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Testing sequential logic circuit upon changing into combinatorial logic circuit.

-
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The invention relates to an electronic device with a plurality of logic

FIELD OF THE INVENTION

circuit stages for functional collaboration, and to a method of testing sequential logic

circuitry.

BACKGROUND ART
To appreciate the invention, this section gives some background

information on logic circuitry, on testing of ICs, and on Ippq-testing in particular.

Sequential Logic
Logic circuitry can be divided into two classes: combinatorial logic

circuitry and sequential logic circuitry. A combinatorial logic circuit handles time-
independent signal correlations. That is, the logic state and the output signals of a
combinatorial logic circuit are solely determined by the instant logic input signals to the
circuit. An example of a combinatorial logic circuit is a plurality of interconnected logic
gates. A sequential logic circuit, on the other hand, takes history into account. The
succession of logic states adopted by a sequential logic circuit is such that a next logic
state is determined under combined control of input signals and the circuit’s previous
logic state. Within this context, a counter, a shift register, a master-slave flipflop and a
chain of flipflops are typical examples of a sequential logic circuit.
IDDQ:IQS_tiﬂg i

Systematic and automatic testing of electronic circuitry, and of integrated
circuits in particular, has become increasingly more important. Each next generation of
circuits tends to develop ever larger component densities and an ever growing number
of system functionalities. Individual circuits have become complicated to such an extent
that process defects cannot be detected and located anymore save by exhaustive and

expensive testing. Customers cannot be expected to accept circuitry products that show
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That is, the.| gjrgd‘g:tt%lte and the output signals of a conbinatorial |ogic
circuit are solély determned by the instant logic input signals to the

circuit.5An exanpl e @uiescemrirreat ogstiag (Iﬁ?}j—te_smhg’)pu]sb referced b us Auirdeyit edpply
e Conne%ggndxtolri%ggl r%et%%zie(s(‘fSIvﬁ, %%%hjeigttclg?alted gi?clzu(i:t aims at locating process defects in
the circuit by monitoring the quiescent currents. The Ippqg-testing technique has shown
a lot of promise in the analysis of actual process defects in static CMOS ICs. The
quiescent current, or steady-state current, in a CMOS logic IC should be very small,
10 e.g., in the order of 1uA. Any deviation may therefore be easily detected. The potential

‘ of thi§ testing technique is substantial in terms of cost reduction, and of quality and
reliability enhancement. Stuck-at faults are symptoms caused by unintended electrically
conductive interconnections between circuit nodes and supply lines, thereby effecting a
hard-wired pull-up or pull-down that interferes with the logic operation. A bridging

15 fault formed by a conductive bridge of low resistance between a supply line and a signal
line causes stuck-at phenomena. Impact of gate-oxide defects is often parametric in
nature, i.e., not defined in terms of logic voltage levels, and is therefore not detected by
conventional voltage methods. Gate-oxide defects may also give rise to stuck-at
behaviour.

20 : In "Current vs. Logic Testability of Bridges in Scan Chains", R.
Rodriguez-Montaiiés et al., IEEE Proc. European Test Conf., Rotterdam, The
Netherlands, 1993, pp. 392-396, it is pointed out that the Ippg-method does not cover
100% of the low-resistive stuck-at faults (substantially zero resistance connections to the
éupply lines) in a master-slave flipflop that comprises two memory elements connected

25 via a switch. Therefore, voltage testing, also referred to as logic testing, should be used
in addition. Voltage testing monitors the voltage levels at the relevant circuit output
nodes and correlates the obtained voltage levels with ut‘he desired voltage levels to
determine if the circuitry between input and output handles the data properly.

Testing sequential logic circuitry in the conventional manner requires the

30 shuffling of logic data throughout the circuit, typically under clock signal control. This
may be quite time-consuming in case of a long scan-chain, as each next stage of the
chain will be sensitized only upon the next clock cycle. Testing of each stage requires at

lanet ko Alank rurlae tn nit the ctage anceessively in each of its logic state plus the
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combinatorial circuits, and from the fact that the delays caused by clock controlled
rippling of data through successive stages are completely absent in combinatorial logic

circuitry.

10 OBJECT OF THE INVENTION
‘ It is an object of the invention to simplify testing of sequential circuitry. It
is a further object to extend Ippq-testing for detection of low-resistive stuck-at faults in
sequential logic circuitry, and for rendering Ippq-testing essentially more effective than
in the prior art. It is another object to provide means to execute the testing of sequential
15 logic circuitry substantially faster than is possible in the prior art. It is another object to

support modular architecture of circuits.

This Sheet Has Been Replaced
To this end, the invention furnishes an electronic device with a pluraliti'
20 of logic circuit stages for functional collaboration, characterized by selection means for
selectively operating the plurality of stages to form either a sequential logic circuit or a
combinatorial logic circuit._
The inventor has realized that the functionality of a logic circuit, i.e., the
sequential or combinatorial functioning, is determined by the manner in which the logic
25 circuit stages collaborate with one another, more than by the specific type of logic
operation performed by the individual stage. That is, a collecﬁon of logic circuit stages
hooked up in one way will functio}x as a sequential logic circuit under application of -
proper signals, whereas it will operate as a combinatorial logic circuit when
interconnected in another way.
30 The invention is particularly important if the electronic device in
operational use is a sequential logic circuit. For the purpose of testing, the invention

enables the architecture o be converted into that of a combinatorial logic circuit. As

mantinnad aarliar minnine a tect an camhinatnrial looic circuitry to detect certain
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separated in time.
The invention is typically useful in testing scan-chains comprising a
plurality of cascaded memory elements such as flipflops. Such scan-chains or scan paths
10 themselves are used, for example, to economically test other circuitry. The invention is
. appliczible to sequential circuitry in general, to integrated circuits and to systems of
integrated circuits. The invention is particularly advantageous when applied to CMOS
sequential circuits. The quiescent current in a CMOS logic circuit should be
substantially zero. Any deviation is easily detected as the reference of zero current is
15 well defined .
Another advantage of the invention is that the same electronic device can
be used for either sequential or combinatorial logic operation in operational use under
selective control, thereby supporting modular system-architecture.
For the purpose of testing, the selection means-is suitable for reversible
20 selection. The circuitry that is intended to function sequentially in operational use, is
temporarily converted to operate in the combinatorial mode. Preferably, the selection
‘ means is controllable by a selection signal. This allows for automatic test procedures. In
addition, the selection signal can.be used in operational use to permit fully automatic
switching between sequential and combinatorial operating modes. Preferably, the
25 selection means is user-controllable. This can be brought about by providing the
electronic device with an externally accessible control input to receive the selection
signal for the selection means. o
A data path through sequential logic circuitry, such as a concatenation of
latches, can be tested in two directions upon converting the circuitry into combinatorial
30 logic circuitry. The creation of this bi-directional data path allows for detection of
stuck-at faults at the output of any of the inverters making up the latches. Preferably,
the sequential logic circuitry is coupled between bi-directional buffers in order to permit

this biZdirectional testing.
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bet ween i signalsaodirsuanlisecoad dinesof the ldgicastagespeaspectively. The selection means
10 then has clock supervising means for governing the clock signal means to provide the
' ’ ' first and second clock signals for enabling the first and second logic stages either
alternately to implement the sequential mode, or simultaneousty at least part time to
implement the combinatorial mode. It can be that the clock supervising means governs
the clock signal means in the combinatorial mode to furnish the first and second clock
15 signals having synchronously occurring enabling values, or to supply a constant logic
level signal to at least the first logic stage to enable the stages simultaneously at least
part time.
It is clear to the skilled person that a method of testing an electronic
device, provided with a sequential logic circuit, by converting the sequential logic
20 circuit reversibly and functionally into a combinatorial logic circuit, and conducting the
testing on the combinatorial circuit, is highly attractive to IC manufacturers. The costs
: involved in testing represent an increasingly substantial part of the IC’s net sales price,
as the circuit’s complexity grows. The invention extends in particular the domain of
applicability of the Ippq-test, thereby permitting a closer monitoring of the reliability of
25 the ICs at costs substantially lower than were attainable heretofore.
For the sake of completeness, it is observed that PLD devices are known
provided with configurable macrocel'ls.'.See, for example, PL22V10 in Philips Data '
Handbook IC13, "Programmable Logic Devices (PLD), 1992, pp. 137-141. The
macrocell can be programmed to fulfil registered operations or combinatorial
30 operations. The combinatorial option uses a bypass to functionally remove the cell’s
flipflop from the cell. In the invention, however, the logic stages necessarily remain

functional parts of the logic circuit so as to allow for testing.
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Testl ng sequential logic circuit ry im,the conyentd'onal manner requires the
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The invention is explained below by way of example and with reference

1o the accompanying drawing, wherein:
Fig. 1 gives a prior art sequential circuit;
5 Pigs..2 and 3 illustrate the principle in the invention;
Figs. 4 and 5 give a first example of a circuit device in the invention;
Fig. 6 shows a conventional scan chain;
Fig. 7 gives a second example of a device in the invention with regard to
a scan chain; and
10 Fig. 8 gives a detailed embodiment of the circuit in Fig. 7;
. Fig. 9 is a prior art scan flipflop for use in a scan path;
Fig. 10 is a prior art scan path;
Fig. 11 gives a detailed scan flipflop according to the invention;
Fig. 12 is a detailed scan path according to the invention
15 Fig 13 is another detailed scan flipflop according to the invention; and
Fig. 14 is a detailed further scan path according to the invention.

Throughout the figures same reference numerals indicate similar or

corresponding features.
Sheet Has Been Replaced
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Prior Art
Fig. 1 gives a circuit diagfam 6f a sequential logic circuit 100 known in
the art. Circuit 100 is an edge-triggered master-stave flipflop comprising a master latch
102 and a slave latch 104. Master 102 includes inverters 106 and 108 and transmission
25 gate pairs 110 and 112. Slave 104 includes inverters 114 and 116, and transmission gate
pairs 118 and 120. Each of transmission gate pairs 110, 112, 118 and 120 comprises an .
NFET and a PFETJ whose conduction channels are arranged in pa£allel, and whose
control electrodes receive complementary clock signals C and CBAR provided via a
clock input 122 and an inverter 124. Pairs 110, 112, 118 and 120 operate as switches.
30 When pair 110 is conducting, pair 112 is blocked and vice versa. Similarly, when pair
118 is conductive, pair 120 is blocked and vice versa. The clock signals are supplied in

such a way that pairs 110 and 118 conduct altemately;

When the clock sienal at clock input 122 is low, pairs 110 and 120 are
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the same time, pair 112 becomes conductive so that inverters 106 and 108 form a

bistable element storing the previously accepted data. Also, pair 120 in slave 104 is
blocked and pair 118 becomes conductive, thereby rendering slave 104 receptive to the
10 data stored in master 102. The blocking of pair 120 allows inverter 106 to have a
p relatively weak driving capability, since there is no competition with inverter 116.
Now assume that a low-resistive stuck-at fault causes node 128 in siave
104 to be permanently connected to one of supply voltages Vpp and Vgg. The driving
capability of the hard short to one of the supply voltages is much larger than that of
15 inverter 106. Consequently, the low-resistive hard short causes master 102 to be
overwritten. The time it takes to overwrite master 102 depends on the relative strengths
of the short and inverter 106. However, the overwriting will typically be accomplished
in too short a time period to be detected through Ippq-testing. Referring to the voltage
testing method mentioned above, note that circuit 100 requires a full clock cycle to
20 transfer the input data at input 126 of master 102 to an output 130 of slave 104. A chain
of a plurality of N flipflops connected in cascade therefore needs N clock cycles to
b make the data available at the output of the chain

This Shget Has Been Replaced
Princile R
25 Referring to Figs. 2 and 3, the principle of the invention is now

explained. Decorations being trimmed away, the diagram of Fig. 2 illustrates the prior
art circuit of Fig. 1 in terms of its functionalities. Effectively, master-slave flipflop 100
comprises a master latch 102 and a slave latch 104 arranged in cascade and alternately
made accessible under control of switches 110 and 118. If one of switches 110 and 118
30 conducts, the other is blocked and vice versa. The circuit thus operates in a sequential

mode.
The diagram of Fig. 3 gives the same collection of functional blocks as in

Fig. 2, but the operation of switches 110 and 118 is modified so that both are made
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t he purpose of testing, the invention enables the architecture to be
convert edshart at nodet 128. a conmbinatorial logic circuit. As mentioned earlier,

running a test on copbl N3L oL 8h 2hd%abe latch 104 are coupled through switch 118.

10 Implemented as a transmission gate made up of complementarily controlled FETs,

t“ switch 118 is bi-directional. When both master 102 and slave 104 are active, i.e., when
flipflop 100 is put into the combinatorial mode, some type of defects in slave 104 may
overwrite master 102. This type of defect could then be rendered not detectable. If
switch 118 is made uni-directional, no overwriting of master 102 by slave 104 can

15 occur, and consequently, the defect that was formerly not detectable, can be detected by
IDDQ-measurements. The uni-directional character could be implemented by, e.g.,

putting an additional inverter between master 102 and transmission gate 118.

First Example

20 Fig. 4 gives a first example of a circuit device 400 in the invention.
Device 400 functionally comprises the logic stages of the logic circuit as discussed
under Fig. 1. Transmission pairs 110 and 120 are controlled in the same way as in Fig.
1. In addition, device 400 has a selection means 402 for reversibly and functionally
converting the sequential logic circuit into a combinatorial logic circuit. To this end,

25 selection means 402 has an input 404 for receiving said clock signal C, and a control
input 406 for receiving a selection signal "Test". If selection signal "Test" is in a first
state, selection means 402 drives transmission pairs 112 and 118 complementarily to
pairs 120 and 110, respectively, by supplying clock signals C and CBAR of appropriate
polarity. If selection signal “Test" is in a second state, selection means 402 provides

30 signals to pairs 112 and 118 so as to render them conductive at least when pairs 110
and 120 are conductive. This can be achieved, e.g., by either making at least one of the
signals C and CBAR suitit znd of an appropriate fixed voltage, or by providing

dynamic signals C and CBAR whose enabling-level voltages occur synchronously and
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58/4. NOR gate 502 receives clock signals C at a first input and selection signal "Test"
5 atasecond input. A first output of embodiment 500 is connected to a node 506 between
NOR gate 502 and inverter 504. A second output of embodiment 500 is connected to
the output of inverter 504. If "Test" is low, selection means 402 operates circuit 400 in
the sequéntial mode by furnishing the proper clock signals C and CBAR. If "Test" is
high, selection means 402 supplies a static logic low at its first output and a static logic
k 10 high at its second output. This renders circuit 400 operating in the combinatorial mode.
If there is a hard short to Vpp at node 128, and data at input 126 is kept
r high, i.e., at Vpp, inverter 106 and the hard short at node 128 compete with one
another: inverter 106 pulls node 128 down by sinking current, and the short at node 128
pulls node 128 up by sourcing current. There is no overwriting of master portion 102 as
15 input 126 is kept high. Accordingly, the result is a substantial quiescent current that is
detectable in the Ippq-test.
As is clear, a variant of this scheme can be applied on_pair 110 instead of
on pair 118. A similar concept can be applied to a two-phase level-sensitive flipflops.

The cost of this local implementation is an additional six transistors and test signal

20 routing to each relevant flipflop. This Sheet Has Been Replaced
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Fig. 6 shows a conventional scan chain 600 comprised of a plurality of
flipflops 602, 604, 606, 608 and 610, that are arranged in a cascade between a scan
25 input 612 and a scan output 614, Data at scan input 612 are sequentially clocked
through the plurality of flipflops 602-610 ta.scan output 614 under clock signal control

at clock input 616. As is clear, scan chain 600 operates in a sequential mode.
Fig. 7 shows a similar chain 700, now according to the invention and
provided with a selection means 702 functionally merged with the clock signal means.’
30 Selection means 702 has an input 704 for receiving a selection signal "Test" to provide
either single-phase mutually complementary clock signals C and CB, or a clock signal C
and a fixed-level voltage signal CB, e.g., a logic high or a logic low. In the latter case,

the ‘chaift is ' made transparent to the data in order to be submitted to the testing as
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10 means. In Fig. 8, on the other hand, the selection means is modified to be functionally
integrated with the clock signal means at the expense of an additional inverter 810 per
! flipflop.
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Third Example

15 The invention is particularly advantageous to test scan paths that comprise
a concatenation of flipflops as discussed above with reference to Figs. 6-8. The testing
of scan paths is considered in further detail below.

Fig. 9 is a typical example of a prior art scan flipflop 900 for use in a
scan chain and comprises flipflop 100 of Fig. 1 and a 2-to-1 multiplexer 902 connected

20 to input 126. Multiplexer 902 is comprised of transmission gate pairs 904 and 906 for
selecting between normal data DI and scan data SI under control of a control signal SE.
l . Fig. 10 shows a prior art scan path with a plurality of flipflops 1002, _
1004, 1006, ..., 1008, each similar to flipflop 9000 of Fig. 9, that are arranged
between a scan-in input SI and a scan-out output SO. Flipflops 1002-1008 receive
25 aforesaid control signal SE, clock signal C and clock signal CBAR in parallel.

Fig. 11 is.a diagram of a scan flipflop 1100 in accordance with the
invention. Flipflop 1100 comprises a 2-to-1 multiplexer 902, similar to the one
discussed under Fig. 9. Block 606 correSpohds to the device discussed under Fig. 8
above. Operation is explained with reference to Fig. 12.

30 Fig. 12 shows a first example of a scan path 1200 that comprises a
plurality of scan ﬂipﬂops 1202, 1204, 1206, ..., 1208 of the type shown in Fig. 11 to
allow for testing of the path itself. Scan path 1200 is conceptually similar to chain 700

discussed above. The path is controlled via a clock generator 1210 that receives a

THIS SHEET HAS BEEN
REPLACED




25 " sel ection neans is user-controll:abl e. Thils can be ‘brought about by

provi di ng the el ectroni ¢ devi-ce With-ari externally accessible control
i nput to rﬂiﬁﬁi Ve e selection signal for the selection neans.
A data pat Hft sequential |ogic ci rébitry, such as a concat 2¢485i @94 of

| at ches, can be tested in two directions upon converting the circuitry into
combi nat orcPRIORHZRYGTE te Ferttlithg tramsparency afither saah pakh anda-clickatdrapal data

paLh, 2110\ EhASHL SR8l e o 8 e LR Rl Bl O oy of
by Sy 95 R D o ey B DL SR
5 the normal mode. When signal SR4s Bigh] @#4scan mode is implemented. In both the
5 normal mode and the scan modes flipflops 1202-1208 receive complementary clock
signals and form a sequential logic circuit. When both signals TS and SE are made high
and when the clock is disabled at a low, the path is made transparent as explained under
Fig. 8 above, thus implementing the test mode. At the expense of an additional inverter
810 per scan flipflop and additional routing of the clock signals this scan path
10 implementation is rendered testable in a rather simple way.

However, it would be still more attractive to have the amount of hardware
reduced that is needed to allow for the testing in conformity with this invention.

Fig. 13 is a scan flipflop 1300 in accordance with the invention for use in
a scan path wherein the testing hardware is reduced. Scan flipflop 1300 is made up of

15 device 100, discussed under Fig. 1, and a routing device 1302 containing a pair of
complementarily controlled transmission gates 904, 906 for under control of a signal TC
either transferring data present at input DI or scan data present at input SI. Routing
device 1302 uses the same components as multiplexer 902 in Fig. 11. However, gates
904 and 906 in routing device 1302 are not connected to the same node as in the

20 multiplexer scheme. Gate 904 couples input signal SI to a node 1304 between gate 110
and inverter 106 under control of a control signal TC, thereby selectively shunting gate

| 110. Gate 906 couples input signal DI to input 126 of device 100 undt_er control of
control signal TC. Note that this implementation has the same and the same number of
components as prior art flipflop 900, and requires only some re-routing of the signals

25 with regard to multiplexer 902 of prior art flipflop 500.

The normal);l'bde data path of flipflop 1300 is not changed and is the
same as in flipflop 900. Accordingly, the normal mode set-up and hold times’ are not
affected. Furthermore, the clock paths of the flipflop is not changed either so that the
normal mode of operatiori remains unaffected. Operation is explained with reference to

30 Fig. 14.

Fig. 14 is a further example of a scan path 1400 in accordance with the
invention wherein the amount of hardware is reduced. Scan path 1400 employs as
building blocks scan flipflops of the type 1300 shown in Fig. 13, requiring no additionat
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rticular one of the |ogjc “stages arranged bet t
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i nvention“may be provided w th clocK sighal means for supplying first and
second cl and a scan controllegi Igrl@l Scanocdnitrodler AAtD sestisi thenmedesf oft operitingi of

st ages, BY he sel ection h ock
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enent the sequential node,

si mul t anemﬂyclamghela@épepdem oni the input decoding condiniqnisg determiried byoctbcklangnah al
node. It can be that the clock superV|5|n

nmean overns t he
cl ock si gfalcopwahsignd $ihand sawreltignal S upg, &%ﬂé}‘?mﬁb“\oﬂ?%dm
second cl oc

val ues, OFAS ig aﬁ%ql@plésigg Eﬂtog%ig @%{Atpcﬂ SAE RE @H@OY s@ﬁ&lufﬁ 'cBP&?I% i ng

the fi f(ﬁt traf§afertly aFethe Qe pdth eIft't@ afd @@eaeabgiunbwrmuaé Ylaek ik active east
(toggles), then TC is logic low and the scan path operates in the normal mode. If TS is
low, and if SE is high and the clock toggles, then TC is logic high and the scan mode is
selected. If TS is high, and if SE is low and if the clock is kept at logic high, the test
mode is selected, rendering all flipflops 1402-1408 transparent for Ippq-testing. The
15 clock is to be kept at logic high to maintain transmission gates 112 and 118 conductive

-
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part time. D oLt is colear to the skilled person that(e%/
met hod of testing an electronic- - ¢ ¢ ‘device;:provided with a

sequential logic circuit, by converting the “sequential |ogic 20

circuit rBH%*E?E Q and functionally intd3a combinatorial |ogic ci¢gg”p?4and
conducting the testing on the conbinatorial circuit, is highly
attracti vVBLAOMSC manuf acturers. The costs i nvol ved in testing

represent an increasingly substantial part of the I1C s ne - )
| pgrt cul ar the

as the circuit's conpl grows. The invention extends in .
domai n of appl i,cabi Ti the I[err]-test This Beealt it ing a
cl oser nonitoring of the/@m o 0 25 the |ﬂ“\ i .

substantially | ower than " i1 |y her et of or e. .
For the sake of conpl eteness, it 'k ' ved that PLD devices are known
provi ded with configurable nmacrocells. *See, for exanple, PL22V10 in Philips
Dat a Handpoo Cl3, "Progra bl e Logic, Devices (PLD), 1992, pp.
137- 141. 'The A efeﬁﬁgpx&d&v*cecvgltp Bmegil FEE:}’_r if ttegesdpr fynctienalst er ed
. oper at i Ong]1gborafsw) dRArRtédled b : el NALON. &linoBt 1 on
uses a bypass to functionally yrseerlr%c\?gnt'ﬁ%%égﬁ gégéctIVI{} o;?e%ﬁ)r{gf ﬁ\epﬂl\‘ 0% gfym
| the cel | stages théommmeither 2 sequentiavegic difaitl?d CombiafBRaNRBRSSAEH.Y " emai n
functionazl parts of the |ogic circuit so as to allow for testing.

. The device of Claim 1, wherein the selection means are suitable for

5 reversible selection.
3. The device of Claim 1, wherein the selection means are controllable by a
selection signal,
4, The device of Claim 1, having a signal path with a particular one of the
logic stages arranged between first and second switches, wherein the selection means
10 are operative to control the first and second switches either mutually complementarily to
avoid the switches conducting simultaneously, or uniformly to have the switches both
. conducting at least part time.
5. The device of Claim 1, with clock signal means for supplying first and
second clock signals to first and second ones of the logic stages, respectively, wherein
15 . the selection means has a clock supervising means for governing the clock signal means
to provide the first and second clock signals for enabling the first and second logic
stages either alternately or simultaneously at least part time.
6. The device of Claim 5, wherein the clock supervising means are operative
to govern the clock signal means to furnish a constant logic level signal to at least the
20 first logic stage for implementing the at least part time simultaneous enabling.
7. The device of Claim 1, wherein the logic stﬁéeé form a scan path, each
respective one of the logic stages comprisingé
- a respective scan flipflop having a master part with clock controlled master
transmission gates and having a slave part with clock controlled slave transmission
25 gates; and
- a respective data routing device connected to the respective scan flipflop for
under control of a control signal either coupling a data input to an input of the slave of

the reenective flinflon. or counline a <can innut to a node between the slave
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6 ~ BRI EF DESCRI PTI ON OF THE DRAWNG C e invention

i s expl ai ned bel ow by way of exanpl e‘rand wi n e acconpanyi ng
drawi ng, wherein: F| g m art

sequent i AHN; 146324 ; m T ust 124105, 8954
aspect of the |nvention; Figs: 4 and 5 give a first
exanpl e afanamisidrcgaténr use in the invention, Fig. 6

-shows a conventional scan chfa {1
8. The device of Claim 1, wherein the logic stages are coupled between bi-

directional buffers.

9. A method of testing an electronic device pfovided with a sequential logic
S circuit, characterizea, in that the method comprises:

- converting the sequential logic circuit reversibly and functionally into a combinatorial

logic circuit; |

- conducting the testing on the combinatorial circuit.

et et
e e

_

* il
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Fig. 7 gives a second exanple of a deVice: in te irivention with regard to a)

scan chain; and ¢ ¢ :Fig.:8 gives:adetail ed enbodi nent
of the circuit in Fig. 7; ’ Fig. 9is a prior art scan
flipflop f iy a scan path; Fig. 10 i o
art scan p Hﬂ"ﬁﬁﬁﬂ) Fi g!s 11 gives a detailed SC;Z%?OfMﬁ

flipflop according to the invention; Fig. 12 is a
detailed s T“ccording to the invention . Fig 13
i s anot her i 0 4. j:ng - th &R o

Fro 14 s O el lopk el ReBR TG (G olIRIEI bR RS,
"Throughout the figures sanme reference nunmerals indicate sinmilar or
correspondi ng features. DETAI LED EMBCDI MENTS Fig.
1 gives a circuit diagramof a sequential logic circuit 100 known

An electronic device, with a plurality of logic stages for functional
collaboration, is provided with selection means for selectively operating the plurality of
stages to form either a sequential logic circuit or a combinatorial logic circuit. This

enables conversion of sequential logic circuitry into combinatorial logic circuitry for the

5 purpose of effective Ipp-testing.
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in'}he art. Crcuit 100 is an edge~t¥tggered nastef s?ave flipflop
conprising a master |latch 102 and 4, sLave Iatqh 104. - Nhster 102 incl udeg -~
inerters 106 and 108 and transnission gate pairs 110 and 112. Sl ave 104
includes inverters 114 and 116, and t sm ssion gate pairs 118 and 120.
Each of transm ssion gate pairs 110, , 118 and 120 conprises an NFET and
a PFET, whose conduction channels are arranged in parallel, and whose
control el ectrodes receive conplenentary clock signals C and CBAR provi ded
via a clock input 122 and an inverter 124. Pairs , 112, 118 and 120

_operate as smﬁtchgs. WﬁeE pair 1110 _js conducf ir % 2 i s, bl ocked and
vice versa. &bmil rly, n paif 1 is tl8nd yH4120 13 bl ocked and
vi ce versa. oek—-s. a5 v':{ goppl ' i . pmtat--Pai rs 110 and
118 conduct alté#nately he clfock signal at
clock input 122 is IdMM airsyi [ ile pairs 112
and 118 are bl ocked. Data at eyred to inverter

106 that in turn supplie
102 accepts

)
122
¢ ¢ 10
F PRIOR ART
_ FIG.T
102 104
110 118 N
126 ) 130
: | N —
128
A -
“ F16.2
4
102~ 118 104
1;5 n,, TR -
130

I, FI6.3
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7 . the data provided at input 126: Af.the-sane-"tine;’slave 104 retains
its stored data as inverters 114 and-}16 now-feorm a bi'st'abl e el enent,
bei ng di sconnected from master 102. Wen the clock signal at clock input
122 goes high, pair 110 becones non-cggg cting and master 102 no | onger
accepts data frominput 126. At the s Btine, pair 112 becones conductive
so that inverters 106 and 108 form a bistable el enent storing the

previ ously accepted data. Al so, pair 120 in slave 104 is bl ocked and pair
118 becomes conductive, thereby rendering slave 104 receptive to the data
stored in master 102. The bl ocking of pair 120 allows inverter 106 to have
a relatively weak driving capability, since there is no conpetition with
inverter 116. Now ;assume that a | owresistive
stuck-at fault causes node 128 in sl ave f@ZLLo be permanently connected to

one of supply voltages VDD and VSS. The {riving fest
27— —o
L04 L06
% I
126 | 106 1 om8 128 130
| 1L H 1+
g /T }—] 1 1
108 _4; }_. 116
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capabl lity of the hard short to one of -t he: supply voI trages is nmuch |arger
than that of inverter 106. Consequently, the Fowresi'stive hard short
causes master 102 to be overwitten. The time it takes to overwite naster
102 depends on the rel ative strengt hsB;)/ t he short and inverter 106.
However, the overwiting will typical 6e acconplished in too short a tine
period to be detected through IDDQtesting. Referring to the voltage
testing nethod nenti d abo not t hat cuit 0 requires a full
cl ock cycle tS69% #rhnsﬁgglj—t he .mﬁ% t dGBHE |§Egu 12;“3. mi&Nef¥l102 to an
out put 130 of #tave{104.Aghai T ofja p lityof N f '1-p'f-F{ops connected in
cascade theréfldre eds | ocK cl es} tiodmake the daja GMail able at the
out put of the chai | ferdmgdto Figs. 2 and 3, an
aspect of the inveptipn.i§ ndw expl af ned.| Decor at|i onns being tri mred away,
the diagramof Figl 2|illustrjates|the prijor fart girquit 0ngFlg linterns
of its functl%all ies. FEfffeqtively, lnmastier-Slavg flli 15‘ 100 conprises a
master | at 102 and p sl ave |latch 104 arranged in cascade and alternately
nmade accessibNg underjcontroll of swigches 110 and 1 Lf one of switches
110 and 118 conducts, the other js bl ocked and v ce ve% Eé;e circuit thus
operates in a sequential mode. PRIOR ART k gramof Fig. 3
gi ves the sane collection of functional bl ocks as in +g. 2§but t he

e

operation of switches 110 and 118 is nodified so that e nmade
si mul t aneously conductive, e.g., under control of a nodifi cl ock signal

here indi cated by 602 601 506 608 610

‘ H ! ! A ]
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apltal letter "T". The circuit's operat»on now s oombanatorlal t he

onpl enentary clocking of segments i-n & he-signal: path betmeen |nput 126 and
ut.put 130 being renoved. The out put voltage at a partlcular nonent is
eterm ned by the input voltage at the sanme instant, the usual propagation

del ays being | eft out of consideration e. A stuck-at fault at node 128
w Il becone immediately clear in the | test because of a driven conflict
bet ween the data input being kept at a predeterm ned | evel and the hard
short at node 128. 8
l"_""’—gm VT -
P gl |
| || |
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Master latch 102 and slave |atch 104 ar.e coualed’through switch 118.

||nm enented as a transm ssion gate nade up oh-oonplenenﬁarlly controlled
FETs, switch 118 is bi-directional. Wwen both master 102 and sl ave 104 are
active, i.e., when flipflop 100 is put |nto t he conbi natorial node, sone
type of defects in slave 104 may over &(3 master 102. This type of defect
could then be rendered not detectable. If switch 118 is nade uni -
directional, no overwiting of master 102 by slave 104 can occur, and
consequently, the defect that was fornmerly not detectable, can be detected
by | DDQ neasurenents. The uni-directional character could be inplenented
by, e.g., potTIT an'add|t|onal inverter between master 102 and
transn155|pn ga 1 Flﬁm 4 gives a first exanple
of a devicg 400 - nLiﬂﬂ-_DEELCEJAQD_LUHCLLDQ&LLM.QDHPFISes
the |l ogic gtage

Transm ssi pn pa ! . : ‘ e | S as jn Flg 1.
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pairs 112 and 118 conplenentarily to pairs 120 &nd-1%G,.respectively, by
suppl yi ng cl ock signals C and CBAR-of .appropsiate pol-arsty. |If selection
signal "Test" is in a second state, selection nmeans 402 provides signals to
pairs 112 and 118 so as to render the nductive at |east when pairs 110
and 120 are conductive. This can be agb?ghed, e.g., by either nmaking at

| east one of the signals C and CBAR static and of an appropriate fixed

vol tage, or by providing dynam c signals C and CBAR whose enabling-I evel

vol t ages occur synchronously and in-phase with the clock signals received

. by pairs 110 qmaT20 Fig. 5 gives an exanple of an
enbodi nent 5009 of 834 on neans 402. Enbodi nent 500 includes a cascade
arrangenment wijt h S gdte 502 and_an inverter 504. NOR gate 502 receives
cl ock signals{C at st _ifnput” and selection signal "Test ™ at a setond

input. A firsgy oufputdf jentjodi ment 500 |s connected to a node 506 bgtween
NOR gate 502 @and { nveftery 5¢4. A second 3% &yt of enbodi nent 500 is
connected to th 0 wnverter 504. [ I'f** Test” is |ow, selectionjmeans
402 operates ¢i n i g, ,t he, ar pper
it

0 linlt g
cl ock signals R| Iﬂ‘ﬁﬁes lies a

static logic {
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output. This
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kept high, i.e., at VDD, inverter 106 and the hard short at node 128

conpeté with one anot her: i nverter 106 pulls node 128 down by
sinking current, and the short at node 128 pulls node 128 ' EEwEmns C
current. There is no overwiting of master portion 102 as i ﬂ s

hi gh. Accordingly, the result is a substar‘itial qui escent currlent that is

det ect’abl e in the | DDQ 2 4 NOV 1938
Testing a sequential logic circuit. _

This Sheet Has Been Replaced
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The invention relates to a method of testing an electronic device
provided with a scan path and to an electronic device with a plurality of logic stages for
functional collaboration, compﬁsing selection means for selectively operating the plurality of
stages to form either a sequential Iﬁgic circuit or a combinatorial logic circuit.
BACKGROUND ART

) .To appreciate the invention, this section gives some background
information on logic circuitry, on testing of ICs, and on IDDQ-testing in particular.

Sequential Logic

Logic circuitry can be dmded into two classes: combinatorial logic
circuitry and sequential logic circuitry. A combinatorial logic circuit handles time-independent
signal correlations. That i, the logic state and the output signals of a combinatorial logic
circuit are solely determined by the instant logic input signals to the circuit. An example of a
combinatorial logic circuit is a plurality of interconnected logic gates. A sequential logic
circuit, on the other hand, takes history into account. The succession of logic states adopted by
a sequential logic circuit is such that a next logic state is determined under combined control

€7

of input signals and the circuit's previous logic state. Within this context, a counter, a shift
register, a master-slave flipflop and a chain of flipflops are typical examples of a sequential

logic circuit.

IDDQ-testing

Systematic and automatic testing of electronic circuitry, and of
integrated circuits in particular, has become increasingly more important. Each next generation
of circuits tends to develop ever larger component densities and an ever growing number of
system functionalities. Individual circuits have become complicated to such an extent that
process defects cannot be detected and located anymore save by exhaustive and expensive
testing. Customers cannot be expected to éccept circuitry products that showtime to evaluate

¥EHS SHEET BAS BEEN
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test. As is clear, a variant of thi
applied on pair 110 instead of on pair 118. A simlar concg
applied to a two-phase |evel-sensitive flipflops. The cost
i mpl énentation is an additional six transistors and test si
each relevant flipflop. Fig. 6 shoy '

scan €hain 600 conprised of a plurality of flipflops 602, 604, 606, 608 and
610, that are arranged in a cascade between a scan input 6l12-aRe——a-scah

out put_ 614 Dl ucaloe 263 il Uk S 12 EuAEMEN)P bbbt ikid g5 i e

plurality of scan out 4 under clock signa
control at cl QDDQ-mahcbd fniiGhe Witagestesting anethod canbmédas hxgblymnmﬁﬁemtgm PPsk

sequenti al 0,
now accor di ng %@Vﬁﬂ%ﬁ&@ﬁ#%ms&f‘ B’I’B‘Qﬂhﬁ%tf%\ﬂp?ﬁi@p@ %r?rt; ke%'rrs(g }ﬁ%gzp
functional |y n@fugsignand (&Ainﬁxésy folids gosd @ﬁ&hgdﬁ'&iﬂogt&ﬂhtestolhemvm:dsfoﬂh& has an
|nput 704 for recerving a ?e

si ngl e- phase MWPV‘E‘G‘#}M@ Ct‘:;ﬁc‘)’g‘ gllag’gg} clifa ft@’%lﬁ‘a%&%% 'gé] rscﬁ'l‘?ed
signal C and cidé?gonnjoﬁé/daljia? Yok bOdies Mﬁiucé@sw@st&es ar® chififlerelyubgdnt i a

| ogi c | ow. atter the chain is made transparent to the data in
order to be submbmatedalthgmmumarstl ng as discussed with reference to the
first exanple. As there is a cascade of onIy inverter. pairs present between
i nput 612 and out put

OBJECT OF THE INVENTION

It is an object of the invention to sunphfy testing of sequential
N circuitry. It is a further object to extend IDDQ-testing for detection of low-resistive stuck-at
faults in sequential logic circuitry, and for rendering IDDQ-testing essentially more effective
than in the prior art. It is another object to provide means to execute the testing of sequential
logic circuitry substantially faster than is possible in the prior art.

SUMMARY OF THE INVENTION

To this end, the invention furnishes a method as defined in Claim 1.
Furthermore, the invention furnishes an electronic device as defined in Claim 3.

In JP 56-153838 a sequential circuit is disclosed which comprises a
flipflop that can operate as a sequential circuit or can be made into a combinatorial circuit. It
is, however, not suggested in that document to use sucﬁ a sequential circuit for testing
purposes nor to apply such a sequential circuit in a scan chain.

The inventor has realized that the functionality of a logic circuit, i.e.,
the sequential or combinatorial functioning, is determined by the manner in which the logic
circuit stages collaborate with one another, more than by the specific type of logic operation
performed by the individual stage. That is, a collection of logic circuit stages hooked up in one
way will function as a sequential logic circuit under application of proper signals, whereas it
will operate as a combinatorial logic circuit when interconnected in another way.

The invention applies to electronic devices with sequential operation.
For the purpose of testing, the invention enables the architecture to be converted into that of a
combinatorial logic circuit. As mentioned earlier, running a test on combinatorial logic

_ circuitry to detect certain



614, the circuit is purely conbinatorial and can, in addition, be tested in
the voltage test nethod with just two test sanples, na and
a logic high at input 612. Basically, there is providef €9LC€JQ‘%PW
transm ssion gates 112 and 118 i ndependent of the contfo é) %e % and
120. . Fig. 8 givesga detailed ekafp & he

I ntertonnections in flipflop 606 to clocking |ines 802} BQ4. 806 and $08
common to the plurality of flipflops 602-610 in chain F00. Now- costs afe
cut drast i cal | \BRUEFIDESCHBPHONOF BB RAWIRGO! Fi g. 4 --n—-t-he—La-L-t-er-,_ea.Jh
sequential logic circuit, i each flipflop %row d?d W th | ection
means. In Fig. 8, on the ot heffhhmelﬁmmb}f@éf’?e‘ﬂ wé to be
functional ly i e/ycw;? nmeans at the expense of an

addi tional i nvg%ft%g"?l@%?gh per: éannghﬂ%gsW% The invention
is aimed at scan paths and tegis. h@mam?fanhgqmcﬁ%‘#prl se a concatenation
of flipflops as discussed abo ? & ‘Eﬂ}e&&'t&sinvegﬁ&l The testing of

i et al I"OW. ’

scan paths is considered in fur her )
Figs. 4and 5 glveaﬁrst example of a device for use in the invention;

- Fig. 6 shows a conventional scan chain;

Fig. 7 gives a second example of a device in the invention with regard
to a scan chain; and B

Fig. 8 gives a detailed embodiment of the circuit in Fig. 7;

Fig. 9 is a prior art scan flipflop for use in a scan path;

Fig. 10 is a prior art scan path;

Fig. 11 gives a detailed scan flipflop according to the invention;

Fig. 12 is a detailed scan path according to the invention

Fig 13 is another detailed scan flipflop according to the invention; and

Fig. 14 is a detailed further scan paﬂi according to the invention.
Throughout the figures same reference numerals indicate similar or

corresponding features.

DETAILED EMBODIMENTS

Flg 1 gives a circuit diagram of a sequential logic circuit 100 known

= in the art. Circuit 100 is an edge-triggered master-slave flipflop comprising a master latch 102

and a slave latch 104. Master 102 includes inverters 106 and 108 and transmission gate pairs
110 and 112. Slave 104 includes inverters 114 and 116, and transmission gate pairs 118 and
120. Each of transmission gate pairs 110 112,118 and 120 compnses an NFET and a PFET
whose conduction channels are arranged in parallel, and whose control electrodes receive
complementary clock signals C and CBAR provided via a clock input 122 and an inverter 124,
Pairs 110, 112, 118 and 120 operate as switches. When pair 110 is conducting, pair 112 is
blocked and vice versa. Similarly, when pair 118 is conductive, pair 120 is blocked and vice
versa. The clock signﬁls are supplied in such a way that pairs 110 and 118 conduct alternately.

When the clock signal at clock input 122 is low, pairs 110 and 120 are
conducting while pairs 112 -and 118 are blocked. D;ta at data input 126 then is transferred to
inverter 106 that in turn supplies the inverted data to inverter 108, Thus, master 102 accepts



10 ' Fig. 9 is a typical exanple of
fIiprop 900 for use in a scan chain and conprises flipfli

conpri sed of transm ssion gate pairs 904 and 906 for sel €
normal data DI and scan data SI under cont7’ol of a contro

Fig. 10 shows a prior art scan path with a plurality of f}i
1004, ‘1006, ..., 1008, each simlar to flipflop 9000 of Fig. 9
arranged between a scan- in input SI and a scan-out outpul.SQ

ops
1002- 1008 recei ﬂ@daﬂaomsd&ddtmmntl%IAtshegmbnse.slaybdekremuynulstocemaslwers
signal CBAR in Tg‘{) I%rxowfo ablstabl%?_lex{xﬁx bemgdlsc gctedlﬂ'orh%agtepi@g{hﬁl@ﬁﬁif a

scan flipflop 1 I'n"accordance w
clock signal at clock input 122 goes high, pair 110 becomes non-conducting and master 102
no longer accepts data from input 126. At the same time, pair 112 becomes conductive so that
inverters 106 and 108 form a bistable element storing the previously accepted data. Also, pair
120 in slave 104 is blocked and pair 118 becomes conductive, thereby rendering slave 104
receptive to the data stored in master 102. The blocking of pair 120 allows inverter 106 to
have a relatively weak driving capability, since there is no competition with inverter 116,
Now assume that a low-resistive stuck-at fault causes node 128 in
slave 104 to be permanently connected to one of supply voltages VDD and VSS. The drxvmg
e capability of the hard short to one of the supply voltages is much larger than that of inverter
106. Consequently, the low-resistive hard short causes master 102 to be overwritten. The time
it takes to overwrite master 102 depends on the relative strengths of the short and inverter 106.
However, the overwriting will typically be accomplished in too short a time period to be
detected through IDDQ-testing. Referring to the voltage testing method mentioned above, note
that circuit 100 requires a full clock cycle to transfer the input data at input 126 of master 102
to an output 130 of slave 104. A chain of a plurality of N flipflops connected in cascade
therefore needs N clock cycles to make the data available at the output of the chain.
Referring to Figs. 2 and 3, an aspect of the invention is now explained.
Decorations bemg trimmed away, the diagram of Fig. 2 illustrates the prior art circuit of Fig. 1
in terms of its functionalities. Effectively, master-slave flipflop 100 comprises a master latch
) 102 and a slave latch 104 arranged in cascade and alternately made accessible under control of
switches 110 and 118. If one of switches 110 and 118 conducts, the other is blocked and vice
versa. The circuit thus operates in a sequential mode.
 The diagram of Fig. 3 gives the same collection of functional blocks as
in Fig. 2, but the operation of switches 110 and 118 is modified so that both are made
simultaneously conductive, e.g., under control of a modified clock signal here indicated by
capital letter "T". The circuit's operation now is combinatorial, the complementary clocking of
segments in the signal path between input 126 and output 130 being removed. The output
voltage at a particular moment is determined by the input voltage at the same instant, the usual

that are

propagation delays being left out of consideration here. A stuck-at fault at node 128 will
become immediately clear in the IDDQ-test because of a driven conflict between the data
input being kept at a predetermined level and the hard short at node 128..



invention. Flipflop 1100 conprises a 2-to-1 nultiplexe @ﬂéﬁﬁ@ﬂﬂﬂ+§ﬁﬁf t he
one discussed under Fig. 9. Block 606 corresponds to t LSCITsS¢ed

under .Fig. 8 above. QOperation is explained with referencle to Fig. 12.
Fig. 12 shows a first exanple of a scan path 1200 that coﬁbhiﬂﬁg'ggs
plurality of scan flipflops 1202, 1204, 1206, ..., 12 of the type shoywn
in Fig. 11 to allow for testing of the path itself Scan path 1200 Is
conceptually simlar to chain 700 di scussed above. Thelpath._is.controlled

via a clock generator 1210 t [ ECeh NES i 8
11 . PHN 14. 520 Rﬁgterlatcﬁ Y §F5hdRtave latch 104 are coupled through switch 118.
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path and a cl 1y ﬁ-d?}e&{]o%. &ben both master 102 and slave 104 are active, i.e., when flipflop 100 is put
into the combinatorial mode, some type of defects in slave 104 may overwrite master 102.
This type of defect could then be rendered not detectable. If switch 118 is made uni-
directional, no overwriting of master 102 by slave 104 can occur, and consequently, the defect
that was formerly not aetectablg, can be detected by IDDQ-measurements. The uni-directional
character could be implemented by, e.g., putting an additional inverter between master 102
and transmission gate 118.
Fig. 4 gives a first example of a device 400 for use in the invention.
G Device 400 functionally comprises the logic stages of the logic circuit as discusséd under Fig.
1. Transmission pairs 110 and 120 are controlled in the same way as in Fig. 1. In addition,
device 400 has a selection means 402 for reversibly and functionaily converting the sequential
logic circuit into 2 combinatorial logic circuit. To this end, selection means 402 has an input
404 for receiving said clock signal C, and a control input 406 for receiving a selection signal
"Test". If selection signal "Test" is in a first state, selection means 402 drives transmission
pairs 112 and 118 complementarily to pairs 120 and 110, respectively, by supplying clock
signals C and CBAR of appropriate polarity. If selection signal "Test" is in a second state,
selection means 402 provides signals to pairs 112 and 118 so as to render them conductive at
least when pairs 110 and 120 are conductive. This can be achieved, e.g., by either making at
least one of the signals C and CBAR static and of an appropriate fixed voltage, or by _
providing dynamic signals C and CBAR whose enabling-level voltages occur synchronously
and in-phase with the clock signals received by pairs 110 and 120.

Fig. 5 gives an example of an embodiment 500 of selection means 402.
Embodiment 500 includes a cascade arrangement with a NOR gate 502 and an inverter 504.
NOR gate 502 receives clock signals C at a first input and selection signal "Test" at a second
input. A first output of embodiment 500 is connected to a node 506 between NOR gate 502
and inverter 504. A second output of embodiment 500 is connected to the output of inverter
504. If "Test" is low, selection means 402 operates circuit 400 in the sequential mode by
furnishing the proper clock signals C and CBAR. If "Test" is high, selection means 402
supplies a static logic low at its first output and a static logic high at its secc;nd output. This
renders circuit 400 operating in the combinatorial mode.

If there is a hard short to VDD at node 128, and data at input 126 is
kept high, i.e., at VDD, inverter 106 and the hard short at node 128 compete with one another:



Sel ection between normal node and scan node is acconplished through control

si-gnal SE. Wen both signal TS and SE are | ow and sQHERT jve,
the path operates in t he normal node. \Wen signal &Pmcwgm- §|lc scan
node-is inplenented. In both the 5 normal node and thg d4can NR&\?S‘%
f1ipflops 1202-1208 receive conpl ementary £l ock silgrlaizsh NAV S, b
sequential logic circuit. Wien both signal’s TS and SE drgq nade_hi gh
g g

and when the clock is disabled at a low, the path is e transparent as
expl ai ned under Fig. 8 above, thus inplenenting the.test. node—7~At—t

e
expense of an aﬁeﬁétiloapmlsjﬂaaeusa{ownbyshﬁm@cmeht,smdmefshbqbﬁﬂmpeM&b\ﬂddbdeilﬁﬁal
routing of the clock signals this, scan path 1t0 inBI meséfti.ontb\g .rggé)lered
testable in a BRPYEuUraRggmEnt,Lhere is no overwriting of master ?&\% as ipgut 120 is kepf o
still nore att pas! AdBrdifkly) MeGedults PSR tiaPquibloE bFt that is detBstshieinttielDDG
needed to allowTtor the testing in conformty with this invention.

Fig. 13 is a sé&sh flipflop 1300 in accordance with the invention for use in

a_scan path wherein the esti RgiRayQhun R GERA catbebplibd bl 1P 10 8ad S
|

made up of 15 device 100, discussed un er Fig. 1, and a routing device
1302 cont ai ni ngf en geini 1180A similar canoepd carhsrapplidd|tg a twarphase lexel-sensitiveiinflops The

gt oS 90t OShEheHRI5i LTl AR A6 e
devi ce 1302 usedevalndlipfiope conponents as nul tiplexer 902 in Fig. 11.
However, gates Fig. 6 shows a conventional scan chain 600 comprised of a plurality of
flipflops 602, 604, 606, 608 and 610, that are arranged in a cascade between a scan input 612
and a scan output 614, Data at scan input 612 are sequentially clocked through the plurality of
flipflops 602-610 to scan output 614 under clock signal control at clock input 616. As is clear,
scan chain 600 operates in a sequential mode. |
Fig. 7 shows a similar chain 700, now according to the invention and

provided with a selection means 702 functionally merged with the clock signal means.
Selection means 702 has an input 704 for feceiving a selection sighal "Test" to provide either
single-phase mutually complementary clock signals C and CB, or a clock signal C and a fixed-
level voltage signal CB, e.g., a logic high or a logic low. In the latter case, the chain is made
transparent to the data in order to be submitted to the testing as discussed with reference to the
first example. As there is a cascade of only inverter pairs present between input 612 and output
614, the circuit is purely combinatorial and can, in addition, be tested in the voltage test
N method with just two test samples, namely a logic low and a logic high at input 612. Basically,

there is provided a control of transmission gates 112 and 118 independent of the control of

gates 110 and 120.

w

Fig. 8 gives a detailed example 800 of the interconnections in flipflop
606 to clocking lines 802, 804, 806 and 808 common to the plurality of flipflops 602-610 in
chain 700. Now, costs are cut drastically with regard to the example of Fig. 4. In the latter,
each sequential logic circuit, i.e., each flipflop, is provided with a selection means. In Fig. 8,
on the other hand, the selection means is modified to be functionally integrated with the clock
signal means at the expense of an additional inverter 810 per flipflop.

The invention is aimed at scan paths and testing scan paths that
comprise a concatenation of flipflops as discussed above with reference to Figs. 6-8. The
testing of scan paths is considered in further detail below.



904 and 906 in routing device 1302 are not connected to t

(10012
the 20 nultiplexer schenme. Gate 904 coupl es input signal Tﬁpf R0 ¢ 4
bet ween gate 110 and inverter 106 under control of a ¢ontrol signal TC,
t hereby sel ectively shunting gate 110. Gate 906 coupl es}i pEutNOY qgugl [DI
to input 126 of device 100 under control control sjgpal TC. Note
that this inplenentation has the sane and the sanme nunberjo componetit 4
as prior art flipflop 900, and requires only sone re-rout{ng of the signal{

25 wth regard to nmultiplexer 902 of prior art flipflop,.900. .
The normal node data path of‘%*Pi‘ﬁ%’ﬁdﬁﬁﬂplfgfarmméﬁé??ﬁgldpfg’ﬁc?opgmt"ﬂ ma
same as in fldpf it S8CempsePNipRaw!00 of FE 128d #Bo-MRipiater 902 cofitbcia@lal ti nes

are not affected. Furthernore, the clock paths of the f] iq%flop i S not
changed ei t heinputd26.Multiplexer 902 is gomprised aferasmission eatepaing 04 and-306 o sslertingct ed.
Operation is exn im&‘?xﬁl ' f R4E ofitrdl of 2 1 signal SE. Fig.
14 is a further éeegarrp ex\%#Bina@can %gﬁ]ﬂ%%% I n gf:cor gnsé%mvmsth t he

i nventi on wherein the anmuntFigi0 sowdagrier irtscawpatls with a sbualityef flipfleps 40| oy's
o DU 0 g Bogelcs 360 &SR OFibp 86 oE S, il e SHEAR bERF sk
in input SI and a scan-out output SO. Flipflops 1002-1008 receive aforesaid control signal SE,
clock signal C and clock signal CBAR in parallel. -
Fig. 11 is a diagram of a scan flipflop 1100 in accordance with the
invention. Fﬁpﬂop 1100 comprises a 2-to-1 multiplexer 902, similar to the one discussed
o under Fig. 9. Block 606 corresponds to the device discussed under Fig. 8 above. Operation is
explained with reference to Fig. 12.
Fig. 12 shows a first example of a scan path 1200 that comprises a _
plurality of scan flipflops 1202, 1204, 1206, ..., 1208 of the type shown in Fig. 11 to allow for
testing of the path itself, Scan path 1200 is conceptually similar to chain 700 discussed above.

The path is controlled via a clock generator 1210 that receives a
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addi tjienal routing of the clock signals in scan path 120 et-mrrrated
in scan path 1400. Scan path 1400 conprises a plurality pf Si NOV. 1998
flipflops 1402, 1404, 1406, ..., 1408, aII133f the type shownji q‘g 8}_13
and a scan controller 1410. Scan controller” 1410 controls thg des..of

operation of 5 flipflops 1402-1408. Scan controller 1410 gengrates an

out put signal TC that can be control |l ed asynchronously at-—tegre—hrgiras
wel |l as at |ogi . Moreover, it can act as t he cl ock signal
dependent on th 't decoding conditions,_determ ned by clock signal

C, control signal SE and control signal TS. n. bet ween nornal node
and scan node i s acconplished through co ii m l&l"(bntrol si gnal
TS controls the 10 transparency of the scan {2 SE are logic

| ow and the clock is active

1. ~~ A method of testing an electronic device provided with a scan path,
characterized in that the method comprises the steps of:

- making the scan path transparent; and . -
- conducting the testing on the scan path.

& 2, The method of Claim 2, the scan path being formed by a succession of logic
stages, each respective one of the Jogic stages comprising a respective scan flipflop having a
master part with clock controlled master transmission gates and having a slave part with clock
controlled slave transmission gates, the making step comprising coupling a scan input to a
node between the master transmission gates.

3. An electronic device with a plurality of logic stages for functional
collaboration, comprising selection means for selectively operating the plurality of stages to
form either a sequential logic circuit or a combinatorial logic circuit,
characterized in that the logic stages form a scan path and in that each
respective one of the logic stéges comprises: ..
G ‘ - arespective scan flipflop having a master part with clock controlled master
transmission gates and having a slave part with clock controlled slave transmission gates; and
- a respective data routing device connected to the respective scan flipflop for
under control of a control signal either coupling a data input to an input of the master of the
respective flipflop, or coupling a scan input to a node between the master transmission gates.
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ABSTRACT
Testing a sequential logic circuit
An electronic device, with a plurality of logic stages for functional
collaboration, is provided with selection means for selectively operating the plurality of
stages to form either a sequential logic circuit or a combinatorial logic circuit. This

enables conversion of sequential logic circuitry into combinatorial logic circuitry for the

purpose of effective Ippq-testing.
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CLAI M5+ 1. A nmethod of testing an el ectronic devi
wi th a'scan path-:that conprises a sequential logic circuit,

inghat the method conprises the steps of -converting the sqg
circuit reversibly and functionally into a conbinatorial |og
wher eby the scan path becones transparent; and - conducting
the conbinatorial logic circuit. 2. 1 The nmethod ¢

1 cuav°f§§s°

le_testing on j
f Claim1l

wherein the sequential logic circuit conprises a respective

ccan _flin-fl oo
LR o4

having a master papMEMGH ANT® DEVICE FORITE3ITNG 9t SEQUENMTIAD SGGIT gat es and

having a slave part with cl ockoRetiT oNIASSCANPATH r ansmi ssi on gates, a scan
data input being coupled to an input of the master of the respective

flip-flop before said converting; said converting step conpr
the scan data input to a node between the naster

FIELD OF THE INVENTION

i sing coupling

The invention relates to a method of testing an electronic device

provided with a scan path and to an electronic device with a plurality of logic stages for

functional collaboration, comprising selection means for selectively operating the plurality of

stages to form either a sequential logic circuit or a combinatorial logic circuit.

BACKGROUND ART

) ‘To appreciate the invention, this section gives some background
information on logic circuitry, on testing of ICs, and on IDDQ-testing in particular.

Sequential Logic

Logic circuitry can be divided into two classes: combinatorial logic

circuitry and sequential logic clrcmtry A combinatorial logic circuit handles time-independent
signal correlations. That is, the logic state and the output signals of a combinatorial logic '
circuit are solely determined by the instant logic input signals to the circuit. An example of a

combinatorial logic circuit is a plurality of interconnected logic gates. A sequential logic

circuit, on the other hand, takes history into account. The succession of logic states adbpted by

a sequential logic circuit is such that a next logic state is detexmined under combined control

of input signals and the circuit's previous logic state. Within this context, a counter, a shift

register, a master-slave flipflop and a chain of flipflops are typical examples of a sequential

logic circuit.

IDDQ-testing

Systematic and automatic testing of electronic circuitry, and of

integrated circuits in partlcular, has become increasingly more important. Each next generation

of circuits tends to develop ever larger component densities and an ever growing number of

system functionalities. Individual circuits have become complicated to such an extent that

process defects cannot be detected and located anymore save by exhaustive and expensive '

testing. Customers cannot be expected to accept circuitry products that showtime to evaluate

qbor ¥3F- 5
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transm ssi on. gates. 3. An el ectronic device wth a pl urality of
| ogi c "stages-for *functional collaboration, conprising selj @#@QEK@E A

sel:ectively operating the plurality of stages to formeit nti g7
logic circuit or a conbinatorial logic circuit, characterlz d
in that the |logic stages forma scan path and in that eagh rqyge gg

of the logic stages conprises: 13 - a respectiv 3can f |pf %
havi ng a naste | ock controlled master transmjs

having a sl ave p

- a respective d _ -a., e cogp@agmsd to the respective scan
flipflop for. under« coO ontr [ signal either coupling a data input
to an input of the naster of t he respective flipflop, or coupling a scan

i nput to a node between the master transm ssion gates.

w{ Kk controlled sl ave transm sgi on gates; and

L. A method of testing an electromc device provided with a scan path that
comprises & sequential logic circuit, characterized in that the method comprises the steps of -
- converting the sequential logic citcuit revefsibiy and fanctionally into a combinatorial logic
circuit, whereby the scan path becomes transparent; and

- conducting the testing on the combinatorial logic circuit.

2. The method of Claim 1 wherein the sequential logic circuit comprises a
respective scan flip-flop having a master part with clock controlled master transmission gates
and having a slave part with clock controlled slave transmission gates, a scan data input being
coupled to an input of the master of the respective flip-flop before said converting; said
converting step comprising coupling the scan data input to a node between the master
transmission gates.

3. An electronic device with a plurality of logic stages for functional
collaboration, comprising selection means for selectively operating the plurality of stages to
form either a sequential logic circuit or a combinatorial logic circuit,

characterized in that the logic stages form a scan path and in that each
respective one of the logic stages comprises: .

- arespective scan ﬂipﬂép having a master part with clock controlled master
transmission gates and having a slave part with clock controlled slave transmission gates; and

- a respective data routing device connected to the respective scan flipflop for
under cgntrol of a control signal ejther coupling a data input to an input of the master of the
respective flipflop, or coupling a scan input to 2 node between the master transmission gates,
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whe@rein the | ogic stages are coupl ed between bi - di rect
9. A nethod of testing an el ectronic device proyifled with a

sequential logic 5 <circuit, characterized, in that the netheod c&rﬁﬁ\lé&@
- converting the sequential logic circuil4 reversibly and fyngti onal ly |
a conbi natori al logic circuit; - conducting the testiing-
conbi natorial circuit. ABSTRACT '

METHOD AND DEVICE FOR TESTING A SEQUENTIAL LOGIC
' CIRCUIT IN A SCAN PATH

An electronic device has a plurality of logic stages for functional collaboration,
The logic stages are arranged to form part of a scan path. Selection means allow the logic
stages to operate either as a sequential logic circuit in the scan path or as a combinatorial logic
circuit. In use the sequential logic circuit is converted reversibly and functionally into a
combinatorial logic circuit, whereby the scan path becomes transparent, Thereupon testing is
conducted on the combinatorial ¢circuit, ' ' |

Each logic stage comprises a respective scan flip-flop having a master part with
clock controlled master transmission gates and having a slave part with clock controlled slave
transmission gates. A scan data input is coupled to an input of the master of the respective flip-
flop in use as a sequential logic circuit. To use the logic stages as & combinatorial circuit the
selection means couple the scan data input to a nods between the master transmission gates.



