WD 03/ 032187 PCT/ US02/ 31412 MJULTI PLY- ACCUMULATE (MAC) UNIT FOR

SI NGLE- | NSTRUCTI ON MULTI PLE- DATA (SIMD) | NSTRUCTI ONS 5 BACKGROUND [ 0001]
Di gi tal swomalo3ppspcessors (DSPs) nay operate as Sl M PCT/US02/31412
(Si ngl e- Instructlon/I\/UItlpIe Data), or data parallel, processors. In SIM

o amont s, i cMbE T BL s AR 2Tk, bl ativdEhE

instructi OHSMINSMM'E'IOWMLMEEE@MAM (

si ng
a. SIMD
yl udi ng

addition, subtraction, nmultip y-accumul ate (MAC), and a
number of special instructi onsﬁlﬁgﬁhgaﬂ:bﬁéf or exanpl e,

clipping and

bilinear interpolation operations. 15 [0002] Many DSP applications,

i ncluding many speech codecs, reqﬂé&l{}%ﬂ%cﬁiereigrLr?gﬁepé?]:gir'ﬁrance for

mul tiply-accunul ate (MAC) operations

fgﬁgdﬁgedl? éﬁ)’ue g4agj|) l%?&/DQP% 331{3|cgﬁ§£¥‘%)y' g§1£s u%éyggpﬁggﬁ d?e medi a
streans mgﬁ%ﬁf{%ﬂ%@ Iﬂ(xs% C{leéjnu ul e a&ega]ca ressur_ andregim{y traffic

si nce four 't 6B may nto a 'er at one
time. [0003] Wile hlg t |s an inportant. facto achi evi ng
hi gh perfof %m%ce C>rpovve:1r C(Q)%@ﬁgo e|roar;Clons’ ggl%% Qn SSE USSP t hht
ConSIderaIgégE Q>Q§SH£H§ ng procégélng elements, which perform the

10 same operation on different data. SIMD instructions provide

for several types of standard operations including addition,

subtraction, multiplication, multiply-accumulate (MAC),
a number of special instructions for performing, for
example, clipping and bilinear interpolation operations.

15 [0002] Many DSP applications, including many speech

and

codecs, require high performance 16-bit multiply-accumulate

(MAC) operations. To achieve high performance for these 16-

bit DSP applications, 64-bit SIMD instructions may be

introduced. The 64-bit SIMD instructions may be used to

20 handle media streams more efficiently and reduce register

pressure and memory traffic since four 16-bit data items may

be loaded intec a 64-bit register at one time.

[0003] While high throughput is an important factor for

achieving high performance, power consumptlon may also be an

25 important consideration in designing DSPs for

wireless/handheld products. Accordingly, MAC architectures
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wi r el ess/ handhel d products. Accordingly, MAC architectures 1 WD 03/032187

PCT/ US02/ 31412 which are capable of high performance with | ow power

dermands weno3loa218esirabl e for use in DSPs. BRI EF DESCRI PTIPOWUSE2/IHE

DRAW NGS 5 [0004] Figure 1 is block diagramof a dual nultiply- accunul ate

(MAQ) wunit jacgordin %g‘r‘q At HA00 HGUR e, 2 ddpcks di agram
éhld%% %g%%&?% qg%h% ok 2 Jiﬂl lgw %gﬁeﬁ

|IIustrat|nga | nstruction/ Multiple operation
according 1 nt QQOgkpEi gures 3A to 3C are flowharts
descri bi ng fﬁ%ga%g?%%bgger% }I%r?[ accorglgng to an enbodi nent. [0007] Figures
4A to 4C are block diagranms illustrating pipelined instruction sequences
utilizing data forwarding according to an enbodi nent. 15 [0008] Figures 5A
to 5C are bl ock di agran'gRiég. ljbf%tslbi&bggo]npb]pefﬂﬂﬁ%wﬁég uction sequences
utilizi ng i nternedi ate orwardi ng according to an enbodi nent. [0009]
Fi gures 6B a ts Jdgs it 1 MAC

operatl on ber or med F@ﬁhgg\tﬂ?&%{ |b3°cougﬁggk&go@%3%|du i- Zl(lg’@%} unit according

to an enbodé Ta &OQ&QLAF%&% ec\ccor%llﬁ bl(%gcgn délﬁ;&é%ﬁ%rza nobi | e video unit

including a unit ‘acc 0 an e i ment D DESCRI PTI ON
[0005] Figure 2 is a block diagram illustrating a MAC

SIMD (Single-Instruction/Multiple-Data) operation according
to an embodiment.

10 [0006] Figures 3A to 3C are flowcharts describing a MAC
SIMD operation according to an embodiment.

[0007] Figures 4A to 4C are block diagrams illustrating
pipelined instruction sequences utilizing data forwarding
according to an embodiment.

15 [0008] Figures 5A to 5C are block diagrams illustrating
pipelined instruction sequences utilizing intermediate data
forwarding according to an embodiment.

[0009] Figures 6A and 6B are flowcharts describing a 32-
bit X 32-bit MAC operation performed on a tightly coupled

20 dual 16-bit MAC unit according to an embodiment.

[0010] Figure 7 is a block diagram of a mobile video unit

including a MAC unit according to an embodiment.

DETAILED DESCRIPTION



2 WD 03/032187 PCT/ US02/ 31412 [0011] Figure 1 illustrates a

Mul tiply-Accumulate (MAC) unit 100 according to an enbodi nent. The MAC
unit 100 way3/obasused to performa nunber of different SIWDT(USOngl4e2

I nstruction/ Ml tiple-Dat a) operati ons. 5 [0012] The MAC unit 100 may have a

tightly COlrlgbfP]DduaJ g]uq_, & E%y &8 acttg }\/%CMH%?%IDQ anhllglgxon?@@uoper ation

200 which e per]forme aIIy in
Fi 2. 64 t 4
ey be trea{*%"ﬁ@ e gares 4“%60%. ﬁéaFLéfge%ﬂﬁ?mﬁ?%ﬁ Bo- B3

. Th f lied b h
(vee” Toee Lot d0iintn Louah dois. ol Wouar e Lol o by 1 2d

results Pos g%%]aﬁgti&em‘%qqggft Ba{:Q O\{anl %26895 64- b|t regi ster 206 (wRd),

and the resu IS sent 5°register [0013] The MAC operation 200

may be 5rrpé85r§§|} ed iy fopl- fugxgc dq[%a;th%%gs. %%]h@ gﬁlggd ng, and

Wal | ace™ Tr conpressi on o g an |l ace Tree

conpressi o B 3)...4-to- re og nd 20 . addi n of the
| ow 32- bi t26ol?l ﬁMeﬁ?esu%}lt(ec)CHrf@ %dlg’ofrﬂlignﬁib OLPeratl§5 % (?s of the

resul t. Theﬁe our a es fna%edbg rSeJC%rreglAEoug%ttpse S%%@%) CSAl1, CLAO, and
CLA1 stages resp\é Y

conceptually in Figure 2. The contents of two 64-bit
registers, 202 (wRn) and 204 (wRm), may be treated as four

10 pairs of 16-bit values, Ag-A3; (wRn) and By-Bz (wRm). The
first 16 bits to fourth 16 bits of wRn are multiplied by the
first 16 bits to fourth 16 bits of wRm, respectively. The
four multiplied results Py-P; are then added to the value in
64-bit register 206 (wRd), and the result is sent to a

15 ' register 206.
[0013] The MAC operation 200 may be implemented in four
execution stages: (1) Booth encoding and Wallace Tree
compression of By and Bp; (2) Booth encoding and Wallace Tree
compression of Bz and By; (3) 4-to-2 compression, and

20 addition of the low 32-bits of the result; and (4) addition
of the upper 32-bits of the result. These four stages may
be referred to as the CSAQ0, CSAl, CLAO, and CLAl stages,
respectively.
[0014] Figures 3A to 3C illustrate a flow chart

25 describing an implementation 300 of the MAC operation 200
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[0014] Figures 3Ato 3Cillustrate a flow chart 25 describing an

i npl ementati on 300 of the MAC operation 200 3 WO 03/032187 PCT/ US02/ 31412
accor di ngwoosaseienbodi ment. In the CSAO stage, a MJX & BoeCh/usSazader unit
102 selects Bo (16 bits) and encodes those bits (block 302). Control

si gnal s areogenegatedaneathodifnenthi Chn seheadsr pakkial 2 preduct vector from
the set {0, -AO 5 2A0, A0, 2Ao0}. Nine partial product vectors, Pao to
Pa8, are Bganekatedeandnpassed skoeat ME; ariayi 64 &hi%%%o%@é)th&éé ni ne
partial product vectors and the low 32 bits of the value in register 206
(WRd) ar evicenmupessed3nni 0 towntredct 8Egnaby f-dMchacerdd eedii 106 (bl ock
306). The two vectors 10 include a sumvector and a carry vector, which are
stored i whizhsyeueeet arpd il bepd(EE) vddSbadom €AEr Yo eat,0r-aFF 110,
respectively. [0015] A MJUX & Booth encoder unit 112 selects Bl (16 bits)
and encodes, thosemits (biogard08) prémntt oleicgBal sa@r® Hggegerat ed, each
of which select a partial product vector fromthe set {0, -Al, -2Al, Al,
2A1}. N nenpattkal aptogisied woChOMSX Q¢ 0.008p18ER gener atied and passed
to a MIX array 114 (block 310). Al nine partial product vectors and a

zero vecCtiheap@reQHR BE6@ELH RERLbWe ¥eCtiHs 1Ry, 82Vl iacs 2QTree unit 116
(block 312). The two vectors include a sum vector and a carry vector,
whi ch ar eagter ¢d kBgdsSMMMARCYHQRA) are compressed into two vectors

by a Wallace Tree unit 106 (block 306). The two vectors

10 include a sum vector and a carry vector, which are stored in

a sum vector flip-flop (FF) 108 and a carry vector FF 110,

respectively.
[0015] A MUX & Booth encoder unit 112 selects By (16 bits)
and encodes those bits (block 308). Control signals are

15 generated, each of which select a partial product vector
from the set {0, -A;, -2A;, A;, 2A;}. Nine partial product
vectors, Pb0 to Pb8, are generated and passed to a MUX array
114 (block 310). All nine partial product vectors and a
zero vector are compressed into two vectors by a Wallace

20 Tree unit 116 (block 312). The two vectors include a sum
vector and a carry vector, which are stored in a sum vector
FF 118 and a carry vector FF 120, respectively.

[0016] In the CSAl stage, four vector; from the sum and
carry vectors FFs 108, 110, 118, and 120 from the CSAO0 stage

25 are compressed into vectors Vsg and Vcg by a MUX & 4-to-2
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FF 118 and a carry vector FF 120, respectively. [0016] In the CSAl stage,
four vectors fromthe sumand carry vectors FFs 108, 110, 118, and 120
fromthe wBA®0311agye 25 are conpressed into vectors VsO amdTMiS02/bpia MUX &
4-t0-2 4 WD 03/032187 PCT/ US02/ 31412 conpressor unit 122 (bl ock 314). The

MJX & Boot h encoder uni 02 sel.e B2 (16 .hi and. e those bits
(bl ock %T?'Br.eségn rugllts?g%%a sloacrke%%(% éera %% Dmﬁa?%%ﬁ%?% Sel ect a

3 B T e Sl
\e/l\ﬁljl :cecftra)e' \ljgﬁnorf(? ngi%lc?( aSrfO)(':j.e %ﬁ%t?vxb vect or's "I'ne ud%lapeac sum vect or
Voct or PELTE EEeET VTS (BOTTT kX & Begt h BieolEr To3° sel ect s B3
Goner'at b E4EH 'OF W R Col SRT S TpAFEI SF Br e PY8ERof o1 rortne set (0,

-A3, -2A3, A3, 2A3}. N ne partial product 15 vectors are generated (bl ock
324) . ﬁjrn%iﬁ?er% ipﬁpgﬁ?gd\ﬁeccttor\feg gr‘s’:e(é%%r v\gsd’t or° gloenare t hen conpressed

o e B S A S R R 1o L vt
FF 118 ar(.ll(ajloaclga?:rzroy) .Ve%thgrtv%: vlezc ’orrseﬁplgf{[:tciigeall ys'um vector and a
carry vector, which are stored in a sum vector FF 108 and a
10 carry vector FF 110, respectively.
[0017] The MUX & Booth encoder 112 selects Bz (16 bits)
and then encodes those bits (block 322). Control signals
are generated, each of which select a partial product vector
from the set {0, -As;, -2A3, A3, 2A3}. Nine partial product
15 vectors are generated (block 324). All nine partial product
vectors and vector Vcg are then compressed into two vectors
by the Wallace Tree unit 116 (block 326). The two vectors
include a sum vector and a carry vector, which are stored in
a sum vector FF 118 and a carry vector FF 120, respectively.
20 [0018] In the CLA0 stage, four vectors from FFs 108,
110, 118, and 120 from the CSAl stage are sent to the 4-to-2
compressor unit 122 to generate vector Vs; and vector Vc;
(block 327). The lower 32 bits of Vs; and Vc; are added by
the carry look-ahead (CLA) unit 124 to generate the low 32
25 bits of the final result(block 328).
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20 [0018] In the Cl AO stage, four vectors fromFFs 108, 110, 118, and 120
fromthe CSAl stage are sent to the 4-to-2 conpressor unit 122 to generate
vect or Vswoand@3aertor Vcl (bl ock 327). The | ower 32 bitsPafi/oget/3amd Ve,

are added by the carry | ook-ahead (CLA) unit 124 to generate the low 32 25

bits of t%lg nal resul t (Hl, gcktgég t}{?y\égegSéQ?glgg FCTLUS0L 31412 [0019]

In the CL age Itlhe upper are si gn ext ended to two

ool o ERECE gLk A0 ko TS S ARG GE! OhPoanidd)e LBRET 32 b e

wWRd are tHen orrpresse i Tt 6 TWo~ VECt or s -2 corrpressor unit 126 5

(bl ock 332%38‘1{3 ge?ﬁ ress% ctg?gignyzt %Eitsyoknw%t ent he CLAO uni t

124 are adi ani genérate ki e upper 32-bits of

the fi gg'cggrg%g'gté{e bl gek t3w%4>vectL002&L 4, descr Lbed. above., Lhe Bgoth

I corrpressrn e two cyc Thi's nthefrrst
cycle r romboth |l ace. Jre ni t k for
furt hér c?e%(s?’%g { e SEE6 avgd Ya o (fron\%ellr#t F%ﬁrfl SD%{’CI flg?glur vectors

fromFFs i‘?88|1%§eggi%%812 ré?rﬁéégd“@ JC ebceh sre@)g/ ngcgnfé)l]tﬂﬁ Mal | ace trees

for furth gecond’ Howeve as been observed

E:gﬁ:)regglgguﬁé5%tflaheﬁée‘é?%er%%?géf'ggo{)ﬁ ?he22 ma% Eg ﬁbr eén]{;g t8nI2tS and
the MX % O%%% ThAs déggggbegoa%ggé?rghe Booth encoding and vectors
compressing take two cycles to finish. In the first cycle,
10 the results from both Wallace Tree units are sent back for
further processing in the second cycle. Conventionally, all
four vectors from FFs 108, 110, 118, and 120 would be sent
back to the Wallace trees for further processing in the
second cycle. However, it has been observed that the MUX &
15 4-to-2 compressor unit 122 may perform the 4-to-2
compression of the vectors faster than the MUX & Booth
encoder units and the MUX arrays. Thus, only two vectors
(Vsoy and Vcg) from the MUX & 4-to-2 compressor unit 122 are
sent back to the Wallace Tree units 106 and 116. With this
20 architecture, the feedback routings may be reduced and the
Wallace Tree units 106, 116 made relatively smaller. Less
feedback routings make the layout easier, which is desirable
since routing limitations are an issue in MAC design.
[0021] Some conventional MAC implementations perform the

25 64-bit addition in one cycle. However, such MACs may not be



(VsO and Vco) fromthe MJX & 4-t0-2 conpressor unit 122 are sent back to
the Wall ace Tree units 106 and 116. Wth this 20 architecture, the feedback
rout i ngs waysioa2iseduced and the Wallace Tree units 106, PCG/usezai412
relatively smaller. Less feedback routings nake the | ayout easier, which

refativel y sml |  feedback 1 _ | er, whi ch
s desirabliq.aisknas,r outlng Jial baLansoarey and ssugla, MG des on. [0021]

Sonme conventi onal tions performth -bit addition in

one, oyl qoHaneeLa SUER, MAGS Y B0bube <G 00303218% FCTIUSYZ) 31412

suitable for a very frequency 64- at apat h, an elr results may

t h htl t L ogi whi ch i I
oL ave i8houah TR, Al 8 U LDEGHED. Lhe, AvPass oLogigapihi ch s commonl y

used for ving data ependency I'n I ni ng. red with conventi onal

5 archit n%%mgg%gg%?iy\éﬁn LCNLLRELILE ShamohD ELae 1 my be more

readily i enent h frequency an ow power “application. The

CLAL st a%ﬁ:e % AV geLbessnl Oogja%am%t §§cﬁlﬁ?ét‘cédl%t S o éj%?ﬁﬁ% pwhi ch

enabl es inal resGlfs to ve enoug Ime to return through the bypass
10 1 ogi c, . . . tabl . 4 q
ow pover™Ba 5 otn SEPRY [OSEI e VRE Tk Tl e feui 64 pi pel i ned
DSP. Pi | i ek i i_m fo_ lnst ti b
over | appi g B SREUE D g e Shet SE (1Y ChYSUbFHUC S a DS
conpared(gé{é% Q%th%H§£'quﬂB%Pstage, which enables the final

results to have enough time to return through the bypass

10 logic, making this dual MAC architecture suitable for a high
speed and low power 64-bit datapath.
[0022] The MAC unit may be used in a pipelined DSP.
Pipelining, which changes the relative timing of
instructions by overlapping their execution, may increa§e

15 the throughput of a DSP compared to a non-pipelined DSP.
However, pipelining may introduce data dependencies, or
hazards, which may occur whenever the result of a previous
instruction is not available and is needed by the current
instruction. The current operation may be stalled in the

20 pipeline until the data dependency is solved.
[0023] Typically, data forwarding is based on a final
result of an operation. For many DSP algorithms, the result
of the previous MAC operation needs to be added to the
current MAC operation. However, a MAC operation may take

25 four cycles to complete, and the result of the previous MAC
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However, pipelining may introduce data dependencies, or hazards, which may
occur whenever the result of a previous instruction is not available and
i S neededwbys3tobxsTturrent instruction. The current operatipcn/usay3tae2 st al | ed
in the 20 pipeline until the data dependency is solved. [0023] Typically,

dat a for varging oS 0aseg: A & i3k T £l by OloadcgpeAd| on. For many DSP

algorith the res t he previous MAC operation needs to be added to

the current operat | ver Nﬁgﬁgggr i ke 25 four
cycl es téﬁ%%ﬁgﬁgpé, gﬁdkgﬁ%($%%ﬁlg g?@?he prevfgﬁs9§é£?¥f£ﬁo 03/ 032187

PCT/ US02/ 3 %&%lﬁgggéa&gggn cnpq% be. pvailaple for the current MAC
nthis

oper ati on. ase, a dat'a dependency called an accunul ating

dependencvx%§égntrggagggs lﬁggﬂ]gghgggggiﬁﬁg@gkﬁﬁﬁggggﬁikg{e accurrul ating 5

dependenc lties for a stan ata torwar The standard

f or wardi ”c%oo}%l%g@l?ﬁz' BeHgedi L0 Fgduce L &ar@ﬁﬁa&@'ﬁ&k%ﬁ%ﬁﬁ%ﬁﬂ penal ty,

where EX 4 e” execution stage for o r non- structions. Even

| the standarnd.date truerdlng JoaeRuploveda 4% agayul ating 10 dependency

penalty i's sti two cyc the worst case, which is shown in Figure 4A

(note (nalafluteut bR aLs, Higee,Salls, St dtoectde Tl rosull 1o

a execution stage for other non-MAC instructions. Even if the
standard data forwarding is employed, an accumulating

10 dependency penalty is still two cycles in the worst case,
which i1s shown in Figure 4A (note that, although there are
three stalls 404 before the final result is available after
the CLAl stage, the first stall 404 in Figure 4A is due to a
resource conflict in the Wallace Tree unit, which 1s not

15 counted as data dependency penalty). Two cycle penalties
may be too severe for some DSP applications, and hence it is
desirable to eliminate the accumulating dependency penalty.
[0025] The MAC unit 100 may be used to implement a new
data forwarding scheme, referred to as intermediate data

20 forwarding, which may eliminate the accumulating dependency
penalty. Instead of waiting for a final result from a
previous operation, the intermediate data forwarding scheme

forwards an intermediate result to solve data dependencies.

Figures 5A-5C illustrate the seguences shown in Figures 4A-



resource conflict in the Wallace Tree unit, which is not 15 counted as data
dependency penalty) . Two cycle penalties mnay be too severe for sone DSP
appl i cat iwo93/0a187 hence it is desirable to elim nate thePardaisoubait ng
dependency penalty. [0025] The MAC unit 100 nay be used to inplenent a new

data forwarding f G‘e{EEntregf Séifﬁgtéz{) iR e@:ﬂégié’@&“&ét% %&%a%ﬁiﬁ rwardi ng,

whi ch may elim nate e accumnmu I ng dependency penalty. I'nstead of
vai ting for,a; fidal result froma previous operation, the intermediate
dat a forvvarﬁl ng schene forwards an internmediate result to solve data

dependengi Fi -5C | e:t.he 0 in. Figures 4A 8
WO 03/ 03 ?g%q?CT/ %%%%?f?@lgg Eg&%’%{ %%nSFén%%iée us%ﬁgﬁgn%@%t% nedi ate data

f di ¥ 0 _Bs, i } - hO AO st age 500
o et T S e 8Bb- e oM b O R ST W (5% Boot

di | i , j I B d B1.
The e BB A O R, o D e R N e 510

(Urt) ocqfonkl gearkg, andscVlh e oo ooty seaiin sopactiyel)

oper ands an he  CL IS se nto two sub-stages

g%4b|1? gggﬁﬁgﬂ%&ﬁ%ﬁ%ﬁ?g@il gl‘r?&esﬁ(% %ﬁﬁzogﬁi‘i@%@ge&%ﬁ%?ﬁ% %322 t Ih(ca)wupper
32-bit aggiigég]égeéIE%ﬁ%&@%Eiﬁ&?L@ésﬁé%gively, operands B, and Bj;.
The CLAQ stage 512 is segmented intc two sub-stages 514
10 (4T2) and 516 (ADDO) for 4-to-2 compressing of vectors and
low 32-bit addition of the final result. The CLAl stage 518
includes the upper 32-bit addition of the final result 520
(ADD1) .
[0027] In the cases shown in Figures 5A and 5B, the low
15 32-bits of intermediate vectors Vs, Vc of the first MAC
instruction may be forwarded to the Wallace Tree units 106
and 116 for the second MAC instruction to solve the
accumulating dependency. The upper 32-bit result of the
first MAC instruction from the CLALl unit 128 is forwarded to
20 the MUX & 3~to-2 compressor unit 126. The stall 404 in
Figure 5A is due to the Wallace Tree resource conflict,
which is not counted as data dependency penalty.
(00281 In the case shown in Figure 5C, the final result
of the first MAC instruction is not available when it is

25 needed by the second MAC instruction, but the low 32-bit
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(ADD1). [0027] In the cases shown in Figures 5A and 5B, the low 15 32-bits
of internediate vectors Vs, Vc of the first MAC instruction nay be

f or war dedwO®3bmE8¥\al | ace Tree units 106 and 116 for the ®exarsdz/sfaC
instruction to solve the accunulating dependency. The upper 32-bit result

of the fLESE sta.ycti f Lhe; GLAL uni -ﬂg§§gs ed to 20 the
MUX & 3-t%§§ %gﬁgﬁggié%gﬁkigﬂ%z%gﬂ%he §§%I%84 4$%n fgu?ggggg?s due to the

Wl | ace Egeﬁaiggggnfgitg%@fkgg% WM16h i §enoL, countad as. data- dependency

penalty. [0028] In the case s %W% n Figure 5C “the final result of the
first MAG,Ln QN i i i, e the second
VC | nst FRGE Gre e (RE Tou S5 bit S0 037 033157 AeTCR02) 51412 resul
f the fj i ti ' i) f [.Li the final
of the Thhst M INStielkan hoanakha gedeﬁﬁﬁ\%&?ﬂ, OThVé'ali%thsig e rina

result, the low 32-bit result o irst i nNstruct orwarded to

the Wl lgee Jree + WH tepl06 ;Lo SRV e fshe,ReeLauL AL ﬁlgdg@%dﬁﬁf . The upper

32 5 bit result of the first MAC instruction from uni 126 i s

formardegzgoigkg5g%%%%%fshgoigeq@ﬂp%g%%g%ﬁggké?éi§%sor[gggg]é%§e accunul ati ng

dat a dependency pe conpari sons stan a forwarding

techni queooshipun i) Flailee 4610 Aeapd LRECL N GldRdigt e data 10
forwardi ng techni que shown 1 n Figures to are given in
comparisons between the standard data forwarding technigque
shown in Figures 4A to 4C and the intermediate data
10 forwarding technique shown in Figures 5A to 5C are given in
Table 1. As shown in Table 1, intermediate data forwarding

may eliminate accumulating dependencies, which may enable

rélatively high throughput for many DSP applications.

Penalty for Penalty for Penalty for
case (A) case (B) case (C)
Standard data 2 cycles 2 cycles 1 cycle
forwarding
Intermediate 0 cycles 0 cycles 0 cycles
data
forwarding
15
TABLE 1
[0030] A tightly coupled dual 16-bit MAC unit, such as
that shown in Figure 1, may be used for 32-bit X 32-bit
instructions as well as 16-bit SIMD instructions according
20 to an embodiment. A 32-bit X 32-bit operation may be




Table 1. As shown in Table 1, internediate data forwarding may elimnate
accunul ati ng dependenci es, which may enable relatively high throughput for
many DSP wppBiosasi ons. Penalty for Penalty for Penalty foPCTOme®3(48) case
(B) case (C) Standard data 2 cycles 2 cycles 1 cycle forwarding

|t er medicata Lcyahes 0. £ycs 83 0ycygles. dara fionuarding,o 5 JABLE 1 [0030]

A tightly couple ua unit, a that “shown in Figure 1,

may be usgd ff%ﬁl%g’é?hée%gff&” instructions as well as 16-bit SI M

i nstructions accor 0 an enbodinment. A 32-bit X 32-bit operation nmay

be 10 WO 03/ %%%gﬁpgéﬁgg#]sg%g_nggygpe)g_g[%qg{]g%:r £6:bit X 16-bit

operations, as sho ol owi ng equati on: 6] ir( B[ 31: 0] =

(A 31:16] X B[Aé]%?(béf(ﬁ%?%%o]ﬁ[ lS:QLf%bB ?1]53%)]}3)[33%%53};:51@] X B[31:16] X

216 + 5 A[15: 216. gure s a flow chart
descriging a %2{'113i-h]xx3§13pj1t6]'YA§ gperation 600 according to an enbodi nent.
In the ) | )

[0031] Figure 6 is a flow chart describing a 32-bit X 32~
bit MAC operation 600 according to an embodiment. In the
CSAQ0 stage, the partial product vectors of A[15:0] X B[15:0]
are generated by the MUX & Booth encoder unit 102 (block

10 602). The Wallace Tree unit 106 compresses the partial
product vectors into two vectors (block 604). The two
vectors include a sum vector and a carry vector, which are
stored in the sum vector FF 108 and the carry vector FF 110,
respectively. The partial product vectors of A[31:16] X

15 B[15:0] are generated by the MUX & Booth encoder unit 112
(block 606). The Wallace Tree unit 116 compresses the
partial product vectors into two vectors (block 608). The
two vectors include a sum vector and a carry vector, which
are stored in the sum vector FF 108 and the carry vector FF

20 110, respectively.
[0032] In the CSAl stage, two vectors from the sum vector
FF 118 and carry vector FF 120 are shifted left 16 bits
{(block 610). The MUX & 4-to—-2 compressor unit 122 ‘
compresses the shifted vectors and the other two vectors

25 from the sum vector FF 108 and carry vector FF 110 into

11



CSAO stage, the partial product vectors of A[15:0] X B[15:0] are generated
by the MJX & Booth encoder unit 102 (block 10 602) . The Wallace Tree unit
106 conpreeIdm3zIBe partial product vectors into two vect @C3/ySot/aak2 604)
The two vectors include a sumvector and a carry vector, which are stored

inthe s t E or r ikvely. The
parti al g%%ﬁﬁ%igéeéggggﬁgggq g? ? ché?%%15t§Fa§%% égngfgtgé bﬂ the MIX &

Boot h en%g@ewcgnd% e 2.+ (R egk @E&B uﬁEQe1Q§IIa?§?TE 3@?5T%%@ conpr esses

the partial product vectors Iinto two vectors two vectors

i ncl ude u C I o h r t d i-n_the sum
vect or F%I%bgbgﬁdkgggaggfg§§3%%%8¥§ Pes dﬂ%t 1P§sg%§t$9§|yTﬂﬁoosz] In the

CSAL staggmy e¥ﬁ§£g{§r£ﬁ éz%etgu%%yeﬁ%fgﬁﬁjiﬁg%lg?0- &y ¥E8tor FF 120

are shifted Ieft 16 ock conp essor unit 122

conpr %SS%SLAtoh%n%g foed P!f&é}?%sw {i CRISICIN h%éég%} Oxgezcicég sp mthe sum

vector FF 108 an carry vect or i'nto /[ US02/ 31412
vector Vgand:veckor,; Vg, ( docehefsgggd g, Law 10 bilnof.Vep. and, Voo are

sent to O unit e remainin its are sent o The Wallace
Tree un'gQE%Q@ﬁggg }%fO'&M§vé%%§gg %f%ﬂkggfiygg%bfgeg 0t$ﬁ%615 are then
generate t AO uni t ( he™ par product vectors
of (block 616). The two vectors include a sum vector and a
carry vector, which are stored in the sum vector FF 108 and
10 the carry vector FF 120, respectively. The partial product
vector of A[31:16] X B[31:16] and the feedback vector from
Vsp are then compressed into two vectors by the Wallace Tree
unit 116 (block 618). The two vectors include a sum vector
and a carry vector, which are stored in the sum vector FF
15 118 and the carry vector FF 120, respectively.
[0033] In the CLAO stage, two vectors from the sum vector
FF 118 and the carry vector FF 120 are shifted left 16 bits
{(block 620). The MUX & 4~-to-2 compressor unit 122
compresses the shifted vectors and the other two vectors
20 from the sum vector FF 108 and the carry vector FF 110 into
vector Vs:; and vector Veci; (block 622). The low 16 bits of
vectors Vs; and Vc; are added by the CLAO unit 124. The
final results from bit 16 to bit 31 are then generated

(block 624).

12



A[15: 0] X B[31:16] and the feedback vector fromVso are then conpressed
into two vectors by the Wallace Tree unit 106 (block 616). The two vectors
i ncl ude awewaiosHs81 or and a carry vector, which are store@®Cruspiai4sum
vector FF 108 and 10 the carry vector FF 120, respectively. The parti al

product qyesipr ofnAlal 1hiX-Blad: 18k apdethe feedhack piecioredrom vso

are then conpresse into two vec lace Tree wunit 116 (bl ock

618). [T@: LW yeGt Al ddid Yo 2,8l VALL QlaacAndlyacharéd iV Geloraoghi ch are

stored in the' sum vect or 5118 an he carry vector FF 120,

rESpECt'%ﬁegen£99§§hj%g#&%% ngqggéqgﬁa t@gsyg?gogémggqﬂk;?gl symvector FF

118 and t carry vec ted bits ock 620). The
MUX & 4-10:2, it 122 conpresses the shifted vectors and the
ot her two vec nggﬁﬁgréﬁﬁthe sum vector FF 108 and the carry vector FF 110

o ARl B Vel S o8 10t vectors
(So2 Phet LAY SROIA g Rlerty sty Lt B Btag T ome itz
o0 Y 057, R, e U ) ol ZRenb gl e wpper oz
digital assistants (PDAs) and cellular phones. 1In such a
system, the MAC unit may be included in a processor coupled
10 to a memory device, such as a Flash memory device or a
static random access memory (SRAM), which stores an
operating system or other software applications.
[0036] Such a processor may be used in video camcorders,
teleconferencing, PC video cards, and High-Definition
15 Television (HDTV). In addition, the processor may be used
in connection with other technologies utilizing digital
signal processing such as voice processing used in mobile
telephony, speech recognition, and other applications.
[0037] For example, Figure'7 illustrates a mobile video
20 device 700 including a processor 701 including a MAC unit
100 according to an embodiment. The mobile video device 700
may be a hand-held device which displays video images
produced from an encoded video signal received from an
antenna 702 or a digital video storage medium 704, e.g., a

25 digital video disc (DVD) or a memory card. The processor

13



5 [0035] The MAC unit 100 rmay be inplenented in a variety of systens

i ncl udi ng general purpose conputing systens, digital processing systens,
| apt op cowpuws®sxsg7 personal digital assistants (PDAs) andPcaglusat/ardiphones.
In such a system the MAC unit may be included in a processor coupled 10

to a memphy 9&%’ 'S%Kmlﬁﬁc Itéswﬁtﬁ' é‘sé‘acrfﬁe”?ﬂé)ﬁoggvﬁw, hidn $E3t LEofandom

access nenory ch stores an operating system or other software

appl i cati;ons,. 00 a%%c*Eha%ap%gge%%&ﬂ&ﬁﬁ?%guéﬁ&iﬁo‘ﬂsde%g ancor ders,

t el econferencing, PC video car Hg finition 15 evi sion (HDTV)

I n addit%%ﬁertgnggQ§e§%&regg%pgg’qﬁg%RAﬁn7ggpnection w th ot her

technol ogies utilTzimlg digifa si gnal processing such as voi ce processing

used in q%%%%ginZL ’-?p?ﬁ§gdL%§ﬁ%nkgb%gﬁ? ché%ég?bfgpplications.

[ 0037] For ex I gure ustrates a e Vi devi ce 700

includin sor 701 .i-ncl ydi L 0 cording to an
enbod?ne%?%egﬁggﬁ%%lﬂédbﬁﬁég égv#§E%%%%¥®§n3§5%ev%gﬁgﬁg-heId gevice whi ch

o bl oy 90,1 mogs oy pducel{oman eapaded o, yanalfepei ved f1om

an antenna tal orage nedi u 5 digita
PCT/ USO2r SE4T5 P E00° ey Gortinr 85t e Wit A 2 Bache® HEnoT y 706" whi ch may
store instrugllons, And dataphar o NG 9GS 8k OPEr HdINSna?B8i11
produce desirable results. Furthermore, the size of the
10 operands and number of operands operated on per SIMD

instruction may vary. Accordingly, other embodiments are

within the scope of the following claims.

15
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ot her devices, for exanple, an SRAM 708. [0038] A nunber of enbodi nents
have been described. 5 Nevertheless, it wll be understood that various
nodi f i catworis/osmg7 be made w t hout departing fromthe spiriPCT/0d3sienpe of
the invention. For exanple, blocks in the flowhart may be ski pped or
perfornmed out of order and still ﬁ%gﬂﬂ§e desirable results. Furthernore,
the size of the 10 operands and nunber of operands operated on per SIM

i nstruction y Vv rdi t her enbodi nents are wthin the scope
of the foll ovn\?hg ¢ é?err@%%igglfgg%%v 032187 PCT/ US02/ 31412 CLAIMS 1. A

et hod CompI i 5108 Bei A 7h00: 8L M. GOAPLESSL 0D, PRSI Al 190 @ T 1 st

mul tiply-acc eration in pi pel i ne; generating two or nore

interned%g&ga%ﬁfggéﬁmkﬂaﬁefEgﬁgatﬁﬁppgegskgpﬁggg ation in the first

mul ti ply-acc ~operati an or wa g at’ | east a portion of each
10 oparat | on T3 THe BRbainer Doy naaEebdaly “Gra U AORLrBeCTy 1 ©
forvar di g, at. o | £35toR RAGHH0T, Ofn 3G Q1 b s 1P Qe IRG LNt e medi at e
operation; and
forwarding at least a portion of each of the two or

more intermediate vectors to a second multiply-accumulate

10 operation in the pipeline.

2. The method of claim 1, wherein said forwarding at
least a portion of each of the two or more intermediate
vectors comprises forwarding a lower portions of each of the

15 two or more intermediate wvectors.

3. The method of claim 1, wherein said performing the
first compression operation comprises compressing a first
plurality of partial products into a first sum vector and a

20 first carry vector and compressing a second plurality of
partial products into a second sum vector and a second carry

vector.

4. The method of claim 1, wherein said generating two

25 or more intermediate vectors comprises compressing the first

15



vectors conprises forwarding a | ower portions of each of the 15 two or nore
internmedi ate vectors. 3. The nethod of claim1l, wherein said performng the
first conwoas®BR7 operati on conprises conpressing a first pCplusoabisny of
partial products into a first sumvector and a 20 first carry vector and

compr essiig & SECOUPLULELEL Vol crBAEtLEL BLOUUCIS BLopg second sum

vector and ,a second carry vector. 4. T net ho aiml, wherein said

generat i : or, j r medi.at e r L nar.essi ng the
Prrat 100 S s 8y R RS T 10 e Secend eum vecror s and the first
and secopd %fgk%ﬂ¥gctors into an internediate sumvector and an

i nternmedra carry 'vector. 5 5. The nethod of claim1l, wherein said
forwarding conprises forwarding at | east a portion of each of the two or
nore internmediate vectors to a Wall ace tree conpression unit. 10 6. An

artiche conprd sing,a yachines cadabl ¢, ML LD, WiliGh SSLOLES: ng

machi ne- executabl e i nstructions, t instructions causing a machi ne to:

perform 8. [l 1o CAMLEISLAN OPIA0D bB-8idd I ool biEPLYe aGeyul ate
n-a peline; g

operation | o] enerate t or nore Internediate vectors in a
first or more intermediate vectors to a Wallace tree compression
unit.
10 6. An article comprising a machine-readable medium

which stores machine-executable instructions, the
instructions causing a machine to:

perform a first compression operation in a first
multiply-accumulate operation in a pipeline;

15 generate two or more intermediate vectors in a first
compression operation in the first multiply-accumulate
operation; and

forward at least a portion of each of the two or more
intermediate vectors to a second multiply-accumulate

20 operation in the pipeline.

7. The article of claim 6, wherein the instructions
causing the machine to forward at least a portion of each of

the two or more intermediate vectors include instructions

16



conpression operation in the first nmultiply-accunul ate operation; and
forward at | east a portion of each of the two or nore internediate vectors
to a secowo 218Dl y- accunmul ate 20 operation in the pipel iPeg/USp2/31ine
article of clain16 wherein the instructions causing the machine to

forward at | east, .a Rorti.on di at t

 nclude FASE Ot Bnd: af%“lgxﬁbgﬁ/ g@%ﬁ‘%{ sotP Bt Y 2 T e rachi et o
or war unher of bits of. e t no t di at

vectors.e§98Tﬂ£ %h?l(ﬂo 6t “Grai m'e, Q%%%?nbgﬁﬁ&Pnstruc{?ohg egngahgiﬁg t he

machine to performthe first conpre55|on operation include instructions
causing the machine to conpress a first plurality of partial products into

a first sun1v§gﬁgrg$ngr%.%ﬁgsgfcaigﬁn%pckgérggg.g&gg_ gtggggnd

pluralitytof e 0 uFts info sécond sum vector an 10 second
carry_.vector e ar tlc of claj i ructions causing
phetnaciuﬁigsz g@ﬁ%ﬁ%ﬁChl p%%%é? ﬁ?grﬁgg%gtékﬁ cﬁ%ﬁﬁ? i ncl ude
i nstructi ons causin h ne,to conpr t I 1S and second sum
vectors éﬁﬁ Fﬁé°?|+éﬁl%§%dlggggﬁatl% arry 62??0%§6,$§E§%§$ %nternedlate sum
vect or

0 a%om%Qesé”te 1rsI Hura§r£¥ g C 1al products into a first

sum vector and a first carry vector and compress a second

plurality of partial products into a second sum vector and a

10 second carry vector.

9. The article of claim 6, wherein the instructions
causing the machine to generate two or more intermediate
vectors include instructions causing the machine to compress

15 the first and second sum vectors and the first and second
carry vectors into an intermediate sum vector and an

intermediate carry vector.

10. The article of claim 6, wherein the instructions
20 causing the machine to forward include instructions causing
the machine to forward at least a portion of each of the two

or more intermediate vectors to a Wallace tree compression

unit.

25 11. A method comprising:

17



10. The article of claim®6, wherein the instructions 20 causing the
machine to forward include instructions causing the machine to forward at

| east a pwotosose18f each of the two or nore internedi ate PETIUNY3IMD2 a
Wal | ace tree conpression wunit. 25 11. A nethod conprising: 17 WO 03/032187

PCT/ US02/ 31415, COMERSLNG: Ao ISk AL abE LY. Of: AaLLaLpL O s Tnto a

. om
first sum vector frrst carry vect conpressing a second

plurality of pardial,praduchs I Haa s2eond,SUB. LGl bnBldsaumecond carry

I'T"ace tree conpression stage of a nhultiply-accunul ate

operation: .. COIpreRslng Lhecf 148t And.sa6and Sup Lekobiaandnthe first and

second carry vectors i rst Internediate sum vector and a first

|t ernedi ate carly veGtahy end qmessLg, he dntenredlate,sum veot or and

y “Of “par products an onpressing t i nternedi ate

cart s Vel gh A0, 3, | ULLpl el it oF Batils Rhaductacin o second stage

. y-accunu operation. . .6f claim 11,
et ructi on nertri i Batds ey BELrRePRa OISR LA craim 11,
further %ggg£i§££m%econd carry vectors into a first intermediate sum
vector and a first intermediate carry wvector; and
compressing the intermediate sum vector and a third
10 plurality of partial products and compressing the
intermediate carry vector and a fourth plurality of partial

products in a second stage of the multiply-accumulate

operation.

15 12. The method of claim 11, wherein the multiply-
accumulate operation comprises a single instruction/multiple

data (SIMD) operation.

13. The method of claim 11, further comprising:
20 generating the first plurality of partial products from
a first pair of operands;
generating the second plurality of partial products
from a second pair of operands;
generating the third plurality of partial products from

25 a third pair of operands; and

18



20 generating the first plurality of partial products from a first pair of
operands; generating the second plurality of partial products froma
second pawp osfo3per ands; generating the third plurality ofPCparsv?/al41pr oduct s
from 25 a third pair of operands; and 18 WO 03/032187 PCT/ US02/ 31412

generating the f h _pl i, | ad L 54 f h i
9, 4f!;e.Pﬁg_»%%P P aéaﬁrﬁpgg%gﬁg;i@sf o oduet sy fppdadourth pair of

oper ands. of c urther conprising 5 forwardi ng the

internedbgte S%Q}ang arry torsqko a second nultiply-accunul ate
oper ati on ih % pﬁﬁg iﬁ%%%f€¥%%heanethod of claim 14, wherein said
forwarding conprises elimnating an accunul ate data dependency in the 10

second multiply-accunul ate operation. 16. An article conprising a

machi ne-readap) e mrdi ym, i G 550489, el s exBEREabl €1 nstructi ons, the

i nstructions ‘causing a nachi ne to: conpress a first plurality of parti al

Product S M And LHE! s SUMMERLAL a0 Bull L8y PaELYaKECLOM, aNd Compr eSSi ng

a secon ural ity of par products I nto second sum vector and a

second carr ect.or._in_ i I st I e _ Co jon stage of a
rruljti EI ys]:%%%rfjar/runlue#elp% e?%%‘.ﬁ%‘ﬁ%at%o%%%%%é@ ltrhgd f@?’%?%ﬁd second sum vectors
and the first

15. The method of claim 14, wherein said forwarding
comprises eliminating an accumulate data dependency in the

10 second multiply-accumulate operation.

16. An article comprising‘a machine-readable medium
which stores machine-executable instructions, the
instructions causing a machine to:

15 compress a first plurality of partial products into a
first sum vector and a first carry vector and compressing a
second plurality of partial products into a second sum
vector and a second carry vector in a first Wallace tree
compression stage of a multiply-accumulate operation;

20 compress the first and second sum vectors and the first
and‘second carry vectors into a first intermediate sum
vector and a first intermediate carry vector; and

compress the intermediate sum vector and a third
plurality of partial products and compressing the

725 intermediate carry vector and a fourth plurality of partial

19



and second carry vectors into a first internediate sum vector and a first
internmediate carry vector; and conpress the internediate sumvector and a
third plwoaBiosaysof partial products and conpressing the PETiusomsnezi at e
carry vector and a fourth plurality of partial 19 WO 03/032187

PCT/USOﬁég;%%%x%gyogu (ékﬁfzgﬁ?f%gagﬁlghﬂEh%cgﬂhhi9£¥ accunul at e

oper at i hé ar erein the multiply 5 accunul ate
operatlog % g?rlses a S|ngle instruction/nultiple data (SIMD) operation.
18. The article of claim16, further conprising instructions causing the
machine to: 10 generate the first plurality of partial products froma
first pair of operands; generate the second plurality of partial products

from a second, paig, of,.obef ans:cganenat e, hhe. Lhid plucality of partial

products from a pair oper anhds; generate e fourth

D L Mol DAL FocRLOAUE ! Sorh O fgga&be Paide .01 QBRYARES: pkd.  The

arti Tarma npr|5|ng 0T nstructions causing the machine

to forma&gtgh #%gecg%gggign.sun1and carry vectors to a second

mul ti pl y-accu
18. The article of claim 16, further comprising
instructions causing the machine to:
10 generate the first plurality of partial products from a
first pair of operands;
generate the second plurality of partial products from
a second pair of operands;
generate the third plurality of partial products from a
15 third pair of operands; and
generate the fourth plurality of partial products from

a fourth pair of operands.

19. The article of claim 16, further comprising
20 instructions causing the machine to forward the intermediate
sum and carry vectors to a second multiply-accumulate

operation in a pipeline.

20. The article of claim 16, wherein the instructions

25 causing the machine to forward include instructions causing

20



operation in a pipeline. 20. The article of claim 16, wherein the
instructions 25 causing the machine to forward include instructions
causi ng WO 08087 032187 PCT/ US02/ 31412 the nachi ne to elPCriusar/a4an
accunul ate data dependency in the second nultiply-accunul ate operati on.

21, An apparalys compr 91 0g:a & Kt Stoand, second b angehtee,conpr essi on

units operative to conpress vectors Irst and second stages of a

il Ul P YeRcCLI Al ?mﬁe%g%h{@éun@l%w@g%g{i&perati ve to compress a

plurality of “vectorsS o romthe first and second Wallace tree units
10 in the first stage of the nmultiply-accunul ate operation into two
internedi ate vectors; and a data path froman output of the conpressor to

an input of 5Hynnﬁg ?E?ﬁgétufegéh IsgggLexer operative to selectively

i nput one of Said in rate vectors“to one of 15 said first and second

vallage tree COMMYesl 0-UhA il e cegecan.alAgs ghsthe

nultiply-accuﬁﬁfa e operation. he apparatus o alm 21, further

conprising a ,dual_nmultiply-acc at, a . e s of claim
21, wher @ %r??%Y%ﬂﬁ?gPngeg%f&%ecté?égcgg%%F§%Q%%ggflgnaégggéﬁs sum vect or s

and flrsg multiply-accumulate operation;

a compressor operative to compress a plurality of
vectors output from the first and second Wallace tree units
10 in the first stage of the multiply-accumulate operation into
two intermediate wvectors; and
a data path from an output of the compressor to an
input of a multiplexer, said multiplexer operative to
selectively input one of said intermediate vectors to one of
15 said first and second Wallace tree compression units in the

second stage of the multiply-accumulate operation.

22. The apparatus of claim 21, further comprising a
dual multiply-accumulate unit.
20
23. The apparatus of claim 21, wherein the plurality
of vectors comprise first and second sum vectors and first

and second carry vectors.

21



and second carry vectors. 21 WD 03/032187 PCT/ US02/ 31412 24. The apparat us
of claim 21, wherein the conpressor conprises a four-to-two vector

conpr essowo 038321%he apparatus of claim 21, wherein the nulPCirgiSexsri12 5
conprises a first multiplexer having an output coupled to the first

Wal [ ace tree ggnpnﬁﬁgg%gﬁggéésqﬂg(%jgﬁpagd wﬂ%@éﬂpkﬁée%8ﬂg%%9§bﬁﬂ out put

coupled to theé second ree conpréssion unit. A system

compri si g0 stat] ¢ Jandom address, ey, .ang a processor coupled to the
static randomaccess nenory, sai d proceSsor conprising a dua

mul tiply-accunulate unit, said unit including 15 first and second Wl |l ace
tree conpression units operative to conpress vectors in first and second

stages of a ti -accunul at e operatiqn, nr 0 i to
conpress a pP%$a|ﬁ@§58€Pa6%c %r%PéﬁfBﬁ}aﬂfoﬁ?%ﬁgﬂ?%%%t&52g$ég%%%§ val | ace
tree .20 units in the first.stage of .the nultiply-ac e.operation into
t wo i%tefﬁ%@féﬁ%?v%cJﬁ?&,m%%glgﬂﬁg?%rfgﬁﬁgf?%Hgg%n%hggggh§§ %ﬁe conpr essor
to an input_of a |.tiplexer, said multiplexe perat.i to selectively
i nput onEBSfféﬁfﬁ @%%%ﬁF%e f%?ec%%ﬁﬁ?ﬁ%§oFoenl% AndRF ol

multiplexer having an output coupled to the second Wallace

tree compression unit.

10 26. A system comprising:
a static random address memory; and
a processor coupled to the static random access memory,
said processor comprising a dual multiply-accumulate unit,
said unit including
15 first and second Wallace tree compression units
operative to compress vectors in first and second
stages of a multiply-accumulate operation,
a compressor operative to compress a plurality of
vectors output from the first and second Wallace tree
20 units in the first stage of the multiply-accumulate
operation into two intermediate vectors, and
a data path from an output of the compressor to an
input of a multiplexer, said multiplexer operative to
selectively input one of said intermediate vectors to

25 one of said first and second Wallace tree compression

22



25 one of said first and second Wall ace tree conpression 22 WD 03/032187
PCT/ US02/ 31412 wunits in the second stage of the multiply-accunul ate

oper at i orw023/033iBe system of claim 21, wherein the nulti plPeTarso2/314ennpri ses
a first multiplexer having an output coupled to the first Wallace tree

compressi on uihfeand, dnsecopd. Ul exelnbaring Ay autaHb coup! ed to the

second Wl | ac ree conpression u conpri si ng:
performng a §%%}A Id%-accunulate operation on first and second 2n-bit
operands as four n-bit operations. 29. The nethod of claim 28, wherein said
performng 15 conprises: generating partial product vectors fromthe | ower
n bits of the first operand and the lower n bits of the second operand;

generating pagylalufll QUUEL,VEELOLS: { AN LhE UAPad @0, BLh 8,0 the first

operand and the’ | ower s of "the sedon operand; generating partial

produst yeeLors.{romithe HOPEr L b t8.8hqt e Jidiah QBgpRad 0d the upper n

bits of the Secon operan

the first Wallace tree compression unit and a second
multiplexer having an output coupled to the second Wallace

tree compression unit.

10 28. A method comprising:
performing a multiply-accumulate operation on first and

second 2n-bit operands as four n-bit operations.

29. The method of claim 28, wherein said performing
15 comprises:
generating partial product vectors from the lower n
bits of the first operand and the lower n bits of the second
operand;
generating partial product vectors from the upper n
20 bits of the first operand and the lower n bits of the second
operand;
generating partial product vectors from the upper n
bits of the first operand and the upper n bits of the second

operand; and

23



WO 03/032187 PCT/ US02/ 31412 generating partial product vectors fromthe

|l ower n bits of the first operand and the upper n bits of the second

oper and. WwWO30B/033ike net hod of claim 28, further conprisi ngPCTAOP8R$SI ng t he
partial products generated fromthe upper n bits of the first operand and

the lower. n bits n t r te vectors; and
shifting the ?e%%gﬁﬁgga %§€ect§) ié?tg8E959%|%§m{@ % gﬁgé%hg met hod of

cl aim 28, , pheggin, S3i;d pe gém&%naceﬁzer@gér%q 89 £D€5 ¢ cona

nultlply accuiul ate opération on a tigh couple ual n-bit

nul tiply Sgggn | ate unlt 15 32. The net hod of cIa|n128 wherein n equal s
Si xt een. n article conprising a machi ne-readabl e nedium which stores
machi ne- execut abl e i nstructions, the instructions causing a machine to: 20
performa multiply- accunulate operation on first and second 2n-bit

operapds as four nohi { operallons; 34, The.arLl cl&.of Ghaim 33, wherein the

i nstructions causli ng he nachi ne (o} pér orminc tructions causi ng
25 the maching.{o.. 24,40, 03/ 032180 RHHER8/ 3ddd2  JPGLAt enpartial product
vectors from tR&TSwer t
upper n bits of the first operand and the lower n bits of
the second operand into two intermediate vectors; and
shifting the intermediate vectors left by n bits.
10
31. The method of claim 28, wherein said performing

comprises performing the multiply-accumulate operation on a

tightly coupled dual n-bit multiply-accumulate unit.
15 32. The method of claim 28, wherein n equals sixteen.

33. An article comprising a machine-readable medium
which stores machine-executable instructions, the
instructions causing a machine to:

20 perform a multiply-accumulate operation on first and

second 2n-bit operands as four n-bit operations.

34. The article of claim 33, wherein the instructions
causing the machine to perform includes instructions causing

25 the machine to:

24



of the first operand and the lower n bits of the second operand; generate
partial product vectors fromthe upper n bits 5 of the first operand and
t he | owerwo obiosaspf the second operand; generate partial pomabozs14¥ECt Or S
fromthe upper n bits of the first operand and the upper n bits of the

d , ' t f I
secon Operaz{;‘%}esg‘%epé%axﬁgggagﬁﬁ&@étv'e%ltol}!rsogi‘&ﬁ %f’n%c 1L fhopitdie |over n

bits of the e upper n bits of the second operand. 35.

The artigrecol £ AL b LU LASTLEORA/CS 0pi 9 {ASHIUGELEAS causing the

machi ne to: conpress e partial products generate romthe upper n bits
of the fgéggaggerand and the lower n bits of the second operand into two
internediate vectors; and shift the internediate vectors left by n bits.

20 36. The ardlele.of chalim 33 oar dLie kPShrued hoRs, Gayetng the

nmachine to performincludés instructions causing chine to perform
T R T e o
operand;
generate partial product vectors from the upper n bits
of the first operand and the upper n bits of the second
operand; and
10 generate partial product vectors from the lower n bits

of the first operand and the upper n bits of the second

operand.

35. The article of claim 33, further comprising
15 instructions causing the machine to:
compress the partial products generated from the upper
n bits of the first operand and the lower n bits of the
second operand into two intermediate vectors; and
shift the intermediate vectors left by n bits.
20
36. The article of claim 33, wherein the instructions
causing the machine to perform includes instructions causing
the machine to perform the multiply-accumulate operation on
a tightly coupled dual n-bit multiply-accumulate unit.

25
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37. The article of claim33, wherein n equals sixteen. 5 26

WO 03/032187 PCT/US02/31412

37. The article of claim 33, wherein n equals sixteen.
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