2004/106957 A2 | IV YO0 O 0 0 0

WO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burcau

(43) International Publication Date
9 December 2004 (09.12.2004)

AT O 00O OO

(10) International Publication Number

WO 2004/106957 A2

GO1R 31/3181

(51) International Patent Classification’:

(21) International Application Number:
PCT/IB2004/050731

(22) International Filing Date: 18 May 2004 (18.05.2004)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

03101562.1 28 May 2003 (28.05.2003) EP

(71) Applicant (for all designated States except US): KONIN-
KLIJKE PHILIPS ELECTRONICS N.V. [NL/NL];
Groenewoudseweg 1, NL-5621 BA Eindhoven (NL).

(72) Inventor; and

(75) Inventor/Applicant (for US only): VEENDRICK, Hen-
dricus, J., M. [NL/NL]; c/o Prof. Holstlaan 6, NL-5656
AA Eindhoven (NL).

(74) Agent: ELEVELD, Koop, J.; Prof. Holstlaan 6, NL.-5656
AA Eindhoven (NL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(84)

AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, HI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,
ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI,
SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Declaration under Rule 4.17:

as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii)) for the following designations AE,
AG, AL, AM, AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ,
CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS,
JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM,
PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ,

[Continued on next page]

(54) Title: SIGNAL INTEGRITY SELF-TEST ARCHITECTURE

a7

I

-

T

53

__5571__

(57) Abstract: A method suitable for testing an integrated circuit device is disclosed, the device comprising at least one module,
wherein the at least one module incorporates at least one associated module monitor suitable for monitoring a device parameter such

as temperature, supply noise, cross-talk etc. within the module.



WO 2004/106957 A2 I} N0 IA0VOH0 AT 00000 000 A

T™, TN, TR, TT, TZ, UA, UG, UZ, VC, VN, YU, ZA, ZM, Published:

ZW, ARIPO patent (BW, GH, GM, KE, LS, MW, MZ, NA, — without international search report and to be republished
SD, SL, 87, TZ, UG, ZM, ZW), Eurasian patent (AM, AZ, upon receipt of that report

BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, BE,

BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HU, IE,

IT, LU, MC, NL, PL, PT, RO, SE, SI, SK, TR), OAPI patent  For two-letter codes and other abbreviations, refer to the "Guid-
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, NE,  ance Notes on Codes and Abbreviations" appearing at the begin-
SN, TD, TG) ning of each regular issue of the PCT Gagzette.



WO 2004/106957

10

15

20

25

Signal integrity self-test architecture

The invention relates generally to the field of integrated circuit architectures,

and more specifically to the field of signal integrity self-test (SIST) architectures.

Advances in manufacturing technology have enabled larger and denser circuits
to be placed on single semiconductor devices. This is especially the case when the circuits are
realized as regular/cellular structures. One example of such cellular structure is a random
access memory (RAM) device. RAM devices have some of the highest circuit densities. A
major problem associated with such high-density devices is that of testing. In order to
maintain high reliability, device test procedures need to provide good coverage of the
possible faults that may occur on the device.

It is often the case that a device which is already installed and operating will
need to be tested in order to ensure that it is operating properly. So-called ‘at-speed’ testing
requires the use of high performance external ATE (automated test equipment). Such high
performance ATE is specialized equipment and is therefore not common. In addition, it is
often not convenient and, indeed, not possible to remove the device to be tested from its
working place for testing it with external ATE. In the light of this drawback, various
embedded test techniques have been employed. Such an embedded approach is commonly
called “built-in self-test” (BIST). BIST usually makes use of one or more built-in linear
feedback shift registers (LFSR) to generate test patterns and to analyze acquired signatures.

There are many types of BIST architectures which may be embedded into a
device. For example, the BILBO (Built-In Logic Block Observer) architecture uses two
LFSR’s, one for test generation, and another for signature analysis. A second example is
called CSTP (Circular Self-Test Path), and uses a single LFSR for both generation and
analysis.

BIST methods may be performed ‘on-line’ or ‘off-line’. On-line testing is
performed while the device under test is in normal operation, and may be subdivided further

into two categories: concurrent, and non-concurrent. On-line concurrent testing operates
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simultaneously with the normal operation of the device under test, whilst on-line non-
concurrent testing operates when the device under test is in an idle state.

Off-line testing is performed when the device under test is in a separate,
dedicated, test mode. Off-line testing can be categorized as functional, or structural off-line
testing. Functional off-line testing is based upon a functional description of the device under
test, whilst structural off-line testing is based upon the physical structure of the device under
test.

Figs. 1 and 2 represent a known approach to off-line structural testing using a
BIST test architecture. In Fig. 1, a test signal 3 is fed into an input generator 5. The input
generator 5 will generate a (pseudo-random) combination of test inputs to be fed into the
device under test 7. The results are passed to an output analyzer 9, which determines whether
the device under test 7 has passed or failed that particular test.

Fig. 2 illustrates the situation in which a device 16 comprises a number of
individual circuits to be tested. A BIST controller 11 receives test information which is fed to
a test-pattern generator 13. The test pattern generator 13 passes a test pattern to a distribution
system 15 which in turn passes the test pattern to the circuits to be tested within the device
16. A collection system 17 passes the results of the tests to an output response analyzer 19 in
order to determine if the result of the particular test corresponds to a pass or fail and for
which circuits this result is applied. The BIST controller 11 controls the entire test process.

There is, however, a growing discrepancy between test results, and the
behavior of devices in situ. The continuous scaling of semiconductor feature sizes and
voltages has caused dramatic trends in the robustness of integrated circuit (IC) designs.

For example, the increase in the number of transistors and the increase in
switching speed has dramatic effects on the timing and signal integrity by causing
unacceptable levels of noise, such as for example cross-talk, supply noise, and substrate
noise.

Fig. 3 illustrates two parallel traces (interconnects) A-B and C-D which may
be used, for example, in the device 7 of Fig. 1. A signal S(f) on a driven line 21 propagates
from A to B. This signal is capacitively and inductively coupled to a second traceline 23.
There is a mutual capacitive coupling signal, Sc, caused by capacitive coupling between the
two traces 21, 23 which travels along the second trace line 23 in both the forward (C -> D)
and reverse (D -> C) directions with the same polarity. There is also a mutual inductive

coupling signal, S;, caused by inductive coupling between the two traces 21, 23 which travels
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along the victim trace line 23 in the forward (C -> D) direction with one polarity and in the
reverse (D -> C) direction with the opposite polarity.

In homogeneous materials the mutual capacitance and mutual forward
inductance are approximately equal and tend to cancel one another. They are, however,
additive in the reverse direction, and cause significant problems in signal integrity.

As the signal frequency, f, (or the frequency components of the harmonics of
the underlying signal S(f)) increases, and the separation, x, between traces decreases, cross-
talk increases, which leads to performance degradation of the device in question due to
excessive signal delays.

In addition to the above, the reduction of supply and threshold voltages causes
a reduction in noise margins, leading to further difficulties in the test and operation of
devices.

In addition to built-in self-tests, boundary scan tests may also be performed on
devices, using for example, the IEEE 1149.1 protocol. Boundary scan tests rely on embedded
test circuitry at chip level which form a complete board-level test protocol. However, not
every logic, memory and/or analogue block may have direct access to the pins of a design
meaning that a complete functional test may not be performed. Scan tests may therefore show
different switching activities than in a real application, meaning that the chip may operate
correctly during the test and fail in the application, or vice-versa.

Fig. 4 shows the typical layout of a scan test in accordance with the IEEE
1149.1 test protocol. In a boundary scan device, each digital primary input signal and primary
output signal is supplemented with a memory element called a boundary scan cell (e.g. 35 of
Fig. 4). Cells on device primary inputs are referred to as input cells, and cells on device
primary outputs are referred to as output cells. The collection of boundary scan cells is
arranged into a parallel-in, parallel-out shift register as depicted in Fig. 4. A parallel load
operation causes signal values on device input pins to be loaded into input cells, and signal
values passing from the internal logic to device output pins are loaded into output cells.

Data can be shifted around the shift register starting from a dedicated device
input pin 25 called ‘Test Data In’ (TDI) and terminating at a dedicated device output pin 27
called ‘Test Data Out’ (TDO). Fig. 5 shows a diagrammatic representation of a typical
boundary scan cell 35. Each cell may capture data on its parallel input PI, update data onto its
parallel output PO, serially scan data from SO to its neighbor SI, or behave transparently: PI
passes to PO.
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For complex chip architectures, boundary scan cells may not have access to all
of the internal functionality of an IC core. Therefore, as explained above, complete functional
testing may not be possible using this method (or the BIST methodology), especially as chip
architectures become more complex, and device features continue to become smaller. There
therefore exists a need to obtain a way for the complete functional testing of devices whilst
continuing to allow the scaling of semiconductor feature sizes and voltages. The present
invention employs an architecture which allows the complete monitoring of important chip
parameters or characteristics which affect signal integrity. The architecture allows any
location on a chip to be monitored (e.g. every core), and the monitoring may take place at any

time: during testing, debug, diagnosis and product engineering and whilst in application.

According to one aspect of the present invention there is provided a method of
testing an integrated circuit device comprising at least one module, wherein the or each
module incorporates a module monitor operable to produce a measurement signal indicative
of an operating parameter of the module concerned, the method including receiving a
measurement signal from a module monitor and processing that received signal to produce a
test result.

According to a second aspect of the present invention there is provided a
method of testing an integrated circuit device comprising at least one module, wherein the or
each module incorporates a plurality of module monitors operable to produce respective
measurement signals indicative of respective operating parameters of the module concerned,
the method including receiving a measurement signal from a module monitor and processing
that received signal to produce a test result.

According to a third aspect of the present invention there is provided an
integrated circuit device comprising a module, which incorporates a module monitor operable
to produce a measurement signal indicative of an operating parameter of the module.

According to a fourth aspect of the present invention there is provided an
integrated circuit device comprising a module, which incorporates a plurality of module
monitors operable to produce respective measurement signals indicative of respective
operating parameters of the module.

According to a fifth aspect of the present invention there is provided apparatus

for testing an integrated circuit device, the device comprising a module, which incorporates a
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module monitor operable to produce a measurement signal indicative of an operating
parameter of the module.

According to a sixth aspect of the present invention there is provided
apparatus for testing an integrated circuit device, the device comprising a module, which
incorporates a plurality of module monitors operable to produce respective measurement
signals indicative of respective operating parameters of the module.

1t should be emphasized that the term “comprises/comprising” when used in
this specification is taken to specify the presence of stated features, integers, steps or
components but does not preclude the presence or addition of one or more other features,

integers, steps, components or groups thereof.

For a better understanding of the present invention and to show how the same
may be carried into effect reference will now be made, by way of example, to the
accompanying drawings, in which:

Fig. 1 is a diagrammatic representation of a typical off-line BIST architecture;

Fig. 2 is a further diagrammatic representation of a typical off-line BIST
architecture;

Fig. 3 is a diagrammatic representation of two parallel tracelines;

Fig. 4 is a diagrammatic representation of a typical boundary scan test
architecture;

Fig. 5 represents an element of a typical boundary scan test architecture;

Fig. 6 diagrammatically represents an integrated circuit device embodied by
the present invention;

Fig. 7 diagrammatically represents an integrated circuit device embodied by
the present invention; and

Fig. 8 is a diagrammatic representation of a device core associated with an

embodiment of the present invention.

Fig. 6 represents an exemplary embodiment of the present invention. The
device under test has a plurality of cores (or modules) 47. For simplicity, it has been assumed
that all cores on the device under test have the same size. This results in a regular architecture

as can be seen from Fig. 6. The cores 47 are functional blocks within the device under test.
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The cores 47 can have different functions, and be of different sizes to one another and the
internal logic of each core 47 may be implemented from elements of a standard cell library
for example.

The Fig. 6 device is merely shown as an example to illustrate the invention.
The Fig. 6 device includes a monitor selection bus 39 which is connected to respective
monitors or groups of monitors in the cores 47 via a decoder 57 (Fig. 8). The cores 47 may
be, for example, a memory module, or may be part of an analogue or digital module. An IC
may comprise a large number of such cores. The monitors are not shown in Fig. 6 for the
sake of clarity (see Fig. 8). It should also be appreciated that, particularly in the case where
monitors have a similar architecture to the elements in a standard cell library from which the
logic of a core 47 is built up (as mentioned above), monitors may easily be placed into the
architecture of a core 47, and a core may contain significantly more monitors than as
described herein.

The monitors are connected to a monitoring signal line (or bus) 41 on which
monitor signals are transmitted. A monitor control block 37 controls values of bits on the
monitor selection bus 39 so as to select which monitor in which core 47 is connected to the
monitoring signal line 41. The level of the signal on this line relates to the output of the
selected monitor parameter in the selected core. In the embodiment of Fig. 6, the signal is
routed to a bond pad 42 for output from the device for processing. Alternatively, a reference
and compare circuit 43 can be provided which contains (for each individual parameter) a
reference value which is compared with the monitor output and generates a pass or fail
signal. A reference and compare circuit 43 is depicted in Fig. 7. In this way, the chip may
perform a signal integrity self-test. Monitoring signals in each core may include temperature,
cross talk, supply noise and matching for example.

Fig. 8 represents a more detailed view of the monitors 49, 51, 53, 53 in a core
47 of Figs. 6 and 7. In this example, the core 47 has four monitors 49, 51, 53, 55. The number
of monitors provided in each core is not important for the present invention. Different cores
can have different numbers of monitors, and as mentioned above, the number may be
significantly larger than that described herein.

The logic within the core 47 may be implemented using logic elements from a
standard cell library. In this case it is preferable that monitors are architecturally similar to
the logic elements within the standard cell library. For instance, elements in a library may all
have a set height and variable width. It is therefore preferable that monitors implemented in a

core 47 built, for example, from such a library have the same height. In this way monitors
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may easily be implemented into a design built using elements from such standard cell
libraries.

The number of monitors in each core 47 will determine the number of bits
required in the monitor selection bus 39. In the case of four monitors in a core, the monitor
selection bus 39 would contain two bits per core in order to be able to select the appropriate
monitor. The monitor selection bus 39 receives data from the monitor control block 37, and
the decoder 57 (Fig. 8) decodes the data (which may be for example a binary identifier
corresponding to the monitor to be selected). The decoder 57 selects the appropriate monitor
49, 51, 53, 55 based upon the data received from the monitor control block 37. The monitor
control block 37 may be pre-programmed to automatically initiate a SIST under certain
circumstances, or may receive an external prompt in order to initiate one. The prompt may
include information on which monitors in which cores are to be selected, thereby allowing
the monitor control block 37 to send the relevant information on the monitor selection bus 39
to a decoder 57. Each decoder 57 in each core 47 decodes the information sent on the monitor
selection bus 39 by the monitor control block 37 in order to determine whether a monitor it
controls is being requested to perform its monitoring function.

Each monitor may be assigned to examine a specific chip (or core) parameter
such as temperature, cross talk, supply noise or matching for example. Alternatively, the
monitors may examine the same parameter across the chip (or core) in order to determine the
effect of the particular parameter in relation to the dimensions of the core. A combination of
the two approaches may be employed. So, for example and with reference to Fig. 8, a core 47
could have multiple monitors (49, 51, 53, 55) examining the temperature of the core at
different positions therein, and/or multiple monitors each examining one of temperature,
cross-talk, supply noise and matching for example, or a combination thereof.

Those skilled in the art will appreciate that any appropriate combination of
core parameters may be examined by the architecture embodied by the present invention.
Once a particular core parameter or characteristic has been examined, the results of the
examination are passed by the monitor 49, 51, 53, 55 to the monitoring signal line (or bus)
41. This signal line/bus 41 may be a single line carrying a DC signal whose level is the value
for the measured parameter (e.g. cross-talk, supply noise, activity, temperature etc.). [t may
also support differential signaling to prevent the monitoring signal in question becoming
infected by on-chip noise. Alternatively, the measured parameter may be passed by binary
coding its value directly after the monitor (sensor), and then sending the binary coded value

through a bus. The results may then be processed accordingly, either off-chip via a bondpad
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42 or on-chip via the reference and compare circuit 43. Any necessary action can then be
taken with regard to the results of the processing. The results from the reference and compare
circuit 43 may be passed to a bondpad 45 to enable further off-chip processing to be carried
out. As mentioned above, there is a growing discrepancy between test results obtained using
5  for example, BIST, and the behavior of devices in application. The signal integrity self-test
(SIST) described above may advantageously complement BIST. For example, SIST may be
used to provide information about various device parameters before, during and/or after a

built-in self-test has been carried out.
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1. A method of testing an integrated circuit device comprising a module (47),
which incorporates a module monitor (49) operable to produce a measurement signal

indicative of an operating paraméter of the module (47) concerned, the method including
receiving a measurement signal from a module monitor (49) and processing that received

signal to produce a test result.

2. A method as claimed in claim 1, wherein receiving the measurement signal

includes receiving the measurement signal at a compare and reference circuit (43).

3. A method as claimed in claim 1, wherein receiving the measurement signal

includes receiving the measurement signal at a bondpad (42) of the integrated circuit device.

4. A method as claimed in any one of claims 1 to 3, wherein processing the

received signal includes comparing the received signal with a reference value.

S. A method as claimed in claim 4, further including generating a pass/fail signal

in response to comparing the received measurement signal with the reference value.

6. A method of testing an integrated circuit device comprising a module (47),
which incorporates a plurality of module monitors (49) operable to produce respective
measurement signals indicative of respective operating parameters of the module (47)
concerned, the method including receiving a measurement signal from a module monitor (49)

and processing that received signal to produce a test result.

7. A method as claimed in claim 6, wherein receiving the measurement signal

includes receiving the measurement signal at a compare and reference circuit (43).

8. A method as claimed in claim 6, wherein receiving the measurement signal

includes receiving the measurement signal at a bondpad (42) of the integrated circuit device.
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9. A method as claimed in any one of claims 6 to 8, wherein processing the

received signal includes comparing the received signal with a reference value.

10. A method as claimed in claim 9, further including generating a pass/fail signal

in response to comparing the received measurement signal with the reference value.

11. An integrated circuit device comprising a module (47), which incorporates a
module monitor (49) operable to produce a measurement signal indicative of an operating

parameter of the module (47).

12. An integrated circuit device as claimed in claim 11, further comprising a
monitor selection bus (39) operable to select respective monitors (49) in respective modules
“47).

13. An integrated circuit as claimed in claim 12, further comprising a monitor

control block (37) operable to control values on the monitor selection bus (39).

14. An integrated circuit as claimed in claim 11, further comprising a reference

and compare circuit (43) connected to receive output signals from selected monitors (49).

15. An integrated circuit as claimed in claim 11, wherein the module monitor (49)

has a standard cell architecture.

16. An integrated circuit device comprising a module (47), which incorporates a
plurality of module monitors (49) operable to produce respective measurement signals

indicative of respective operating parameters of the module (47).

17. An integrated circuit as claimed in claim 16, further comprising a monitor

selection bus (39) operable to select respective monitors (49) in respective modules (47).

18. An integrated circuit as claimed in claim 17, further comprising a monitor

control block (37) operable to control values on the monitor selection bus (39).
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19. An integrated circuit as claimed in claim 16, further comprising a reference

and compare circuit (43) connected to receive output signals from selected monitors (49).

20. An integrated circuit as claimed in claim 16, wherein a module monitor (49)

has a standard cell architecture.

21. Apparatus for testing an integrated circuit device, the device comprising a
module (47) which incorporates a module monitor (49) operable to produce a measurement

signal indicative of an operating parameter of the module (47).

22. Apparatus as claimed in claim 21, further comprising a monitor selection bus

(39) operable to select respective monitors (49) in respective modules (47).

23. Apparatus as claimed in claim 22, further comprising a monitor control block

(37) operable to control values on the monitor selection bus (39).

24. Apparatus as claimed in claim 21, further comprising a reference and compare

circuit (43) connected to receive output signals from selected monitors (49).

25. Apparatus as claimed in claim 21, wherein the module monitor (49) has a

standard cell architecture.

26. Apparatus for testing an integrated circuit device, the device comprising a
module (47), which incorporates a plurality of module monitors (49) operable to produce
respective measurement signals indicative of respective operating parameters of the module
4.

27. Apparatus as claimed in claim 26, further comprising a monitor selection bus

(39) operable to select respective monitors (49) in respective modules (47).

28. Apparatus as claimed in claim 27, further comprising a monitor control block

(37) operable to control values on the monitor selection bus (39).

PCT/IB2004/050731
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29. Apparatus as claimed in claim 26, further comprising a reference and compare

circuit (43) connected to receive output signals from selected monitors (49).

30. Apparatus as claimed in claim 26, wherein a module monitor (49) has a

5  standard cell architecture.
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