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.Field of the Invention This invention relates to net hocilPdgg -
apparatus for testing nenory nodules i an 5 integrated circui't, d nore
particularly to self testing of such nenories by conponents built into
.an integrated circuit. o Background and Summary
of the Invention El ectroni ¢ devices such as conputer peripherals,
digital caneras, hand held communi cations and data tools typically

i ncl ude application-specific integrated circuits 10 (ASIC). These ASIC
chi ps are custom designed to satisfy the needs of the product w thout
excess features or capabilities that woul d needl essly increase the

conponent cost. Wile a fully custom ASI C provi des a cost effective
solution for many products, the need for a - customdesign may |limt
ASI C usage to higher volunme products where the cost of a custom desi gn

may be economically anortized. In addition, the duration of the design
phase may '

-INTEGRATED CIRCUIT HAVING MEMORY BUILT-IN SELF TEST (BIST) WITH
PROGRAMMABLE CHARACTERISTICS AND METHOD OF OPERATION

_ Field of the Invention
This invention relates to methods and apparatus for testing memory modules in an
5 integrated circuit, and more particularly.to self testing of such memories by components built
into an integrated circuit. _
Backg;ound and Summz of the Invention
Electronic devices such as computer peripherals, digital cameras, hand held
communications and data tools typically include application-speciﬁd integrated circuits
10 (ASIC). These ASIC chips are cﬁstom designed to satisfy the needs of the product without
excess features or capabilities that would needlessly increase the component cost. While a
fully custom ASIC provides a cost effective so_luﬁon for My producté, the need for a
custom design may limit ASIC usage to higher volume products where the cost of a custom
design may be economically amortized. In addition, the duration of the .design phase may
15 make the ASIC alternative less attractive than a higher-cost off the shelf IC that can fulfill
market demand more immediately. |
The desigh cost and lead ﬁxﬁe disadvantages may be largely ameliorated by the usage of
standard functional modules that are essentially the Buﬂding blocks of an ASIC. These
include central processing units (CPIJ), interface modules, and memory modules. Instead of
20 designing the entire circuit from scratch, the ASIC designer selects an appropriate collection

of off-the-shelf modules, customizes them only as needed, and interconnects them



15 make the ASIC alternative |less attractive than a hi gher-cost off the

shelf ICthat can fulfill mar ket denmand nore i medi ately. The
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to exercise the nenory, this is unsuitable for testing that may occur 10
each tinme t hatcapdbdityismdrmallyirequined:r Whilelarbynpatimgedschip mayne proyedowitheotdcts s| ow.

Access by the from an external tester to exercise the memory, this is unsuitable for testing that may occur -
10 each time that the product is operated by the user, and may be unduly slow. Access by-the :
tester to on-chip memory may also be practically limited due to the high cost of pin access,
as increasing the number of dedicated test pins increases package size and cost.
To provide faster and more versatile ﬁemory testing without external hardware, built-in
self testing (BIST) modules have been developed to reside on the ASIC, with a BIST
15 module associated with each memory module. Each BIST module is custom designed for
the size of the memory, and operates to send address information to the memory, and read
out the data from each address to compare with expected results (RAM testers may also
write data to the memory). The BIST must address and read all memory addresses, and stop
* when all addresses have been read. Proceeding beyond the proper addresses may cause the
20 rereading of the initial addresses or other errors, corrupting test results. There are numerous
well known testing algorithms that allow rapid and efficient memory testing. |
For memory attached directly to the CPU, it is preferable to include the BIST modules as
part of a standard CPU because the design tools used for the semi-custom design process are
better able to optimize the timing and circuit layout by designing the CPU and BIST
25 together. With the BIST in the CPU, this advantage may be achieved, but at the cost of
requiring the BIST portions of the CPU to be redesigned for each new permutation of

memory sizes, with the disadvantages noted above.



tester to on-chip nenory may al so be practically limted due to the high

cost of pin access, as increasing the nunber of dedicated test pins
increases package size and cost. To provide faster and nore
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The present invention overcones the limtations of the prior art
by provi di ng amdmsscstze data and or data size data stored in the memory test device .

10 ' Brief Description of the Drawi

Fig. 1 is a schematic overview block diagram of an electronic device including an ASIC
according to a preferred embodiment of the invention. B
Fig. 2 is a detailed schematic block diagram of a CPU and associated memory according
to the embodiment of Fig. 1.
15 ,
Detailed Description of a Preferred Embodiment
Figure 1 shows an electronic prbduct 10 such as a cellular phone, computer printer,
digital camera, or any other such device. The product contains at least one application-
specific integrated circuit (ASIC) 12, which is interconnected with and co_ntrols any of
20 various functional elements of the product, such as displays, user interfaces, power supplies,
and data ports, among others. The product may contain several ASIC chips as needed to
optimally control different product functions.
The ASIC is a chip that has various functional elements or modules arranged and
interconnected at the surface of the chip, with the chip size minimized to reduce cost, and
25 large enough just to include only the needed elements. ASIC chips are designed to provide
custom functions, but are normally formed of largely standardized modules to reduce design

time and costs.



with a CPU nodul e and a nenory nodul e connected to the CPU. The nenory has
a size selected froma set of alternative nenory sizes. The CPU has a
menory interface device wi th an out put connected to the nmenory, and
includes a nenory test device connected to 5 the nmenory. The nenory test
device has a size selector input that receives a nenory size code, so
that the nmenory test device is operable to test a nenory nodul e of any of
t he alternative nenory sizes in response to alternative nenory size

codes received on t he size sel ect or, ut be ,RAM or
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other functional modules on the ASIC, the other modules represented by block 22.
The CPU and memory are shown in greater detail in Fig. 2. The CPU 12 includes a core
24 which is the execution engine that executes instructions and commands to control the
operation of other CPU components and modules and components external to the CPU, on
15 or off the ASIC. The core is connected via a main bus 26 to a main interface module 30.
The main bus carries data to the CPU for processing, and resulting data from the CPU. An
interface bus 32 extends from the interface module to other modules on the ASIC, or to
other components in the product. The interface bus provides the resulting data in a format
and timing protocol for reading by other components, while not necessarily transmitting
20 unprocessed or intermediate data being communicated within the CPU on the main bus. The
main and interface busses have typically 32 data lines, 32 address lines, and several additional
control lines, although a wide range of alternatives are possible.
The main data bus includes a branch 34 that connects via a RAM interface module 36
associated with RAM 16, and via a ROM interface module 38 associated with ROM 20.
25 The RAM interface 36 serves to enable the core to write and read data to and from the
RAM, and includes a bus input 40 connected to the main bus branch 34, a control bus input
42 connected to a control bus 44 extending off the CPU, an interface output bus line 46

connectable via a switch 50 to a RAM input bus line 52 on the RAM module 16, and an



I nterconnected at the surface of the chip, with the chip size mnimzed to
reduce cost, and 25 |arge enough just to include only the needed el enents.

ASI C chips are designed to provide custom functions, but are nornally
formed of |argely standardi zed nodul es to reduce design time and
costs. 4

dn the illustrated ASIC 12, a central proces;ing unit (CPU) nodule 14

provi des a conmputing function on the chip, to control and interface
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the CPU. The nenory nodul es range w dely 1 n size, depending on the
functional requbusdine 54.sTofwrité\datLthe RAM iftetfite sends theaddrasheodeBhdthealatastring to
necessarily include both ROMand RAMin all contenpl ated enbodi nment s.
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62 connected to a test activation line 64, and a pass/fail output 66 connected to a resu.lt line
10 70 that extends from the CPU. Although not illustrated, the pass/fail output includes a
second line providing a test-complete signal.
* The RAM BIST includes eight stored memory size strings, each associated with a unique
3 bit code. The codes are 000, 001, 010, 011, 100, 1'01, 110, and 111, corresponding to
BIST-stored top address strings.of 0000000000000, 0000001111111, 0000011111111, ...,
15 1111111111111. These reflect memory size alternatives of 0 (nb memory), 512B, 1KB, and
doubling sequentially up to the maximum size of 32KB.

The BIST operates like existing BIST modules in that it transmits addresses and data to
the RAM, and monitors the response from the RAM to ensure that the resulting data from
the RAM is as expected during normal function. Sucﬁ BIST modules employ any of

20 numerous testing algorithms that sequentially write simple data strings to each memory
address, then read back the data to ensure that it was property written and read. |

Conventional BIST units are custom designed for a given memory module, with a single
size parameter corresponding to the size of the memory module. Specifically, the size
parameter is a digital value indicating how many write and or read commands the BIST must

25 cycle through to read exactly all the memory’s addresses. Similarly, the data width value in
the BIST must be matched to the memory to be tested.

In the preferred embodiment, the eight different size parameters are stored to permit

flexibility in selecting a wide range of alternative memory sizes noted above. When a



operation of other CPU conponents and nodul es and conponents external to
the CPU, on 15 or off the ASIC. The core is connected via a main bus 26 to
a main interface nodul e 30. The main bus carries data to the CPU for
processing, and resulting data fromthe CPU. An i nterface bus 32
extends fromthe interface nodule to other nodules on the ASIC, or to

ot her conponents in the product. The interface bus provides the resulting
data in a formt ~and timng protocol feor reading by other conponents,
while not necessarily transmtting 20 unprocessed or internediate data
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resulting data ! qun '%tateg Hfé‘l’ Bpfo‘erl\gtl%gsq and Mer operates switch 50 to connect a BIST output

10 line 72 to the RAM input while disconnecting the RAM interface output line 46 from the
RAM. The BIST then cycles through RAM testing operations, and determines whether the
RAM passed or failed. A pass or fail signal is output oﬁ line 70, which is received by

| controlling ASIC components that respond to a fail by generating fault codes. A test
complete signal sent on the second conductor of line 70 indicates when normal operation

15 may proceed following a passed test.

The ROM interface and testing components and procedures operate similarly to the RAM
portion, except that the ROM is not written to during operation or testing. The ROM
interface 38 serves to enable the core to read data from the ROM 20, and includes a bus
input 80 connected to the maiﬁ bus branch 34, a control bus input 82 connected to a ROM

20 control bus 84 (independent of the RAM bus) extending off the CPU, an interface output bus
line 86 connectable via a switch 90 to a ROM input bus line 92 on the ROM module 20, and |
an interface input bus line 94 connected to a ROM output Bus line 96 on the ROM module.
The ROM interface reads data from the ROM by sending a ROM memory address code to
the ROM via bus line 86, and reading the resulting data stored at that ROM address via bus

25 line 94.

To test the ROM function or data contents for faults or errors, a ROM built-in self test
(BIST) module 98 is connectable to the ROM 16. The BIST includes a memory input 99

bus line connected to bus line 94, a control input 100 connected to control bus 84, an



bus line 54. To wite data, the RAMinterface sends the address code and
the data string to 5 be witten to the sel ected address. To test
t.he RAM function or data contents for faults or errors, a RAMbuilt-in self
t est (BI'ST) nodule 58 is connectable to the RAM 16. The BI ST i ncl udes
a nmenory input 59 | i ne connected to line 54, a control input 60
connected to control bus 44, an activation ipnput 62 connected to a
test activation line 64, and a pass/fail output 66 connected to a result
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si zes not ed ab®omparggavithan expected value stored in the BIST. The values being referred to as

“stored” may in fact be preselected during ASIC or module design, and represented

15 permanently in the patterns of the chip.

In the preferred embodiment, the eight different size parameters are stored to permit
flexibility in selecting a wide range of alternative memory sizes noted above. The size
parameters are independent of those for RAM sizes, and depend on the likely size ranges
typically required for each type of memory. As with RAM discussed above, when a ROM

20 size is selected during ASIC design, the corresponding 3-bit code is preferably hard wired by
connecting appropriate lines of the three line control bus 84 to logic high or low levels,
independently of the code established for RAM size. The three bit code on the control bus
84 also connects to the ROM interface to provide it with the memory size information
needed to properly interface with the memory.

25 When testing is required, such as during production testing, when the device is turned on
for use, or at selected intervals, a controlling ASIC component sends an activation signal on
the test activation line 104. This initiates BIST operations, and further operates switch 90 to
connect a BIST output line 112 to the ROM input while disconnecting the ROM interface



6 menory size is selected during ASIC design the correspondi ng 3-bit
code is preferably hard wired in by connecting appropriate lines of the
three line control bus 44 to logic high or |ow | evel s, a m ni mal
désign task that enables a single standard CPU to be used with the range of
menory sizes available in the selected set. The three bit code on the
control bus 44 also 5 connects to the RAM pnterface to provide it with the
menory size information needed to properly interface with the nmenory.
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| ine 86 connectable via a switch 90 to a ROMinput bus |line 92 on the ROM
nodul e 20, and an interface input bus line 94 connected to a ROM_
out put bus line 96 on the ROM nodul e. The ROM i-nterface reads data
fromthe ROM by sending a ROM nenory addresg code to ““l“““lu;m Ml bus
line 86, and reading the resulting data stored at tha bus
25 line 94. : test the ROM function or data*cohtehts' for faults
or errors, a ROM bul In self test (BI'ST) nodule 98 is connectabl e
to the ROM 16. The BI ST i ncl udes a nenory input 99 bus Iine connected
to bus line 941. Anuppli¢atibn spepific int&atéd CirRit((E2) comphigp:r ol bus 84, an

7 activation input 102 connected to a test activation line 104, and a
pass/fail output 106standard gentralipnopessing unitmexiule(14)ot ed above with respect to
RAM testing) connected to ao‘g‘fsult i ne 110 t hat extends fromthe CPU.

The ROM BI ST i ncl udt@empgirodulef18.20)eonsested to the canpralpyecesting it module and

associ ated & th gaiipk gg ;}%ﬁ 0000?91, 010, 011, 100,
101, 110, and 5 111 corresponglgggd’t‘ramal -'S ore top ﬁmgss strings of
0000000000000, 0000 dthidatd dentral ro%mxﬂtjiﬁédm&ncludm a thérhory/ it 5;[(9%56
reflect menory size alternatlves of 0 (no rrermry 512 1KB, an

doubl i ng sequent i38) ll%’lllmntmtenﬁweomt mmalmmwfed&?ﬁBmemorymodula;he ROM BI ST
operates |ike exi st RC]VI BI ST nodules in that it transmts addresses
to the ROM and re S saniral progessigavmnitonedyls including:s memeryitest devicex§8128)a

is as expected connectedtothememorymodule;and

10 the memory test device including a size selector input (62, 102), such that the
memory test device is operable to test a memory module of any of the alternative
memory sizes in response to alternative memory size codes received on the size selector

input.

2. A circuit according to claim 1 wherein the memory test device (58, 98) is operable to

15 receive a memory size code corresponding to the size of the selected memory module on

the size selector input.

3. Acircuit according to claim 1 or claim 2 wherein the memory test device (58, 98)
includes a plurality of selectable parameter sets, each parameter set corresponding to a

different one of the alternative memory sizes.

20 4. A circuit according to any one of claims 1 to 3 wherein the size selector input is a multi
line bus (64, 104), and wherein the memory test device is operable to read a multi bit

binary word from the bus to select a memory size.

5. A circuit according to any one of claims 1 to 4 wherein the number of lines of the size

selector input bus (64, 104) is n, and the number of memory sizes is (2)".



10 during normal function. Such BI ST nodul es enpl oy
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I s sel ected durthemembiyGngle aods(52]93), to thie maney testidevitel(58, 98))dad tosthe memeryabl y
hard wired by | connecting appropriate lines of the three line control
bus 84 to 3 ogi dnterfage device G, BBy andthe switch being gpgsebieitorgongech theimamary gede to
established for M size. The three, bit,K code on the, coptrol bus 84

al so connects t w&%@aw&m&&@w&aﬁ#@sm@%%ﬁ?f N nenory size

I nformati on needed to properly interface with the nmenory. 25 When
testing is rQquA hithodofteitifa fbthbidndi 20P6h 3 fbdghddeh citliie (12) omPiRsiage | S
turned on ?‘%r ouse, or° &t se‘{}ect e%(ti“?ite va%s, a controlq i)ng gsglg,gc
conponent sendsthégtepeet i vation signal on the test activation |line 104.
This initiates BIST operations, and further operates switch 90 to
connect a Bl ST outgermining thesize of thememonamedulgiut whi | e di sconnecting the ROM
interf ag 10 transmitting a size code corresponding to the memory size to a test module (58, 98)
on the chip;

operating the test module to test the memory module.

9. A method of testing a memory module according to claim 8 wherein transmitting the size
code includes transmitting a binary word via a multi bit bus (64, 104), and wherein
15 operating the test module includes looking up a memory size value corresponding to the

size code.

10. A method of testing a memory module according to claim 8 or claim 9 wherein operating |
the test module includes transmitting address codes to the memory module and reading

data from the memory module.

20



out put line 86 fromthe ROM The BI ST then cycles through ROM testing

operations, and det erm nes whet her the ROM passed or failed. A pass or
fail signal is output on |line 110, which is received by controlling
ASI C conponents that respond to a fail1lpy generating fault codes. A
test conplete signal sent on the second conductor of line 110 indicates
‘when 5 normal operation may proceed follow ng a passed test. Wi | e
the above is discussed in terns of preferred and alternative enbodi nents,
t he invention is not intended to limted. For instance, any
nunber of RAM or ROM menory sizes may be included in the set of

al ternatives. The nunber of control lines to each Bl ST nodul e bei ng

'ig'(‘j,rrﬁ';rg;eyn:nber of size alterna';l vVes i S %&erq&.‘ | n addl gﬂ@t{@‘éﬂﬁgt?%e
o " % " ProGRANMABLE Wﬁé&%&mmm%m%mm

(12) conpri si ng: a standard central processing unit nodul e
(14); a nenory nodul e (16, 20) connected to the central.

processi ng unAs appiitatien-spedificintegrated @ircuig (ASKE)|($2) with s CPY metule (B4) dndam a
set of alternative nem)r% si zes; t he standard central

pr ocessi ng memerymadule (1 @0)ennnected tacths GPU.nThe memerychasiasize sgiected from a set
_ ?ﬁ)e Qf\é'nggr&naé' nt e,rface out put (}(bé?ﬁﬂl?& connect .ed % 5 lhérr%ggggw o
Hest dovi ce® w@ﬁ@"e“?&é@ & ““%ﬁm&éya ik Ws;ﬁﬁ'[%;”e””y
memory test o eas o helfkhaly h&&eh%ﬁ:&_mr% qg&ekae&&r @5, 16 that
" receives a memory size code, so that the memory test device is operable to test a memory
module of any of the alternative memory sizes in response to altemnative memory size codes
received on the size selector input. The memory may be RAM (16) or ROM (20), and the
size codes may Eorrapondto addréss sizedatastéredihthememory test device.

(Figure 2)



menory sizes in response to al ternative menory size codes received on the

size sel ector i nput . . 2. Acircuit according to claim1
wherein the nenory test device (58,_98).is operable to 15 receive a
menory size code corresponding to the size of the selected nenory nodul e on
t he size selector input. 3. Acigeyit according to claiml or claim?2
mherein the nenory test device (58, 98) - includes a plurality of

sel ectabl e paraneter sets, each paraneter set corresponding to a

different one of the alternative menory sizes. 20 4. A circuit according
to any one of clainms 1 to 3 wherein the size selector input is a nmulti
line bus (64, 104), and wherein the nenory test device is operable to read

a multi bit bi nary word fromthe bus to select a nmenory size.
5. Acircuit according to any one of clains 1 to 4 wherein the nunber of
i nes of the size sel ect or input bus (64, 104) is n, and the nunber
of nennry S 2)[err].

FSEEBQUI ‘according to any one of clains 1 to 5 wherg én t he size
selector |nput (64, 104) is connecpzd to the nenory i rface
device (36, 38). 7. Acircuit according to any one of clAains 1 to 6

(52, 92), to't menofy- ry 5

i nterface devi (36,13 ST 179 ofongect the
menory node tOL i

interface devite

i ncluding a S\AE\'Ch—(SU‘ 'QU)—CGTTﬁe'Ct'e'd‘t'U' - Tﬁe“nmmle nput node




8. A nethod of testing a nenory nodule (16, 20) on a integrated circuit

((12) conpri sing t he steps: determ ning the size of the
penory nodule; 10 transmtting a size code corresponding to the
menory size to a test nodule (58, 98) on the chip;
operating the test nodule to test the gppory nodul e. 9. A nethod
oftesting a nenory nodul e according to claim8 wherein transmtting the
si ze code includes transmtting a binary word via a nulti bit bus
(64, 104), and whereigyl5 operating the test nodu es Iooklng up
a nenory size val ue cgﬁ esponding to the sizkflzgg.%é
met hod of testing a nedé[v nmodul e _according to claim8 or claim9. mhereln
operating the test nodule includes transmtting address des to
the nmenory rmuﬁe and readi ng 24 data fromthe nenc3@ ITDdl.g 20
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