmaspn
where.ifm=n,thenCm n=(Am-1 *‘Bm.1);



"+" is the |l ogical OR operator and represents the | ogical -AND 10
operator; [err] represents the |ogical AND function of the individual

|l ogical OR of bits [err] and [err] through [err] and [err] and is :
represented by the follow ng equation: [err] 15 where: if i j, then_[err]
and k = the largest binary nunber |less than or equal to j- i. Using.the

above equations as a guideline for organizing the cascadi ng bl ocks Of¢
circuits, the carry bits for a 32 bit word can be 20 generated in as
little as 6 gate delays. Simlarly, pargllel carry generation adder circuit
utilizing the parallel carry generator oOf the present |Invention may be
characterized by the followi ng equation: [err] where XOR represents the
excl usi ve OR f ulfah =an=0stheq G f1op o Sany Hel (Gptorthe giecuit; at | on adder circuit,

t he cal cul ati on of .tthe sum,of 32 bit, word e calqylated in as Jittle
as 7 gate del ay®=the '3_"995‘3}52?%"@%@51%%‘@% w*g@%&uﬁé@&m&'@ﬂf’@ ts,
features and adygpispges of the parallel carry generator of the 5 present
invention will be apparent fromthe foll ow ng detailed description of -the

preferred enbodi ment Cimmulpi-glis thel cadfgrout gehératedrbyt the meost significantcbiyy | ogi cal
: g?;:ﬁ: ggf i f_.,ﬂ sg](ca %ﬂ@t |3w2‘r Sraered gr%gp 5‘1%%%%3% nlots_ h%.vg ltoogg rgcgo%%rtj?é@ gyhovm ng the
the higher ordered group of bits;.
~ C m+pnrepresents the carry-out bi_t generated from the individual
addition of bits A m 4+ p-1 through An-1 andB m 4 p1 10 B g ; -
“+" is the logical OR operator and **" represents the logical AND |
10 operator; | | |
OR m 4 p, n fepresents the logical AND function of the individual
logical OR of bits A m 4 p-1 and B m 4 p-1 through A p.1 and B .1 and is
repg’asented by the following eqpatioh: _
ORj,j = OR{,j+ k-1 *ORjak,]
15 where: ifi=], thenORj,j =Aj.1+Bi1 .;and
k = the largest binary number less than or equaitoj-i

Using the above equations as a guideline for organizing the
cascading blocks of circuits, the cary bits for a 32 bit word can be

20 generated in as littie as 6 gate delays.

Similarly, paralie! carry generation adder circuit utilizing the
parallel carry generator of the present invention may be characterized
by the following equation: _ _ .
25 Outq = (Aq XOR Bg) XOR Co.q
' where XOR represents the exclusive OR function using the parallel
carry generation adder circuit, the calculation of the sum of 32 bit words
can be calculated in as little as 7 gate delays.



par.al | el carry generator of the present invention. FIGURE 3 illustrat es an
enbodi nent of the circuitry of the 15 parallel carry generator of the

present invention. FIGURE 4 illustrates the logic calculation for Carry-out
bit 7 representative of the enbodinent illustrated in Fig. 2. 20

FI GURE 5+s an parallel carry generation adder circuit incorporating the
par al -efs¢arry generator of the present invention. -6- DETAI LED

DESCRI PTION OF THE INVENTION I n the present description, the follow ng
conventions will be utilized to describe th% paral l el carry generator of
the present invention: 5 the carry-out biT "h" refers to the carry
generated fromthe Inputs [err] and [err] and carry out bit 0 Is equal to
the carry-in to the circuig DESCRIFE DR AWINGES ts which are
typically utilized in adder ci rcur ts subt ract er cr rcur ts and conpar at or
circuits may be 10 thought of in ternms of the |ogical equations
illustrated in Fig. 1. For exanple, the carry-out bit O [err] is equal to
the C. The carry-giito S
considered to be an lﬂﬁté \r@%%f"% Eﬁtaﬁé% g‘rtﬁ‘ g %“(')'a‘;%’é'fﬁe"r"]@?%”‘f'gﬁ bit 1
[err] may be tsougréesent 3nveaﬁcﬂrwilrb9 apparenn&oﬂﬂheulowmg detgjledadesérﬂﬂ[ﬂonfoflme 0
of the first input A and bit 0 15 of the second input B (hereinafter
referred to as AND®PRTEEeMbeMAimentinwhight h t he | ogical OR of bits 0 of the A
“input and bit 0 of the Binput ("ORO) logically ANDed with the carry-in :
bit to the circuit (see line 31), Simlarly, the carry-out bit 2 may be

t hought of as the | ogi EGURED itiisttatés ate ¢xxeamplay logited aquatidnstitbgehegptecal OR
of bits 1 ANDed with the |logical 20 AND of bits 0 (see 33) ORed with the

| odigal OR of bit<®%ANDED with the logical OR of bits 0 ANDED with the:
carry-into thl% circuit (see 34):

FIGURE 2 is a block diagram Showing the organization of the

paraliel carry generator of the present invention.

FIG_URE 3 illustrates an embodiment of the circuitry of the

15 parallel carry generator of the present invention.

FIGURE 4 illustrates the logic calculation for Carry-out bit 7

representative of the embodiment illustrated in Fig. 2.

N .20 " FIGURE 5 is an parallel carry generation adder circuit
incorporating the parallel'carry generator of the present invention.



&
Further exam nation of the |ogical equations for the carry-out for bits 2-5
illustrated in Fig. 1 set forth a pattern in the calculation of the carry
out bits which the parallel carry generator of the present invention takes :
25 advantage of. The equations for deternining the carry out bits of the
more significant bits incorporate the equations for determ ning t he’ rry-
out bits for the lesser significant bits. For exanple, it can be se®&#& that
the logic for determining carry-out pbit 1 Is incorporated into the logic
for -7- the carry-out bit 2. SimParly the logic to determine the
carry-out bit 3 |ncorporates the logic fronicarry out bit 2. In the
paral tel carry generpgEgp RS FITION)i C 5 circuitry
required to calculate the carry out lItS 'S organizeo such that the bits
are grouped in ascending binary order. That is, the bits are grouped

according to the fqll.0 'n L Qn: 0.2 n +1 - eren O, 1, 2,
3, 4, I52tc For e I g%fﬁgtégwoﬂi %e?oi[aﬁg_cqr;vepgort]shvguy]rst group,
carry-out bitsyfzed (oZéesanA 1Hespér§llél LEAP Gendraior oM pruserdinvenied: bits 4-7 10

([err]=4), carry-out bits 8-15 ([err] = 8), carry-out bits 16-31([err] =
16) etc. A ilthasarrpoutibit 'n"reigrs 1 the maengratedﬁrom thedrpueAarat ed from the

" nost significant its of ,the | rder UI|LZ as the carry
in signal to t3nd |“gﬁe?"q)??fgr%‘8\l\§ Lﬁ)eq"éﬁ ?‘?‘r& f%é’ to cal cul ate
the portion of the |ogical equation corresponding to the | ower order bits.-
This is 15 further illustrated in Fig. 1. The logic for the cal cul ation of

carry 1 may be | ncdhpmalcutation of thet ¢arny bitsi whithvare typicaby tilized iron of carry- out
IR R T N S AR
R e b iy A A AR
exam_ple. the carry-out bit 0 (Co) is equal to the Cl. The carry-out
derived from input bits Ag and Bg which is considered to be and will
hereinafter be referred to as the carry-out bit 1 (C4), may be thought of,
referring to line 30, as the logical AND of bit 0 of the first input A and bit 0
15 of .the second input B (hereinafter referred to as AND 0) logically ORed
with the logical OR of bits 0 of the A input and bit 0 of the B input ("ORC")
logically ANDed with the carry-in bit to the circuit (see fine 31),
Similarly, the carry-out bit 2 may be thought of as the logical AND of bits
1 (see 32) ORed with the logical OR of bits 1 ANDed with the logical | 3
20 AND of bits 0 (see 33) ORed with the logical OR of bits 1 ANDED with o/
" the logical OR of bits 0 ANDED with the camy-in to the circuit (see 34).
Further examination of the logical equations for the carry-out for bits 2-5
' fllustrated in Fig. 1 set forth a pattern in the calculation of the carry out
bits which the parallel carry generator of the present invention takes
25 advantage of. The equétions for determining the carry out bits of the
more significant bits incorporate the equations for determining the carry-
out bits for the lesser significant bits. For example, it can be seen that
the logic for determining carry-out bit 1 is incorporated into the logic for



triangles 38, 40, 42, 44. Thus, a nminiml anmount of logic is required to
conplete the | ogical equation for the generation of the carry-out bits
within the group and this 25 logic is calculated. during the sane tine
period the lower order carry bits are calculated. In addition, the
carry-ouk bits for each of the higher order group of bits is cal cul ated
within ®Re additional gate delay of the | ower order group of carry-out
bits. The one additional gate delay is utilized to .- "logically conbine the
- nmost significant carry-out bit fromthe I'ower ordered group with |ogic
generated in the higher ordered group. It |Is preferable that the logic
circuitry wthin thacarrgrootipit 2f Similasly hise Ipgigdaidetariming the pamy-pat bih® anount of
logic circuity required vvit}‘hi'n_e chﬁg{_o%ﬂ g,o 5 generate the required

| ogi c. The | ogi c ReRfRPrRIARS 18 login tem FaryoNtbib2r al el carry generator of the
present invention nmay be characterized by the follow ng equati on wherein
the carry-out (C) is generated for two words, A and B. [err] where:if nen
then [err] if m= n =(0ntHeparajetcairy generalar of/tho prédain} inventiomethe logiei t; p =
the | argest binary nunber (e,g. 1,.2, .4, 8 16, 32 . .. ), le t han or
equal to n-m 315 éfnlcg\uy]reggigq%tg @g“f@}a m%ﬂfﬂé‘l‘a'?'@dswgac'\'\)@drﬁ%ﬁ@‘gni fi cant
bit of the |ower | i n DOL v b uted by the
hi gher ordered gr‘gé%ﬂ%?p%g{og?.&j }N}rs‘re "%ﬁ'gggrﬁ'@f ﬁgaggfﬁ‘;[%%it gener at ed
from t he indi vi dugrbupattia¢doadingfo this tfalloving §quatiom:02 @ito RdY+1]- taysthdremrd t hr ough

err] 20 "+" is the |ogical OR operator and repr.esents the | ogi cal AND
E)per!at or: 0,1, 2,374, Setc. Forb it 1 Pz°=1)nis the first grogp.

xample,carry-out bit
carry-out bits 2-3 (21 = 2) is the second followed by carry-out bits 4-7
.10 (22=4), carry-out bits 8-15 (23 = 8), carry-out bits 16-31(24 = 16) etc.

As illustrated in Fig. 2, the carry-out signal generated from the most

\

significant bits of the lower ordered group is utilized as the carry in signal
to the higher ordered group, eliminating the need to calculate the portion
of the logical equation corresponding to the lower order bits. This is
15 further illustrated in Fig. 1. The logic fdr the éalcu!ation of carry 1 may
be incorporated into the logic for the calculation of carry-out bits 2 and 3
and thereby eliminating the need to repeat the identical calculation
(represented by triangles 35 and 36). Similarly the logic for the
calculation of carry-out bit 3 is inoorporated"into the logic for the
w .20 calculation of carry-out bits 4-7 and replaces the calculations within
triangles 38, 40, 42, 44, )

'Thus,l a minimal amount of logic is required to complete the logical

equation for the generation of the cany—out' bits within the group and this

25 logic is calculated during the same time period the lower order carry bits

are calculated. In addition, the carry-out bits for each of the higher order
group of bits is calculated within one additional gate delay of the lower

order group of carry-out bits. The one additional gate delay Is utilized to



[err] represents the |ogical AND function of the individual l|-ogical OR of
bits [err] and B m+ pthrough [err] and [err] and is represented by the
foll owi ng equation: [err] where: if iz then [err] and k = the | argest

bi nary nunber |ess than or equal to j-i. -9- Fig. 3 is illustrative of
ari enbodi nent of the parallel carry generator of the present inventignh, The
circuit shown generates carry- out bits 0-7 (carry-out bit 0 is the A&
carry-in bit to the circuit). As can be seen fromthe circuit, the tota
nunber of gate delays to generate the s “carry-out bits is equal to four.
In the technol ogy used in this enbodinent, the AND/OR pair, for exanple the

ANDY CR Pai 1| ok S b insrdighinchnt Sarfy O 618 tin o @G gate del ay. In

order to clari e correspondenc et wee e circuit and the above
equat i ons whi cérdersargroem with iegic genesated in the higharwrderéd growpgdt iss have been

| abeled to 10 indicate I-ogi cal | f\ém\/\,hat_ t he signal represents at. the output
of the gate. Fefefasabiathat the lggic dircujty within sach group ot bils be grganized g 45 i s

representativ : Y toebH & pPhysi cal '
representati Oﬁtogi-nmﬁﬁgé g’?"f%’ﬂ?‘t‘"‘ids'%&?f?@wgﬂ‘éﬁ"@ggwfﬁp‘f%’{’@ng t he | ogical -
organi zat i ;s dgaveratedhe requigdtitgic.above equations. it will be obvious to 15

one skilled in the art fromreading this description that, depending upon
the technology (e.g., CMOS, bipolar, ECL etc. ) used, the circuit my be

| ol emont od S NG i ibdig qlined"gaBharilel 48 haloPGhty GaAGsoRRY B ot !

. foll-ows the above | ogic” organi zation el n descri be I'llustrates
t he represent apresent/inggntion ahayube tharastefized Kiptheyfolicing @quationt 7 [err] with
the corres pond‘iﬂggre'r:‘utrgte) %rarr(y)foug ?&)eis %Slté‘%?edrfgﬂ‘ﬂorﬁé’rds. AandB. | ‘\J
10 Crn={Cmmep1*ORm+pn) +Cmspn
where:ifm=n,thenCm n=(Am-1 *Bm-1);
if m = n =0, then C g , ¢ = Carry-in (Cl) to ihe ci_rcuit;
p = the largest binary number (e.g. 1, 2,4, 8, 16, 32. . . ), less than or
equal to p-m; |
15  C mm+p-1Is the carry-out generated by the most significant bit of the

lower ordered group which ddés not have to be recomputed by the

higher ordered group of bits;.

C m + p.n represents the carry-out bii genaratéd from the individual

addition of bits A m + p-1 through A p.q and B m 4 p.1 through B p.1; s

20 "¢ 'is the logical OR operator and "*" represents the logical AND : (o

operator; )

OR m .+ p, n represents the logical AND function of the individual logical

ORof bits Am .+ p and B m 4+ pthrough A .y and B n¢ andis

represented by the following equation: '

25 : om.;som.a-+ k-1 “ORak,|
where: ifi=}, then ORj,j =Aj.4+Bjq ;and
k = the largest binary number fess than or equal to j-i.



t0 conpute each equation. As set forth in Fig. 4, equation 1, Carry-out bit
7 is equal to the Carry-out bit 3 ANDed with ORed bits 4 to 7, ORed with
the Carry-outs of bits 4-7. Carry-out bit 3 [err] is calculated in the

| ower ordered group and is input, at locations 30, 35, 40 and 45 to 25

cal cul ater the higher ordered group (bits 4-7). OR 4, 7 is calculated within
3 gate defays and with the m ni mum nunber of |ogic gates by further
breaki ng the function down to equations 4-6, Fig. 4. The third - 10 -

el ement of equation 1, Carry [err] is sigplified and broken down into the
representative equations 7-10. The conputational elenents [err] are
executed in parallel whereby the calculation requires only one gate 5

del ay more than is nedted ipdlugtiptive) of @e armodimaent pf ePasllel ety t he next | ower
ordered bits (i.€;anefAbf ¥f tﬂUfgr_ eh?in%gﬁm. %he!&rc@ﬁ'%é}&ﬁﬁenér@?s%gﬂger of
.t her eby e 0

| ogic gates are n excessl Vv optimzing noun pace
requi red to inpl esmbits OFZ (carnyeout bit 9risl thencargein ibh go theccicpitiedAséari be circuit
by decreasing the amount of inferconnect between gates. 10 The
paral l el carry gesRandfasm thesgircyit the totalnumbes atgate dalays e gnemte the bt s
follow ng the ui&qjej_ : ' L Ly s tions as
[l1lustrated I ngt he |él§yt§§o?&%i g‘ﬂogp q’ﬁﬁ%?&?ﬁgoéﬁ%@ 'ggﬂtdggenerat or of the

present inventi onembodiment RRANDIOR paid Xobeksvplé e ANDOR Palradentiflesi x | evel s
of .gate delays or to 64 bits, the circuit having seven 15 |evels of gate-

del ays. The carrya®® infigs3 inconmparaiie insonrgatadelays i) oider olanfy fier at or of
e ) yenhdhpfberh St 8 s ohF iAo il L1 €Tt
ci ReUit, the par afdppdsenbthe\tirgain aieb@putléiQnd gatebinhve bper Ribbled td
10 indicate logically what the signal represents at the output of the gate.
For example, "OR11" is representative or OR ¢, 1 and C45 is
representative of Carry 4,5 . It should be evident that this physicél
representation of the circuit is only one way of implementing the logical
organization described using the above equations. it will be obvious to
15 one skilled in the art from reading this description that, depending upon .
“the technology (e.g., CMOS, bipolar, ECL etc. ) used, the circuit may
be implemented using a different organization of logic gates which still
follows the above logic crganization herein d_escribed. |
Fig. 4 illustrates the representative logic calculations for Carry-
out bit 7 (C ¢, 7 ) with the corresponding number of gate delays required
to compute éach equation. As set forth in Fig. 4, equation 1, Carry-out
bit 7 Is equal to the Carry-out bit 3 ANDed with ORed bits 4 to 7, ORed
with the Carry-outs of bits 4-7. Carry-out bit 3 (C ¢, 3 ), is calculated in
the lower ordered group and is input , at locations 30, 35, 40 and 45 to
25 calculate the higher ordered group (bits 4-7). OR 4, 7 is calculated
within 3 gate delays and with the minimum number of logic gétes by
further breaking the tunction down to equations 4-6, Fig. 4. The third



20 O (carry-in) and outputs Carry-out bits O to 7. Bits.0-7 of inputs A
and B are individually XORed together using the EXCLUSI VE OR function )
represented by XOR 110 in Fig. 5. The result of the XOR of the individual -
bits is one input to a nmultiplexer (MIX).. The result of the XOR of the bits
is also Inverted to become the second input to the multiplexer. 25 Fhe
Carry-out bits are used as the select signal to each of the nultipl éxgrs.
For exanple with respect to the addition of bit 1, the first input to the

i nverted-out put MUX 115 is equal tglbh_e i nverted out put of the exclusive OR
of [err] and [err]. The second input'to the MUX 115 Is - equal to the

. output the exclusive OR of [err] and [err]. The Carry-out bit O selects the
- out put of the &lkekehtisf eqliatien 1 fCameq crisrsimpiified land brokes dewndhtotthe zer o, t he
first input, inverted, is thq? otﬁ%lt of the MJX, and if the carry- -out bit
is equal to ont@PrespRtative 8QU3YANF A 10 s sel ected to be output through 5 the

i nverted out put of ynaoMpinatibnal eléfen(CioS o', OR §CPSCqN 73R! | Onal  XOR

function that is typically used in Adder Circuits. Thé advant ageous
over the XOR fexscutedrinipacallet whpteby dhpicaloulation requires anly @nggate del ay to

) , d h ' i red he XOR .
Flncti on. - ThucuoiRy moge pian i pReselp zalchley il oo ERis SR GO, o el ays 1o
execute. 11 iSpgyt Q%Pedﬂ}sf(ﬂl&, Shairyloiitbits2 EP@sﬁg a?ﬁ@éﬂ,ﬁl%‘ﬁuirﬁﬂert&e present

description that the parallel carry generator e present Invention nay
be used i n ot hiegicgatesanetriol ekcassivecthetabytoptimizing Alie ragnaunb ot spacer s, 15

e RS B e Ao RSB LI it o e~
1] e e o5F e ARG BTG et BB el 1511 10 206 103
descri pti ono The parailel carry generator can be easily expanded to any
‘number of bits following the guidelines set forth in the above logic
equations as illustrated in the circuit of Fig. 3. Thué, the carry oﬁt
- generator of the present invention can be expanded to 32 bits, the bircuit
having six levels of gate delays or to 64 bits, the circuit having seven
15 - levels of gate delays. '
The carry-out bits generated using the paralie! carry generator of
the present invention may be utilized for the célcﬂlatipn of a multipliciiy
of functions 'such as the adder circuit depicted in Fig. 5. In the adder
circuit, the paraliel carry generator 100 has bit inputs A'g - A g, Bg-Be,
20 Cl (canry-in) and ouiputs Carry-out bits 0 to 7. Bits 0-7 of inputs A and B _
are individually XORed together using the EXCLUSIVE OR function ;
represented by XOR 110 in Fig. 5. The result of the XOR of the - |
individual bits is one input to a multiplexer (MUX). The result of the XOR
of the bits is also inverted to become the second input to the muttiplexer.
25 The Carry-out bits are used as the select signal to each of the
multiplexers. For example with respect to the addiﬁon of bit 1, the first
input to the inverted-output MUX 115 is equal to the inverted output of
the exclusive OR of A 1 and B ¢ . The second input to the MUX 115 is



-12 - CLAAMS 1. Acircuit to generate carry-out bits of a nulti-bit sum of
a first nmulti-bit input and second nmulti-bit input wherein each bit sumis
derived froma bit fromthe first input, a bit fromthe second input, and a
carry-in bit, said circuit conprising: a first sub-circuit conprising
conponents to generate a | east significant carry-out bit, sai d

| east Siriificant carry-out bit being equal to a carry-in bit to t he
circuit; at |east one second sub-circuit coupled to-said first sub-circuit
to conpute carry-out bits nore significant than the least significant
carry-out bit, each of said second sub-ciTtkits being coupled to one of a
nunber of binary ordered groups of input bits wherein a binary- ordered

group is deternineg |§'s‘ﬂ}baé [ |-ﬂ,gué

t hrough i nput bi ts er r?qﬁmﬂﬁt% Q)‘?cl sal %gécﬁénr{ B - Cl rc%ﬂ sé‘bel ng equal
to the number of biseletts the oupatofewmux11ﬁlmmdﬁnedawbumrtwéqnabw ng
organized in a less significant to nore srt%Hrfrcant order and conprising: a

circuit for gener a2Pidyihe firstipput; ipverted, istheontput etthe MUX. anddf thesayor a
Gonpt ed by an ad; SuLbIFis Kol dhep i SSELRBINDIC IS Ridtfeco e inbi thisLGH! D1 ¢
5 the inverted output of thé MUX 115. The MUX is replaces an additional

XOR function that is typically used in Adder circults. The MUX

advantageous over the XOR function because it requires only a single

gate delay to execute, as opposed 10 the two gate delays required to

execute the XOR function. Thus this 8 bit adder circuit requires only 5

10 gate delays to execute.

It is evident to one skilled in the art from reading the present
descrip_iion that the parallel carry generator of the present invention may
be used in other arithmetic-based circuits including subtracters,

15 multipliers, comparators, incrementor and decrementor circuits.

While the invention has been described in conjunction with the
preferred embodiment, it is evident ihat numerous alternative,
\/ | modifications, variations and uses will be apparent to those slrilled
20 in the art in Iighlt of the foregoing description.



“a first group of conponents to conpute a prelininary carry-out bit for the

respective input bits, said first group of conponents organi zed to conpute
approxi mately concurrent with the conponents of said adjacent |ess
si gni fi-eant—secomnd—sub-ciTcuit which conputes the carry-in bit to the.
second syleci ' umber of gate delays required for the first=group
of corrpoﬂ HﬂﬂﬂmHm I’rbei ng |l ess thampt equal to the nunber of g‘a.g{‘e _
del ays r ar she=- conponents of the less significant second
sub- circuit to conpute the carry-in bit; and a second group of conponents
coupled to the first group of conponenCEAEIMSconpute the carry-out bit for
the respective group of the input bits as the conbination of the
carry-in bit and the output of the first group of conponents, said output
bei ng equal tolsahdcpremifi ey \gananate ramiy-owhibitecohdagnulpiobit
corrpogentg correua_hlt r&tt the Eﬁ{t\"?ﬁltﬁkbitn ml?ltga{aﬁgdeéayhdndmgﬁntm;-sﬁtd t
second sub-circgui conput e carry- ou it fo e respective inpu
bits for the DERBRY. VBEF@ASH SACINPL Gt PR, A8 GRF igace KRAMA nBLE £ { e
nunmber of gatetHel dixray i inped,t @ geber fremt theagegond Hirputy tdwd sacond
.Ssub-circuit. 2 _eirewit of .al ai fu < rising a third
sub-circuit coﬁ%gpgigb gg%ﬁgggﬁ?sg?gbééEcéﬁgﬁé;§§§gﬁulti-bit sum of the
first multi-bia Ehpet saub-cdromdt comprising components to generate a
least significant carry-out bit, said least -

significant carry-out bit being equal to ‘'a carry-in
bit to the circuity '
at least one second sub-circuit coupled to said

first sub-circuit to compute carry-out bits more
significant than the least significant carry-out
bit, each of said second sub-circuits being coupled
to one of a number of'binary ordered groups of input
bits wherein a binary-ordered group is determined

- according to the equation group, = input bits (2n)
through input bits (27*1-1), the number of said
second sub-circuits being equal to the number of
binary groups, each of said second sub-circuits
being organized in a less significant to more
significant order and comprising:

a:-circuit for generating a carry~-in bit to the second W

sub-circuit of a group, the value of the carry-in
bit being the value of the carry-out bit computed By
an adjacent less significant second sub-circuit;

a first group of components to compute a preliminary.
carry-out bit for the respective input bits, said
first group of components organized to compute
approximately concurrent with the components of said
adjacent less significant second sub-circuit which
computes the carry-in bit to the second sub-circuit,
the number of gate delays required for the first
group of components to compute being less than or
equal to the number of gate delays required for the

(



multi-bit input, said third sub-circuit conprising: conponents
representative of logic of a first EXCLUSI VE OR functlon to E OR a
bit fromthe first input and a bit fromthe seco I nput ; and cQ nent s
representative of logic of a second EXCLUSI VE OR f “mm | VE OR
the output™fromthe conponents representative of tnm‘m first
EXCLUSIVE" OR function and t he corréEbOndlng*caFry out b|t _
generated. 3. The circuit of claim2 wherein said conponents representative
of logic of said second EXCLUSI VE CRFEuncilon co es a nultlﬁlexor

havi ng the out put of PRROERSSneRfs FBFre Gﬁﬁatﬁ 1F6§Fc gecend fFplr
EXCLUSI VE OR funct|onlccupmedotooaphtesthenputrgﬂlhhblnuIandlexor and the

f th |
EXCLUSI VE OR T unch: S5eohd, BRoBHCBEOLEHBaRpnts chiprsllLs Pher Pt  ghoup
mul tipl exor, and a c&fr ;ﬁQﬂROIlﬁfttheﬁﬁr%@@Buégr FbSpGﬁd'l‘rlygom it rfaxe the

connected to a sel ectrels@g@tthg therdup ti QlfeXthesallq, ustel egitsl nglét the
IS se ected as the o the nmul ti pl

controlling whi ch Xor
such that if the carF§m§8P35|9“|§ruﬁhgeFaFﬁ¥ﬁ1Wﬁh}?|§%@ nhﬁu@ﬁﬁ?%%e°?
mul tiplexor is the ogheutfirom igheupul 6f plevaporents,fl shedcautpurutblihgi s

set, then the secondnpyqt +40sh8G PHbYiREEALY cgr%geogthQE, said second

group of components computing the carry-out bit in
one gate delay;
‘ wherein said second sub-circuit, to compute the carry-
N out bit for the respective input bits for the binary-
ordered group, utilizes one gate delay more than the
number of gate delays utilized to generate the carry-in
bit to the second sub-circuit.

2. The circuit of claim 1 further comprising a third

sub-circuit comprising components to calculate the

multi-bit sum of the first multi-bit input and second
multi-bit input, said third sub-circuit comprising:

- components representative of logic of a first
EXCLUSIVE OR function to EXCLUSIVE OR a bit from the
first input and a bit from the second input; and

P L components representative of logic of a second
EXCLUSIVE OR function-to EXCLUSIVE OR the output
~from the components representative of the logic of
the first EXCLUSIVE OR function and the
corresponding carry-out bit generated.

3. The circuit of claim 2 wherein said components
representative of logic of said second EXCLUSIVE OR
function comprises:

a multiplexor having the output of the components
representative of logic of the first EXCLUSIVE OR
function coupled to a first input of the multiplexor
and the output of the components representative of



fromthe multiplexor. 4. Acircuit to conpute carry-out bits.(C) of the sum(
of a first multi-bit input (Am) and second nulti-bit input [err] wherein
m n reprEEEﬁT‘é‘raﬁge~eL~bLIs, Am and [err] representing a | east

signific ' multi-bit input and [err] and [err] representing a
nost sig?ﬂ” Im i M‘ﬁme nulti-bit input, wherein the sumis conpti ed
froma bit* fﬂonu | nput, a b|L.1n0n1the second input, and &

carry-in bit, ~said circuit conprising: a first sub-circuit to conpute the
| east significant carry-out bit [err] said | east significant carry- out
bit being equallogixc @f ctheyfinstbEXCLUSIVEnORcifuneittiongt ireeattede

second sub- C|rcnué?%§¥gglééng @e?bﬁ&liﬁ%rgf ?Nthg%ﬁﬁt rcanﬂa%ﬁgk("the

corrponents ) to co ute carry-ou nore Signi
. least signifi cantcaeyowit bbtt senenats tnerngspogdgngfutcmnancmwmut

bits conputed frame@ dbdnddOsatbe Al salebBPYhpud Rt thelPMdIE i nput,
and a carry-in bit,, said at |east one second sSub- circuit bel coup ed to

one of a nunber dtei nAA8les e AP o RO NG b t@%rét'??‘ht bidfary-
ordered group is sklettededsactive diout put thﬂomquﬂte offlul eiplexori ugh bits

(2r) through i oy b t5e e Wirdyldde $1E EPWNLLS AEINY HIF AN S0 2
~input to the multiplexor is the output from the
multiplexor and if the carry-out bit is set, then |
the second input to the multiplexor is the output
from the multiplexor. S

4., A circuit to compute carry-out bits (C) of the sum
of a first multi-bit input (Am,n) and second multi-bit
input (Bm,n)’ wherein m,n represent a range of bits, A
and B, representing a least significant bit of the
multi-bit input and A, and B, representing a most
significant bit of the multi-bit input, wherein the sum
is computed from a bit from the first input, a bit from
the second input, and a carry-in bit, said circuit
comprising: |
a first sub-circuit to compute the least significant’
~ carry-out bit (CO o)» said least significant carry- L
out bit being equal to a cerry-ln b1t to the <
circuit; -
at least one second sub-circuit comprising a pluality.
of AND gates and OR gates ("the components') to
compute carry-out bits, cl,n’ more significant than
the least significant carry-out bit, each of the
more significant carry-out bits computed from a bit
from the first input, a bit from the second input,
and a carry-in bit, said at least one second sub-
circuit being coupled to one of a number of binary
ordered groups of input bits  wherein a binary-
ordered group is = determined according to the
equation group, = input bits (2%) through input bits



compute the following recursive |ogic equation: [err] the conponents being
organi zed in a manner so as to conpute the three conponents of the equation
[err} [err] and Cmtp n approximately in parallel and one gate delay nore
than that_required to generate the carry-out bits Em cent
binary group is required to conpute the val ues of ﬂ"l"lmluemu Im and
where: [fr] represents the value of the.cpgry-out bitcgehertateéd *by the
nost significant bit of the adjacent |ower binary-ordered group of

bits; [err] represents the value of the . carry-out bit generated from
the bit sum hof |b| (2T *Red), ttﬁ:@ugbmﬁbnénald Hedig éogarizéd[ eorlas to
represents the valu ) ution o e AND function
havi ng as i nput valggg$%%e &a% 58335 ggpigﬁYthoéggcﬁﬁF8%18p'the OR
function, said OR functionGggw=k @ma§+guﬂuu Oahugs ﬂhﬁmbg g of the first
nultr-bit I nput and the second. mul t'i - I nput, err] Ad [err] through
[err] and [err] whereby the conponents to conpute OR mtpn are represented
by the equation: [etiEe fosponentshdeingonganizgd Hunbepanges Gﬂaﬁsofm

equal to j-i;.and itomputet Rt kel Eombbﬂeh@%gﬁittﬁ@“@@uﬁilbﬁoc

1,2;4,8, 16, 32 | ess .than or equal, to n- t he.s & E
conponents mhlch)exéeup n+p,n? afd”c Cutp,n prox1m¥te?y 18 Lara?? ?

one gate delay more than that required to generate
the carry-out bits of the lower adjacent binary
group is required to compute the values of the three
elements, and where:
 Cp,m+p-1 represents the value of the carry-out bit

generated by the most significant bit of the
adjacent lower binary-ordered group of bits;

Cm+p n Yrepresents the value of the carry-out bit
generated from the bit sum of bits

An+p-1 through
An-1 and By, 4 to By g

m+p,n Fepresents the value generated from the
execution of the AND function having as input values
the values generated from the execution of the OR
function, said OR function having as input values
the bits of the first multi-bit input and the second
multi-bit input, m+p-1 and Bm+p-1 through A,_4 and

\\/ - B,.1» Whereby the components to compute OR

represented by the equation: :

OR

m+p,n 2T€

ORj, 7ORj, 1+k-1*ORi4k, j
where
k=" the largest binary number less than or equal to
j=i; and if i=j, then ORijaAi_1(+)Bi_1;
p= the largest power of two (e.g. 1,2,4,8,16,32...)
less than or equal to n-~m;
the symbol "(+)" represents components which execute
the 1logical OR operation and "*" represents
components which execute the logical AND operationj
wherein the number of gate delays required for the



. the | ogical
the | ogi cal Al

OR operation and "*" represents conponents which execute

ND operation wherei n the nunber of gate del ays required for

trnary

circuit

conponents "to calculate the multi-b

and second nu

representative of Jufpifinfentfs atglrgb Fﬁonlftyg Eaf 96u9”‘ﬁfk @S YE OR a

bit fromthe first I'nput and e secon I nput and conponents

= 16-_component s conpute the <carry-out bits for a

one gate delay nore than that required to generate
t he ca gﬁ\“ﬂﬂ“ﬂlgnn”lhe | ower, adjacent, binary-ordered group. 5. .The
alm4 further conprising a}éhlrd sub-circuit conpr|5|ﬂgd '

sumof the first multi-bit input

lti-bit input said third sub-circuit conprising: conponents

representative oPH“@Q‘YC%’]de&eéjecSﬁE“EXGLﬁJSPVE detendelay tmorxctbarvE OR -
the output from ttmtcmm&s wpg@xs@f&e&lmeoa‘:afbﬁ-beal Biek biEe thefirst

EXCLUSIVE OR funct t.he correspondi ng carry-out bit
generated. 6. Th&O¥&H ’c@gﬂa %ﬂ%%qﬁrW5Qﬁ§§F§$ﬂ rg conponent s

representatlve of

Ioglc of said second EXCLUSI VE OR function conprises: a

|c of

-mul ti pl exor havi t 4@f 0, v I
the first EXCCUSI % {c)it:jl O(I‘El c%&%“gd@?%%h rsf&f% { ﬁ#é ﬁe(lfr}rlul t1 pl exor
and the out puﬁ@‘qm%nmﬁ@%rmnﬁé ofte calculate the

multi-bit sum of the first multi-bit input and second

multi-bit input said third sub-circuit comprising:

components representative of logic of a first EXCLUSIVE

OR function to EXCLUSIVE OR a bit from the first input

and a bit from the second input and

components representative of logic of a second
EXCLUSIVE OR function to EXCLUSIVE OR the output
from the components representative of the logic of
the first EXCLUSIVE OR function and the
corresponding carry=-out bit generated.

6. The  circuit of claim 5 wherein said components
representative of 1logic of said second EXCLUSIVE OR
function comprises: :

a multiplexor having the output of the components
representative of logic of the first EXCLUSIVE OR
function coupled to a first input of the multiplexor
and the output of the -components representative of
logic of the first EXCLUSIVE OR function, inverted,
coupled to a second input of the'multiplexor, and a

carry-out bit generated correspohding to an input

bit connected to a select input of the multiplexor,
said select input controlling which input is
selected as the output from the multiplexor such
that if the carry-out bit is not set then the first
input to the multiplexor is the output from the
multiplexor and if the carry-out bit is set then the
second input to the multiplexor is the output from
the multiplexor.

K



Iobic of .the first EXCLUSI VE OR function, inverted, coupled to a second
i nput, of the nultiplexor, and a carry-out bit genera%ed~eep#espgndLng_Lo an

i fput’ bit connected to a select input of the nultipl sel ect
i nput controlling which input is selected as tmi ’!I""‘ ma
mul ti pl exor such that if the carry-out bit is not set nput

to the nnﬁilplexor is the output fromthe, ﬁyltlplexor and if the carry out
bit is set then the second input to the nultiplexor is the output fromthe
mul ti pl exor. -17 - 7. Acircuit to generate carry-out bits of the sum of

a first nulti-bity] n&%ﬁ@@léewr@emz&te bidriyublit VBEES1 8¥ (ke SR IGE a

derived froma befkfronlth a bit” fromthe secaond .input and a

carry-in bit, sty WHEEngbélnégPHé cardy. secomd: Muktie dfPRYte
adj acent |ess sigwhéretnt thiet Sunbubst dariakdy feomhar chirbefoom thdefigsred

ijh reference iné&t, ghgl%cggnRaQ%!n%ec%%y T%%ut and a carry-in bit,
the carry~-in bit being the carry-out bit of the sum of
the adjacent less significant bits, substantially as
hereinbefore described with reference to the
accompanying drawings.




