AT- SPEED MULTI - PORT MEMORY ARRAY TEST METHOD AND

APPARATUS FI ELD [0001] The present disclosure rel ates
w@enenad7hy to the field of processors and in pRCT/US20A063097

to a method testing nmulti-port nmenory arrays at

operating frequency. BACKGROUND [ 0002] M croprocessors

perform conputati onal operations in a w de variety of

applications. A processor may serves as a central or

mai N _processi ng unit in a stationar corjlput [ g&gﬁxstem
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speed is a primary consideration for such desktop
processors. |In addition, processors are increasingly
depl oyed in nobile conputeri”%U%h as | aptops and
Personal Digital Assistants (PDAs), and in enbedded
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i gh execution speed, |ow power consunption and snal
size are desirable. [0003] Many prograns are witten

as if the conputer execuBAggdR®UNDad a very | arge
(ideally unlimted) anmount of fast menory. Comonly
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nmenory types, each having different speed and.cost. .
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Assistants (PDAs), and in embedded applications such as mobile phones, Global
Positioning System (GPS) receivers, portable email clients, and the like. In such
mobile applications, in addition to high execution speed, low power consumption and
small size are desirable.

[0003] Many programs are written as if the computer executing them had a very
large (ideally unlimited) amount of fast memory. Commonly modern processors
simulate the ideal condition of unlimited fast memory by employing a hierarchy of
memory types, each having different speed and cost characteristics. The memory
types in the hierarchy vary from very fast and very expensive at the top, to
progressively slower but more economical storage types in lower levels. A common
processor memory hierarchy may comprise registers (gates) in the processor at the top
level; backed by one or more on-chip caches comprised of Static Random Access
Memory (SRAM); possibly an off-chip cache (SRAM); main memory Dynamic Random

Access Memory (DRAM); disk storage (magnetic media with electro-mechanical

access); and tape or Compact Disc (CD) (magnetic or optical media) at the lowest



Menory (SRAM); possibly an off-chip cache (SRAM; nmain
menory Dynam ¢ Random Access Menory (DRAM; di sk
W@ e@rags4y magneti c media with el ectro-nmechani cBET/US2007/063097
access); and tape or Conpact Disc (CD) (nagnetic or
optical nedia) at the | onest | ével . Mbst portabl e
el ectronic devices have limted, if any, disk storage,
and hence main nmenory, often limted in size, is the
lewele Most pordable elegtrenicrdeniesp ave limvtetyf aypdigk ptorage, and hence
H gh-speed, on-chip registers conprise the top |evel
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ﬁ@@ﬁkt erln pemamrengpsors.iheiadirel GERssorresrongltte phyfdcal storage
el ements accessed by logical GPR identifiers may be
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storage locations within a nenory array. The registers
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processor elenments, such as various pipeline stages,
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important part of |C manufacture, to identify and weed
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menory arrays is particularly problematic. Automatic

megtonPaltraestarage miamantsimaretngregied G5 Rrggre caiyppded Thatis,
they may be written to, and/or their contents read by, several different processor
elements, such as various pipeline stages, ALUs, cache memory, or the like.

[0006] Testing is an important part of IC manufacture, to identify and weed out
defective or substandard components. Testing memory arrays is particularly
problematic. Automatic Test Pattern Generation (ATPG) methodology comprises
scanning an excitation pattern into one set of scan-chained registers or latches,
applying the pattern to exercise random logic, capturing the results in another set of
scan-chained registers or latches, and scanning the captured results out for
comparison to expected values. Memory arrays cannot be efficiently tested using
ATPG techniques due to the intermediate storage of test patterns in the array.

[0007] Memory arrays in a processor may be tested by functional testing, wherein

code is executed in the processor pipeline to write test patterns to the array (e.g., to



scanning an excitation pattern into one set of
scan-chai ned registers or | atches, applying the
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results in another set of scan-chained registers or
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conparison to expected values. Menory arrays cannot be
efficiently tested using ATPG techni ques due to the
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processor pipeline to wite test patterns to the array
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conpare to expected values. Functional testing is tine |
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exerci ses the menory array during a test node. A BIST
paiarnsane cogwppressheleaad o ocaxpected delge Indiinslignah mogg, the BIST
reads the data patterns, and conpares the read data to
eqrielierds inggtive anchthe MRy AERY HowratrolagbyBhe Precsssereonise!
is inactive and the nenory array is controlled by the
predes Baer abBISTolystemscnelude a pedligated test pprbin g spermgry array to
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writetandénideast the earay dHBNGesEYg. dTH$ Rlgceea 1wy boumrgasy on the test
pl aces a | ower boundary on the test duration by o
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includimapler fuactienadrasgyand ayrite pertsi gedveay fail loincpyeyielectrical
margi nalities that are only exposed when two or nore
perdiraliies hasatermaexraged WHEN teheiongreyports access the array

simultaneously.

SUMMARY

[0009] According to one or more embodiments, a multi-port memory array is tested
by a BIST controller by simultaneously writing data to the array via two or more write
ports, and/or simultaneously reading data from the array via two or more read ports, at
the processor operating frequency. Comparing the data read from the array to that
written to the array may be performed sequentially or in parallel. Comparator circuits
are effectively disabled during normal processor operations. By simultaneously writing
and/or reading data via multiple ports, latent electrical marginalities may be exposed,

and test time is reduced, as compared to prior art test methodologies.



SUMVARY [ 0009] According to one or nore enbodi nents, a
multi-port nmenory array is tested by a BI ST controller
who0gi10aThs aneously witing data to the array VPEI/USZI0TH63097
nore wite ports, and/or sinultaneously readi ng data
fromthe array via two or nor& read ports, at the
processor operating frequency. Conparing the data read
fromthe array to that witten to the array may be .
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met hod of testing a nenory array, having a plurality
afe rapd fremgbe egay.i phefigt pd datafrattgnsdeaafrpattheanray are
is witing to a first address in the array via a first
wmwe@b&%e first aad oaeP datade pattares written ©itheperan despsicijvely.
witten to a second address in the array via a second .
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simul taneously read fromthe array via a second read
fpohe argpaespacivelund second data patterns read fromthe
array are conpared to the first and second data ,
92k nsYalianethenembodimenigelaigs toagaptbed plisping 3 owreyy array in a
Yet anot her enbodi nent relates to a nethod of testing
Brogesasy-y Oae oajnore prgdetermined data patterns are written to the array.” The

data patterns are simultaneously read from the array via two or more read ports,
thereby exposing electrical marginalities in the array and/or the read ports not exposed
by reading data via one read port at a time.

[0013] Still another embodiment relates to a processor. The processor includes a
memory array having at least one write port and a plurality of latching read ports; a first
data comparator having read data and compare data inputs, and outputting an
indication whether the read data match the compare data pattern; and a first selector
selectively directing data from two or more first read ports to the first comparator read
data input. The processor additionally includes a BIST controller controlling the write
port, first read ports, and first selector, providing write data to the write port and
compare data to the first comparator compare data input, and receiving the first

comparator output. The BIST controller operative to write one or more predetermined



processor. One or nore predeterm ned data patterns are

witten to the array. The data patterns are
wapovaieameously read fromthe array via two orPEDDS2007/063097

read ports, thereby exposing electrical marginalities

in the array and/or the read 6orts not exposed by

reading data via one read port at a tinme. [0013] Stil
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DETAILED DESCRIPTION

[0018] Figure 1 depicts a functional block diagram of a processor 10. The
processor 10 executes instructions in an instruction execution pipeline 12 according to
control logic 14. The pipeline 12 may be a superscalar design, with multiple parallel
pipelines such as 12a and 12b. The pipelines 12a, 12b include various registers or
latches 16, organized in pipe stages, and one or more Arithmetic Logic Units (ALU) 18.
A memory array 20 provides a plurality of storage locations that are mapped to logical
General Purpose Registers (GPRs).

[0019] The pipelines 12a, 12b fetch instructions from an Instruction Cache (I-
Cache) 22, with memory addressing and permissions managed by an Instruction-side
Translation Lookaside Buffer (ITLB) 24. Data is accessed from a Data Cache (D-
Cache) 26, with memory addressing and permissions managed by a main Translation

Lookaside Buffer (TLB) 28. In various embodiments, the ITLB may comprise a copy of



simultaneously witing test patterns via two or nore
wite ports. [0017] Figure 4 is a flow diagram of a
woredonoeB7ef Bl ST for a nmenory array by sinul t ane@UEE2007/063097

reading test patterns via two _or nore read ports.

DETAI LED DESCRI PTI ON [ 0018] Fpgure 1 depicts a
functional block diagram of a processor 10. The

processor 10 executes instructions in an instruction

exteiihe dhBpiAfemiatieeln. sheyHd Brafidny-B way batintegraiedgiSimiasly, in

The pipeline 12 may be a sugerscalar desi Wi th
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i pelines 12a, 12b include various reglsters or
intpocated or@nifigd gMisseedn ihe hspgie 22 apdier thamicashe 28rcanse an access
Arithnmetic Logic Units (ALU) 18. A nenory array 20
toragin def§chiphmaman 33, ugderdhe pgr@}reol obe atemsmg intertace 80e The
mapped to | ogi cal General Purpose Registers (GPRs).
pogaser T%@qyllrpfémdmlnmgféOuth I/Da inderfacest gentidling aceess to
an Instruction Cache glcache) 22, with nenory
vaipue sriphpralitevises abs h@s,qasofﬁsgwa@g@ ab‘g,wgrﬁecognlze that numerous
Instruction-side Transl ati on Lookasi de Buffer (I TLB)
variatipag ef the peasessps 48 are BassPIPat e exaeike: GW@E%E)SOQGO may
wi th nmenory addressing and rm ssi ons managed
waluge arsaﬁ@mohkeweJﬁLZ)d@l@g@ fQﬂ@'t%quré)pﬂ(tﬂTEBF”Q@ caphea/alma@d%'on
enbodi nents, the | TLB may conprise a copy of part of
piheOTNEEe Wth%ﬁuﬁéﬁqn@bb‘s?CkStW@'qtepL'B thgheroTe$$oRAY Mey be omitted from
integrated. Simlarly, in various enbodi nents of the
piradieglgpembodiment | - cache 22 and D-cache 26 may be
integrated, or unified. Msses in the |-cache 22
EMEPhr (Fieure2eikeists 2B ulipasteddrenenas@y g imglementing a set of
(of f-chip) nmenory 32, under_the control of a nmenory
logical $BRe 2@ BuittHa %ﬂfJ@ééan@nﬁa&ﬁn@chum@em@ry array 20 is

| nput / Qut put &% interface 34, controlling access to
QgENE6S a@é% plepull6, &étbpmths@estm%iwo@rgywﬂ|a|pparﬁtttsr¢esclosed
art will recognize that nunmerous variations of th
bergthds applicablede any eerdfigyradion phmubixeaisdenernony. Faelk é’é%@ﬁ location

10 ma
in the myemory array 20 is a word-readable, and the array 20 is logically and physically

segmented at word (32 bits) boundaries. A shared precharge and power distribution
circuit is placed down the center of the memory array 20.

[0021] The particular memory array 20 depicted in Figure 2 includes a three write
ports 42 and five read ports 44, with three read ports 44 disposed along one side of the
memory array 20, and to read ports 44 disposed of on the other side. This
configuration is representative only. The three read ports 44 labeled A, B, and C are
connected to a selector circuit 46, such as a multiplexer. The BIST controller 20
controls of the selector 46 via a control signal 56 to direct data read from the memory
array 20 by one of read ports 44 A, B, or C to the data end of a comparator 48. The
BIST controller additionally provides a data patterns to the compare input of the
comparator 48, along signal line 58. Data read by read ports 44 D and E is a similarly

directed through selector 52 a second comparator 52, width of the BIST controller 40



i nclude a second-level (L2) cache for either or both
the I and D caches. In addition, one or nore of the

w0 evettdowal bl ocks depicted in the processor 1BRCHH§200E063097
omtted froma particular enbodi nent. [0020] Figure 2
depicts a nulti-ported nemory’array 20 inplenenting a
set of logical GPRs and Built-in Self Test (BIST)
controller 40. The nmenory array 20 is organi zed as 128
eantrollipg thiesselegter sy Ql’ﬁ@dipg§pmﬁg[e|~g&ﬂ@t%@? cam@arator 52. The
apparatus di scl osed herein is applicabl e to any .
ewnits @l etdotpastormAd, b2 pes dieagtadeands Bl SHagantrobeg49; along signal
l ocation in the menory array 20 is a word-readabl e,
neg 60ne array 20 is logically and physically segnented
at word (32 bits) boundaries. A shared precharge and
(9688l dilstast mede.dhe B9 Ttapntraller 41 wetes admrkarewed 8@ﬁtpétrtem to the
of the menory array 20. [0021] The particular menory .
Ay ey v boIAh B 2T 10eBIST CAREdEUA fien wites
Egrts 42 and five read ports 44, with three read ports

t drta patieras & oyorgneregNeBoyfarial 0 ierags logatiany Vispwritgperts 42

to read ports 44 disposed of on the other side. This
AoBfanglardi- i At leastrsepiedesthit the BIRT sentipllerrwritep dest dagpatterns
ports 44 | abeled A, B, and C are connected to a =
valad etthieesyrite ppits 4G simiilfanecaslyatorupesg plegisieal marginglitiss in the
controller 20 controls of the selector 46 via a .
BeMonoRTay hiat mey net kR pheervable whenewaling ¢t thieudherrty gne write
array 20 by one of read ports 44 A B, or Cto the
pert 42 ehati®e. a conparator 48. The BI ST control |l er
addi ti onal | rovides a data patterns to the conpare
(09281 ofolel‘%SE@ﬁ’@ta@@f 69 theg readisothg test §atal patterns fgn thegpgmory
read by read ports 44 Dand Eis a simlarly directed
amaloQ imsdpreausly Vipatdeas dumtpaddiepiartdt de maximaliygstress the
the BI ST controller 40controlling the selector 50 and
meaanyaiay Ldaphexpogaray tadent isect isrpaptingities andgdditionally to
out puts of the conparators 48, 52 are directed to the
wirgmizeding test lirae, the Bgﬁ'ﬁia@t@ill@rn@ simuliareogply reads data via all

available read ports 44 (i.e., all five read ports 44 in the embodiment depicted in Figure
2). The BIST controller 40 then sequentially directs data from each read port 44 to a
comparator 48, 52, simultaneously supplying the comparator 48, 52 with the
corresponding expected data pattern, and inspects the output of the comparator 48, 52
to verify that the proper data pattern was read from the memory array 20. Because of
the BIST controller 40 resides on the processor 10 component, all testing is performed
"at speed," that is, at the processor 10 operating frequency.

[0024] In the embodiment depicted in Figure 2, in one test, the BIST controller 40
maximally stresses the memory array 20 and minimizes test time by simultaneously
reading test patterns via all five read ports 44. The data from read ports 44 A and D
are then simultaneously directed to their respective comparator 48, 52, the appropriate
compare patterns supplied, and the comparator outputs are verified. In the following

cycle, data from read ports 44 B and E are simultaneously verified. Finally, the data



[0022] In test node, the BIST controller 40 wites a
background data pattern to the nenory array 20 via

wowriwaoyaests 42 A, B, and/or C. The BI ST cont rpCT/882040063097

then wites test data patterns to one or nore nenory

array 20 storage |ocations vid wite ports 42 A, B,

and/or C. In at |east sone tests, the BIST controller

40 wites test data patterns via all a three wite
ontreadipors#rylis arvediipsl ip compaigidde Theadnyltangpus reading of data
narginalities in the menory array 20 that may not be

oo dhe asmerniredy 2 by alhtiverspd pors bd gtiessap (heomemery argay 20 to
port 42 at a time. [0023] The BIST controller 40 then
exwds latend elesticabmeripditiesr Yiizingdencemearnstai A9 & togjmuyltaneously
simul taneously via at |east two read ports 44. To

ety rradldatastrena 4@ readeronts fdrmyinarizepthe teshideexpose any

| atent electrical marginalities, and additionally to

(60861 z & hope of eidlt inttherart wilkreadilyseceasiver thal the nygber of comparators
simul taneously reads data via all available read ports .
4% 52 may be iicreased o fueher rpdvcestegidimeby prrfasmingdiate aemparisons in
depicted in Figure 2). The BIST controller 40 then
paglRinthatasy e maavt ke Miinized Bpeyiding 2 empryptor 44, $%fopeach
conparator 48, 52, sinultaneously supplying the -
watpartaidpbvigingghe weehfor Resetestar 48 pahidiHeyexen g Bgregagasilicon
pattern, and inspects the output of the conparator 48,
great and/@ay fryrogueg Wiring cprenséen.dat tasirdictits thatw(s nekaglive during
fromthe nmenory array 20. Because of the BIST

peftal pracessal Ope@yeE et tha offies exferte seRdle gompRigidRt 50 may be
all testing is perforned "at speed,” that is, at the
pioyided swith t%ﬂa Gpeyakrepd peitedd diresied therta yialasipgie selector 46, 50.
enbodi nent dePicped_in Fiqure 2, in one test, the BIST
toatmioiMizes tagtashsirawdn Yuldtiaces adeweninihemisist dypliery ag@ach word
and mnimzes test time by sinultaneously reading test

indhe aterory peawnPi nustlee eaRRrpé segUentallyTHEOWRYER evedMith one
read ports 44 A and D are then sinultaneously directed
eempdrator 48 e MoMOBRTIH 20 By bg mare thoreughliandggalistiealy

tested than is possible with prior art test techniques, by simultaneously reading data via
two or more (and up to all available) read ports 44.

[0026] The test apparatus and methodology disclosed herein additionally allows for
more detailed diagnostics then prior art test systems, many of which are limited to a
minimal functionality test (i.e., a go/no-go decision). The BIST controller 40 may write
minimize test time by simultaneously writing test data patterns to three different storage
locations via the three write ports 42, and simultaneously read data from five different
storage locations via the five read ports 44. Alternatively, the BIST controller 40 may
stress individual storage locations (and associated I/O circuits) by writing data to and/or
reading data from a single storage location utilizing all available respective ports.
[0027] The test methodology is fully applicable to any memory array having two or
more write ports 42 and/or two or more read ports 44. Figure 3 depicts a method of

BIST for a memory array having at least two write ports 42, regardless of the number of



conpare patterns supplied, and the conparator outputs
are verified. In the following cycle, data fromread
W@ra03945 B and E are sinul taneously verified. PEI/Hsdony063097
the datafromread port 44 Cis a verified in
conparator 48. The sinultaneols reading of data from
the nmenory array 20 by all five read ports 44 stresses
the nenory array 20 to expose |atent electrical .
re@d giora ki or eempasetdrs 48,7 thbadkepraind gktern4g writien ot least first
simul taneously verify read data fromto read ports 44
anhseriopa addiessasds the Mamony @30 vinese opmoskviite orts (plack 60).
art will readily recognize that the nunber of .
A dirgh dptecratternaig writien iy fitsd afdrepeindiel atray RO viarpelirst wiitg pert 42
test tine by perform ng data conparisons in parallel.
(Mheskib@st Simulianertiplypa safenddata gattsn i Wikel g sgcond address in the
conparator 48, 52 for each read port 44 (obviating the
aead2q vwp agesendwiisrpariet2 Gitpck 6pp first ang secppd falgpagerns may
silicon area, and may introduce W ring congestion, for
be e seime: ar they maxtbedideraat  Sidilarbe theirstandreseenrd addresses may
rocessor operation. At the other extreme, a single
o Hpadiagent megonslocatian Bdedaranade d heirstiand seecrd ¢ aptterns are
read ports 44 directed thereto via a single selector
wgd fom thetgrgy Z0blerls 88). thaultiplstread perts 44 gre ayailally. dheedata read
alower linmt on test duration, as each word in the
argralignsanraaie performied sheuliopapa s @lterag et ithg 1epd operations may be
However, even W th one conparator 48, 52, the nmenory
perfaged Geaugntiply vainaa sielegaanh Pyt 4Ad Epeapi thefitsypng second data
tested than is possible with prior art test .
paitaing tad dronbipe sirgy 120 dh erneargd fehigiragPeghvendaln gatierp Witten to
nore (and up to all available) read ports 44. [0026]
theeartay A0 (Blopla e Ubthasataratieatsonaigh (RlPecT Qs el jaddresses
additionally allows for nore detail ed diagnostics then
bavedyeeartestee grlockyih) dhe addrgasesorewhieie (Blpek T2npreigsting a
m nimal functionality test (i.e., a go/no-go
Bostedsorf the ata mitsmscoaich ¢pIpes 7Woanthyll agdreserihaverbeosn tested
test time by sinultaneously witing test data patterns

fdockiTrdehelBIS Bisenmplate flerk 13c Kithedrta priternp ot @atch (block

wite ports 42, and sinultaneously read data fromfive
49 preear is flagged (block 74), which may indicate further testing, or that the

memory array 20 and/or the relevant write port 42 and/or the read port(s) 44 is
defective.

[0028] Figure 4 depicts a method of BIST for a memory array having at least two
read ports 44, regardless of the number of write ports 42 or comparators 48, 52. A
background pattern is preferably written to at least first and second addresses in the
memory array 20 (block 80). A first data pattern is written to a first address in the array
20 (block 82), and a second data pattern is written to a second address in the array 20
(block 84). If multiple write ports 42 are available, the first and second data patterns
may be written simultaneously; otherwise, they may be written sequentially via a single
write port 42. The first and second data patterns may be the same or different, and the

first and second addresses may be adjacent or far apart. The first data pattern is read



storage | ocations via the five read ports 44.
Alternatively, the BIST controller 40 may stress
WO pd7Atdehl st orage | ocations (and associ at ed PETAS2007/063097
circuits) by witing data to and/or reading data from
a single storage location utildzing all avail able
respective ports. [0027] The test nethodology is fully
applicable to any nenory array having two or nore
fienttlee prsav 20 Wa adiiel/read p%%ﬁblw?@)r Saaulizaeousiy Ahe second data
Figure 3 depicts a nmethod of BIST for a nenory arr
paiieirmis raed fremdhe agay 4P Viee srsend repsl paridaibick $3)- @actl @éthe first
nunber ofread ports 44 or conparators 48, 52. A
pbepond ﬁataprmttte@m epd frogjthe avfay &0 st comneesd 1ojthe fesapetive data
second addresses in the nennry array 20 via one or
pajtesn writteretqibe eeray BP deircks?). | An@rrert%an R eopRAreteF is Aravided, the
witten to a first address in the array 20 via a first
MRNPIFISPDS tnaa.ibe(mrf@wedsm)par@ﬁh@lt@raﬂ@m%w may Heduefgrmed
data pattern is witten to a second address in the
sequgptially. |fithe datecaiaenswpatele (Rhenki92) andyiosak a@dmsseﬁ{@ve been
first and second data patterns nax be the sane,
teisteg (Rheok BR). Hiefgddresses a@i iered (bjockHe amirt@,&tma@ao@éé%nkﬂthe
addresses may be to adjacent nmenory |ocation or be fa
dgfa Pettermp angtely ©lock9a). @@é@ﬂ@dd@@aeqofaaweéﬁ% tegted gk 93) 'the
fromthe array 20 (block 66). If nmultiple read po
B o commpieis Gl 95)HEG AR PSS EPLIPIS4DIREY SBean sror is
erfornmed simultaneously; alternatively, the read
gﬁﬁﬁdﬂﬂ@ﬁs9ﬁhy be perfornmed sequentially using a
S|n8Ie read port 44. Each of the first and second data
Er nRefersng peaimte Rigues 2.4he comparatos fiseiite #8t 82 eoraprise a static
respective data pattern witten to the array 20 (bl ock
Bgic.gatgs. et sathg qeatreErterstSrae ol ¢uRATR anp Hafagpadtergpresented at
al | addresses have been tested (block 71), the
idata dnpek togthe data rrpeRnt @bitoedn ez | inpath @ngldi gengrate a signal
proceeds. If the data patterns match (bl ock 70), and
@mcabwefe@@é@erﬁ%ﬁ/@at@@@ e staseh. (DUrEKIOPTR! progrssey eperation (ie.,
onplete (block 73). If the data patterns do not match
O%tl ipégst mople). die date oHtPULLY thadaedipes 4Lwill Zopstanihy eangay If at
indicate further testing, or that the nenory array 20
leasl &e repd ped Héxlﬁamnnwﬁﬁeg o herdatayippief agiomnséatpiedty %2 by a

port(s) 44 is
selector 46, 50, logic gates within the comparator 48, 52 will be constantly switching,

the consuming power, generating heat, and contributing to electrical noise on the
power and ground rails.

[0030] Accordingly, the comparator circuits 48, 50 are effectively disabled during
normal operations by ensuring that a constant data pattern is presented at the
comparator 48, 52 data input. One input of each selector 46, 50 is tied to a constant
data pattern, such as ground (as depicted in Figure 2), although any data pattern may
be utilized. Upon system reset (or in response to any other indicator that the processor
is in normal operating mode), the BIST controller 40 directs the selector 46, 52 to select
the fixed data pattern. This presents a static data pattern to the data input of the

comparators 48, 52. The BIST controller 40 may optionally present a corresponding



defective. [0028] Figure 4 depicts a nethod of BIST
for a nenory array having at |east two read ports 44,

W0 eanoi7eéss of the nunber of wite ports 42 orPCT/US2007/063097
conparators 48, 52. A background pattern is preferably
witten to at least first and'second addresses in the
menory array 20 (block 80). A first data pattern is
witten to a first address in the array 20 (bl ock 82),
siatic dats @atiern telhescomrare input ef thg pemearatass 48,82 diaether the
address in the array 20 (block 84). If multiple wite
TRy AP 43 r 2 @Ulaliltllfa%fFaé?S 7 Hatafmatsh opa MiscORPRES. e the inputs are
patterns may be witten sinultaneously; otherw se,
stals gatep HRININE CoewmardeiSh b2 M| Rot gwicbeyongthe iRftiat ene-cycle
port 42. The first and second data patterns may be the
eameargendi fferent, and the first and second addresses
may be adj acent or far apart. The first data pattern
[0931kad Nusrroklatant gigcligalynargmatiiasdbatmeaibeernosad by
(bl ock 86). Sinultaneously, the second data pattern is
sigwdaneayislytiBing dataPatigris \ia BVasdBerg wréaeomﬂf, ang/or by
(bl ock 88). Each of the first and second data patterns
siswtaneaysivtrpeding falp Pabieins visdwear pre seadmrorisekdp duior e test
data pattern witten to the array 20 (bl ock 90). If
meteds REhcunRleiebrinaplgtte unpevep these deadginglifies c ¥Yfisarsigelpneously
may be perfornmed in parallel; alternatively they may
weling ¢dte paies Miglwator 1ors Writerpartset 2¢ UBipleavtite R ¥eradife h
(block 92), and not all addresses have been tested
siglubenrccasly, Thisestegarselss ®owar arichwhighagday BXReeR nuuginaliigg. In
testing proceeds. If the data patterns match (bl ock
agyitions Raisa cpuRling belaes “Auigt apd eswitchinge it (inssgBRY bggxposed.
the BIST is conplete (block 95). If the data patterns
[0932bt rRMekanEsL ey keashng daia patteras Viadwe O Hiperire@BIRGER 44 may
96). [0029] Referring again to Figure 2, the
exasaraver id marginaditiesby wipnieg myHipkEaorgchargg s con’ gipetaneously.
g_at.es. That is, the conparator 48, 52 wil| conpare any

imtiaripanulepln readlaiblines @radisphasoerhsiguitanaausly owbigle meyaso expose
present at its conpare input, and will generate a .
BPW#rdrid marginalities. Power grid marginalities may further be exposed by multiple

global and/or local word lines being turned “on” simultaneously. Noise coupling
between “quiet” and “switching” bit lines may be exposed by multiple read bit lines
being discharged simultaneously. In addition, multiple read data latch outputs switch
simultaneously, causing coupling on long unshielded nets. This noise causes a delay
pushout, which may expose noise and/or timing marginalities.

[0033] Although the present disclosure has been described herein with respect to
particular features, aspects and embodiments thereof, it will be apparent that numerous
variations, modifications, and other embodiments are possible within the broad scope
of the present disclosure, and accordingly, all variations, modifications and
embodiments are to be regarded as being within the scope of the disclosure. The

present embodiments are therefore to be construed in all aspects as illustrative and not



i ndicative of whether the data patterns match. During
normal processor operation (i.e., not in test node),
w0 b@7ded7as out put by the read ports 44 will conBCHEKES1097/063097
change. If at least one read port 44 is connected to
the data input of a conparator 48, 52 by a sel ector
46, 50, logic gates within the conparator 48, 52 w ||
be constantly swi tching, the consum ng power,
petiisha anfhalhdwngesisemieemithinghe nMegning addegtivaleary res of the
on the power and ground rails.(LOOSQ] Accordingly, the
srnepdpd cleimsateduiendedsig besankipeedetheait.i vel y di sabl ed
during normal operations by ensuring that a constant
data pattern is presented at the conparator 48, 52
data input. One input of each selector 46, 50 is tied
to a constant data pattern, such as ground (as
depicted in Figure 2), although any data pattern nay
be utilized. Upon systemreset (or in response to any
ot her indicator that the processor is in norma
operating node), the BIST controller 40 directs the
selector 46, 52 to select the fixed data pattern. This
presents a static data pattern to the data input of
the comparators 48, 52. The BI ST controller 40 may
optionally present a correspondi ngstatic data pattern
to the conpare input of the conparators 48, 52.
Whet her the conparator 48, 52 output indicates a data
mat ch or a m sconpare, since the inputs are static,
gates within the conparator 48, 52 will not switch
beyond the initial one-cycle conparison. [0031]
Nunerous | atent electrical marginalities that may be
exposed by simultaneously witing data patterns via
two or nore wite ports 42, and/or by sinultaneously
readi ng data patterns via two or nore read ports 44.
Prior art test nethods are conpletely unable to
uncover these marginalities. Wen sinultaneously
witing data patterns via two or nore wite ports 42,
multiple wite drivers fire



si mul taneously. This stresses the power grid, which
may expose marginalities. In addition, noise coupling
Wheiraeat4s qui et” and "sw tching" bit |ines nmayP@GEUS2007/063097

exposed. [0032] Sinultaneously readi ng data patterns
via two or nore read ports 443way expose power grid
marginalities by turning nultiple prechargers "on"
simultaneously. Simlarly, multiple read bit lines are
di scharged si mul t aneously, which may al so expose power
grid marginalities. Power dritiMSarginalities may
further be exposed by nultiple global and/or | ocal
Wehtislddiasqd Rei ng turned "on" sinultaneously. Noise
coupling between "quiet" and "switching” bit |ines may
be exReRARbdYr tB3tIngiPembBAsHY, halihd§pluPRinner WHits pbAas,Jed
simultaneously. In addition, nultiple read data | atch
?Mk@g&ﬁ(ﬁmﬁ}@m si mul t aneousl y, causing coupling on

ong unshieldeg nets. This noi se causes a del ay

IOUShpriting)/\@hI%hdéIa(X,))aﬁérmég fiQia88re88 ¢ Bk abdafviRGa first write port;
margi nalities. [0033] Although the present disclosure

has bggfuitdesrslyRAdinhrRicon il patsRasth seBopaddrés idkthe array
features, aspeCts and enbodi nents thereof, it will be

apparent t{gt JAdPRd @HE poF i ations, nodifications, and
ot her enbodi nents are possible within the broad scope

of t hRaBMgIRS irsHARESRBHE Qataditite ARGRING tHRM Ay, ahd
variations, nodifications and enbodi nents are to be

r egar gefp@mglies NGt ¥hd Sddont kBtaSEeRRmMsTbad RBMAhS Gl t e first and
The present enbodi nents are therefore to be construed

in all aspgsdond@atd pdtiesis @itternao antdamsl repeetvelyl ve and
all changes conming within the neaning and equival ency
range of the appended clains are intended to be
enbraced therein. CLAIMS What is clained is: 1. A

pet hoghofnetiRiitdr RGird 1MRIBEYCcHgrahg WiRingRtbakglouhdbibtaYpattern to
of wite ports, in a processor, conprising: witing a

b B8t toafidt AR $RbAd h@drasddsris theasteHye Bori tb wiriiRg el fddt ahd&econd
a first wite port;

data patterns.

3. The method of claim 1 wherein the first and second data patterns are the same.
4, The method of claim 1 wherein the first and second data patterns are different.
5. The method of claim 1 wherein the first and second addresses are adjacent.

6. The method of claim 1 wherein the first and second addresses are non-
adjacent.

7. The method of claim 1 wherein the writing and reading of test patterns is

performed at the integrated circuit operating frequency.



simultaneously witing a second data pattern to a
second address in the array via a second wite port;

WO 2@diesg43 he first and second data patterns freeT/ukm07/063097
array; and conparing the first and second data
patterns read fromthe array Yo the first and second
data patterns witten to the array, respectively. 2.
The nethod of claim1, further conprising witing a
background data pattern to at |least the first and
second addresses in the array, prior to witing the
8. r st Aarpihedkefdasting memam arays hadng TRBIrAHEE ﬁfdéa%poré?r,m an
1 wherein the first and second data patterns are the
BRAESSOon .CoMpEsIigt hod of claim 1l wherein the first and
second data patterns are different. 5. The method of
cl ai nwitingnafirst gate pattenrte e fissi @ddess iutha@de¥sses are
adj acent. 6. The method of claim1 wherein the first
and swingR serdnd slatspatiesn teohsgrfjoad @ddresyin tia@makt hod of
claim1 wherein the witing and reading of test
pat t efaadingshebist datenpattern fioethiemray via @grsbfqaé UFoEt:
operating frequency.8. A nmethod of testing a nenory
ar r aySinWaaneRysly rgqacﬁmlmetsyacmd data gaperpifom %ﬁ agiqy via a second
processor, conprising: witing a first data pattern to
a first adwed$sortiand he array; witing a second data
pattern to a second address in the arra¥; readi ng the
firstcemapaingdbe Bishand aponH dakerpadigmsi rgad rpmrte aprayip the first and
port; sinultaneously reading the second data pattern
fromthe apee@pdgata paticesomifiandadhearay: repREcH®@iypar i ng
the first and second data patterns read fromthe array
to the first and second data patterns witten to the
array, respectively.
9. The method of claim 8, further comprising writing a background data pattern to

at least the first and second addresses in the array, prior to writing the first and second
data patterns.

10. The method of claim 8 wherein the first and second data patterns are the same.
11. The method of claim 8 wherein the first and second data patterns are different.
12. The method of claim 8 wherein the first and second addresses are the same.

13. The method of claim 8 wherein the first and second addresses are different.

14. The method of claim 8 wherein the writing and reading of test patterns is

performed at the processor operating frequency.



9. The nmethod of claim@8, further conprising witing a
background data pattern to at |east the first and

W@ ewoneB7a®ldr esses in the array, prior to witiPQr/ukm07/063097
first and second data patterns. 10. The nethod of
claim 8 wherein the first and'%econd data patterns are
the sane. 11. The nethod of claim8 wherein the first
and second data patterns are different. 12. The net hod
o8- c| Bheringthae elaiin Biygrerein semaaiingsiae GiFfd 2ad apeXeiatapaiterns
the sane. 13. The nmethod of claim8 wherein the first
wad foathadral e Bedisst and seaprid ¢ate patterng writtere toibe @@y 6pmprises
claim8 wherein the witing and readi ng of test
piautterapssiysopwafiog hedirgtand seceiddaia paiterop eaagfranythe array to the
frequency. 15. The nmethod of claim8 wherein conparing
fimkarid sesond dataatiemns vailea tpEetastays read fromthe array
to the first and second data patterns witten to the
array conprises sinultaneously conparing the first and
second data patterns read fromthe array to the first
#hd st methestad claitn SdvitherPMPtigRdt o the array. 16. The
met hod of claim8 further conprising: witing a third
dat a Welnge? Hirdslatp patterttog)tird eddiess imBeariedy: readi ng
the third data pattern fromthe array via a third read
port Eiaginottae Bidsiala Ratlem freadhegraheafthisd read dostsdpyianeously
data patterns; and conparing the third data pattern
read from Whlreadingythe §rst ped segond daka ReliesS 8PH written
to the array. 17. The nethod of claim 16 wherein
conpatPmegringehe Hird data patiens readifiam Sesrrayitedfle thind dalg|ppttern
conparing the first and second data patterns read from
the array wotteme the pgay-and second data patterns
witten to the array; and subsequently conparing the
third data pattern read fromthe array to the third

17. The method of claim 16 wherein comparing the data patterns comprises:
simultaneously comparing the first and second data patterns read from the
array to the first and second data patterns written to the array; and
subsequently comparing the third data pattern read from the array to the third

data pattern written to the array.

18. A method of testing a memory array in a processor, comprising:
writing one or more predetermined data patterns to the array;
simultaneously reading the data patterns from the array via two or more read
ports, thereby exposing electrical marginalities in the array and/or the

read ports not exposed by reading data via one read port at a time;

19. The method of claim 18 wherein writing one or more predetermined data

patterns to the array comprises simultaneously writing predetermined data patterns to



data pattern witten to the array. 18. A nethod of

testing a nmenory array in a processor, conprising:
wowririegy4dne or nore predeterm ned data patterPGI/US2001@63097

array; simultaneously reading the data patterns from

the array via two or nore rea® ports, thereby exposing

el ectrical marginalities in the array and/or the read

ports not exposed by reading data via one read port at

Betdriay viallgio orteorawtitorRrEs therelyraxpasing elesirigalipanginalitiesra the

or nore predeterm ned data patterns to the array .

eoapandedhe Wite Raiisal KOs by iviting datdetixpig WES Reat 3 a time.

patterns tothe array via two or nore wite ports,

t hereby exposing electrical marginalities in the array

and/or the wite ports not exposed by witing data via

Fhe wihe mepwdtof glairg 18 whereinthe arfpy Wriséharr wede peg parfogmed at the

wherein the array wites and reads are perforned at

PloeesHop ey 8ty Beieacy-ng frequency. 2 1. A processor

conprising: a nenory array having at |east one wite

port and a plurality of latching read ports; a first

data conparator having read data and conpare data

2hput 8 PreaegsPuePORMSINg an i ndi cati on whet her the read

data match the conpare data pattern; a first selector

sel ect iMasngfy arrewbayingjaldads one yvite pRrt and pplusality pidatchiag gead

ports to the first conparator read data input; and a

Built-in Seeis:Test (BIST) controller that controls the

wite port, the first read ports, and the first

sel ec@ drst daldcopelaterdyving reed daleandsormparasata vty and

and conpare data to the first conparator conpare data

i nput , andovteglting as indication whether the read data match the compare data

pattern;
a first selector selectively directing data from two or more first read ports to the
first comparator read data input; and
a Built-In Self-Test (BIST) controller that controls the write port, the first read
ports, and the first selector, and provides write data to the write port and
compare data to the first comparator compare data input, and receives
the first comparator output, the BIST controller operative to:
write one or more predetermined data patterns to the array via the write
port;
simultaneously read the written data from the array via two or more first
read ports; and
sequentially control the first selector to direct data from each first read
port to the first comparator, provide corresponding compare data
to the first comparator, and verify the array by inspecting the first

comparator output.



the first conparator output, the BIST controller

operative to: wite one or nore predeterm ned data
WQP2irae31dsto the array via the wite port; PCT/US2007/063097

simul taneously read the witten data fromthe array

via two or nore first read pdwis; and sequentially

control the first selector to direct data from each

first read port to the first conparator, provide .

2dr r eSipp@cespos ehglaime2 twbhereinghe BEST perdtolleidpaeitivg to write data

and verify the array by inspecting the first .

ety @tdﬂ%‘/er@mtq@dfesags inTthe apa @ad Sinultpneeysdy fpad the written data

wherein the BIST controller is operative to wite data

pemites gifeteot addressesvia uodr axge §rst readortgr ray, and

simultaneously read the witten data fromthe

different addresses via two or nore first read ports.

23. The processor of claim2 1 wherein the BIST .

2dnt r bhg processop pielain Fewherelirthe BIAT aentepllphis veeitiygtoomde a

address in the array, and sinultaneously read the

data paderndacae pAdiess dhe guay.ed simdtangeudy readitee wriften data from

read ports. 24. The processor of claim2 1 wherein the

BBW@%&Y'@FW%@F weietfest raadPeiéads the menory array at

the processor operating frequency. 25. The processor

of claim2 1 wherein the first selector additionally

selectively directs a fixed data pattern to the first

2bnpal e Brocessed otigdaisn 2 hyhereinghe Beph corHeollg) wites and reads the

controller receives a systemreset, and wherein the

BESTPraifdy 3 the pracgssan pperafingequencye to control the

first selector to direct the fixed data pattern to the

first conparator following a reset. 26. The processor

of claim2 1 further conprising: . .
25. The processor of claim 21 wherein the first selector additionally selectively

directs a fixed data pattern to the first comparator read data input, wherein the BIST
controller receives a system reset, and wherein the BIST controller is further operative
to control the first selector to direct the fixed data pattern to the first comparator

following a reset.

26. The processor of claim 21 further comprising:

a second data comparator having read data and compare data inputs, and
outputting an indication whether the read data match the compare data
pattern;

a second selector selectively directing data from two or more second read ports
to the second comparator read data input; and

wherein the BIST controller further controls the second read ports and the
second selector, provides compare data to the second comparator
compare data input, and receives the second comparator output, the

BIST controller further operative to:



a second data conparator having read data and conpare
data inputs, and outputting an indication whether the

w0 ead/1eBrsm nmat ch the conpare data pattern; a sSRCDE82007/063097
sel ector selectively directing data fromtwo or nore
second read ports to the seco conparator read data
i nput; and wherein the BIST controller further
controls the second read ports and the second . .
sel ect or, WHiGWINges mserpeadetadaingdidgta prites kot array via the write
conparator conpare data i nput, and receives the second
conpar at or out pP@t; the BI ST controller further
operative to:wite one or nore predetermnm ned data .
patt ern t osifyargougly reacthengitigndeta fsp the array via two or more first
simul taneously read the witten data fromthe array
via two or nor ereedpofts paa §ve e Mereggagondsagdrorsy and
second read ports; and sequentially control the first
and secondsesieatialyoonirel theafirgt ard secendiselestorsdararalleimdirect
each respective first and second read port to the
respective conpéataiiom e%“d%@é?t'&ﬂrﬁb@m&ﬁfpﬁ@ reasreskte the
data to the respective conparator, and verify the
array by i nspectEspecttvhsompptoraprgvide ceriasrRapaipacaipare data to

out put s. . . .
the respective comparator, and verify the array by inspecting the

first and second comparator outputs.



