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(54) Title: FAST REGULAR MULTIPLIER ARCHITECTURE /

(57) Absfract

A mult:pher architecture (Fig. 5) in accordance with the present invention provides increased operating speed, and yet maintains

regularity in its structure (Figs. 3, 12 or 13) in order to achieve a

small floor plan (Fig. 4) when reduced to silicon. A Hekstra-type

multiplier is modified by replacing many of the full adders circuits (F) with compressor circuits (C; Figs. 8-11) in a manner that preserves
the balance of the signal delays between the various propagation paths through the summing stages (SA, MS). The result is an architecture
having a regular layout that greatly facilitates its implementation in silicon.




BACKGROUND ART . A multiplication circuit or nultiplier
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made up o I“x of AND | ogi c gates, each operating on one bit of
a multiplicand and one bit of a nultipliery- (here, the nunber, as
opposed to the circuit), (2) a multiplier array (also called an adder
array) nade up of col ums of adders which reduce the partial products
by 25 sunmation to two words, usualbescepiptiiohhe "sunf word and t he
"carry" word, and (3) a vector merging adder for addi ng the sum and
carry words to result in one output word, the product. Wen
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multiplier, Mx N 30 partial product terns are usually generated
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sum of cross products, i.e. parallel multipliers, and in
particular relates to the architecture of such a multi-

10 plication circuit’s arrangement of adders for summing the
partial products. Architectures optimized for minimum
circuit area and/or maximum operating speed are
especially relevant. Multipliers with balanced signal
propagation deléys for minimizing spurious transitions

15 are also relevant.

BACKGROUND ART
A multiplication circuit or multiplier consists
mainly of three parts: (1) a partial product generator
20 made up of a matrix of AND logic gates, each operating on
“one bit of a multiplicand and one bit of a multiplier
(here, the number, as opposed to the circuit), (2) a
multiplier array (also called an adder array) made up of
columns of adders which reduce the partial products by
25 summation to two words, usually called the "sum" word and
the "carry" word, and (3) a vector merging adder for
adding the sum and carry words to result in one output
word, the product. When multiplying two binary numbers,
an M-bit multiplicand and an N-bit multiplier, M x N
30 partial product terms are usually generated (although
there may be some additional terms to handle negative
numbers), which could alternately be thought of as N
M-bit partial products, and the resulting product
generally has M + N bits. In most multiplication
35 circuits, both multiplicand and multiplier are of the
same N-bit size, and the product is therefore 2N bits
wide.
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mer gi ngoaddern.efein¥it Ofthds®©Neighidlicant) P-2N bits, called guard bits,
are there to prevent overflow. U.S. Pat. No. 4,575,812
to Kloker et al. describe one such multiplier/accumulator
circuit. A straightforward implementation of a
multiplier/accumulator circuit has the accumulator adder

15 follow the vector merging adder of the multiplier, so
that a first addition adds the sum and carry words to
form the multiplication product and then follows this
with a second addition of that product with the value in
the accumulator. Alternatively, the accumulator could be

20 integrated with the multiplier by adding an extra row of
‘adders to the multiplier array and providing the two word
result to the vector merging adder. Since only one final
adder has to be provided, this simplifies the design
effort, and will also improve speed somewhat.

25 Regardless of whether a multiplier alone or a
combined multiplier/accumulator circuit is being
considered, the critical path that determines operating
speed consists of delay through the multiplier array and
delay through the final adder (plus any delay through a

30 separate accumulator adder). The multiplier is the
slowest part of a digital signal processor, so any
improvement in the speed of the multiplier will improve
the overall speed of the processor. High speed
processing is required, for example, for implementing

35 sophisticated speech and channel coding algorithms for
digital cellular telephone communication. Another factor
is layout area and regularity. A regular floorplan is
easy to design and layout, whereas an irregular floorplan
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-3 bits). Thus, tree architectures are faster. However,
because tree multipliers require large shifts of data
perpendicular to the data path, their implementation is
10 routing intensive, requiring a larger circuit area than
array multipliers. Tree architectures also tend to be
very irregular in their layout.
In U.S. Pat. Nos. 5,343,417 and 5,586,071,
Flora describes a Wallace tree multiplier architecture in
15 which the columns of full adders and half adders that are
used in the multiplier to reduce the partial products by
successive addition to sum and carry words are chosen so
that the particular inputs to be added at each adder
level comply with prescribed rules that enhance the
20 multiplier’s operating speed. U.S. Pat. Nos. 5,181,185
to Han et al. and 5,504,915 to Rarick disclose other high
speed parallel multipliers employing modified Wallace
tree adders for summing the columns of partial products.
All of these disclosed multiplication circuits illustrate
25 the basic layout irregularity that is characteristic of
tree multiplier architectures. The modified Wallace
trees sacrifice some speed to obtain greater layout
regularity as compared with pure Wallace tree architec-
tures. . '
30 U.S. Pat. No. 4,901,270 to Galbi et al., and an
article by G. Goto et al. in IEEE Journal of Solid-State
Circuits, vol. 27, no. 9, September 1992, pages 1229-
1234, describe use of four-to-two compressor adders in
tree multipliers for further improving their speed. 1In
35 U.S. Pat. No. 5,347,482, Williams discloses that using
nine-to-three adders in a Wallace tree simplies layout
and signal routing because of the larger basic building
blocks of the tree, yet operates in the same number of
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and regular, but slow, array multiplier architecture and
to the fast, but irregular and large circuit area, tree

multiplier architectures, like the Wallace tree

15 multiplier. The Hekstra multiplier architecture has an
"array of arrays"-based structure consisting of a number
of subarrays producing a series of partial sums feeding
into a main array adding the partial sums to form the
product. The main array stages consist of two rows of

20 full adders in a four-to-two reductor configuration. The
subarrays consist of rows of full adders together with
the partial product generators. The sizes of the
subarrays vary and have been carefully chosen to balance
the propagation delays so that addends arrive at a main

25 array stage simultaneously with the previous stage’s
partial sum. In Hekstra’s implementation, this occurs
when the sizes of the subarrays, i.e. the number of full
adder rows, increase in steps of two from one subarray to
the next.

30 An article by T. Sakuta et al. in IEEE

Symposium on Low Power Electronics: Digest of Technical
Papers, pages 36-37, October 1995, highlights the impor-

tance of delay balancing in order to minimize spurious
transitions and thereby to minimize unnecessary power

35 dissipation. Adders start computing at the same time
without waiting for the propagation of sum and carry
signals from a previous stage, so that if the addends do
not arrive simultaneously at an adder, spurious transi-



regularity as conpared with pure Wall ace tree architec- tures.
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power. In contrast, Wallace-tree multipliers are
naturally balanced due to their inherent parallel
structure, and thus have a lower probability of
occurrence of spurious transitions. Delay circuits could

10 be inserted into the signal paths of any product term
inputs that skip an adder ladder to synchronize them with
the other inputs of corresponding adders, as taught by T.
Sakuta et al. As for the aforementioned Hekstra
architecture, that multiplier happens to be delay

15 balanced only because of an appropriate selection of
subarray sizes.

Although the Hekstra-type multiplier architec-
ture is very regular in comparison with the Wallace and
other tree architectures and nearly as compact as a

20 conventional array multiplier, and is also much faster
‘than an array multiplier, it is still somewhat slower
than the tree multiplier architectures. Because of their
naturally balanced parallel structure, it has been
relatively easy to incorporate four-to-two, nine-to-three

25 and other compressor adder structures into the tree
multipliers without destroying its balanced signal
propagation, in order to increase its operating speed.
Moreover, modified tree architectures and hybrid tree-
array architectures have allowed designers to improve

30 regularity and reduce circuit area to a certain extent
without sacrificing too much speed. Accordingly, where
space is not at a premium, tree architectures have become
the design of choice. Where small circuit area is
essential, circuit designers have been forced to cope

35 with array multipliers, despite their slow speed. The
Hekstra-type multiplier is not well known and has been
generally ignored. Since the one-sided architecture of
adder subarrays feeding into a single main array is not
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The object has been met with a multiplier

architecture of the Hekstra-type, that is, one where a
plurality of adder subarrays feed into a main adder

15 array, which has been modified by replacing pairs of full
adders in the subarrays with four-to-two compressor adder
circuits, hereafter referred to as compressor circuits,
in a manner that preserves the balance in the signal
propagation delays so that partial sums arrive at each

20 stage of main array simultaneously. Two types of
‘compressor circuits, referred to as symmetric and
asymmetric compressors, are used in different portions of
the multiplier architecture. The asymmetric compressors
are used whenever not all of its inputs are available at

25 the same time.

BRIEF DESCRIPTION OF THE DRAWINGS
Figs. 1 and 2 are respective diagrams of
component interconnection structure and block layout of a
30 typical prior art tree multiplier architecture.
Figs. 3 and 4 are respective diagrams of
component interconnection structure and block layout of a
modified Hekstra-type'multiplier architecture in accord
with the present invention, arranged side-by-side with
35 Figs. 1 and 2 for comparison.
Fig. 5 is a detailed block schematic diagram of
a preferred multiplier architecture of the present
invention showing the components of the architecture’s
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multiplier to form an (m+n)-bit product for respective
unsigned and 2’s complement notations. The two’s
complement multiplication of Fig. 7 implements the Baugh-
10 Wooley algorithm disclosed in U.S. Pat. No. 3,866,030,
and is carried out by the preferred multiplication
circuitry of Fig. 5.

Figs. 8-11 are logic gate-level circuit

diagrams of four-to-two compressor circuits for use in
15 the multiplication circuitry of Fig. 5.

Figs. 12 and 13 are diagrams of component
interconnection structure for two alternate modified
Hekstra-type multiplier architectures in accord with the
present invention.

20
BEST MODE OF CARRYING OUT THE INVENTION

With reference to Figs. 1-4, a prior art tree
architecture is presented side~by-side with an architec-
ture in accord with the present invention so that their

25 respective structures, routing and propagation delays may
be compared. In Fig. 1, it can be seen that the prior
art structure is a full binary tree, i.e., a Wallace
tree, in which each full adder (F) in an initial level of
adders (level 0) operates on a set of partial products

30 13, typically three per adder, to produce a partial sum.
Thus, the initial level produces a set of partial sums
equal to the number of full adders (F) in level 0 of the
structure. The adders (F) also produce an equal number
of carries that are transferred to level 1 of a similar

35 tree structure responsible for summing partial products
of the next higher significance level for the binary
product. In Fig. 1, level 1 consists of a set of 4-to-2
compressor circuits such as those described by Goto et
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level 1 compressor circuit (C) also receives another
carry from the corresponding level 1 compressor in the
next lower significance summing tree. The level 1

15 compressor circuit (C) generates a carry for the
corresponding level 1 compressor in the next higher
significance summing tree and a second carry for a level
2 compressor in the next higher significance summing
tree. It also generates a partial sum for a level 2

20 compressor in the same tree as itself. Compressors in
levels 2 and 3 operate in a similar manner. In this way,
each tree reduces partial products of the same signifi-
cance level (together with carries from the next lower
significance summing tree) to a final sum and a final

25 carry. Each successive level reduces in half the number
of partial sums, so that the number of levels required
(and hence the propagation delay) is on the order of
log(N), where N is the number of partial products to be
summed. The tree in Fig. 1 is capable of handling up to

30 24 partial products (8 full adders times 3 partial
products per adder).

One problem with such tree structures occurs

when attempting to layout such an architecture in a
somewhat regular manner. Because the structure is tree-

35 like, it is difficult to get into a rectangular shape.
In Fig. 2, the tree of Fig. 1 responsible for a single
bitwise significance level in the final product is
arranged in a linear fashion so that adjacent trees can
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5 mentioned, pairs of full adders could be used instead of

the compressor circuits. Each cell in Fig. 2 also
indicates the level to which it belongs (LO, L1, L2, L3).
The transfer of partial sums to the next level is
indicated by the arrows between cells. It can be seen

10 that the tree architecture poses a serious routing
problem. Only half of the connections between cells are
local whereas the other half require routing through one
or more intervening cells. With each extra level added
to the tree hierarchy, the length of nonlocal wires

i5 doubles, so that whereas connection of level 0 cell and . .
level 1 cells requires nonlocal wires 15 that are two
cells long, some connections between levels 1 and 2
require nonlocal wires 17 that are four cells long and
certain connection between levels 2 and 3 require wiring

20 19 which is eight cells long. Moreover, with each extra
‘level in the hierarchy, two additional routing tracks
through cells have to be provided. The numbers to the
right of each cell in Fig. 2 shows the number of cell-to-
cell wires that pass through that cell. Different cells

25 have different numbers of crossing tracks for wires to
pass through depending on their position in the line of
cells, with the later cells tending to require more
tracks. This situation requires extra layout effort,
because each level in the hierarchy will require a

30 different layout topology. The widths of the cells
varies according to the number of wiring tracks they must
accommodate. There are several blocks of cells that have
two full adders (F) followed by one compressor circuit
(C). However, blocks 1, 2 and 3 are all of different

35 layout type, since the different blocks require different
numbers of routing tracks.

Fig. 3 shows an architecture in accord with the

present invention. This architecture has a sequence of



15 array, which has been nodified by replacing pairs of full adders

in the subarrays with four-to-two conpressor adder circuits,
hereafter WA ¥2&¥ to as conpressor circuits, ~in a manrRET/USAR22471
preserves the bal ance in the signal 1ﬁ%ppagation del ays so that
partial sunms arrive at each 20 st age of in array sinultaneously. Two

types of conpressor circuits, referred to as symetric and

asymetric C%@&%ﬂ&lfﬁokg&g éﬂ?ghy gb‘éﬂto pQ:rstA' Onsc&{za csa3 egg%&ever

mul tiplier architectur onpr éss
not all of i®©f affars Q@Mm@m@rmalssumsmth@amfeedmnto a serBesEF

DESCRI PTI ON gg Hﬂirp%%éié\p%ta es (Ms1, Ms2,FMeS sy 2 ﬁgfﬂg%#&of .a

di agrans of |, onponent in erconneétion structure and ayou
30 ° typlcal1ﬁrPOFQQQeQF¥&?rﬂﬁt?%ﬁ?%rsaVGhﬁﬁﬁﬁﬂﬁma Two such subarrapsgs.

3 and 4sare rESpECtEnd cBpgy %@ﬁl@fconsm&OS&O&@l@ ﬂﬁlerwcéépﬂgé?ﬂfgu[ﬁ
d bl ock | f ] mul tiplier a

chordOC e %%‘ (Qﬁ?el%é‘%'bs%fnpfp"’}’ﬁ?ﬂe f BﬁoagFiﬁnégé SURRLY, rarkt # t fUBs

Figs. 1 and ZOF er fomqtamasnn stage adder MS1.Fi @115d8 tfheiaﬁaihedtbd;éck

schemati c di agaPOhre &m&iﬁgsggoﬂgkaggb&e HSYLLO! U byt Ot

present I nventi on s oW n nen he archi tecture
of the first maln stage adder MS1 and the partial sum

10 provided by yet another subarray CSA2 are input into a
second main stage adder MS2. In order to maintain the
proper delay balance, subarray CSA2 consists of a full
adder cell (F) and a compressor circuit (C) so that the
partial sum generated by the subarray CSA2 arrives

15 simultanecusly with that of first main stage MS1 at the
second main stage adder MS2. The output of the second
main stage adder MS2 and the partial sum output provided
by a subarray CSA3 are input into a third main stage
adder MS3. Again, to maintain proper delay balance, the

20 subarray CSA3 consists of a full adder (F) and two
compressor circuits (C) to match the propagation delay
through the second main stage MS2. This sequence can
continue to arbitrarily large structures, with each step
in size including another main stage (e.g. MS4) and

25 another subarray (e.g. CSA4), where for proper balance,
the successive carry save arrays making up the subarrays
feeding into the main stage adders increase in size by
one compressor circuit per subarray. Thus, subarray CSA4
would consist of a full adder stage (F) and three

30 compressor stages (C). Another difference necessitated
by the one sided nature of the "branching" in the
structure, is that the compressor circuits (C) for the
main stages (MS1, MS2, MS3, MS4) be symmetric circuits,
since all inputs naturally arrive simultaneously if the

35 subarray sizes are chosen correctly, but that at least
some of the compressor circuits (C) in the subarrays
(Csa2, CSA3, CSA4) be asymmetric circuits, since their
partial product inputs would normally arrive earlier than
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Figs. 6 and 7 are standard al gebraic notat{pns 5 illustrating

mul tiplication by known sum of -cross- products algorithms of an mbit
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conpl enent nu

I cation of Fig ement’s the Bau Wool e
algorlthn1d|s§PB§€HaVﬁ u. éd42ﬁ1°9&; gg 3%, gipcuits 9§$}qw??m&9?ﬁﬂd%ﬂt by
t he prefelrredlmtbt ltnbls,féa}meﬁnoned CixﬁCﬂhérarﬁicEegoﬁT. Sakuta et al.Figs.
8-11 are | ogic,gat.e-level circul s ressor
circuits for ﬁ%g anf§quﬁ%}¥ﬁnEq?f?c%ﬁ#%%iggfg }3%9 |d¥9§&9
Figs. 125and sgme&rdmmmmemmpressorﬁtUncldnrhgtpmvs@e@cture
for two alterﬁ@igwnngH‘?Eferencé*%étffgéypg -yl tiplier architectures in

accord with
Turning now to Fig. 4, an advantage of this

modified Hekstra-type structure is seen when the adder
stages are laid out linearly in blocks. Unlike the tree

10 architecture of Fig. 2, all connections are local, except
the connections from one main stage to the next main
stage, and from subarray CSAO0 to first main stage Ms1l.
Thus, regardless of the total size of the architecture,
i.e. the number of product terms to be reduced and the

15 number of main stages and subarrays needed to reduce
them, there will never be more than two signal paths
crossing through a subarray cell and all cells can be the
same size to accommodate those signal paths or tracks.
The layout is very regular and only a few different types

20 of cells are needed, repeated throughout the structure,

- thereby simplifying design. The full adders (F) in each
subarray can be identical, the main stage compressor
circuits (C) can be identical, and the subarray
compressor circuits (C) can be identical regardless of

25 whether they are in sﬁbarray CSA2 or CSA3 or stage SAl or
SAz2, etc.

With reference to Fig. 5, a preferred embodi-
ment of a multiplier circuit of the present invention is
adapted for carrying out 17-bit by 17-bit 2’s-complement

30 binary multiplication, using the Baugh-Wooley algorithm
of U.S. Pat. No. 3,866,030, but with the improved
multiplier architecture of Figs. 3 and 4. In Fig. 5, the
numbers from 0 to 33 on the top and bottom of the figure
refer to the particular bit in the resulting product.

35 The small rectangular elements with diagonal hatching
refer to product term generators. The differently
hatched rectangular elements immediately above subarray
level SA;, and the solid rectangular elements above half-
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Wth reference to Figs. 1-4, a prior art tree architecture is

present ed 3YQ&¥329%i de with an architec- ture in accord FFTHS¥72471
present invention so that their 25 respective structures, routing and
propagati on del ays may be conpared. 'Fﬁ'Fig 1, it can be seen that the
prior art structure is a full binary tree, i.e., a Wllace tree,

i n which 0
it eh eac gl Sd9%E 4E) 4l Ui g Bhoslor el O
to produce anmgmulaarsnnwthe Bamgbquqagmrﬂts?ﬁomnwemeptomuéﬁgndngar<ﬁ

partial sums tjon §9§é¥1£ﬁmt heantne t¥fe fﬁi‘&d@é@%érﬁg) akB h@e@du%d)f the
structure. The adders al so groduce an eqyal nunp carries that

are transfer reLe® Pévé?-qi 4t aThprs fresfhree e‘@%%?ua’alaé Pésﬁ‘&‘?ﬁrbl e for
sunmmi ng gpart l@élmodséasln theobltrhsamxmamﬁ*uﬂdémn(mganuall-auderfsnr t he

e Yesor o B cho Erblertrue® Bneb el S iflnde o Bk e
these adders 1s well known in the art. Further, the
four-to-two compressor circuits (C) are of two types,
asymmetric for at least the subarray stage SA;, in Fig. 5

10 (which, unlike Figs. 3 and 4, places the compressor
stages SA,,, SA;; and SA;, ahead of the full adder stages
SA,, and SA;, of the subarrays CSA, and CSA;), and in other
configurations for other subarray stages as well, and
symmetric compressor circuits for at least the main array

15 stages MS1, MS2 and MS3. Construction of these two
compressor types will be discussed below with reference
to Figs. 8-11. Also, half-adders (H) could be replaced
with full adders (F) in which one of the inputs is fixed
at logic level zero. Likewise, a combination of a full-

20 adder (F) followed by a half-adder (H) within a stage (or
even two half-adders) could be replaced by a compressor
circuit (C) in which one (or two) of the inputs is fixed
at zero. In this way, even more regularity can be
obtained, albeit at the expense of a slightly less

25 optimal adder cell.

Each cell (H, F or C) generates both a sum term
and a carry term. Representative connections of those
terms to inputs in the main array stages MS1l, MS2 and MS3
are shown by the arrows. Each cell of the main stages

30 receives one sum term output from a previous main stage
(or in the case of main array stage MS1, from subarray
S3,), one carry term output from that same previous main
stage (or subarray S3;,), one sum term output from the
subarray stage which is local to it, i.e. the block of

35 adders immediately above it, and likewise a carry term
from that same local subarray stage. The sum terms come
from adder cells in the same bit column, while the carry
terms come from adder cells of the next lower signifi-
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10 complement of two sum terms and two carry terms is not

available (notably at the far left and far right of most
stages), so a compressor cell C is not needed and a
full-adder/half-adder combination, or even a half-
adder/half-adder combination, is all that is required.

15 Thus, for example, the bit column 9 location of main
adder stage MS2 receives a sum and carry from main stage
MS1, but only a sum term from subarray stage SA,,. No
carry term from bit column 8 of stage SA,, is generated,
so a compressor cell is not required at stage MsS2 -

20 column 9. As noted previously, compressors (C) could be
used in those locations with appropriate fixed logic zero
inputs. The connections between successive stages of the
same subarray, namely stages SA,, and SA,, of subarray CSA2
and stages SAq,, SA..,’1 and SA;, of subarray CSA3, are purely

25 local.

With reference to Figs. 6 and 7, the partial
products generated by the multiplier circuit depend on
the particular binary number notation and multiplication
algorithm to be used. The particular circuit shown in

30 Fig. 5 performs the Baugh-Wooley 2’s complement multipli-
cation of Fig. 7. Fig. 6 shows the multiplication of two
binary numbers in unsigned notation, i.e. an m-bit multi-
plicand [a, 42,5, ... @,3,3;] and a n-bit multiplier
(b

35 [Prsn-1Pmen-2Pmen-3 = ++ PaPiPpl. The algorithm used is a

n1 -+ bbbl, to form an (m+n)-bit product
straightforward sum-of-cross-products method. The bit-
column of the partial products (agﬁ) corresponds to the
sum of the bit significances i and j, so that, for



cance | evel (together with carries fromthe next |ower si gni ficance
summ ng tree) to a final sumand a final 25 carry. [Each successive |evel

reduces i nWea¥22812e nunber of partial suns, so that the REKDEA8/23471
| evel s required (and hence the propagation delay) is on the order of
| og(N), where N is the nunber of partial'gﬁﬁducts to be summed. The

tree in Fig. 1 is capable of handling up to 30 24 partial products (8
full adders timnmes .3 partial roducts pe dder), .. _. _._. e
brobl om i ¢ h SRLs e Tiat predhBt ten BT Atnaipitrpion) SisamgRan
such an ar chithectflimal rpezoduct efmfma) +degul (@ jararet . apeeanseinhthe
structure isyiuees ' It L L ol 4+ gular
shape. H?ﬁ?%f£§§“;¢$?§5§§'gféigg.%?iﬁg? %ﬁ%%ﬁﬁfﬁgﬁ)éfé¢§§?% ok
bitwi se si gnithe &ane [Rietrsignifitcanag igr i ¥ith carriegebeinga

li near fashi Qpazfditte@tG0ERE EHEARNCRE the next WAPWR2B9R-signifi- .

PCT/U898/224€%nce. In Fig. 7, the m-bit multipiiéand [@p-48p2 »--

a,a,a;] and n-bit multiplier [b,; ... b,bb,] are in
2’s-complement notation. Accordingly, ([a,;3,, ... 2,a,3,]
represents the number {-(a,,)2"' + (a,,)2"2 + ... + (a,)2?

10 + (a,)2' + (a,)2% }, and likewise [b,, ... b,bb,]
represents the number { =-(b_,)2"' + ... + (b,)2%2 + (b;)2' +
(by)2° ). Note the subtraction in the most significant
bit position. The Baugh-Wooley algorithm generates
cross-products in which the most significant bit (MSB)

15 partial product of every row except the last row has one
input from the multiplier inverted (-50, S.,, Ez, ooy Sn-Z).’
the partial products of the last row, except for the MSB
partial product, have one input from the multiplicand

= m-17 bn-1'
20 a,,, b, and 1 are added at bit positions m-1, n-1, m+n-2,

inverted (;ﬁ' E}, a,, -+, a,,), and extra terms a

m+n-2, and m+n-1l, respectively. In practice, however, a
"1" is not actually added to bit position m+n-2. Instead
the carry out of half-adder 2C, is inverted and fed into
half-adder H in bit position 33 of main stage MS3. The
25 carry out of half-adder 2C, also is connected to bit
position 34 of the sum output of main stage MS3. This
implementation detail avoids having to provide a constant
value in the architecture. Again, the columns of partial
products having the same bit-significance are added, with
30 carries transferred to the column of the next higher bit-
significance. The result is a product which is also in
2’s-complement notation. 1In Fig. 5, sincem = n = 17,
the added terms are provided to the half-adders 2C, and
2C, in bit-columns 16 and 32 and to the half-adder (H) of
35 main stage MS3 in bit column 33.
Not shown in Fig. 3 is the final addition by a
vector merging adder of the sum and carry words generated
by the structure shown. This vector merging adder is
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from one hit-&ah tree to the next. Each bl ock or cel
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connections b%mﬁ§§11ﬁﬂ&%51ﬂté@ﬂa€ed mulﬂmﬁmﬂdﬁkdﬁﬁﬁmmﬁétbtreirbﬁzﬁhat are
four cells Ion ﬁrnFﬁo%n%ctr bet | evel s and 3 require
wiring 20 (ﬁpt% %ﬁg#t GeFPEY rprﬁfthag ¢h extra

l evel in the Mrm]ar)ﬁhwltméslplectonal Figs.i rlg -t riacks is notelr thalt cel | s
have to be prg ecf(hr o{.‘é’@&(z%&@é@ﬁ start | ﬂ?ﬁ i r6gCBeCeGhain Fig. 2

shows t he nuﬁ% W Tes at pass through that cel
Di ffera@t celaldsi% Hﬁ‘v%tmiffﬁ\ibht addersr AN ‘%ﬁ%%sql%@eﬂﬁﬁcrésl the Wiz to

pass thrOughoctewlmefpibétrcméu&ltoaﬂ hdmE. | iMer Obxample,Cehles, With

the later cells tending to require nor
embodiment of the present invention shown in Fig. 5 shows

a 17 x 17 multiplier, and so requires an initial row of
full adders as reflected in Figs. 3 and 4.

15 With reference to Figs. 8-11, various possible
four-to-two compressor circuits are shown. These replace
pairs of successive full-adders, but have a delay of only
about 1.5 full adders. This reduction in delays improves
operating speed, but necessitates extreme care when

20 attempting to construct a balanced multiplier structure.
‘These compressor circuits are also known as five-to-three
compressors, since there are two additional carry terms
C;, and C_,. However, since these additional carry terms
normally connect adjacent cells in the same row or stage

25 and are generally not received from a previous stage or
carried to a succeeding stage, they are not always
counted, hence the usual designation of four-to-two
compressor.

The compressor circuit in Fig. 8 is that taught

30 by G. Goto et al. in IEEE_Journal of Solid-State
Circuits, wvol. 27, no. 9, pages 1229-1235, September
1992. This is a symmetric compressor circuit designed
for when all four inputs Il1-I4 arrive substantially at
the same time. The logic carried out by the compressor

35 is:



tracks. This situation requires extra |layout effort, because each

| evel in the hierarchy will require a 30 different |ayout topology. The -
wi dt hs of WE9%22Re2%s vari es according to the nunber of WGI/HSPS224MIks
t hey mnust accommodat e. There are several blocks of cells that have
two full adders (F) followed by one conpFré&3or circuit (©. However,
blocks 1, 2 and 3 are all of different 35 | ayout type, since tEe

di fferent blocks require dif . hunbers of routing tracks.

Fig. 3 shows an ar®hitect tié%#i%%ﬁrd With the present invention
This architecture has asefjire(T2 02)+~(I3414) ]W)ONXDBY +

PCT/ US98/ 22471 —(Ta% R (T1AT2AT3A ; successi vel y
| onger chai ns (CSAO, CSAL({%Mé?]&gng‘égﬂh) 13 f-‘g)})adders pr oduci ng
partial sums that feedl TntOIH 52} €33°14) 1", mai n adder stages (MS1, MS2,

M53, MSé). The structure I's a connection of carry save arrays. Two

i full adder cell’
?gfh subarra%%eéz ~ SQEmP 9”9 gﬁéll %3%Qe%%ﬁ%’¥héﬁlé§§2al operations

NOT, OR, XOR, and AND, respectively. In order to compare
the different circuits, we assume unit delays, with
delays of 1 unit for an inverting gate, 2 units for a

10 noninverting gate and 2 units for an XOR or NXOR gate.
The numbers in the figure represent the delays at the
output of each gate. To generate C , takes 2 unit
delays. C_, is supplied to C,, in an adjacent cell of
next higher order bit-significance in the same stage. To

15 generate both the sum term S and the carry term C takes 6
unit delays.

The circuits in Figs. 9-11 are completely new.

Several rules have been followed in devising those'
circuits. The coding for the sum output S is unique. S

20 will always be the parity of the five input bits I1-I4
and C;,. Specifically, if the number of 1’s in the five
input bits is odd, S will be 1; S will be 0 otherwise.
The coding for the carry outputs C,: and C is not unique,
providing flexibility in design. These carry outputs

25 represent the presence of two or more 1s in the input
pattern. If there are two or three 1s at the inputs,
there will be one and only one 1 in the carry outputs
(either C or C_,) and the other carry output will be a
zero. Any combination that follows this rule is a wvalid

30 combination that will result in correct operation of the
compressor. Another rule, which is followed for
optimization of the circuit, is to make C,: independent
of C;,. Therefore the bit assignment for C_, should be
the same for C; equal to either 0 or 1. This is for

35 speed reasons, to avoid rippling through the bit
positions, because C, comes from the bit position of next
lower significance and at the same level in the



each colum of partial products and supply partial suns to a first
mai n st ag 1. All of the main stage adders are §
conpressoﬁwgﬁggéFgE. The out put of the first main stage‘ggger 1 and
the partial sum 10 provi ded by yet anotLhgL subarray CSA2 are input into a
second main stage adder MS2. In order to maintain the proper del ay
bal ance, subarray CSA2 consists of a full adder cell (F) and a

conpressor Chiitdrdiy. sorttétactombfessor ofalFiical Suis gpustabaed by the
subarray CSA2 arr.iyv Si g §R%%§y mnth that of first main stage MsS1
peleieiiag et le e .

at the e output of the second

mai n st age adder NBZznﬁhtFmggar?rahdsamuomhancqmpweﬂedr logichyisa
subarray CSA3 are input into a third mai n st age adder Ms3. Again, to
mai ntai n proper del ay bal ance, the 2 subarray CSA3 consists of a ful

adder (B) and two Cout ‘(ﬁﬁﬁ%ﬁ%ﬁi*&1?tﬁﬂﬁ§+ﬂéﬂﬁ§?%ﬁﬁ¥%ﬁ¥ﬁb pfopagat i on
del ay t hrough the seepndmnm*mqqdVBZ(IthsAssqmar)qe carn

continue to arbitrarily_ u Wi h each step in size
i ncl udi ng anot her %\ ﬁéﬂf?§£§ ?k§4§%AHd anot her subarray (e.g.
CSA4), where for proper bal ance, t he successive carry save arrays

making up the SURAITRYS. o impi&REhEAtid e M S& 8@ reru ease
Rr arr ay (s’ su

in size by one C ess Clrcul per su arra

woul d d@nsrsﬂ%&ft@ﬁﬁﬁlZeﬂnk# dela¥s( Fyhije Bﬁﬂﬁ?@ﬂlngcﬁhﬁréggoﬁnétages
(C) Anot hercéi‘rfyf K SRS HesRESCIBbEH take Y et ca@lsyged PRl afe t he
"branchi ng" in the structure, i,s that thc conpressor cgircuits 12 f or
t he qual delays from the ‘inputs I1-I4 to the primary out
S and C. In other words, like the compressor of Fig. 8,
the circuit in Fig. 9 is also symmetric.
15 The compressor in Fig. 10 is an asymmetric
version. This version has shorter delay from input I1l,
and secondly from input I2, then from inputs I3 and 14,
to generate C_ ,, (and hence also C ends which depend on C;,

from C_. of a similar adjacent circuit). Also, the carry

out

20 output C is slightly faster than the sum output S, by 1
unit delay (5 versus 6 units). This asymmetric version
is preferred when not all inputs are available at the
same time. Thus the slowest arriving signals can be
provided on the shorter delay inputs I1 and I2, while the

25 sooner arriving signals can be provided to the longer
delay inputs I3 and I4. In Fig. 5, this asymmetric
compressor could be used for subarray stage SA;; in which
the product terms are generated before the arrival of
partial sums from stage SA;,. In the structure of Figs. 3

30 and 4 in which full adder stages SA0 are put first, all
of the compressor stages SAl, SA2 and SA3 of the sub-
arrays CSA2, CSA3, CSA4 would preferably be asymmetric.
Other asymmetric circuits could be synthesized, depending
on the logic cells available to the designer.

35 In Fig. 11, the compressor circuit implements
the following logic:



mai n stages (MS1l, M52, MS3, Ms54) be symretric circuits, | since all
I nputs naturally arrive sinmultaneously if the 35 subarray sizes are

chosen cor W&¥3229%hut t hat at | east sone of the conpresdET/8398E24H s
(© in the subarrays (CSA2, CSA3, CSA4) be asymmetric circuits, since
their partial product inputs would ne®mally arrive earlier than
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subarr ays. Addltlgéﬂf del %f#igr%32¥3hld Be incl uded | i ke those
mentioned in the arti€l= D(II*IsakuﬂiaaIQN]+[~(Il@IZEH(ﬁBEEﬂmusIy. More |
detail ed description of tpﬁ f)and asymmetric conpressors wll
be provi ded bel ow wit “Weﬂérence to . 8-11.

Turning now to Fig. 45 an[é@%aﬁ?&@éléflﬂﬁkfcm modi fi ed Hekstra-type
structurge is seen when the adder stages are laid out linearly in

) tree 10 ar chi t.ecture of_ Fi | connectlo s aré
Fgg;rs e;@gbrelghethe compressors ln1ﬁigs. and g a% is symmet n

with respect to the inputs I1-I4. However, like Fig. 10
it provides the carry output C slightly faster than the
sum output S by 1 unit delay (5 versus 6 units).

10 The following table summarizes the advantages
of the present invention relative to the prior art by way
of comparison. Note that delays are expressed as Full
Adder delays (FA).

15 belay 17x17
Architecture Layout Propagation Paths Scaling Delay
Carry Size Array Regular Unbalanced (Ripple) O(N) 15 FA
20 Tree Irregular Inharently Balanced O(log N) 6 FA
Tree with Irregular Inherently Balanced O(log N) 4.5 FA
Compressors
25 Hekstra Regular Balanced by O(VR) 7 FA
Construction '
The Invention Regular Balanced by o(vN) 5.5 FA
Construction
30

The invention has the advantage of being both
regular in its layout and relatively fast in its
operation (5.5 full adder delays), thus combining

35 beneficial properties of both array architectures and
tree architectures. Another advantage is that except for
the connections between its main array stages, all
connections are local, so that only two signal tracks
need be provided in the layout no matter how large it is

40 scaled. This is one aspect of its regularity and hence
its small circuit area. By contraét, tree architectures
require more and more routing tracks as they scaled to
larger sizes.

While the present invention, like the Hekstra

45 architecture, has balanced delays in its propagation
paths, they are not inherently balanced like tree
architectures but only balanced by construction with a
proper choice of subarray sizes. Accordingly, when the



t he connections fromone main stage to the next main stage, and from

subarr ay C'S‘%) rst main stage Ms1. Thus, regardl ess gﬂ;i,g I
size of the a?%:%lz%iecture i .e. the number of pr oduct terpn(éréjo 4

reduced and the 15 nunber of nmin stageggand subarrays needed to reduce
them there will never be nore than two signal paths crossi ng through
a subarray cell and all cells can be the sane size to accommodat e

]Ehosg fs;gnal dé&{ﬁi!‘esﬁ’fﬁ r@i::l@ults of Fhgsl.agean ia‘re/eirrécmegui—h ateandnw y a
ew di fferent _types eede eat.ed t hrou

Structure - tne BEGrEkeafine ot PHAE CRERRRRY HnVERiSh, PRECHRY] chiR
subarray canhh5|hkan|nEQu1ra® tai ensuznge thatpbedamce is malntanne@C) can
be identi caI 1?1’%?” 0 t

i denti cal regar ess é%ﬁh ﬁl?ﬁggp§ g?e%q?%gﬁﬁnégic%gmsﬁ CSA3 or
stage SAl or subarraysp ard cthrough the main agmay hasrkeen ?@nstguc';l:eda
preferred emg%d'that it ri?f‘ésé‘ﬁt@ fHbt éahbehuﬁﬂ:feﬁ:wdf Aopee L8Nt

i nvention is | adapted fo carrylng gt 1 | [ﬁé s~ conpl enent
30 binary ﬁmqﬁﬂﬂqﬁmﬁﬁcﬁﬁluthﬁrtﬁé LEGD]E %Rw??ﬂﬁ?551ve of U S.
Pat. No. 3, 8@&h£¥}aﬂnﬁedwiﬁgtbﬁtonarQmede551ve mddgqﬂaﬁrthechaﬁncture of

Figs. 3 and 4. e I t top and
bottom of thé& dd J'u Igra; hég BF ?dd?g%%grit [ c&@#%%g%ggﬂegﬁgsul ting
producft0 35 pfﬁwaqnﬁﬂ$UbQMIQMgulQneeﬁuiénaﬁdﬁnicaneﬁﬁ?ﬁdoha1&M0nQe
refer to pﬁ?&g érfir@ﬂeé‘&éﬁ‘tgﬁﬁar;9§ gakher et it is inhRighedsLect angul ar
el enments i I at above subarray

the full adder heads a subarray, then any compressors in

the remainder of that subarray should be of the
asymmetric type. If the full adder is the last element

15 of the subarray prior to feeding into the main array,
then the first compressor circuit can be of the symmetric
type. All of the main array compressors are of the
symmetric type. With this careful construction, spurious
transactions can be minimized. (Additional delay

20 elements could be added where needed to handle residual
imbalance, as taught by T. Sakuta et al. in the article
referred to previously.)

Also, the architecture of the present invention

can be scaled by increasing the number of main array

25 stages and corresponding subarrays. A 32x32 multiplier,
for example, can be implemented with four main adder
stages and no full adder stages in the subarrays (i.e.
only compressors). It has a propagation delay of only
7.5 full adders. A 61x61 multiplier can be implemented

30 with six main adder stages and a delay of only 11.5 full
adders (still faster than a 17x17 array architecture)
where the subarrays CSA0 and CSAl consist of a full adder
followed by a compreséor, and each successive subarray
adds one additional compressor. These constructions are

35 illustrated in Figs. 12 and 13, respectively, in the same
manner as Fig. 3. As a final note, it is observed that
the structure of Fig. 13 can be easily modified to
realize a 58x58 multiplier. This is accomplished by



| evel SA[err] and the solid rectangul ar el enents above half- VD,
99/ 22292 PCT/ US98/ 22471

-12- wo o2 cel |s 2C[err] and 2Cerr] are al so product PCEUAS/2A2MTIC h
are peculiar to the Baugh-Wol ey 2's-conplenent nultiplica-

tion algorithm Al of the product terns~&P& detail ed bel ow i n Fig.
7. There are three basic types of adder 5 cells used in the circuit:

hal f - adder s full - adders ) nd fqur-tQ-two conpressor circuits
(O Bach of atoving SRR of; sufd) paftls, U1, ifhe WPeSOIRLRE, Shadl.c

four-to-two cordptipkberchasuatdelfy efe 16f. 5 vinlly medders. asymmetric for
at |least the subarray stage SA[err] in Fig. 5 10 (which, unlike Figs. 3

and 4, places the conpressor stages SA[err], SA[err] and SAlerr]
ahead of the full adder stages SA[err] and SAlerr] of the subarrays
CSAlerr]g and CSA[err]), and in other configurations for other )
subarray stages as well, and symetric conpressor circuits for at

| east the main array 15 stages M51l, Ms2 and MS3. Construction of these
t wo



conpressor types will be discussed below with reference to Figs.

8-11. Also, half-adders (H could be replaced with ful ) in
whi ch one WP 9%RB%nputs is fixed at logic level zero. %C%Se{\%%ééz‘{ﬁ
conmbi nation of a full- 20 adder (F) falJ.owed by a half-adder (H) within

a stage (or even two hal f - adders) couJ1d be repl aced ]b}yss%ecorrpressor

circuit (C in which one (or two) of the inputs is fixed e a d
this way, even nore regularity can be ce1aimtai ned, albel IHH
of a slightly less 25 opti mal adder cell.

F or C) generates both a sumterm and a carry term Represent atlve
connections Qi.thnsﬁult1p11batmbﬂﬂmﬂﬁﬁuﬁs i compeigbhg:array stages M1,

M52 and MS3 are shown by t% an %@cglfeﬁ\{llggp&g%aq%( Q:rﬁi s 30

recei ves one sumterm OBFB{}F ng OUS mal n
case of Smi n Nrbiy msudgéplier,f fom sﬁma:mg N M-bigpparkjipl mwtrey. ter m

out put fromt$§£¥éaﬁeaﬁﬁeﬁ'3¥§ ltegers fﬁ@ﬁ@r(eﬁaﬁubarEﬂﬁh&ﬂf¥raﬁ one

sum t er m out rom-t array s focal toit, i.e.
the bl ock of %ch praghand pméencét %ﬂ%@ %t“ﬁhanllf-k% £OTHSS t er m

fromthat sangoh@sal ebbar EprcilFaed P SfMake(HBNFoBRt prodddtomaser

gg: :2 BP :E: ﬁggf’ Ibl);[/ve(rzogaéﬁ' \I{\-xhlmle%r{shefor s:anung saldn§l %P%Fit'f rpoang'i?fa

10 products such that bits of said partial products having

the same bit-significance are added together, wherein
said addition means is organized into an architecture
that is characterized by a plurality of subarrays forming
partial sums and a multistage main array adding said

15 partial sums, said architecture having an asymmetric but
delay-balanced branching architecture in which a first
main array stage receives partial sums from two subarrays
and each subsequent main array stage receives partial
sums from one previous main array stage and only one

20 corresponding subarray, the subarray for each subsequent
main array being successively larger than subarrays for
previous main arrays to maintain balanced propagation
delays for partial sums provided to each main array
stage, at least one subarray including a four-to-two

25 compressor circuit therein, and

a vector merging adder receiving a multibit sum

word and a multibit carry word together representing a
partial sum from a final main array stage of said
addition means, said vector merging adder summing said

30 word and carry word to produce said (M+N)-bit product.

2. The multiplication circuit of claim 1 wherein each
signal propagation path from a first stage of a subarray
35 through each stage of that subarray to a stage of said
main array and through subsequent stages of said main
array has an identical number of compressor circuits
compared to all other signal propagation paths.

S SHEET HAS BLAN
T |
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- 13- cance (i.e., imediately to the right of the cells

suppl yi ng wWieomismesd erns). Thus, for exanple, conpressor rer/Usqs@r471n
bit colum 18 of main stage MS3 receives a sumtermfromthe
conpressor Cin bit colum 18 of main 5 -2%-age M52, a carry termfromthe
conpressor Cin bit colum 17 of main stage M52, a sumtermfromthe
hal f - adder Hin bit colum 18 of subarray stage SA[err], and a

carry term frdm t Beef multipddecation irewitinef 19laim 1 whemedm gach age

SAlerr]. In sggeli B¢t anetbariray fddgel tand COlPh e8BML Bf bWhaSWNdr¥dip and
two carry ter avai | able ot a Ig?at the far | eft _and far

IS t
right of nostStags tRagerpeelyes & hAtak #f LU PRELISL RISMHFGNI a
ful | - adder/ haifhpatideandogieneatates aorswwererm hahfl-a carrgddenmhal f - adder

combi nat gon, %gmﬁkkfggag E%ﬂﬁ?ﬂ£%§¥ic' uighus, for exanple, the bit
on of nain adde

colum 9 | ocafl r stage M52 receives a sumand carry’

from mai n stage MS1, but only a sumtermfrom subarray stage SAlerr].
No carry termfrombit colum 8 of stage SA21 is generated, SO
a conpressor cell is not required at stage M52 - 20 colum 9. As noted

previ ously, conpressors (C could be
4. The multiplication circuit of claim 1 wherein each

10 cell of a subarray stage and each cell of a main array
stage that receives a total of three partial product
inputs and generates a sum term and a carry term
comprises a full adder and a half adder in sequence.

15

5. The multiplication circuit of claim 1 wherein said
multiplicand and multiplier are in unsigned binary
notation, said means for forming partial products
20 generating cross-products of said M-bit multiplicand with
" said N bits of said multiplier.

25 6. The multiplication circuit of claim 1 wherein said
multiplicand and said multiplier are in two’s-complement
notation, said means for forming partial products
generating cross-products in accord with Baugh-Wooley’s
algorithm.

30
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used in those locations wt appr op iade fixed logic zero I nputs. The
connect i ons_bet ween sJBigBReE] of the same subarrsﬁ LY
st ages SA ﬂ?m&ﬁ?} SA[ e &m Ey CSA2 and st ages %&"&Fﬂﬁ
SA[err] and SAlerr] of rrj], g§e purely 25 | ocal

Wth reference to Figs. 6 and 7, the parti products generated by
the nultiplier circuit depend on the particul ar binary nunber

notatlon and 7l U iBle SR 1catash081 LT SO 1u0e o Thte AL SR

circuit shown in orns t Baugh-
mul tipli- a dé&ﬂﬁ&1qﬁaﬂ§g}57laF@g°uB %H&ﬁ?qﬂﬂaWﬁHh|§#¥@a§%§ﬁtomaﬂWO

bi nary nunber grirayuRtiageEsicwing shid. tad @xﬂsatrxrayé | £xom whiBh! eaae
[err] and a n-hit mult,iplier orm.an nwn - |t Eroduct 35

[err] [err]. fHRE%a tQFﬁ%%eﬁF?gL reLélve§tR5§ﬁﬁ?%) stages
sum of - c60ss- pfodnyt Substrrayy Héibndgi grouped togethremf amm @@thlﬁhlaroducts

(al er ] bl erT] L 090 SUIIR A HSent. to SUTHOl AR Wds! SOLL)OBSGR | anC

, SO that
LCT/U398/2247follow1ng said stages of the subarray corresponding to

' said main array stage, whereby all signal propagation
paths are local except paths between successive main

10 array stages, and whereby each subarray stage requires -
tracks for only two crossing signal propagation paths.

15 8. The multiplication circuit of claim 1, wherein at
least one of said compressor circuits comprises:

a first signal input, a second signal input, a
third signal input, a fourth signal input, and a carry
input;

20 a first logic gate consisting of a two-input
- NAND gate, said two inputs of said NAND gate connected to
said first and second signal inputs;

a second logic gate consisting of a two-input
NAND gate, said two inputs of said NAND gate connected to

25 said third and fourth signal inputs;

a third logic gate consisting of a two-input OR
gate, said two inputs of said OR gate being inverted
inputs and connected to outputs of said first and second
logic gates, said third logic gate providing a first

30 carry output;

a fourth logic gate consisting of a two-input
OR gate feeding into one input of a two-input NAND gate,
a second input of said NAND gate connected to said output
of said first logic gate, said two inputs of said OR gate

35 connected to said first and second signal inputs;

RO O RO A




-14- exanpl e, partial product [err] has a bit-significance in

the final product of (m2)+1 = (m 1) and appears in the bit-colum for~
Plerr]. ENP%BRMN of partial products of the sane bit PETH%BRHhce
is added, with carries being 5 transferred to the colum of the next

hi gher bit-signifi- canoe. In Fig"2A~the mbit nultiplicand [err]

: [err] and n-bit nultlpller [err] [err] are in

[2 s- ]cozpl[ema]nt +not at |+o? 2 %%}jgl r‘]’%}y‘f eé"%e c‘f’é?}ft}n aﬁ ent th'gg&’l[“? (§R
err err .

[err] r epatecfieediing Amticeonfe [inpit +of .a twpeinput NﬂNq gate, aferr]
). Note the subLrgg! hggutno&h%ar{astmw%sg&a& ectell kPIAd Whredie

Baugh- Wool ey al gorit ro ucts
significant bPE EAEB) stondpé-mléa gatriuctatd Byer ynPBWSePcfe[ﬁalt%@R ast row

has one 5 ghBaUEohhedtkle td s i iteditdVand eHoBERS Blignierirputd err].
., b[err]), the partial _products of the,| ast ro¥ Xxce t for t he

.. &
NVSB parti al produ@ts‘ﬁ%@b%ﬁﬂ??rﬂﬁﬁef?ﬂﬂ§%ﬁ51ﬂﬂlPlpF
inverted (al esetond| ewblinputr OR gates afesding idntoexespeotrive [iplts

Lerr], 20 "lepgl, [r%g:;]ﬁé. ﬂ\'/cép%ﬁ %da@ed Ao Pht 885%*:8@ Ot sl £ Rk

mtn- 2, and mtn-1, practlce omev 1'S$" ot
actual | y adde@Rt gabet Cposxepit@d hen-said |ortpats of said damst @nd of

hal f - adggr 2Qgebhql iob&%e%%sa”%éﬁﬂ £ Cinputs 8l sadde’sdedry r
position 33 of main stage
gate connected to outputs of said fourth and fifth logic

gates;
a seventh logic gate consisting of a two-input
XOR gate, said two inputs of said XOR gate connected to
15 said outputs of said fourth and fifth logic gates;
an eighth logic gate consisting of a two-input
AND gate feeding into one input of a two-input OR gate, a
second input of said OR gate connected to an output of
said sixth logic gate, said two inputs of said NAND gate
20 connected to said carry input and an output of said
- seventh logic gate, said eighth logic gate providing a
second carry output; and
a ninth logic gate consisting of a two-input
XOR gate, said two inputs of said XOR gate connected to
25 said carry input and said output of said seventh logic
gate, said ninth logic gate providing a sum output.

* c L M S *

30 9. The multiplication circuit of claim 1, wherein at
least one of said compressor circuits comprises:

a first signal input, a second signal input, a
third signal input, a fourth signal input, and a carry
input;

35 a first logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to

said first and second signal inputs;
. ‘his Sheet Has Been Replaced
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25 carry out of half-adder 2C1 also |s connected to bit position 34
of the sum ou of ﬂmsmw Be |nplenentatiogs%% 244y 0i ds
havi ng to%‘?é/ﬁ#?a co |ue | n the architecture gain Bz ﬁ

col ums of parti al ng Uy sanme bit-significance are
added, with 30 carrie ans erred to the colum of the next higher bit-
significance. The result is a product which is also in 2' s- conpl enment
notation. In Fig. 5 siaceegboadnlsgié gate cbdsuesﬁ.dﬁeﬂgt (Yiage-Y aﬂgﬁa-pm;v%ﬂed to
t he hal f - add rr] rl.dn. bi 16 an 2 to
he hai - adddioh jgage hsdld gup iREEEE lod hilg 60 HRfe Bobected Vo' 0
Not shown in sRaig Ehlsdtaadffnarthdangnaitgmputs. vector ner gi ng adder of
the sumand carry mordsag€6§#gt?§g%§ géﬁétéﬁhéiéﬂEﬁQrSfSQOW%QJQHﬁhﬂeCtOr

mer gi ng adder is
PCT/ USOS 247 NAND gate, said two inputs of said |MAND gate gomeghked yto.

I denti cal togamac&lfgesgnaogaeoha i1 Oinputs;art. Several alternatives
are possible: carry rlpg gburth logic gate consisting of a two-input
NAND gate, said two 1qputs of said NAND gate connected to

said third and fourth signal inputs:

10 a fifth logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to
outputs of said first and second logic gates;

a sixth logic gate consisting of a two-input
NAND gate, said two inputs of said NAND gate connected to

15 outputs of said third and fourth logic gates;

a seventh logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to
outputs of said fifth and sixth logic gates, said seventh
logic gate providing a first carry output:

20 an eighth logic gate consisting of a two-input
-NOR gate, said two inputs of said NOR gate connected to
said outputs of said third and fourth logic gates;

a ninth logic gate consisting of a two-input OR
gate feeding into one input of a two-input NAND gate, a

25 second input of said NAND gate connected to said output
of said third logic gate, said two inputs of said OR gate
connected to said first and second signal inputs;

a tenth logic gate consisting of a two-input OR
gate feeding into one input of a two-input NAND gate, a

30 second input of said NAND gate connected to said output
of said fourth logic gate, said two inputs of said OR
gate connected to said third and fourth signal inputs;

an eleventh logic gate consisting of a two-
input XOR gate, said two inputs of said XOR gate

35 connected to outputs of said ninth and tenth logic gates;

RO ) 0
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carry | ook-ahead, car Also not shown is any addi ti onal
rom/gf adder s, eltheﬂ%%SER &kmﬁﬁ the vector nerging adder, for
addi ng thewaxmamﬂzator I s [ n an integrated PCT/US98/22471
nultlpller-accunulator Agaln this is like that found in the
prior art. Finally, with respect to ?2@3 1 - 4it is noted that

structure does not have to start with a row of full 10 adders. \Wet her

hand. For exanpl o the ® Peeliigti fRotEcvathepRalani Nt Hhd o SHOWRLFn
Fig. 5 shows AND gatk/ feetiingilintx i @ne anputoofequtma&xnputn&neﬁat@M/@f_
ful | agders a8ek8hleqrild b difia HRWate donnected to anlddbifi Frce o

Figs. 8-11, various onpressor C|rc are
shown. These 5épria@e9hth logiq gake susaidstye inputsd&f saiitANR@ate

del ay 0f5°”'Yconnecﬁ?@Nﬂb:bé%ﬁL%éﬁﬁﬁdfﬁﬁutThha Egg?f%%gﬂ;g?;@ﬁ#g%szo )

i mproves eratin pee ut _necessi es

attenpting to%&ﬁ'ﬁ&&c %%I%ﬁ%ﬂ Tt BV?i%LQt 1egisr gate proyiding a
conpressor ci segohdl arret vutguoy asdfi ve-to- t]hreed conpressors, since
there are two additional QR J &L . err] and.Cerr]. ver, since
these additional carry ter fkeen%%r%%?fﬁc%sﬁﬁe P“&ﬁ%%ﬁﬂé ?é:% Y% t he
sane row or siaput2XOR gatkarsaiyreval ixpubs ofcemidd XORmgater evi ous
stage 0fp  cofflblked kd Bl (A0 ALAICantNELIA St dBYSa1a

counted, hence_the usual designation o our-to-t onpr essor .
The conpressoRleveath Yagis gate, s3id:thigggenth logic gate providing

a sum output.

15
10. The multiplication circuit of claim 1, wherein at
least one of said compressor circuits comprises:
a first signal input, a second signal input, a
third signal input, a fourth signal input, and a carry
20 input;
' a first logic gate consisting of a three-input
OR gate feeding into one input of a two-input NAND gate,
a second input of said NAND gate connected to said first
signal input, said three inputs of said OR gate connected
25 to said second, third and fourth signal inputs;
a second logic gate consisting of a two-input
OR gate feeding into one input of a two-input NAND gate,
a second input of said NAND gate connected to said second
signal input, said two inputs of said OR gate connected
30 to said third and fourth signal inputs;
a third logic gate consisting of a two-input
NAND gate, said two inputs of said NAND gate connected to
said third and fourth signal inputs;
a fourth logic gate consisting of a three-input
35 NAND gate, said three inputs of said NAND gate connected
to outputs of said first, second and third logic gates,

said fourth logic gate providing a first carry output;
J—
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when all four inputs |I-T4 arrive
The_bggi c carried out by the

conpressor 35 I'S: WO 99/ 22292
PCT/ US98/ 22471 -16- [err] 5
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to said first, second, third and fourth signal inputs;
a sixth logic gate consisting of a two-input
5 XOR gate, said two inputs of said XOR gate connected to
said first and second signal inputs;
a seventh logic gate consisting of a two-input
XOR gate, said two inputs of said XOR gate connected to
said third and fourth signal inputs;

10 an eighth logic gate consisting of a two-input
XNOR gate, said two inputs of said XNOR gate connected to
outputs of said sixth and seventh logic gates;

an inverter connected to said carry input;
a ninth logic gate consisting of a two-input OR

15 gate feeding into one input of a two-input NAND gate, a
second input of said NAND gate connected to an output of
said fifth logic gate, said two inputs of said OR gate
connected to outputs of said eighth logic gate and said
inverter, said ninth logic gate providing a second éarry

20 output; and

a tenth logic gate consisting of a two-input
XOR gate, said two inputs of said XOR gate connected to
said outputs of said eighth logic gate and said inverter,
said tenth logic gate providing a sum output.

25

11. The multiplication circuit of claim 1, wherein at
least one of said compressor circuits comprises:

30 a first signal input, a second signal input, a
third signal input, a fourth signal input, and a carry
input;

a first logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to

35 said first and second signal inputs;

a second logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to
said third and fourth signal inputs;
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delays of 1 unit for n ﬁrﬁk ALK, 2 units for a 10 noni nverting -
gate and 2 units for ate The nunbers in the fh&ure
represent W@aA%ys a put of each gate. To geRETAINA8RI4E} ]

takes 2 unit deI i supplied to CJerr] in an adjacent cel
of next hi gher order b|t S|gn|f|can Tn the sane stage. To 15
generate both the sun1tern1S and the carry term C takes 6 uni t del ays.

The circuits in Figs. %?H3§EQB§Pi§t§£¥engphsl?h1“863M?Q§lt&6”fﬁ g@ye

been followed in deV|S| I rcul for t sum
output S is uUNDRugat®e, Z@aldmﬁwoeﬁmpgtSbeftaelgaNDByg@terﬁpnm®Q¢¢@pb@ bit.s
11-14 aaﬁggh%gf Jqq %%gﬁ flfqgé fs&Esnaum%r i Plgaktes) rhéﬂ? £hyea

i nput bits is 0 be 0 ot her he codi ng for
the carry out pegdccpate Hﬁﬂ?%§4@9ﬁ%tfhﬁﬁﬁu€arry °uﬁaqimchng flexibility

in desigg. These carry @Jtﬂaﬁz&ﬁfﬁogi@p@&&énbohhiswﬁfger&ﬁ Dftvygoinputor e
|f there are_two ree |.s at the

th t
Lﬁe?g mnfllgg§§9§ Qﬁﬁgbmﬁfihuyﬁ9l+P?“%508Fr§a&§t gate(%ﬁ??ﬁﬁ£?8 #
Clerr]) and taidt ifdrstarand aeqand wignad anputs'zero Any conbi nati on

that follows this rule is & &3] fggg %gggbbgﬁ 1%%1 t fMgl wg@y+%??omed

correct operation of the Anot

for opt i HNOR: igateof aaid &W%u?—lﬂput?; 0] ﬁraR-é m]ga%m@eﬂted to of
qerr]. dherekang whs A tarﬁfsfm@tsieﬁaﬂ %Eht%houl d be the same for
Cerr] equal to either 0 or, 1. This i§ speed reasons, to,avoid

rippling through the bitd sixth logic gate consisting of a three-input
NAND gate, said three inputs of said NAND gate connected
to said first and second signal inputs and an output of
said fifth logic gate;

15 a seventh logic gate consisting of a three-
input NAND gate, said three inputs of said NAND gate
connected to said third and fourth signal inputs and an
output of said fourth logic gate;

an eighth logic gate consisting of a two—lnput
20 XNOR gate, said two inputs of said XNOR gate connected:to
" said outputs of said fourth and fifth logic gates;
an inverter connected to said carry input:;
a ninth logic gate consisting of a two-input OR
gate feeding into one input of a three-input NAND gate,

25 second and third inputs of said NAND gate connected to
outputs of said sixth and seventh logic gates, said two
inputs of said OR gate connected to outputs of said
eighth logic gate and said inverter, said ninth logic
gate providing a second carry output; and

30 a tenth logic gate consisting of a two-input
XOR gate, said two inputs of said XOR gate connected to
said outputs of said eighth logic gate and said inverter,
said tenth logic gate providing a sum output.

" | OO R
* [ L M S *
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positions, because CgfsklceCiBeenfReglied he bit position of next | ower
signi ficance and at th n the WO 99/ 2229

PCT/ US98/ 29799122292 D [‘ﬂﬂmmm " -17- ‘g‘FE{PE’FR?“ﬁ‘he
conpressor of Fig. 8 i partlgplar exanpl e of these rul es.

In Figs. 9 and 10, the conpressor logic is: [err] In the Fig. 9
I npl ementation of this logic, generating 10 (Cerr] takes 2 unit del ays,
whi | e generatiyy, t hgh s Uk PRfip] icatidn kit DRNELEIROLN LRk el iRt

del ays. There are equal “delays fromthe jnpuis 11-14 to the primary
out put s least one of sald compressor circults comprises:

a plurality of inputs, including a first signal.
input, a second signal input, a third signal input, a
5 fourth signal input, and a carry input; and
a plurality of outputs, including a first carry
output, a second carry output, and a sum output;
said at least one of said compressor circuits
being characterized in that said sum output is set to 1
10 if the number of 1’s in said plurality of inputs is odd,
said sum output being set to 0 otherwise;
said at least one of said compressor circuits
further being characterized in that one and only one of
said first and second carry outputs is set to 1 if the
15 number of 1’s in said plurality of inputs is 2 or 3;
said at least one of said compressor circuits
further being characterized in that both of said first
and second carry outputs are set to 1 if the number of
1’s in said plurality of inputs is 4 or 5.

20
13. The multiplication circuit of claim 12 wherein said
at least one of said compressor circuits is further
characterized in that one of said carry outputs is
25 determined independently of said carry input.
14. A multiplication circuit, comprising:
means, receiving an M-bit multiplicand and an
30 N-bit multiplier, for forming partial product terms
therefrom, each partial product term corresponding to a
specified bit of an (M+N)~bit product; and,
for each product bit, addition means for adding
all partial product terms that correspond to that product
35 bit plus any carry terms generated by the addition means

for the next less significant product bit, each said
addition means generating a sum forming said product bit
and one or more carry terms to be transferred to the

THilS SHEET HAS BEEN
AR OO A P ACED
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S and C. In other WDFd&s&kakﬁsnheqump#essor of Fig. 8, the circuit-in
Fig. 9 1is also synnntr:r“ The conpressor in Fig. 10 is an °
asynmmet r i cWO 99/2229r si o !gn has shorter del ay fromPCAIRI8R2471

and secondly fron1|nput'! "' w ron1|nputs |3 and 14, to generate
Cerr] (and hence al so C ends which depend38m C[err] fromCerr] of a
simlar adjacent circuit). Also, the carry 20 out put C Is slightly faster

than the sumoutpuyt, S, by 1 i't_delay (5.versus nlts Thi.s
noymetri o verddhfion ndans, gor, PR pREN VEEARGE MLt Rratt RFPABCE o
t he sane Hitge. Thus the sl owest arriving signals can be provi ded

on the shorter delay|ru%gé¥%§naggch25awg %?qﬁ%iéﬁsme nfg g&?iﬁ&?ﬁd

signals can be provided to elo |nputs

5, this asymedtiq an architeetase “&batd ise o&l@w%rlsmrbxyaspAg@aéA[tmr]

in whichg Sy cdta gEféEﬁlﬂ@”ﬁh&ﬁ@lﬂ’@\ﬁﬁ# tﬂeeaéaayal; 8tages .
partial suns fron1sta e SA3 [n the siruc&é1e of F| 1¥% 3% and 47in
S

which full adR&ing mhged  EnhQt af PLUE: oﬁ’ﬁF8§§§.1"e
st ages SAl, Séﬂn:fmfi:ﬁABa@ciei'beaﬁdba single e riCoP , suSdSss Goé4madnl d

preferably be as r ri r Gul

synt hesi zed, Shd %&ers, %nffgﬁgg Sg?%@ggh sscaé"\c/dalcfﬁggb#]g §gu{“gégd8§|raﬁ’er.
35 _ _addezﬁ; geeing anhcaddepr eosveatied tia twmplcnains of subpray
fol l owi ARG | 0gifigers to receive partial sums therefrom, each stage of

(o))

m

said chain of main array adders subsequent to said first
stage being connected to a preceding stage of said main
array adder chain and to one and only one chain of
subarray adders,

15 wherein each adding stage in said chain of main
array adders being a four-to-two compression adder
circuit, hereafter called a ’‘compressor’, said two chains
of subarray adders connected to said first stage of said
main array being identical in the number of each type of

20 adder in those chains, each chain of subarray adders
connected to subsequent stages of said main array being
identical to a chain of subarray adders connected to a
preceding stage of said main array in the number of each
type of adder in that chain except for having one more

25 compressor than said preceding chain, whereby each signal
propagation path through said chains of subarray adders
and through said main array has a balanced delay, and

subsequent to said addition means, a vector
merging adder receiving a multibit sum word and a

30 multibit carry word from the addition means for each
product bit, said vector merging adder summing corres-
ponding bits of the same bit significance of said sum
word and said carry word to form said (M+N)-bit product.

35
15. The multiplication circuit of claim 13 further
comprising a row of accumulator adders for at least each

bit of said product.
o ]
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-18- [errjwo 99/2229¢3 ressors in Figs. 8 and BCTUS98/%471
symetric puts [1-14. However, like Fig. 10
it provides the carry pu s |g ly fastes than the sum out put S

by 1 unit delay (5 versus 6 units). 10 The follow ng table
summari zes the advant ages of the present invention relative to the
prior art by vwe§. Theohuitapdicadiomstirenit of| aysimr dScwmiressiod saidul |
Adder del ays (fédumulator adders are located ?etween saﬁg adfl®on 17x17

Architecture Layout _Propagation Paths
means and sald vector merglng adder.

17. The multiplication circuit of claim 14 wherein said

multiplicand and multiplier are in unsigned binary

notation, said means for forming partial product terms

generating MxN cross-products from said M bits of said
10 multiplicand and said N bits of said multiplier.

18. The multiplication circuit of claim 14 wherein said
multiplicand and multiplier are in two’s-complement

15 notation, said means for forming partial product terms
generating said terms in accord with the Baugh-Wooley
algorithm.

20 19. The multiplication circuit of claim 14 wherein
compressors in stages of said chain of subarray adders
other than a first stage are asymmetric compressors in
which two inputs to said compressors propagate slower
than two other inputs to sum and carry outputs of said

25 compressors.

20. The multiplication circuit of claim 14 wherein said
compressors in said main adder array and any compressors

30 in a first stage of any chain of subarray adders are
symmetric compressors in which four inputs to said
compressors propagate essentially equal in speed to sum
and carry outputs of said compressors.

IS SHEET HAS BEEN
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ICarry S: ze ,lAr Lay Relgul ar Unbal anced (Ripple) QN 15 FA 20 Tree

rregual ar | n ently Bal anced | o 6 FA Tree with lrreqular
| nherently ‘§8|9§)’ﬁ2:{a A log N 4.0&(3 F%\ " Conpr essors 25 Hggg{ursgsgzﬂ?
Regul ar Bal anced by [err] 7 FA2-

Construction The Invention Regular Balanced by [err] 5.5 PA
Construction 30 AMENDER L AEMAas t he advant age of bei ng
bot h r egul arfréceivetidylthy buernatichal Buatauwosl & Apeib1990(06124.99);  operati on

(5.5 full addgigifflcaifms.1, 2ang 14 amendedigebinindenieds wichbngeddpearésds of bot h
array architectures and tree architectures. Another advantage is that
except for the connections between its main array stages,ThélsheetHaSBeenReplaced

connections are local, so that only two signal tracks needmimgmﬂmm‘“‘
in the |ayout no matter how large it is 40 scaled. This is o
arohi toctures. B o P e Y by stal ed
| ar ger si zes. | mgann%%egﬂ’ﬂ’(g‘on:?(ragég Li’?g\,’é‘% |§|{'{i ?’&%%"Z%ﬁgﬁgtﬁg
45  archi Bect uNepihasulbtipinicey, dsirafermingt ¥ ¥rbphgeareipl progustss, they
gre not inherentiy Dadaeedy ldke iMt@ers graatbirt ERaHIes duth @ity drl anced
m%eﬁo?ﬁérUCtlOne&%hhpgrtial J¥é§¥2£ %ggh%% gfb§%Qg£§§¥ffé§ﬁ§E é¥¥§£§ﬂ ngly.
ponding to a specified bit of an (M+N)-bit product; and
' addition means for summing said N M-bit partial
10 products such that bits of said partial products having
the same bit-significance are added together, wherein
said addition means is organized into an architecture
that is characterized by a plurality of subarrays forming
partial sums and a multistage main array adding said
15 partial sums, said architecture having an asymmetric but
non-inherently delay-balanced branching architecture in
which a first main array stage receives partial sums from
two subarrays and each subsequent main array stage

£Y-

receives partial sums from one previous main array stage
20 and only one corresponding subarray, the subarray for
each subsequent main array stage being successively
larger than subarrays for previous main array stages to
maintain balanced propagation delays for partial sums
provided to each main array stage, at least one subarray
25 including a four-to-two compressor circuit therein, and
a vector merging adder receiving a multibit sum
word and a multibit carry word together representing a
partial sum from a final main array stage of said
addition means, said vector merging adder summing said

30 sum word and carry word to produce said (M+N)-bit
product.
2. The multiplication circuit of claim 1 wherein each

signal propagation path from a first stage of a subarray
35 through subsequent stages of said subarray to a stage of

said main array and through subsequent stages of said

main array has an identical number of compressor circuits

compared to all other signal propagation paths.
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-19- CRioRes®r circuits of Figs. 8-11 are incorporated pairases22471
the architecture of the present inventi of83-special care has been

required to ensure that bal ance is naintained. In particular, each
signal path through any of the 5 subarrays and through the main array has
been constructed so that it presents the same nupber of conpressor

circuits as all2et hEhespydsipdichsiopairswddefi wlainm 1 g ¥hersyns 8&di ng

into a successjygsstage 8f 5BeaMRohpresscddairaiity fi€eaddi ti onal
conpressor than tﬁe 10

(optionally) be pr e§2%5&%%3§3’ﬁ%%%§t#ﬂ%§f?geé sggﬁsﬁi §danals
I the fuihpatiden Beadndasighalr dnputhera amimbrpi@sabr nput, a the
ful| addef is PRurFhoR EPEtARers. S o famn BT TAR4 o Y Bai ng o
the main array, t hea plarhility cfmmummuis ciineluwding defdrsthearry
symmetric output, a second carry output, and a sum output;
said at least one of said compressor circuits
being characterized in that said sum output is set to 1
10 if the number of 1’s in said plurality of inputs is odd,
said sum output being set to 0 otherwise;
said at least one of said compressor circuits
further being characterized in that one and only one of
said first and second carry outputs is set to 1 if the
15 number of 1’s in said plurality of inputs is 2 or 3;
said at least one of said compressor circuits
further being characterized in that both of said first
and second carry outputs are set to 1 if the number of
1’s in said plurality of inputs is 4 or 5.
20

13. The multiplication circuit of claim 12 wherein said
at least one of said compressor circuits is further
characterized in that one of said carry outputs is

25 determined independently of said carry input.
This Sheet Has Been Replaced

means, receiving an M-bit multiplicand and an

14. A multiplication circuit, comprising:

30 N-bit multiplier, for forming partial product terms
therefrom, each partial product term corresponding to a
specified bit of an (M+N)-bit product; and,

for each product bit, addition means for adding
all partial product terms that correspond to that product

35 bit plus any carry terms generated by the addition means
for the next less significant product bit, each said
addition means generating a sum forming said product bit
and one or more carry terms to be transferred to the

A
MENDED SHEET (ARTICLE 15) | ||||||J |||||L| |||J| ”ILI I ||||



type. Al of the main arF eemRelaceare of the symetric type.
Wth this carefoudeynesstrru transacti ons can bernsog2471
m nimzed. (Additional del oul d be added where needed to
handl e resi dual |nbalance as taught y T. Sakuta et al. in the
article referred to previously.) Al so, the
architecture of the present invention can be scal ed, by increasing the
nunber of main adddyics meapggESraithecHerds SRRATRF SR iEySant pppodust
mul tiplier, bitfor exanple, can be inplemented with four main adder
stages and no full adder stages in the sybar

conpressors). It has a prBp&ygtnoRage 55 %§a§%1°n meansg }%I?r§ﬂﬁé?§d
61x61 nul tipli einﬁanaheaswhaﬁtﬁbedn3ﬂ-1nWetzharﬂ:l]>y e Taydsslastages and a

architect fe) arenihepturs tBAECHR, (Rurarn AR Al S RN 8L BY
adder f ol | addingystagespferming @mtbmmﬂ1sum&xﬁghwea®®bagrayages adds

ddi t I t I
21" i ST GERAn IV S SETa LRI Bposgd LGRS0

final note, it $§bé§§éYvéédFﬁ&tand a sfadder ¢haime of Fy¢cessivanmdéneasi|y
nodi fied to art8¢ hd8e#sP8%58 ivdk! sRhig® inlHaid cHRED Pt i 8AeH B¥ray

10 adders being an adder connected to two chains of subarray

adders to receive partial sums therefrom, each stage of
said chain of main array adders subsequent to said first
stage being connected to a preceding stage of said main
array adder chain and to one and only one chain of

15 subarray adders,

wherein each adding stage in said chain of main

array adders being a four-to-two compression adder '
circuit, hereafter called a ‘compressor’, each compressor
having a delay being less than a delay associated with a

20 pair of successive full adders, said two chains of
subarray adders connected to said first stage of said
main array being identical in the number of each type of
adder in those chains, each chain of subarray adders
connected to subsequent stages of said main array being

25 identical to a chain of subarray adders connected to a
preceding stage of said main array in the number of each
type of adder in that chain except for having one more
compressor than said preceding chain, whereby each signal
propagation path through said chains of subarray adders

30 and through said main array has a balanced delay, and

subsequent to said addition means, a vector

merging adder receiving a multibit sum word and a
multibit carry word from the addition means for each
product bit, said vector merging adder summing corres-

35 ponding bits of the same bit significance of said sum
word and said carry word to form said (M+N)-bit product.

AMENDED SHEET (ARTICLE 19)
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r_w@yg,ﬁggi he‘ row of full adders F. The resulting 58¥gfnses2471
has a delay of 10.5 full addegs- 5

C ai ns

15. The multiplication circuit of claim 13 further
comprising a row of accumulator adders for at least each

bit of said preoduct.

16. The multiplication circuit of claim 15 wherein said
accumulator adders are located between said addition

means and said vector merging adder.

17. The multiplication circuit of claim 14 wherein said
multiplicand and multiplier are in unsigned binary
notation, said means for forming partial product terms
generating MxN cross-products from said M bits of said
multiplicand and said N bits of said multiplier.

18. The multiplication circuit of claim 14 wherein said
multiplicand and multiplier are in two’s-complement
notation, said means for forming partial product terms
generating said terms in accord with the Baugh-Wooley

* € L M 0§ =

19. The multiplication circuit of claim 14 wherein

algorithm.

compressors in stages of said chain of subarray adders
other than a first stage are asymmetric compressors in
which two inputs to said compressors propagate slower

than two other inputs to sum and carry outputs of said

compressors.

20. The multiplication circuit of claim 14 wherein said
compressors in said main adder array and any compressors
in a first stage of any chain of subarray adders are
symmetric compressors in which four inputs to said
compressors propagate essentially equal in speed to sum

and carry outputs of said compressors.
- This Sheet Has Been Replaced
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1. A mltiplication circuit, conprising: means, receiving
an Mbit mlt{domasgs and an 5 N-bit multiplier, for form ngciudb®irisn

partial products, where M and N a%§ integers greater than 8, each bit
of each partial product having a Dit-significance corres- pondi ng
to a specified bit of an (MN)-bit product and addi tion

means for sunmng said N Mbit partial roducts such that bits of said
partial products having STATFE@@WW@%’?%# % cance are added toget her,
wherein said addition neans is organised into an architect ure

that is characterised by a plurality of subarraysl form

sums and a nuﬂ@Péhﬁi?ﬁn%ﬁ1@ﬁ%ﬁ§&n5

archltechggggfﬁl Qgﬁﬁﬁﬁﬁﬂwr gg;gg; a:%%ﬁ? Q OF @%% % %pced
branchin - fi | I 25 C €T,V
parti 3l &b gty no a’*ﬁ‘&@ “AiitFals AT Ll el it ad St age
recei ves g ﬁ Ule Wl QyenTHodctiled) i it of ek cone
cor r espod Leng éc 10 arkd 13480 d¥redlent1y badagibsaibSequent main array
stage belng sdccessively | arger than Subarrays for previous nain

array stages e presdit lindiehtianineed PrrevRgaic-awodeorys ekaorpaiticali tsms

provi ded i ho apaairchaite iRy thatgds athlet@siseondrdllar tay the arichditeditugen

four -t o- BiBclomedessorthe rdtied Hedstira, eta@l. refersingeal Fhepdddifiecensat h

from a f betweshagheoftwnr sulrdritagtures, s @egh foutide due ameddede slafinsaild

subarrayand a4st dge tdfat the HeXisdtraniet alr-ayefiedeneco ¥§ess Hyseqowst oft ages

of said full adgiersar matheayithgnahavdast iac fournhoaitver Coapgessss, circul
in "at least one of the subarrays" Applicant asserts that a
four-to-two compression adder is not the same as two rows of full
adders arranged in a four-to-two reducer configuration. Due to
the structural differences between the circuits, the time delay
through the two rows of full adders shown in Hekstra et al. is
longer than the time delay through the compressor architecture of
the present invention. The cited Mou et al. reference is another
asymmetric architecture which uses pairs of full adders in a
reducer configuration. Again, the pair of full adders has a
longer delay time than the four-to-two compressor claimed in the
present invention. Applicant has amended claim 14 to further
make this distinction, specifying that "each compressor having a
delay being less than a delay associated with a pair of
successive full adders."

When the compressor circuits, such as those claimed
specifically in claims 8-11, are incorporated into a Hekstra type
architecture, as set forth in the amended claims 1 and 14,
special care has been required to ensure that balance is
maintained. Each signal path through any of the subarrays and
through the main array has been constructed so that it presents
the same number of compressor circuits as all other signal paths.
Each successive subarray feeding into a successive stage of the
main adder array has one additional compressor than the previous
subarray. With careful construction of the compressors, spurious
transactions and rippling effects are minimized and the
propagation paths are balanced by construction. Additionally,
the use of four-to-two compressors, instead of pairs of full
adders, provides the multiplier architecture with an improved
operating speed.

Applicant has also made minor amendments to claims 1 and 2
to provide proper the antecedent basis for these claims.



30 circuits conpared to all other signal propagation paths, and

each conpr esgglegfbdegti t having four signal i nput' s connepEpRisbdrzam
outputs froma previous stage and an extra carry input connected to a
carry output froma same 35 stage of next |ower bit significance, and

al so having sum and carry signal ougpyuits connect ed to signal Ci m%uts
of a subsequent stage and an extra cCarry out putcg'&)@necajgdzto

carry input for a sane stage of next higher bit CSA1({ CSA3

-22- significance, wherein a state of said extr c\ar&y( ut
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to 1 if the nunber of 1's in said four signal inputs and 10 said extra

carry i nput W&g@ﬂ‘i&nsai d sum si gnal out put bei ng nmet pEr/Ososr2471
ot herwi se, salrd carry signal output and said extra carry output
being both set to 1 if the nunber of 1's in said four signal inputs
and extra carry input is 4 or 5 epe and only one of said carry
si gnal out put 15 and said extra carry output being set to 1 if the
nunber of 1's in said four signal inputs and extra carry input
is 2 or 3, and said carry signal output and said extra carry out put
being both set to 0 if the nunber of 1's in said four signal inputs
and extra rY 4 ' ; r rgi ag, aqdder
r%meéﬁﬁ$@%$%%%ﬁn%r%MHMﬂmﬁYWWBWQ gagdery g
representing a parti al s¢ 6 om &
addi ti on nmeans, said vector nerg % d S AT AT e & ey SR Ny
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35 conpri ses a conpressor circuit.

- 23- Adwoldezgaal tiplication circuit of claim1l wherein eachusssnzacel |
of a subarray stage and each cell of a main array stage that receives
a total of three partial product inputs and generates a sumtermand a
carry term5 conprises a fulbadder andvﬁ-ﬁalf adder in sequence.

5. The nmul tiplication c&;cubt claim1l wherein said 10 mul t&pl i cand and
multiplier are in unsi ghed<hiirfdry not ati on, said neans fp@~forn1ng
partial products generati @y Gwoss-products of said Mbit|multiplicand
wi th said N bits of, saLd-gulplier. _
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15 6. The nultiplication circuit of claim1l wherein said

rrultlpllcanqv 9592 d multiplier are in tw' s-conpl enent POTRISOE R DIN
sai d neans orm ng partl al products 20 generating cross-products in
accord wt h Baugh Wol ey’ s al gorithm 25 7. The multiplication
circuit of claim11 whereinsad ad i.?i on neans is laid out linearly
with said first main a-%ay stage f ( ow ng said two subgasrays from
whi ch t hat flrsgmn erray stage receives partial su al | stages
of any subarray being groupedstogether, and each main 30 rray stage
subsequent to said first i a@ay stage foll owi ng sai d, stages of
the subarray correspo@ddi gg |t 6 «s said main array stage, reby all
si gnal propagation pat s aé lqcal except paths betwegn successive
mai n array stages, andowe®eby2 each subarray stage re uic\rles 35
tracks for only two c@bsg&hgglg@"alﬁr opagati on paths. oy
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- 24- 8. The multiplication circuit of claim1, wherein at-

| east one of sai 8' £QNpr essor circuits conprises: PCT/USY8/82471
first signal f, a second signal input, a third signal input,
a fourth signal input, and a carry 5 i nput ; a
first logic gate consisting of a two-input NAND gate, said two

i nputs of said NAND gate connected to 5/T said first and second
signal inputs; a second |l ogic gate consisting of a

t wo- i nput 10 NAND gate, said two inputs of said NAND gate connected
to said third and fourth signal inputs; a
third logic gate consisting of a two-input OR gate, said two
inputs of said OR gate being inverted C_..inputs and connected to
out puts of said first and second 15 IogFB“gates, said third logic
gate providing a first carry out put a fourth
| ogi ¢ gat e consi stilngyof t we-i nput OR gate feeding into one

i nput of a two-inputy NAND jgat &, cond i nput of said NAND gate

connected to said 6ut pyt 30 of first logic gate, said two inputs

of said OR gate 13> 1 1
14 > D j‘} 3

I1 >
12 >

B> ) D _DDG_'C

Y




connected to said first and second signal inputs; ' a
fifth |ogic galegnensi sting of a two-input OR gat e frEriUsEs/22a0m10
one input of a two-1nput NAND gate, a second i nput of said NAND
gate connected to said out put 25 of said second logic gate, said two
i nputs of said OR gate connect ed tgéfaid third and fourth signal
i nput s; a sixth logic ga consisting of first and
second two-input OR gates feeding into respective inputs of a
two-i nput NAND gate, said two inputs of said first 30 OR gate

connected to said out ppgts—of—s i Ts%_ &nd Csecond | ogi c gates,
said two inputs of saidg :&ffg§§%i>:::}}__ gate conn %?éd to out puts of
said fourth and fifth |qdglqg gat es; a seventh
| ogi c gate consisting off_altwn-inpi 1 XOR 4 ,2sa@id two inputs of said
XOR gate connected to Sai ' S ourth and fifth logic
gat es; J i gat e——cOnsi sting of a two-input
AND gate feeding into oneli wo-i hput OR gate, a

I > ' |
2 >— L_l-_.: 1 { }S_,C
B, ED

14 >

-

=)
©
c

out

3 >
14 > -1 A

I > :}3
2 > -




- 25- second i nput of said OR gate connected to an out put of

said sixth logic gate, said two inputs of said NAND gate POPRAGEASS7 O
said carry iﬁ&ﬂw fitt an output of said seventh logic gate, said eighth
|l ogic gate providing a 5 second carry output; and a ninth
| ogic gate consisting of a two-input XOR gate, said two inputs of said
XOR gate connected to said carry input?7/and sai d output of said seventh
| ogi c gate, said ninth logic gate providing a sumoutput. 10 9.
The multiplication circuit of cla|n11 wher ei n at | east one of said
conpressor circuits conprises: a first signal input, a
second signal input, a 15 third signal input, a fourth signal input, and
a carry a first logic gate consisting of a two-input

NOR gate, said two inputs of said NOR gate connecte said first and

second signal inputs; 20 a?§ ondC$ARi c Sgte consisting of a
t wo- i nput NOR gate, said two inpu oCSAh&Gifﬁf?bate connected to
said third and fourth signal inputs; Y athird logic gate

consi sting of a two-input NAND gat e, =R &F ngygioof sai d NAND gate
connected to -

& SAl
MS2 & SA2

& SA3

C3A0 CSAcl:SAé%Az?SégAs GSasé
Yt

& SAO
& SAlL
& SA2
& SA3
& SA4
& SAS
& SA6
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25 |, said first and second signal inputs; . a fourth lﬁ%é.&]"

gate consisting of a two-input NAND gate, said
NAND gat e- connected to . said third and fourth signal I'n uts

a fifth logic gate consisting of a two-input 30 le d 4xNOHp1399
n

of said NOR gate connected to out putgyef said fi

gat es;

NAND gat e,
said third and fourth logic gates; 35 Claims - a seventh logic gate
consi sting of a two-input NOR gate, said two inputs of said NOR gate

connected to
‘'sevent h
an eighth | ogic gate conweshsagreceiving- an

L RS

e m—— . =

10

15

20

25

30

35

second | ogic
a sixth logic gate consisting of a two-input

said two inputs of said NAND gate connected to out put s of

b S i BT
tiplicand and an

N=-bit multiplier, for forming N M-bit partial products,
where M and N are integers greater than 8, each bit of
each partial product having a bit-significance corres-
ponding to a specified bit of an (M+N)-bit product; and

addition means for summing said N M-bit partial
products such that bits of said partial products having
the same bit-significance are added together, wherein
said addition means is organized into an architecture
that is characterized by a plurality of subarrays forming
partial sums and a multistage main array adding said
partial sums, said architecture having an asymmetric but
non—-inherently delay-balanced branching architecture in
wvhich a first main array stage receives partial sums from
two subarrays and each subsequent wain array stage
recelves partial sums from one previous wain array stage
and only one corresponding subarray, the subarray for
each subsequent main array stage being successively
larger than subarrays for previous main array stages to
maintain balanced propagation delays for partial sums
provided to each main array stage, at leaat one subarray
including a four-to-two compressor circuit therein, each
signal propagation path from a first stage of a subarray
through subseguent stages of said subarray to a stage of
said main array and through subsequent stages of said
wmain array having an identical number of compressor
cirenits compared to all other signal propagation paths,
and- '

each compressor circuit having four signal
inputs connected to outputs from a previous stage and an
extra carry input connected to a carry output from a same
stage of next lower bit significance, and also having sum
and carry signal outputs connected to signal inputs of a
subsequent stage and an extra carry output connected to a
carry input for a same stage of next higher bit

wocawe {1y
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NOR gate,” said two inputs of said NOR gate connected to
of said third and fourth | ogic gates; ) a nlmfm 3&%?247]
consisting of a two-input OR 5 gate feeding into one input of a two-input

NAND gate, a second i nput of said NAND gate connem
of said third logic gate, said two inputs22~ said OR d coHn‘gtNngggg

said first and second signal inputs; a tenth logic gate
consisting of a t\/\&input OR 10 gate feedl _into one |nput of a
t wo-i nput NANCS® ¢ RBERLN |8 Akate sl extya carsy,output; o

said output {s oérmd fmtbtim CofdX1L mml dﬁ/\ma':lmumjmﬂ. dnpuitaR

gate connecte d t

el eventh | ogi gb%at e consl stl nf& ?’Eﬂ# &éﬁgrﬂl npu 1.'a.t"eo sal é%wo

i nputs of sai (SWOrBRAEAYTY 8 c‘?‘é"&?‘!‘b‘ Mﬁﬁ?%%l addh £ @t h
| ogic gatss; said aiqna:l. inputscand fs&i:rmexm cmyslhipuu} afaiadl teatranput

AND gat e feedi gg Qn#gg é@&fi ggwf 3‘%& d input
of said OR gate cohnect e an g{‘ﬁ ut sal d el %ﬁhoq “&%pqat&e said
two inputs of E§9WH M o‘?ﬂ&&%cﬁ?-@ an

out put of sai doutput st&hea; hsimlmatbgnshmhtm fhdvilmla: a;ata ;setvl d| ng

a secon ry
consi sting of dgaﬁivxo ‘23?’;8 i Ipu@| ? inssaali £ WO mptﬂﬁ @% gate
connect ed®t 0 sERIACEXETA; Wa’ﬁﬁ%‘&l RAGy5RFA Sy signal qubpwk h | ogic
gate, said thibetngthetogpcogathewmephmid carry signalitqutiput and

- said extra carry output being both set to 1 if the number
' of 1’s in said four signal inputs and extra carry input
is ¢ or 5, one and only cone of said carry signal output
15 and said extra carry output being set to 1 if the number
of 1’s in said four signal inputs and extra carry input
is 2 or 3, and said carry signal output and said extra
carry output being both set to 0 if the number of 1’s in
said four signal inputs and extra carry input is 0 or 1;
20 a vector merging adder receiving a multibit sum
word and a multibit carry word together representing a
partial sum from a final main array stage of said
addition means, said vector merging adder summing said
sum word and carry word to prodiuce said (M+N)-bit
25  product.

2. (Cancelled)

30
3. The multiplication circuit of claim 1 wherein each
cell of a subarray stage and each cell of a main array
stage that receives a total of four partial product
inputs and generates a sum term and a carry tera

- 1 comprises-a compressor circuit.

I
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30 . - 10. The multiplication circuit of claimi1, wh S
one of said conpressor circuits conprises: %Iuﬁl r%taé g?g £21

i'nput, a ‘'second signal input, a third signal i nput, a fourth sj

input, and a carry 35 inputt; a first EgA ﬁteq ﬁﬁ\”ggg
consisting of a three-input OR gate28eeding into (! ‘N

t wo-i nput NAND gat e, a second input of said NAND gate connected to

said first

i nput, said tHee |%t@3&1@$@té?”gﬁi€%ﬁe¥eﬁlai‘ t%’ﬁ“s@%
third and fourddlisieal smmy stage and each eencoﬂdalngin garcy

consi sting of é%?*l %95“ t Qﬂfal nBrbaaét 2
t wo- i nput NAMgkéﬁM) a second |nput %? sal 8 ate connected to said
second npu s and generates a sum t.:n

5 comprises a full adder and a half adder in sequence.

_ 5. The multiplication circuit of claim 1 wherein said
10 multiplicand and multiplier are in unsigned binary
notation, said means for forming partial products
generating cross-products of said M-bit multiplicand with
L said N bits of said multiplier.

b

6. The multiplication circuit of claim 1 wherein said
multiplicand and said multiplier are in two’s-complement
_ notation, said means for forming partial products
20 generating cross-products in accord with Baugh-Wooley’s
algorithm.

25 7. The multiplication circuit of claim 1 wherein said

| addition means is laid out linearly with said first main
array stage following said two subarrays from which that
first main array stage receives partial sums, all stages
of any subarray being grouped together, and each main

30 array stage subseguent to said first main array stage
following said stages of the subarray corresponding to
said main array stage, whereby all signal propagation
paths are local except paths between successive main
array stages, and whereby each subarray stage requires

e - . 38 tracks. for .only two crossing signal propagatioﬁ paths.

-_—

A A A 0
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signal i-nput, said two inputs of said OR gate connected to s%d éh'hrﬂ
and fourth signal inputs; athird logich [ f ;1
two-i.nput’ NAND gate, said two inputs of said NAND gate connected to 10

said third and fourth signal inputs;

consi sting of a three-input NAND gat—e4-5a| d three‘PENtusg fﬁélg@bmﬁﬂg
gate connected to out puts of said first, second and third | ogic gates,
saldfourthlo at e oV first carry outpyt; 15

fifth logic g sﬁﬂ‘fgi P&‘fa’tﬂﬂ -911%'3"‘ of ﬂmﬂ dat ¥herein L,

i nputs of sai awm&tmtmprcssdmcﬁmiaﬁm sompydeesd, third and
fourth signal inputs; | §q;cg, alg 'S af a

t wo- i nput grfb& 3d’two qn;)uts sal a?ﬁonne? to 20
said first ano‘g}% %’Pﬂi n signal inp f’h°F’5§Vc gate
consi stiny of Iapwbzi nput XCR gate, said two |nputs of said XCR gate

connected to sai d I % a two- an
eighth | ogic gate con5| sgt m{gf%?wrfkiw # nput i% at e, wgalj. t iﬁnput S
of said XNOR %

| ogi c gates; said f:l.rst and mnnd/s:tm]cdmmd to said carry input;

a ninth logic gate consi t k.Nt 0 one
i nput of agt V\Dgl n ut NA| s@m 1%3%1‘,’39 secotr?a,qaisa'n q’%t% ftﬁ%d% gtlte
connect e¥Pt o Jatersaid twg inputs of gﬁépe N‘Wﬂqlﬁﬂﬂt? of
said OR gate said tmtmcamli faurth wignalf :htputsal ghth Iog| c gate and said

a third logic gate consisting of a two—input OR
gate, said two inputs of said OR gate being inverted
inputs and connected to outputs of said first and second

18 logic gates, said third logic gate providing a firsat
carry output;

a fourth logic gate consisting of a two-input
OR gate feeding into one input of a two-input NAND gate,

a second input of said NAND gate connected to said output
20 of said first logic gate, said two inputs of said OR gate
connected to said first and second signal inputs;

a fifth logic gate conaisting of a two-input OR
gate feeding into one input of a two-input NAND gate, a
second input of said NAND gate connected to said output

25 of said second logic gate, said two inputs of =aid OR
gate connected to said third and fourth signal inputs;

a sixth logic gate consisting of first and
second two-input OR gates feeding into respective inputs
of a two-input NAND gate, sajd two inputs of said first

30 OR gate connected to said outputs of said first and
second logic gates, said two inputs of said second OR
gate connected to outputs of said fourth and fifth logic
gates;

-~

s

_ a seventh logic gate consisting of a two-input
e e - 38 XOR gate,-said two inputs of said XOR gate connected to
' said outputs of said fourth and £ifth logic gates;
an eighth logic gate consisting of a two-input
AND gate feeding into one input of a two-input OR gate, a

I

asacnnen SAET
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inverter, said ninth |ogic gate providing a second car r; lms 09t®>l{[g§ 471

35 a tenth logic gate consisting of a two-4

gate, sai'd two inputs of said XOR gate connected to ' t puts of

said eighth logic gate and said inverter, sai d tenimgaﬂd NOV 1399
provi ding a sum output. -25- - 28-

11. The multiplication circuit of claiml1, wherein at | east one of

said conpressor circuits conprises: a first signal input, a

second si gnal second input ofi maid GRgmate; apnnecked tean PuMRBt ®hut, and
? Wgalr :1 yuf mN& 'si;:tth 1ggiic ?ate_,asatast?boﬂ?ﬁuﬁﬂtofcmSlmtgﬁt? :
sai d f?rst ana*%%%%%a:%ﬁgb&Fﬂﬁhgﬁfkgpika“e ai gn“g&%ﬁé%i%ﬁgaﬁggig ga?e
consi sting of sevensh ¢ gate, said eighth logic gate providing a
5 second carry output; and
a ninth logic gate consisting of a two—input
XOR gate, said two inputs of said XOR gate connected to
said carry input and said output of said seventh logic
gate, said ninth logic gate p:ovi&ing a sum output.
10

o 9. The multiplication circuit of claim 1, vwherein at

k least one of said compressor circuits comprises:

a first signal input, a second signal input, a

15 third signal input, a fourth signal input, and a carry
input;

a first logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to
said first and second signal inputs;

20 .a second logic gate .consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to
said third and fourth signal inputs;

" a third logic gate consisting of a two-input
NAND gate, said two inputs of sald NAND gate connected to

25 said first and second signal inputs:

a fourth logic gate consisting of a two~-input
NAND gate, said two inputs of said NAND gate connected to
said third and fourth signal inputs:;

a fifth logic gate consisting of a two-input

30 NOR gate, said two inputs of said NOR gate connected to
outputs of said first and second logic gates;

a sixth logic gate consisting of a two=-input
NAND gate, said two inputs of said NAND gate connected to
ocutputs of said third and fourth logic gates:

e - 38 -..-. --a.seventh logic gate consisting of a two-input
NOR gate, said two inputs of said NOR gate connected to
outputs of saiu ’'ifth and sixth logic gates, said seventh
logic gate providing a first carry output:;

VA S, m‘fﬁ: . . * [ L M s * .
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10 :NOR gate, said two inputs of said NOR gate connected to

third and fourth signal inputs; - a thi rd?@q?ug??as?lﬁa&'?l

econsi sting of a two-input NOR gate, said two inpuls o NCOR gat e
connected to outputs of said first and second | o , ' '

15 |l ogic gate providing a first carry «gg=put; qPEm’S aﬁ%mow f@g
| ogi ¢ gate consisting of a two-input XNOR gate, said two inputs of

said XNOR gate connected to said first and second signal inputs;

a fifth logic gate consant ekghth hogio-gake camsistiver ofii®e twnninputo
ot of <o 4G Galauge pj o e s sebeundt
NR&B Séte, saPﬂighPEEPPﬁ%uggxﬁ?iga?hffﬁmtp%a réﬁkééiéiéég'to sgid
first and second signal ai nputh dngicngatecensisting afia tWoTinmwg iR gat e;
o oe oot SRS ERaRA Lnbd0cdi oo o tuo LARME MNP e, o, 0
si gnal iﬁputssﬁﬁa ninpu ggufﬁﬁp g@“éa?ﬁg?oﬁ??%g?ég#Su%g%éﬁh ﬂhﬂy
an ei ghth | ogof eaid tbirdsipgicogate;saidptvo inputs(efk spid OR gake .o
FFEh | ogi o garmoootadl to” GBIACELEst tand, Sao o e o L caray |
nput; 0 C 9T ventn 20918 quPYboRE1GPIRE F a ' usTldpleiey, o
gate fa&di nggateofeedingpinter onet inputi afua tHarinput NAND gakecohd and
third inputs gecopadibpile o2t 8ai@"NARDSgate connected to said output
of said fourth logic gate, said two inputs of said OR
gate connected to said third and fourth signal inputs:
an eleventh logic gate consisting of a two-
15 input XOR gate, said two inputs of said XOR gate
connected to outputs of said ninth and tenth logic gates:
a twelfth logic gate consisting of a two-input
AND gate feeding into one input of a two=-input OR gate, a
second input of said OR gate connected to an output of
20 said eighth logic gate, said two inputs of said AND gate
connected to said carry input and an output of said
aeleventh logic gate, said twelfth logic gate providing a
second carry output; and
a thirteenth logic gate consisting of a two-
25 input XOR gate, said two inputs of said XOR gate
connected to said carry input and said output of said
eleventh logic gate, said thirteenth logic gate providing
a sum output.

30

10. The multiplication circuit of claim 1, wherein at
least one of said compressor circuits comprises:

a first signal input, a second signal input, a
third signal input, a fourth signal input, and a carry

e R 1 inputs - -

a first logic gate consisting of a three-input
OR gate feeding into one input of a two~input NAND gate,
a second input of said NAND gate connected to said first

N O O G
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out puts .of said sixth and seventh |ogic gates, said twg
- 20- 'éaﬁ 9 8/e|29%tlh71,

I Inputs of said OR gate connected to outputs

ogic gate and said inverter, said ninth logic gat i< n ’
carry output; and a tenth logic gate conls?s [ sof 0614 Nwmg
two-input 5 XOR gate, said two inputs efR27¢aid XOR gate connected to

Faid out puts of said eighth Iogic gate and said I nverter, said tenth
ogi c gate providing a sum out ncel | 1
(Cance?led)p 8i gna? input, sa d thrna 1nputs ot‘&pid OR ga e connecteg

to said second, third and fourth signal ‘inputs;

a second logic gate consisting of a two-input
OR gate feeding into one input of a two-input NAND gate,

S a second input of said NAND gate connected to said second

signal input, said two inputs of said OR gate connected
to said third and fourth signal inputs;

a third logic gate consisting of a two-imput
NAND gate, said two inputs of said NAND gate connected to

10 said third and fourth signal inputs;

a fourth logic gate consisting of a three-input
NAND gate, sald three inputs of said NAND gate connected
to cutputs of said first, second and third logic gates,
said fourth logic gate providing a first carry output:;

15 a fifth logic gate consisting of a four-input
NAND gate, said four inputs of said NAND gate connected
to said first, second, third and fourth signal inputs;

a sixth logic gate conaisting of a two-input
XOR gate, said two inputs of said XOR gate connected to

20 said first and secand signal inputs;

a seventh logic gate consisting of a two-input
XOR gate, said two inputs of said XOR gate connected to
said third and fourth signal inputs;

an eighth logic gate consisting of a two-input

25 XNOR gate, said two inputs of said XNOR gate connected to

ocutputs of said sixth and seventh logic gates;

an inverter connected to said carry input;

a ninth logic gate consisting of a two=-input OR
gate feeding into one input of a two-input NAND gate, a

30 second input of said NAND gate comnected to an output of
said fifth logic gate, said two inputs of said OR gate
connected to outputs of said eighth logic gate and said
invertar, said ninth logic gate providing a second carry
output; and ' _

e - . 3B ..... --.a tenth logic gate consisting of a two-input

XOR gate, said two inputs of said XOR gate connected to

said outputs of said eighth logic gate and said inverter,

said tenth logic gate proﬁiding a sum output.

* € L M S % -
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15 . 14, A nmultiplication circuit, conprising: nmeans,
receiving an Mbit nultiplicand and an N-bit mifl erQ § gr Of rw’ :
partial product terns t herefrom each parti al ‘r‘:qr tgerm : £ %
corresponding to a 20 specified bit of an (MN) - bi tl ; ?@IN%MJPQQ
for each product bit, addition nmeans for-ggdi ng all partial pro

ternms that correspond to that product bit plus any carry terns
generated by the addition nmeans for the next |ess significant product
bit, each sai @325 Thadwdtiplisatiopendrauitgofl claimol yiwherein akoduct

bi t and qeRAst o DL conPtesBobColiaitta’ saNpiPebde addi tion

nmeans for the next greater,significagt . .product It .

wherein each said addit ﬁiﬁggh§iﬁga réﬁRP eda33‘°°FﬁtBigﬂaﬁs§ﬂﬂ%Ffi%,

non- i nher ent | thigidasignedndaput, a fourth: signad input; sandaRa€a¥¥Yzed by a
plurality of Mt’addi ng stages formng partial sunms, the adding stages

bei ng organized'into a pluyral ity of chains of gsuccessiye subarray
adders and a single chafh%ﬁF“Ehéfﬁggi9@tﬁaFﬁ“§§’€g§Fr3§ a HEPSinRUE; | o
stage in sai d NoRaigatel, maid fwonjinputs ofdésid NORngate coaunectednteted to
two chains of gyiPiFiPat and s slignalCinpatByrtial sums therefrom each

stage of - sal d chall O [ ] JILNa3075a 14209 S o' EuB2ifphl' o

10 NOR gate, said two inputs of said NOR gate connected to
said third and fourth signal inputs;-
— a third logic gate consisting of a two-input
) NOR gate, said two inputs of said NOR gate connected to
outputs of said first and second logic gates, said third

15 logic gate providing a first carry output;

a fourth logic gate consisting of a two-input
XNOR gate, said two inputs of said XNOR gate connected to
said first and second signal inputs;

a fifth logic gate consisting of a two-input

20 XNOR gate, said two inputs of said XNOR gate connected to
said thira and fourth signal inputs;

a sixth logic gate consisting of a three-input
NAND gate, said three inputs of said NAND gate connected
to said first and second signal inputs and an output of

25 said rirth logic gate;

' a seventh logic gate consisting of a three-
input NAND gate, said three inputs of said NAND gate
connected to said third and fourth signal inputs and an
output of said fourth logic gate;

30 an eighth logic gate consisting of a two-input
XNOR gate, said two inputs of said XNOR gate connected to
said outputs of said fourth and fifth logic gates;

an inverter connected to said carry input;

a ninth logic gate consisting of a two-input OR
e N 1 gate feeding into one input of a three-input NAND gate,
g second and third inputs of said NAND gate commected to
outputs of said sixth and seventh logic gates, said two
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- 30-. : stage being connected to a precedi ng stage of sald mai n

array adder chain and to one and only one chai n of rrayaa

wherei n each adding stage in said chain of main 5 . afrm : f&i?é?ﬂ
four-to-two conpression adder circuit, hereaften

' conpressor', said two chains of supgpLay adderflmedOt&M@Vdggg
first stage of said mai n array being |dent|cal I n the nunber of eac
‘type of adder in those chains, each chain of -subarray adders 10

C(r)]n_nectfed tg mm s i) OR daﬁaicbmﬁat' eatoyohc'pnga of s'adldntigal to a
chain of subarg ﬁﬂnﬁ;gﬁﬁb e id main
array in the nu er %& pe (?f ingg:ﬁ:@ﬁ'c at c?u'g?ﬁ g%g%t for

havi ng one nordgate P’Qﬁﬂa“& ERXY, l%’@?éhtng%l n, whereby each
signal 15 pr opagati on q)aténﬁthm:g;tc sgatt dm:lsbd.hgsolfanr &yoadupnt

and throug £ 28 ate cangecteGEQBh

conpressor CIFCUIt aV'ng our In uts onnect t0 outputs
from a previ ofdid %@&b( @zﬂﬂ"ﬁp &"?’ ®Tarry
out put fromiadiiaétenth logic gate providing a sum output.

10 12. (Cancelled)

.. - 13. (Cancelled)

15
14. A multiplication circuit, comprising:
' means, receiving an M-bit multiplicand and an
N=-bit multiplier, for forming partial product terms '
therefrom, each partial product term corresponding to a
20 specified bit of an (M+N)~bit product; and,
for each product bit, addition means for adding
all partial product terms that correspond to that product
bit plus any carry terms generated by the addition means
for the next less significant product bit, each saiad
25 addition means generating a sum forming said product bit
and one or more carry terms to be transferred to the
addition means for the next greater significant product
bit,
wherein each said addition means is organized
30 into an asymmetric, non-inherently delay balanced
architecture that is characterized by a plurality of
adding stages forming partial sums, the adding stages
being organized into a plurality of chains of successive
subarray adders and a single chain of successive main
e—=es - 38§ array adders, a first Stége in said chain of main array
. adders being an adder connected tc twe chains of subarray
adders to receive partial sums therefrom, each stage of
said chain of main array adders subsequent to said first
I —
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20 . Stage of next lower bit significance, and al so having sun1 and -

carry signal outputs connected to signal inputs of a ub

and an extra carry output connected to a carry LQﬂMéo 5?‘?3%254?&
of next hi gher bi t si gni ficance, wherein a stat'e of cﬁf1ggs
output 25 is derived fromstates of alkggaur of sai ¢ Aﬂjg 64&

but not fromsaid extra carry input and states of said sum and carry
signal outputs are derived fromall four of said signal inputs and

sai d extra carmg’m[hdj.ngsaim to a pracedingpetagecefitsagdomainsesul t
of operation aﬁ' gww onePiha bR1gCbh¥Cchald egm and carry
si gnal out pdt states, sald sum signal outpul having a state set

to 1if the rnﬂﬂﬁé’ afAer/y 5id four signal inputs and sai d extra
carry input is odd, sai shmrein gesh addimg stage 3vi #3idechainoofimaini se,
sai d carry si m.,pmr@m a&%\&-w—ﬁ:%céwraukmuh Kasag both set to

1if th
Cnput ”””“’ersmira Barearie cap e % Solpiersrry /o PRR) SR, %ﬂﬁmy
and sai d ext reotauban&m&ddumg:mmcmw said té-rb&r stage Of said
main array being identical in the number of each type of
adder in those chains, each chain of subarray adders
10 connected to subsequant stages of said main arxay being
identical to a chain of subarray adders connected to a
preceding stage of said main array in the number of each
- type of adder in that chain except for having one more
compressor than said preceding chain, whereby each signal
15 propagation path through said chains of subarray adders
and through said main ayrray has a balanced delay,
each compressor circuit having four signal
inputs comnected to outputs from a previous stage and an
extra carry input connected to a carry output from a same
20 stage of next lower bit significance, and alsc having sum
and carry signal outputs connected to signal inputs of a
subsequent stage and an extra carry output connected to a
carry input for a same stage of next higher bit
significance, wherein a state of said extra carry output
25 is derived from states of all four of said signal inputs
but not from said extra carry input and states of said
sum and carry signal outputs are derived from all four of
said signal inputs and said extra carry input, said extra
carry input operating on a result of operation upon all
30 four signal inputs to derive said sum and carry signal
output states, said sum signal ocutput having a state set
to 1 if the number of 1’s in said four signal inputs and
said extra carry input is odd, said sum gignal output
being set to 0 otherwise, said carry signal output and
f*'““"- 35 said -extra -carry output being both set to 1 if the number
. : of 1’s in said four signal inputs and extra carry input
is ¢ or 5, one and only one of said carry signal output
and said extra carry output being set to 1 if the pumber
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- 31-- : of- +-s—i-n—said—four signal inputs and exEra carrg I nput

2 or 3, and sai d c LY ShaRR Qéht put and said extr éuﬁpatl..Veﬂng
both set to 0 ifM 1's in said four mnputs and
extra carry |nput ﬂ‘l wherein cd 04 N0 4998

sai d chain of ers otheragfpan a first stage are asymetric

conpressors in which two inputs to said conpressors pr opagat e sl ower
than two other inputs to sumand carry out puts of said conpressors,
and 10 of 1’ss s epidnifour sdignalddnputs apdnextraveatoy inputner gi ng

adder receivi g 3 @ ts,b'ahaswaw&&gd.iqnu oﬁﬂb&tbhhdci‘&u #gEgal oM the
addi ti on neans for ea a.‘%rqgg?%e ;:t sald,ve er ,sunmm ng
corres- oY @“%H‘Et Bgt; to; Onif; ﬁc@ aP8 §uﬁ1§
word and sai d sehd yonay GMWMWMt cprmfu&uput :I.s 0 or 15. The
mul tipligation circuit %&W&w 30 stﬁ&ﬁﬁrbi' Baia cA¥AAf of
accumul ator adger S LY a¥aers’terd tnan a rlrkt®beadolale’aivinetric
compressors in which two inputs to said compressors
propagate slower than two other inputs to sun and carry
outputs of said compressors, and
1o subseqguent to said addition means, a vector
merging adder receiving a multibit sum word and a
miltibit carry word from the addition means for each
product bit, said vector merging adder summing corres—
ponding bits of the same bit significance of said sum
15 word and said carry word to form said (M+N)=bit product.

15. The multiplication circuit of claim 13 further
20 comprising a row of accumulator adders for at 1east each
bit of said product.

25 16. The multiplication circuit of claim 15 wherein saiqd
accumulator adders are located between said addition
weans and said vector merging adder.

30
17. The nultiplication circuit of claim 14 wherein said
sultiplicand and multiplier are in unsigned binary
notation, said means for forming partial product terms
generating MxN cross-products from said M bits of said
e - | multiplicand and said K bits of said multiplier.

SHEET HAS BEEN
REPLACED

WE0ED T R A O

THIS S




"t by: LAW OFFICES THOMAS SCHNE~ 408 207 0748; 11/04/99 11 :90; JetFax #12; Page 18/19

25 .16 The multiplication circuit of claim15 V\,hereln

accurul ator adders are | ocated between said additi orP.,, I&/azdzslh‘rdr
vect or mergi ng adder. 30. 17. The multiplicati of claim
14 wherein said nul tiplicand and nultiplier are ﬂsmecﬂﬂi N@\MQQ’\?
notation, said neans for formng partial .gga@duct terns. generating M
cross-products fromsaid Mbits of said 35 mul tiplicand and said N bits

of said nultiplier. - 32- 18.

The nul ti pli ca®i.on Thier mlitimﬂidamimlcimbniel ofsaldin 14 ﬁhhtplncaaﬂdand
mul tiplier ar guijtip)dcamt aid sffitiplier are in two’s-complement
: notation, said wmeans for forming partial product terms
generating said terms in accord with the Baugh-Wooley
5  algorithm.

19, (Cancelled)

10 _
20. The multiplication circuit of claim 14 wherein said
e compressors in said main adder array and any compressors
| in a first stage of any chain of subarray adders are
symmetric compressors in which four inputs to aaid
15 compressors propagate essentially equal in speed to sum
and carry outputs of said compressors.
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tation, sai d rrEa for formng parti al product terns gerfgrpéa'i"%gw SHEET

E (ca:;rr]rie: lneg;:corﬂlmﬂ m'&mumwun\mflpﬁ/cgt [ oﬁl gﬂlcblh{n of claim 14 wherein

sai d conpressors in said mai n adder arégy and any conpressors in
a first stage of any chain of subarray add are symetric
conpressors in which four inputs to said 15 conpressors propagate

§§fr§?te lally equst 17k SAPSaid F8UF signdlUiABhty 2HAPEkEra’ cdtry input
is 2 or 3, and said carry signal output and said extra

carry output being both set to 0 if the number of 1’s in
said four signal inputs and extra carry input is 0 or 1:

5 wherein compressors in stages of said chain of
subarray adders other than a first stage are asymmetric
compressors in which two inputs to said compressors '
propagate slower than two other inputs'to sum and carry
outputs of said compressors, and

10 ‘subsequent to said addition means, a vector
merging adder receiving a multibit sum word and a
multibit carry word from the addition means for each
product bit, said vector merging adder summing corres-
ponding bits of the same bit significance of said sum

15 word and said dirry word to form said (M+N)-bit product.

15. The.uultiplicaﬁion circuit of claim 14 further

20 comprising a row of accumulator adders for at least each
bit of said product.

U/ 25 16. The multiplication circuit of claim 15 wherein said
. accumulator adders are located between said addition
means and said vector merging adder.

30

17. The multiplication circuit of claim 14 wherein said

multiplicand and multiplier are in unsigned binary

notation, said means for forming partial product terms

generating MxN cross-products from said M bits of said -
k13 multiplicand and said N bits of said multiplier.
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