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invention relates to an integrated circuit with an enbedded pr_gg‘eiﬁ){ ﬂbfr
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Background Application specific integrated circuits (ASICs) nust be tested
under a variety of circunstances. For exanple, during devel opnment, an ASIC
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properly in a system.

One method for testing an ASIC during production uses a traditional ASIC tester
such as an Agilent 83000 F330 to apply test patterns to the terminals of the ASAIC. The
test patterns ideally exercise all of the functional paths of the ASIC and can uncover any
defects in the ASIC. Developing the test patterns required for thorough testing can take
significant development effort. In particular, develloping a test pattern that exercises all
functional paths in multiple functional units including embedded memory can be difficult.
Additionally, when an ASIC includes an interface to external memory, the test patterns

- must emulate the external memory, and developing a test pattern that emulates the timing
of a high-speed external memory can be time consuming particﬁlarly when the ASIC uses a
serial interface to reduce pin count.

Even if an exhaustive test pattern is -deve]oped', running through a complex test
pattern during testing of an ASIC generally requires time, which potentially increases the

manufacturing cost of the ASIC. Less exhaustive test patterns can reduce test times, but



[ 0004] Another limtation of ASIC tests requiring a tester is that such
tests are limted to production or devel opnent of the ASICs and-ge ﬁ&fﬂﬁ
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SUMMARY
[0007] In accordance with an aspect of the invention, an ASIC with an embedded

processor executes test routines to test the operation of the ASIC. The test routines can

perform at-speed finctional tests of circuit blocks such as embedded memory, coders and

) decoders, and interfaces to external devices. The test implementation requires a small

amount of IC area associated with the memory storing the test routines. External test
equipment can use a simple test pattern that in one embodiment of the invention only
involves three pins of the ASIC. Accordingly, the production testing can be performed
quickly with simple test equipment and without burdening the ASIC with complex test logic.
Additionally, the same or similar test routines in the embedded memory can be used in a self-

test when the ASIC is in a product.

[0008] One embodiment of the invention is an integrated circuit including a pfocessing

core and a non-volatile memory containing test routines that the processing core executes to



according to control signals-input via the interface block. [0009) In one
enbodi nent, the interface block includes first and second term nals. The
processing core use a first signal on the first termnal to j:r!.dimg‘t eZtﬂﬁlrteSt
result, i.e., to indicate whether execution of the test routines detected
a defect in the integrated circuit. On the second termnal, the processing
core activates a second signal to indicate when the first signal indicates
the test result. Athird termnal can receive a control signal for
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The test method uses an embedded processing core in the integrated circuit to execute test

routines stored in an embedded non-volatile memory in the integrated circuit. The test
routines can implement complicated tests such as exhaustive testing of an intemal memory or
) other functional blocks of the integrated circuit and output a signal that a tester observes to
determine a test result. Generally, a first signal indicates whether the execution of the test
routines detected a failure in the integrated circuit. The processing core in executing the test
routines can activate a second signal to mdicate when a state of the first si gnal indicates
whether the test routines detected a failure. The first ignal can be activated before activation
of the second signal to acknowledge or signal that the processing core is executing the test
routines. ( -z ;r more additional signals from the integrated circuit can indicate a type or

location of a failure that executing the test routines detected.

[0012] A tester during productien testing of the integrated circuit thus has a simple test




pattern involving only a few pins but obtains a test result from an
exhaustive test inplenented in the test routines. Additionall z during use
of the integrated circuit in a systemthe system s circuitry éahlAea [ﬁ'y
initiate a test of the integrated circuit and nonitor results. BRI EF
DESCRI PTI ON OF THE DRAW NGS [0013] Fig. | is a block diagramof an ASIC
wth self-test capabilities in accordance with an enbodi nent of the
invention. [0014] Figs. 2A and 2B are tim ng diagrans of output signals for
a passed psidrh intvebtingerdy a few pink bet abédinfs atteﬁtresulté@p)emdmelssive fe§015] Fig. 3 is
aflowdlaram onLt . 0N S

accor danc® em??’ute% He Fﬁeéerr?fl ?%eﬁ m?g%fé‘]ﬂﬂr dﬁmgf s f%ebrﬁ%%ﬁtgégg&r%%aof an ASIC
connect egystdin the Systeflsidirosinty choeasfly ddiikaé i a3t ofithsSintegentédrimait aﬁdiﬁmﬁﬁow th an
enbodi nent of the invention. [0017] Fig. 5 is a block diagramof an ASIC in
a systenf® ble of system|level testing in accordance with an enbodi nent
of the testing. [0018] Use of the sane reference synbols in different
figures indicates smlar or identical items. DETAI LED DESCRI PTI ON [ 0019]

I n accordance with an assggﬁ of thg invention, an ASIC with an enbedded

pr ocessoBRIEEDESGRIFT] ded rrermry The enbedded processor
executes the test routi . to test the Q@ tion of t.he ASIC, The test
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sel f - t eS{nSemBoaimdt edhY invehBe ated circuits that already contain an
enbedded ROM the overhead | ogic for these self-test functions is mninal.

[0020] . [60ms) | Figs.2AARCKB shedptiaaingans W@ hmf&qqﬁ&ééaamtestmd@ an
exenpl art%/ énbod?mant of the invention. In@% %nl ASIC 100 is a formatter
for a priptedeelfdssy Pweetivebd -4 4' MAY 2004 product woul d participate in
conmuni cations between_ a printer, and a host conputer (not shown). This
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accordance with the invention.

[0016]  Fig. 4 is a block diagram of an ASIC connected to test equipment for production

testing in accordance with an embodiment of the invention.

[0017] Fig. 5 is a block diagram of an ASIC in a system capable of system-level testing

in accordance with an embodiment of the testing.

[0018] Use of the same reference symbols in different figures indicates dmilar or

idenﬁcal items.

DETAILED DESCRIPTION

[0019] In eccordance with an aspect of the invention, an ASIC with an embedded

processor has test routines in an embedded memory. The embedded processor executes the
| test routines to test the operation of the ASIC, The test routines may be used for ASIC

production tests and system-level power-on self-tests. For highly integrated circuits that

already contain an embedded ROM, the overhead logic for these self-test functions is

minimal.

[0020]  Fig. 1 is a block diagram ofan ASIC 100 in accordance v/ith an exemplary

embodiment of the invention. InFig. 1, ASIC 100 is a formatter for a printer and in an end
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ASI C application, but broad aspects of the invention can be used nore
widely in any integrated circuit or ASIC that contains an enbedded
processor having sufficient processing -power to execute test] o ic?gg$.
Enbodi nents of the invention are clearly not Ilinmted to integrate
circuits containing the specific functional units of ASIC 100. [0021] As
illustrated in Fig. 1, ASIC 100 includes a processing core 110, an internal
menory 120, a general purpose input/output (GPIO interface 130 and
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124 and non-volatile memory such as ROM 126. ROM 126 can be any type of non-volatile

—

memory such as a mask ROM, an EPROM, or an EEPROM and stores firmware including
but not limited to test routines 128. An exemplary set of test routines 128 is described further
below and generally includes tests of the operation internal memory 120 and associated

memory interface circuits and tests of the other functional units 140, 150, 160, 170, and 180.

[0024] In the exemplary embodiment, interface 150 operates in a normal mode to
implement a universal serial bus (USB) interface for communication with a host computer,
but interface 150 can also operate to download firmware as described below. Alternatively,
GPIO interface 130 can be used as a memory interface to download firmware from an
external memory such as a serial EEPROM. Downloaded firmware can replace all or
portions of test routines 128 as described further below. Print eﬁgine communications 160
implements a communication interface to a printer, and DMA 170 implements direct memory
access for transfer of print images. Codec 140 performs coding and 'decoding operations on

print images.



[ 0025]

GPlIO interface 130 provides the control and output interface f

or

self-test functions of ASIC 100. In particular, GPIO interface 130 enpl oys
three signals, ASICTES T, BISTERROR, and BI STDONE. Processing core 110

checks i nput signal

to execute systemlevel self-test or an ASIC production test. Test
routines 128 will generally include slightly differences for systeml

tests or production tests.
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GPl O i nFer thaegardA6 of Bigl RA| wadreor is detected, and processing core 110 activates signal

BISTDONE upon completing execution of test routines 128. Externaltest equipment during
production testing or system circuitry during in system testing identifies the passed self-test
from the toggling of signal BISTERROR followed by the activation of signal BISTDONE
while signal BISTERROR is in a state indicating no error (e.g., inactive). '

[0028] In Fig. 2B, processing core 110 again toggles single BISTERROR to demonstrate
signal BISTERROR is functional and then executes the portions of test routines 128
designated by the inplit control signals. For the example of Fig. 2B, execution of testroutines
128 detects a failure, and processing core 110 reactivates signal BISTERROR and then
activates signal BISTDONE to indicate the detection of a test failure. External test
equipment or system circuitry identifies the failed self-test from activation of signal
BISTDONE while signal BISTERROR is in a state indicating an error (e.g., active).
Processing core 100 further can use other output signals from GPIO interface 130 to indicate
the type and/or location of the defect or failure.
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perBifed fof sisténelenel semmsrandlnst for prpductivgt tests. Production testing of
ASICs including internal memory such as DRAM often must identify the location of any
defects in the memory to enable conventional laser repair operations. To identify the location
of a defect in a memory array, the simple error signal timing illustrated in Figs. 2A and 2B
can be augmented to provide additional output signals indicating the exact location of any
reparable defect in a memory array. However, the resulfing increase in the complexity of
output of the exrors signals increases the complexity of test routines 128 so that a .
conventional memory array test method may be suited for production testing. For a system-
level test, repair is generally not an option, and the memory testing that test routines 128
provides all the required information. As notec_i'above, in the exemplary embodiment, the
signal ASICTEST is activated or not to indicate whether a BIST of internal memory is

required.

[0032] After ASIC 100 passes the test in the BIST portion of test routines 128, processing
core 110 executes the EEPROM portion of test routines 128. Fig. 3 is a flow diagram of a
process 300 implemented in the EEPROM portion. Process 300 in an initial decision step
310 checks a control signal input via GPIO interface 130 (e.g., a pin GPI(J13]). If the
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[0032] After ASIC 100 passes the test in the BIST portion of test routines
128, processing core 110 executes the EEPROM portion of test routines 128.

Fig. 3is a flowdiagramof a process 300 inplenmented in thgfml}
portion. Process 300 in an initial decision step 310 checks a -r

signal input via GPlOinterface 130 (e.g., a pin GPIC13]). If the -7 4
MAY. 2004 control signal is not activated, processing core 110 executes of
the seltest portion 370 of test routines 128. 100331 If the control signal

i s acti vabfeh! sRLAGERSH WHvAET, Brobdfinigtofd D eR2Ated bf BEBEISteétPOHRHEITO Mest
external menory such as an external serial EEPROM and then junps to

execut i n@O‘éfélP% .. routines 370 if the reset operation failed (e.g.,

because no external nmenmory is connected). If the reset operation is
successf (033pr odEtheicariral sizaalis activated apressing Gosn HY) ip stop 3@ RECTRIS {9 Fes¢t ng

data that, éﬁ&%ﬂnaﬁoﬁffggg& dnlbxlhil %ﬁﬁﬁ?ﬁomwenqmpg f08Rek ftind s@g&éﬁi on

step 350 determ nes her the external nenmory contalns expecte

i nf or mat ramtinese3 7§ if the esef opesationdailéd ifag , becodse me extanial memealy ix FetFRcted). Hhe

ext er nal ,nmeno cont ain h X ' I ' 0 | 110 in
ctep 350U Han) RebARnH fifapdy BRERUELA TR Syl ShEA kg

fi r mnvar edata thassheald tefstarahin theieigmameniry amd thén inesdecisimntsiepeSs0 HeRrmiddest he

ext er nal ry does not provide the expected inf tjon rocessing core

110 | unpebeihcs e edselgperadry soutags pxpogd pivafing, o &rdhq kUi tss avghies 70 of

t est rouidteqsl XBBFF. LFQRAd et ndidry tontdis the athetted MRt ProR¥dingdak Menory

during the boot g(réocess facilitates i#rpl ementgt ié)n of ttgst that are

speci al | 2Odn £i5P 3o denspleifly frmavagrcteiyfrmak momery: 120 and grecutptbptiimmaies or t he
“ypar ti culiageatsticmintithed WelRloh oF 83t roftifdd-108NFihd bxBmA) fctidhry AGRIno€ pidvide
~“entitled, "Point-O-Sal e Denonstration of Conputer Peripherals", describes

use of ttheexpertedinfPaatisnrarecsssieacrtil 19 junps omdseision ster 3o 1a exeentedhe unct i ons

(e. 0., REDMsEhOGoR 33 8f BProwifPNSE.r ation) and is hereby incorporated by
reference inits entirety. [00351 The self-test portion of test routines

128 verifhozag t hEnORRitRtd RAd Gfmivike ot SiterBA1QfdnTory Wiyl tRe BSItprokess 1 n
particular, in_the exenplary enbodi nent, the sgf-_test paortion of test
rout i nedacibitgtes implempriplon ofdests thet arppecfigrdidondeuegingithe derign ASIGRA ti onal
t esti NG oplpeciaht&f f theFRARNMT d3Rnt AIPASIT 110 %é&-m.s[ﬁﬂéﬁh?ﬂi‘i&ﬁﬁﬁec' fic
tests of particular bllocks depend gn the specific functions qof the

entitled, “Point-Of-Sale Demonstration of Computer Peripherals”, describes use of the

firmware download capability to implement non-testing functions (e.g., providing a system

demonstration) and is hereby incorporated by reference in its entirety.

[0035] The self-test portion of test routines 128 verifies the operation of the major blocks
within ASIC 100. In particular, in the exemplary embodiment, the self-test portion of test
' ) routines 128 tests interface 150, DMA block 170, and codec 140. Additional testing of

internal memory 120 can also be performed.

[0036] The specific tests of particular blocks depend on the specific functions of the
block. For example, for codec 140, processing core 110 can direct data form internal
memdry 120 to codec 140 for coding or decoding. Processing core 110 then determines
whether the output data from codec 140 matches correctly coded or decoded data that is
stored in ROM 126. |

[0037] To provide tests that replicate actual system operation, test routines can try to

emulate the normal data flow in ASIC 100. For example, a normal data flow in the



bl ock. For exanple, for codes 140, processing core 110 can direct data form
‘internal nenory 120 to codes 140 for coding or decodi ng. Processing core
110 then determ nes whether the output data from codec 140 nathi
correctly coded or decoded data that is stored in ROM 126. d3 E%TZMM
provide tests that replicate actual system operation, test routines can try
to enulate the normal data flowin ASIC 100. For exanple, a nornmal data
flowin the -8 - 4 MAY 2004 exenplary enbodi nent starts with input of data
to an i npuémpthiy@nibelifnemt startd i&ith inptiesfidatado ard mPut FIR@ buffpuin USB-@iténfidideer can

i nclude a_pormal in th fro xternal. cjrquits and an. aJternative
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proceed fo s & Aeta flapuSimmilarly, preesssing care; P eathisnd dataimvan opdmit brifeite sheekr nal
menory 13935ﬁ899dec 140 for coding, bacx to internal nenory 120, from
internal  nmenbry 120 to codec 140 for decoding or to DVA block 170. The

proper pags@oe of 4 pfig chd5BLQ8 ﬁtohﬁm@mftdfﬁp@y&mmoﬁﬁ@maﬂﬁémwiﬁl silggr ee of

verification of the operation of ASIC 100. A Additionally, testing a data
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circuitry that performs the CRC calculations to allow error detection without requiring

processing core 110 to monitor the entire data stream. Input blocks such as USB interface

150 can provfde paths that permit processing core 110 to write input values into incoming

FIFO buffers to simulate data input when testing a data flow. Implementations of “loopback

test” capabilities in the functional block can facilitate tests executed by processing core 110.

Such tests would be particularly useful for testing on-chip network interfaces.

[0040] Processing core 110 can also test-data flow through the blocks of ASIC 100 at
specific clock speeds used in ASIC 100 and determine v;rhether the blocks are meeting the
required timing. For this testing, the clock and reset pins of ASIC 100 can driven during
production or system-level testing in the manner required for normal operation of ASIC 100.
Conventional test equipment 400 as illustrated in F1g 4 can easily implement the timing
signal CLK and contro} signals ASICTEST to test ASIC at full speed or at an elevated speed,

for example, to prove tirning margins duning production testing.



Such tests would be particularly useful for testing on-chip network
interfaces. [0040] Processing core 110 can also test data flow,t E;(?,u%ﬂthe
bl ocks of ASIC 100 at. specific clock speeds used in ASIC 160 a Hl

determ ne whether the blocks are neeting the required timng. For this
testing, the clock and reset pins of ASIC 100 can driven during production
or systemlevel testing in the manner required for normal operation of ASIC
100. Conventional test equipnent 400 as illustrated in Fig. 4 can easily
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not be taken as a limtation. For exanpl e oug a ove- escri bed
~ enbodi néyten gomponepts 388t er for a printer, enbodinents of the invention can

be enpl o&/ed in qther types of
Although the invention has been described with reference to particular

embodiments, the description is only an example of the invention's application and should not -
be taken as a limitation. For example, although the above-described embodiment is a
formatter for a printer, embodiments of the invention can be employed in other types of
integrated circuits. Various other adaptations and combinations of features of the
embodiments disclosed are within the scope of the invention as defined by the following

claims,
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integrated circuits. Various other adaptations and conbi nati ons of features
of the enbodinents disclosed are wwthin the scope of the invention as
defined by the followwng clains. 4 MAY 2004 W claim 1. An int t
circuit conprising: a processing core; 5 an internal nennry“&oﬁﬁ&{gwgg
test routines that the processing core executes to test the integrated
circuit; and an interface coupled to the processing core to permt
activation of a first output signal indicating a test result from
executing t h¥efB8Y routines; wherein the internal nemory contains a first
set of test routines for 10 execution during a production test of the
integrated circuit and a second set of test routines for execution during

an i n-product jteg% 'F&L%Etgﬁciicﬂ{tggﬁ&%ﬁg circuit. 2. The integrated circuit of
e proc ]

claiml1, wherein h €SSI Ng CcOre executes the test routines in
response to a resghocekdfAdore; 15 3. The integrated circuit of claim 2,
wherein the interface block conprises: a first termnal on which the

processi Bg core aatindalaPmetdl Ednkilingd WspWutifdsdthal the Brobddingadofe t he test
result; and a second term nal on which the processing core activates a

second out pekrecu2§ istegiriiad integraied diraigtapdwhen the first output signal indicates
the test result. 4. The integrated circuit of claim3, wherein the
processor toggl e3" {fape paypledde theurrocssgirehfore & permitiagtivatient ofthérsf i r st out put
signal is fulgtcti on ntegrated circuit of claim1, wherein the

%I...Z 5 The'k . of

processi ng 8P SRR NHELG FHgst resyll frorp Frgauingdng feglfPytiesi nt er nal menory during
a production tes ot N g Lrcujt. .11 .4 (001t 6. The

j nt egrated ci rcu‘?v?é}%'f' t@%e{#trgn%% &%g?e?oﬁtair\%eétﬁéssttsj% STtPHQUINRR flde tests of

: 10 execution during a preduction test of the integrated circuit and a second set of test

routines for execution during an in-product test of the integrated circuit.

2. The integrated circuit of claim 1, wherein the processing core executes the
test routines in response {o a reset signal.
15
3. The integrated circuit of claim 2, wherein the interface block comprises:
a first terminal on which the processing core activates the first output signal
to indicate the test result; and
a second terminal on which the pr_ocessing core activates a second output

20 signal to indicate when the first output signal indicates the test result.

4, ~ The integrated circuit of claim 3, wherein the processor toggles the ﬁrst.

output signal to verify that the first output signai is functional.

25 5 The integrated circuit of claim 1, wherein the processing core executes the
test routines from the internal memory during a production test of the integrated

circuit.

11



the internal menory. 7. The integrated circuit of claim1l1, wherein a
control signal input to the 5 integrated circuit controls whether the first
or second set of routines are executed. 8. A test nethod for an integrated
circuit, conprising: using a processing core in the |ntegra1§dﬁﬁyrﬂmyt to
execute test routines stored in the integrated circuit; 10 obserV|ng a
first signal output fromthe integrated circuit as a result of the
processing core executing the test routines, the first signal indicating
whet her the Bexecifd 'B‘i‘?gf@?edtm@"t@ﬁa'm duherris th dess qquiiesangiugel testeof n t he
integrated circuit r)ylng a control signal to the integrated circuit;
and sel ecti B 'Qﬂ@mﬂﬁgg routines according to the control signal. 15 9. The
test method of claim@8, further conprising observing a second signal

output fromthe integrated circuit, wherein processing core in executing

the test roti neﬁ'nealﬁfebl’é%eércﬁhgf Eﬁﬁpqdwﬁérgﬁlaal cdrittol leiaﬁ%p%t Wfe a state of

the first signal Indicates whether the execution o e test routines

det ect ed 5 t@ghrafedichdiit@ontrdfl wiHthed the fifse&lsetBRl BOdf Rutitdsakd@cutédir t her
conprising activating the first signal before activation of the second
signal to verify that the first signal is functional. 11. The test nethod
of claim 10, activating an input signal to the integrated 25 circuit to
causes the pﬁoceéﬁﬁe#g”%tﬂdéofta@ infegretad erquihsompingr out | nes, wherein activating
the first signal before activatign _of the second signal is in response to

the activating of"FLPIHHETS 597G xMe 'ﬂtﬁgrated Fratyo sypte) st rpHied est et hod

of cIa|n18,S&Q§pR¥%qge ggdghmﬁnre additional signals from the integrated
ircuit, wher essing core controls the additional signals to

1 ndi catgpa type @hsdniid élf”r%t Ll o@BQGH the .nte@%téoe@ﬂku.f U5 tGSofdipd ect ed. 13.
The test nmethod of claim8, wherein the test nethod is perforned during
producti on @fockssingi cotecgieaitting the testurbittines, the first signal indicating whether the

execution of the test routines detected a failure in the integrated circuit;.

applying a control signal to the integrated circuit; and

selecting the test routines according to the control signal.

15
9. The test method of claim 8, further comprising observing a second signal
output from the integrated cir.cu.it, wherein processing core in executing the test
routines activates the second signal to indicate when a state of the first signal
indicates whether the execution of the test routines detected a test failure.

20

10. The test method of claim 9, further comprising activating the first signal

before activation of the second signal to verify that the first signal is functional.

11. The test method of claim 10, activating an input signal to the integrated
25 circuit to causes the processing core to execute the test routines, wherein
activating the first signal before activation of the second signal is in response to the

activating of the input signal.

12



14. The test nethod of claim 13, further conprising controlling an input
signal to the integrated circuit to select which of the test routines
stored in the integrated 10 circuit are executed. 15. The test method of
claim 8, wherein: when the control signal has a first states it MAY €804
routines selected inplenment a production test of the integrated circuit;
and 15 when the control signal has a second state, the test routines
selected inplenment a systemlevel test of the integrated circuit. 13 4 NMNAY
2004 ABSTRACTZ-BUI IT're {ert ragthed gfeizim B1Sibeviry/ BRODED VENMIRYialeigDaBROEGESSOR | N AN
APPLI CATI ON frgE'gl FI C I NTEGRATED CIRCUI T A test nethod for an ASIC uses an
enbedded pr ofELUEHated cayl wlerer the Pragessig gore eantrolsithe pdditienal sigaals tn  enbedded

menory or an, rnal ry-, During. ASI ~oduction, the test routines
can conpr ehe'rrfgilé%/teﬁyp?eog%m%?}‘?h%‘eﬁqt%gwg%ﬁ‘ﬁote SHEEEed t hout a conpl i cat ed

test pattern fromtest equipnment. The test routines can also perform
power-up tests in systens or end products containing the ASIC Test

sel ectiors afdivafteaBst nisibdr Geialnk 8OWREPAIN tHeABstBRethdIRL PBRMed'3iirg @ few
termnals of the ASIC. FIG 1:

production of the integrated circuit,

14. The test method of claim 13, further comprising controlling an input signal
to the integrated circuit to select which of the test routines stored in the integrated

10 circuit are executed.

15. The test method of claim 8, wherein:
when the control signal has a first state, the test routines selected'
implement a production test of the integrated circﬁit; and
15 when the control signal has a second state, the test routines selected

implement a system-level test of the integrated circuit.
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