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of functional components and having junction/switch test components in interconnecting

channels between functional components.

FIELD OF THE INVENTION
The invention relates to a method for testing electronic circuitry with a

plurality of functional components interconnected by handshake channels. Testability of

 integrated circuits has been approached in various ways, inter alia as dependent on

circuit technology, fault model, and test provisions that may be present or absent,
physically as well as notionally. Earlier provisions include scan test or LSSD, boundary
scan test, both of these approaching the circuit as a single black box. US Patent
4,656,592 to the same assignee teaches the breaking up of complicated circuits into
partial circuits that maintain mutual synchronization through a handshaking procedure.
This would allow for blockwise testing in such quite specific environment wherein the
partial circuits operate synchronously and only the interaction between the various
circuits is executed via handshakes. Duﬁng development of the present invention it has
occurred that widespread use of handshaking functional components is a preferred
method to keep development of asynchronous circuitry manageable. Given such
asynchronous realization, test generation remains a problem that more or less explodes
exponentially with the size of the circuit, causing rather simple circuits to need an
astronomical number of test patterns and/or test time. The present invention presents a
solution in that it envisages breaking-into and breaking-out from the channels. In
particular, a channel is herein understood to be a point-to-point connection that has an
active port on its first end, and a passive port on its second end. The active/passive
notion relates to activities on the communication protocol level, and not on the data
transfer direction. This means that data may go from the passive port side to the active
port side. By itself, no data transfer need even occur, if the only object of the

communication is, e.g. synchronization.

SUMMARY TO THE INVENTION

Amongst other things, it is an object of the present invention to provide
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dependent on circuit technology, fault nodel, and test pro- visions that
may be present or absent, physically as well as notionally. Earlier

praovi sions include scan test or LSSD, boundary scan test, both of these
approaching the circuit as a single black box. U S. Pat. No. 4,656,592 to
the saneP: ﬂéﬁgé t eaches the breaking ip of conplicated ci r cuiddsl i

partial circuits that maintain nutual synchroni zation through a handshaki ng
procedure. This would allow for blockwi se testing in a quite specific
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0 ot BRSO AL B SR B MBS 09
handshakiangtdofcéf pathreasisiRitblocks that exhibit mutual syrichronization and may .
exchange information.

5 According to one of its aspects, the invention provides a solution as a
method for testing electronic circuitry having a plurality of functional components
interconnected by handshake communication channels channels each channel terminating
at respective functional components by an active port from which a communication is
initiated and a passive port where such communication is é.waited, respectively, said

10 method comprising providing one of said channels with an inbreaking junction thereby

_forming a first test component that at other times than testing just forms part of the in-

channel handshaking, said method comprising bfeaking in via a passive port of said
junction with a first test signalization as an alternative to any in-channel signalization
towards the in-channel passive port of said junction, said first test signalization

15 representing the test signalization for said channel in a test on any component with a
passive port on said channel and inclusive of any channel part between said any
component and said test component. The design-for-testability may be embedded in a
silicon compilation organization as per US Patent 5,005,136, issued April 2, 1991 to the
same assignee that is referred to in particular for corresponding terminology. It has been

20 found that inbreaking via a junction would even in the absence of any data transfer, by
means of a synchronization signal returned, allow for executing a test. If the
synchronization is not retumned, this could signal a failed test. It should be noted that
the present invention would not necessarily comprise the sequence: provide test pattern,
execute test, extract result pattern. Presentation of a test pattern may or may not result

25 in a returned synchronization signal. A result i)attem may emanate from executing a test
by means of a test pattern that had been stored earlier. The test may be a self-test,
wherein control is temporariiy effected locally without external intervention.

More comprehensively, the invention provides a method for testing

electronic circuitry having a plurality of functional compdnents interconnected by

30 handshake communication channels each terminating at respective functional
components by an active port from which a communication is initiated and a passive

port where such communication is awaited, respectively, said method comprising

This Sheet Has Been RTlaced




Is a preferred nethod to keep devel opnent of asynchronous circuitry
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that at other times than testing just form part of the in-channel handshaking, sa1d
method comprising breaking in via a passive port of a first channel’s junction with a
5 first test signalization as an alternative to any in-channel signalization towarcis the in-
channel passive port of said junction, under control of an external control signal to a
control port of a switch on a second channel breaking out therefrom a second test
signalization via an active extra-channel port thereof as an alternative to ahy further in-
channel signalization via any active further port of said second channel’s switch, said
10 first c.q. second test signalization being the test signalization for said first ¢.q. second
channel in a test on any component with a passive port on said first channel c.q.'with
with an active port on said second channel, and inclusive of any channel part between
said components and said test components. Generally, a complicated circuit will need a
plurality of junctions and a plurality of switches. In certain circumstances, one category
15 of the two could be absent; like the junction, a switch could work in isolation: in case
of a test, internal control could produce or not produce the result data at the switch’s
output.
The present invention allows to make the problem simpler by allowing it
to be broken down into parts: insertion of such inbreaking and outbreaking facilities
20 leads to a smaller depth of the state diagrams with respect to testing. It should be noted
that both said first and said second test signalizations may comprise respective
composite signals and/or multibit patterns, and moreover, neither of them need to
contain data inasmuch as either one may comprise only communication primitive
signals. It should be noted that US Patent 4,656,592 does not teach any specifics as to
25 how the test would effectively be executed on the level of the synchronization
primitives. |
Advantageously, the method comprises providing at least one channel
with a switch that in its test signalization is controlled both in test mode for breaking
out of in-channel signalizations within said at least one channel as well as in non-test
30 mode for continuing in-channe! signaliiations. This under non-test situations would
allow for standard functionality. Advantégeously, the method comprises providing at

least one channel with both a junction and a switch as a test component pair thereby
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Thi s means t hat dat.a may go fromthe passive port side to the active port

side. By itself, no data transfer need even occur. if the only object of

the conmunication is, e.g. synchroni- zation . SUMVARY TO THE | NVENTI ON
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an infrastructure for structural testing of handshake circuits at a | ow

| evel of organizational conplex- ity. According to the present
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component pair. By having the span of such concrete test component pairs overlapping
each other, any part of the channel now covered by such overlapping is rendered

5 testable. In particular, apart from wires, the channel may comprise such elements as

buffers or invertors, that are now also rendered testable. The methodology deployed can
be applied on various levels, such as on the board level, within a single chip, as well as
on-chip between blocks of various levels of complexity. Moreover, it can be used as a
partial approach, such as for specifically testing those parts of the circuits that are

10 difficult to control or to observe otherwise,

Advantageously, the invention provides a method for executing a plurality
of tests on respective functional components by presenting to said circuitry an aggregate
test signal including aggregate control signals, extracting therefrom first test
Signalization for inbreaking onto various junctions and also respective external control

15 signals for presentation to various switches and also respective second test signalizations
for breaking out from various switches. This allows for an external access either at a
narrower path width or at a lower amount of data transfer. The organization for a
proper ordering, extraction, aggregation of the various test and control signals may be

| obtained from the organizational structures that are available for handshake circuits,

20 such as for (de)multiplexing, parallel composition, and sequential composition structures
as disclosed in US patent 5,005,136. Additionally, translating tables, hashing technology
and signature generation could be used in various instances. The provision of various
junctions and switches in the circuitry’s communication channels is a direct hardware
mirroring of the design for testability and the test method itself. Moreover, the

25 provision of respective test components can be used in a self-test organization. Self-test
is herein defined in that an aggregate test signal provided from outside is used in
conjunction with various in-circuitry prepresented or prestored test signalizations,
whether explicit or implicit, to execute a plurality of elementary test operations, after
which a plurality of elementary test results are joined, signatured, or otherwise

30 evaluated to signal an overall test evaluation outside the circuitry tested. By itself, such
self-test principle with respect to a static RAM memory has been described in US Serial

752,166 , EP published specification 350,538, to the assignee of the present application,
\—_\*‘ .
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According to one of its aspects, the invention provides a solution as
et hod for testing electronic circuitry having a plurality of functional
onents i nterconnected by handshake communi cation channel s, each
channel teppmn@3978ng at respective functg onal conponents. The 24.11.1992
termnation being at an active port of a functional conponent from which a
comyuni cation is initiated and a passive port of a functional conponent
wherte 5UChh&@%@é@%ﬁt&f‘b%%f@%&é.ed’ respectively. The nmethod provides one
of tihe channels wth an 1hbreaking junction thereby formng a first test
conpgonent that at ti ftds pattivelarlyhaivantegdous of tieeinvemttdn, dor jesting faid elecpanic of
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circuitry having a plurality of integrated circuits, by assigning to any channel crossing

any border between separate integrated circuits a dummy functional component at said
5 border for so at either side of said border creating a separate channel as a respective
one of said handshake channels. If the circuitry consists of more than one separate
_integrated circuit, it is not known in advance what the "neighbour” circuit would be. It
could have the test provisions according to the invention, or not. And even in the
positive case the two channels could have somewhat different protocols on a level that
10 would interfere with the testing, although this would not be the case for standard
handshaking. In particular, the latter provision would allow to execute a boundary or
interconnection test, as an alternative approach to the boundary scan test standard
according to JTAG, now IEEE 1149.1. On another level, the present invention can be
used for test features according to self-test principles at various levels of complexity.
15 According to an advantageous aspect, an integrated handshake circuit for
being testable according to the present invention, comprises a plurality of testable
functional components that are interconnected by handshake communication channels
each terminating at respective functional components by an active communication
initiating port and a passive communication awaiting port, respectively, and at least part
20 of said channels being provided with an inbreaking junction or an outbreaking switch,
thereby forming a set of test components that at other times than testing just form part
of the in-channel handshaking, any said junctions having a first passive channel port for
in-channel initiated communications and a second passive test port for externally
initiated test communications, and a first active channel port for propagating both said
25 types of initiated communications, any said switch having a third passive channel port
for in-channel initiated communications, a second active channel port for in-channel
propagation of these initiated communications and in each one of at least part of said
switches a combination of a third active test port for extra-channel propagation of these
initiated communications and a fourth passive control port for selecting for propagation
30 between said second active channel port and said third active test port, said circuit
furthermore having test control means for breaking in onto any said second passive test

port with said externally initiated test pattern. The testable components may be rendered
e

_ This Sheet Has Been

\ WA




channel signalization towards the in- channel passive port of the

cti onpHNhES.$73 st test signal- izati@n representing the test24,11.1992
nalization for the channel in a test on any conponent with a passive

t on the channel and any channel part between the any conponent and the
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particular a concrete test component pair, may have certain electronic parts in common
5 for thereby reducing hardware overhead.
Advantagedusly, the circuit according to the invention comprises
acknowledge means in at least one functional component for upon completion of a
prespecified test thereon outputting an acknowledge signal as extraneous to standard
channel handshake signals from such functional component. Especially for a repeater
10 functional element to be disclosed hereinafter, such signalization is a time-saving
provision. The acknowledge may now be sent on the channels that are provided for the
standard functions of the circuit.
Various advantageous aspects are recited in dependent Claims.

15 DEFINITIONS
For purpose of illustration, the following definitions apply:

- Handshake circuir: Graph, with channels as edges and handshake components as
nodes, and with an provision for initialization.

- Handshake component: Electronic circuit, that interacts with its environment by

20 communicating along intermediary channels. Each communication is organized
as a handshake. The initiative to coﬁlmunicate may vary per communication. To
illustrate the invention, it suffices to fix initiatives per channel.

- Channel: Bidirectional link of wires between a handshake component and its
environment. To illustrate the invention, it suffices to regard channels as point-

25 to-point connections, with unidirectional wires. The two terminals of a channel
are called ports. '

- Port: Channel terminal in a handshake component. If the component initiates the
communications along the channel, the port is called active. If its environment
takes the initiative, the port is called passive.

30 - Communication, or handshake: Finite sequence of communication events along a
" channel, organized as a handshake protocol, i.e. the initiative for the next event

alternates between the communicating partners.
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a synchroni zation signal returned, allow for executing a test. 3I1f the
synghroni zation is not returned, this could signal a failed test. It should
be’ﬁoted that the present nethod need not necessarily have the sequence:

proyi de t gg{NQ3tIBr N, execute test, extrgct result pattern. Presgni@aidgmn or
a tpst pattern may or may not result in a returned synchronization signal.
A rgsult pattern nay emanate from executing a test by neans of a test
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confrol is tenporari
channel, whlch set is provided with a completion criterion.

As reference model for the soundness and completeness of a test, we use
the notion of test obligations. We assume that a correctness criterion for fabricated
5 handshake circuits is available, and that the environment can detect whether or not the
circuit halts in an initial state.. Testing starts from initialized circuits. Theoretically, it
may be impossible to drive a particular, faulty, circuit to its intended initial state, but
the subsequent behaviour of the circuit will then even more betray such faultiness. The
possibility of a faulty behaviour that is not detected is ignored.

10 - Test obligation: In time partially ordered set of communication events along the
channels of the circuit, possibly with an initiélization event at the end. Test
obligations satisfy the constraint that a correct circuit responds to all events in
the test obligation and terminates in an initial state.

- Test: Set of test obligations, satisfying the two constraints that every test

15 obligation is passed successfully by a correct circuit, and that an incorrect circuit
fails some tést obligation, because it cannot respond to some event therein. This
implies that by itself, a test is a complete set of stimuli and responses for
attaining the object: to know whether or not the fabricated circuit is correct.

- Test suite: Set of tests, representing various possibilities to test the circuit.

20

BRIEF DESCRIPTION OF THE FIGURES
The invention will be described in detail hereinafter, with respect to a
preferred embodiment of which various aspects are shown in the appended Figures
25 according to:
Figure 1 shows a testable circuit according to the invention;
Figure 2 shows two functional components interconnected by a channel;

Figure 3 shows addition thereto of a switch and a junction as two test

components;
30 Figure 4 has them interchanged according to the invention;
Figure 5 shows an electronic circuit for a sequencer handshake
component; —
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nation being at an active port of a Tunctional conponent fromwhich a
nication is ini- tiated and a passive port of a functional conponent
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hannelig aWotfectéhvatshmeht:€aki ng switch thereby form ng a set of test
nents tha at tines other than testing just formpart of the in-
Figure 7 shows a full testability arrangement oP a slightly more
complicated circuit operating as a duplicator;
5 Figure 8 shows a configuration of testability components suited for
boundary or interconnection testing; _
Figures 9a..c show various handshake channel organizations;
Figures 10a..d give four basic handshake components as embodiments;
Figure 11 combines two such components to a duplicator;

10 Figure 12 shows an electronic circuit for a repeater handshake
component;

Figure 13 shows an electronic circuit for a single-read, single-write
variable handshake component;
. Figure 14 shows an optimized version of Figure 4 for use in a preferred

15 embodiment;

Figure 15 likewise shows an optimized version of Figure 7;

Figure 16 shows a full testability arrangement for the siﬁgle-read_, single-
write variable;

Figures 17a, b show a partial testability arrangement for a duplicator

20 chain with an exponential reduction in the test time;

_Figures 18a..c show a slightly different implementation of a duplicator
chain with a linear test time;
Figure 19 shows an efficient implemeniation for the mode of operation as
exemplified by the multiplexer handshake component MIX.

25 In the disclosure, for brevity, external test machinery, the application of
test patterns and any register level implenientation, and also any test evaluation are not
treated in detail inasmuch as such is considered standard art; only the communication
channels and their relation to the testability feature are fully explained, as well as
certain electronic subcircuit components that are either feasible or accessory to such

30 testing. Moreover, the disclosure does not go into the transistor and only little into the

gate level, inasmuch as these levels of realizing electronic circuitry are deemed common

general knowledge.
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the number of channels) renders the number solunonsC &@.O;a?tggns) exponentially
5 larger. In the synchronous scan test approach, the solution reduces the test complexity
by controlling and observing internal points during testing. This involves extra hardware
per point, thus affecting the performance. Test costs and performance'can be tuned by
judiciously choosing the internal points. The resulting circuit has two modes of
operation: a standard mode for the original behaviour, and a test mode. The test
10 approach for handshake circuits has some similarities.

Now, because the key to the testing of a handshake circuit is its
communication behaviour, controllability and observability relate to channels.
Therefore, to test a handshake circuit independently from its environment, an extra
interface for testing is created by inserting testability handshake components in the

15 intermediary channels.

First, Figure | shows a testable circuit according to the invention. The
circuit 100 has four functional components 102..108. For brevity the nature of their
functionalities is not discussed as not relating to the invention proper. The functional
components operate asynchronously and are interconnected by handshake channels

20 110..116 that each have an inbreaking junction/outbreaking switch pair that will be
discussed more in detail hereinafter. In certain situations, a channel may have only a
single test component, either a junction or a switch as is explained hereinafter. In the
Figure, the pairs are symbolized by blocks 120..126 that communicate, bidirectionally if
required, with test control block 128. Circuit 100 communicates for executing its

25 standard functionality with external circuitry, not shown for brevity, along channels
130, 132. The border between circuit 100 and the extemai world is symbolized by
dummy functional components 142, 144 that do not add further functionality. Now,
channels 130, 132, between functional components 106, 108 and their counterpart
dummy components have an inbreaking junction/outbreaking switch pair 134, 136

30 respectively. In the Figure, also external channels 146, 158 have their respective
inbreaking junction/outbreaking switch pair 138, 140, that do not communicate with test

control block 128. For brevity, their own test control block has not been shown. Test
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with a passive port on the first channel and any channel part between such
a cpnponent and the junction. The second test signalization being the test
sighalization for the second channel in a test on any conponent with an
act{ve pomHNIN3t9MW second channel and amy channel part between Q4ch. g9
pongnts and the switch. Generally, a conplicated circuit wll 4 need a
plufality of junctions and a plurality of switches. In certain
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a swtch could work in isolation: in
signal. This may imply test initialization, test patterns, intended result patterns, and any
further control that is necessary. This control can direct which tests or partial tests
should be executed and in what sequence, control the deriving of the test patterns from

5 the overall test signal, the prescription for aggregating the result patterns to an overall

result signal, preprocess control of the result patterns, such as comparing with an
expected result, and various others.

Now, Figure 2 shows two circuits, A and P interconnected by a channel
c. Circuit A is connected to the channel by its active port, shown by a solid dot, circuit

10 P likewise by its passive port, shown by an open dot. Data, if any, may go from left to
right or opposite. The active/passive ports undertake a handshake. Note that data may
be physically on a separate wire (fibre, frequency, etcetera) parallel to the handshaking
channel shown. Alternatively, data itself may carry the handshake protocol. The channel
may be interior to one integrated circuit or interconnect two integrated circuits. Of

15 course, any functional component may have an arbitrary number of ports. Figure 3
shows the extra components S (switch) and J (junction) between handshake circuits A,
P. Switch S is mode-controlled at its passive control input port external to the channel.
Junction J does not need such control. In this set-up, conimunication actions initiated by
circuit A and/or accepted by circuit P can be controlled and observed. Both controlling

20 and observing are done through inbreaking on a first channel with first test
signalizations on an inbreaking junction, and outbreaking at a second channel with
second test signalizations at an outbreaking switch. Such observing and controling
however, by S has only an outbreaking functionality with respect to circuit A, whereas
junction J may be omitted from the view-point of circuit A. Likewise, as seen from the

25 view-point of circuit P, switch S may be omitted.

However, a test using the configuration as shown in Figure 2,.is not
effective for the intermediate channel between switch S and junction J. Therefore,
Figure 4 has switch and junction interchanged. Combined they now consitute a test
component pair that have their test objects overlapping, as regards channel part c. For a

30 specific channel, the choice between both testability configurations is determined by the
fault distribution of the manufacturing process, the desired fault coverage, and the

associated ease of testing. In the following, we mainly concentrate on the configuration
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the channel. The communications on the two passive ports are passed through the single
5 active port, and must not overlap. Furthermore, the channel has switch 24 that has a
passive port in the channel, an external passive mode control port, an active port in the
channel and a second active test port external to the channel. A handshake
communication on the channel is passéd through one of the two active ports as
depending on the mode. In this way all parts of the channel ¢, ¢, cP are controllable
10 and observable during testing. The junction allows for initiating communications
(breaking in), the switch for inteicepting communications (breaking out). If the test
events on ¢? and on ¢, equal those on ¢® and cP respectively, then c¢? and ¢ have the
same capabilities of controlling and observing the circuits A and P as ¢ and cP have,
Often, weaker relations than equality between the in-channel communications and their
I5 test counterparts suffice to obtain these same capabilities.
About test generation, it is noted, that a test which is suitable for a basic
component, will also test the same component in a configuration as shown in Figure 4,
provided that we replace the channel communications by their test-counterparts and that
we set the corresponding switches in test mode before starting. In a configuration like
20 Figure 4, part of this test concerns signals that pass through switches forming part of
the environment. These latter switches are therefore controlled in standard mode. This
procedure may be refined to apply to the more elementary level of test obligations.
Now, abstracting from the testing of the testability components
themselves, the above test procedure easily extends to handshake circuits in general by'
25 successively applying it to all basic components in the circuit. In fact, any composition
of the local test procedures will do, as long as conflicting modes or communications do
not occur simultaneously.
During the test, the testability components alternate between test and
standard mode. It is possible to design them in such a way that their role in the testing
30 of handshake circuits is self-diagnostic: through testing the original circuit, the entire |
organization for testability enhancement is tested automatically.

Figure 5 shows an electronic circuit for a sequencer handshake
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it pairs
one inverted input as indicated by an open circle. Finally, a so-called Muller C-element
5 32 is present. Such element has an output that has been shown twice (w) in the Figure

and can have any number of inputs. Its output changes only if all inputs have the

opposite value of the current output value; otherwise the output remains unchanged.

Figure 6 lists the consecutive stable state combinations when operating in a correct

environment: when activated along channel a, it communicates once along channel b0,
10 and subsequently, once along channel c0, respectively.

Figure 7 shows a full arrangement of test provisions for a slightly more
complicated circuit. Shown are a sequencer 34 that would correspond to the
arrangement of Figure 5, and a mixer 36 that unconditionally directs any
communication initiated on either passive port to its sole active port. This Figure
15 illustrates that testability enhancement according to the invention considerably increases
the number of external channels. This may be a problem for integrated circuits, with
only a couplé of dozens external channels. Partial integration of the test procedure can
reduce the number of additional external channels to only a few, at the price of extra
hardware. Like the testability components, this hardware can have a self-diagnostic role
20 in the testing of the handshake circuit. Complete integration of the test procedures gives
the synchronous equivalence of a circuit with a buili-in seif test, where only the external
channels at the boundary of the circuit remain to be tested separately. The possibility to
have a separate boundary test eases the testing of the interface between the circuit and
its environment.

25 Figure 8 gives a possible configuration of junctions and switches along an
interconnection channel ¢ between two integrated circuits A and P, for example along
channel 130/146 in Figure 1. The path taken during the interconnection test is indicated
by the dotted line. Apart from interconnection channel ¢, no further parts of the two
circuits are involved.

30 In design for testability, test and performance costs can be tuned by
taking larger or smaller structures of handshake components as the basic components.

Generally, such basic component is a cluster of electronic circuitry ndt having the
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bet ween bl ocks of various |evels of conplexity. Mreover, it can be

a pargroeisioappf Fagte 4swggraas for specifically testing those parts of
or to observe ot herw se.

composite structures that combine original handshake components and
inbreaking/outbreaking components: the resulting circuit will be smaller and faster than
the juxtaposed constituents because intermediate channels are superfluous. Also,
combinations with test procedures or elements thereof may significantly reduce the test

problem.

PRELIMINARIES TO A PREFERRED EMBODIMENT
@

10
Initializing a handshake circuit corresponds to making all external input wires
low and waiting a certain amount of time for the circuit to settle in a stable state
that is an initial state for a correctly functioning circuit. The settling time can be
calculated from the circuit. So, the environment knows that the circuit is
15 nominally in an initial state when all the external wires stay low for at least as
long as the settling time.
Channels are point-to-point connections, with unidirectional wires. The initiative
to communicate is fixed per channel. A synchronization channel @ has two wires:
a, from the active port to the passive port, and @, from the passive port to the
20 active port. A data channel has a single synchronization wire, on which data is
‘requested or acknowledged, and a set of wires on which data is communicated.
Data communications are unidirectional and in dual rail encoding, i.e. there are
two wires per bit b, b® for -zero- value, and bl for -one- value, respectively.
The schemes for the channel implementations are given in Figures 9a..c.

25 The following communication events are distinguished:

- set synchronization wire w: wt
- reset synchronization wire w: wi
- set data d: 60 t or b1 ¢ for all data bits b in the set of data wires d;
shorthand notation: d t, or d * vif v is the data value concerned
30 - reset data: b0 ¢ or bl } for all data bits b in the set of data wires d; shorthand

notation: d ¥, ord ¢ vif v is the original data value concerned

-
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I ncl udi ng aggregate control signals, extracting there- froma

at a narrower path width or at a | ower anount of data transfer.

Is co w=1

- w { is complete when w = 0 _

-d t (d t v)is complete when 50 = 1 or b1 = 1, but not both equal to 1, for
all data bits b in d

-d v div) is'complete when b0 = 1 and b1 = |, for all data bits b in d

o A communication is organized as a 4-phase handshake, during which data and
synchronization wires are set and reset, respectively:
ag t;a Y a9 ;a0 3
Herein, a semicolon ’;’ indicates sequential ordering between signals
prespecified and post-specified thereto, respectively. Furthermore, if a is a data
channel, then either q, is the synchronization wire and a, is the collection of data wires,
or vice versa (cf. Figure 9). '
The following programming constructs are used to specify the behaviour
at the ports of a handshake circuit in terms of the above events. Let E range over
arithmetic expressions, and a over port names. We use superscripts to indicate that the

initiative for a sequence of events at a port is internal (.®=active) or external

(.° =passive):

® at° is a shorthand notation for ag *; a; *, and a4 ® for ay +; a; +, where the
initiative is with the environment. Likewise for a4 °?x, a{ °?x, at °1E, and
ai°!E.

L at® is a shorthand notation for agt; a;t, and a4 ® for ag¢; a; ¢, where the
initiative is intemal. Likewise for at®?x, at *?x, at *!E, and at *!E.

There are several ways to compose existing behaviours P, and P,. Here,
we use the operators (in decreasing order of priority ’.*’, SANLELA I L -
defined below. As usual, bracket pairs '(.)’ and '{.]’ are used to escape from priorities
and to clarify the syntactic structure.

° Sequential composition Py; P;: first Py, and then P,.

[ a° is a shorthand for a4 °;a{°, and a®°7x for at°?x;at °?x. Likewise for a°7x,
a®lE, a®, a®?x and 2°!E.
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tained fromthe organi zational structures that are available for

hndshake circuits, such as for (de)nultiplexing, parallel conposition, and
pquent i al conposition structures as dis- closed in U S. Pat. No.

005, 138N Bda73ional |y, translating i@bl es, hashing technol ogy/iangs2
ghature generation could be used in various instances. The provision of
Ari ous junctions and switches in the circuitry's conmuni cati on channel s

5 a di gect mﬁhﬁ@@é&ti%ﬁr@h:i fﬁginﬂgllylthfaeanSi gn for testability and the test
{ .

bt hod itsel f. Moreover, e provrsion respective test conponents can be
sed | nea sepdrafi@<donfyosiach 248t || 0P, meghihs PaSihdiE &gl defined in that an
jgregate test si gnglﬁj’ provi eI(!I ¥ om olu%ts??de id lu?ed In conjunction wth

I i OUS®I N- Cd F QP déhoRiseiyt e PGNA LT, &id HF BSpLdddidsegl ; PR | Where the

initiative for a is external.

at®: Py denotes agt; (Py || 2;1), where the initiative for a is internal.

w
e o

External nondeterminism Py | P,: either Py or P,, as chosen by the

environment __

o Internal nondeterminism E; - Py [J E, - P;: either P, or P;, depending on the
validity of the corresponding boolean expressions E, and E;.

10 An internal variable x of type T is declared as x: var T. Variable
declarations are separated by '&’ symbols. A passive port a for data of type T is
declared as a°?T for inputs, and as a®!T for outputs. An active port a for data of type T
is declared as a®?T for inputs, and as a®!T for outputs. A port a for synchronizations
only is declared as a°® for passive a, and as a® if a is active. Port declarations are

15 separated by ',” symbols. Program constructs for the basic handshake components are of
the form: |

(port declarations). l[variable declarations | PO]]
or, without internal variable declarations:
* (port declarations).P,

20
SOME EXAMPLES OF HANDSHAKE COMPONENTS _

Figures 10a..d give the icons for four basic handshake components: a
sequencer (a), a multiplexer (b), a repeater (c), and a variable (d).
° Sequencer SEQ(a®,b®,c®) in Figure 10a when activated along a subsequently

25 communicates along b and c, respectively. The specification in terms of

communication events is;
SEQ.(a°,b%,c®) =
(a°,b®,c®).*at°:(b%ct*)al%:ci®]
L Multiplexer MIX.(b°,c°,d®) in Figure 10b passes the communications along both

30 band ctod: -
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tlons, whet her explicit or inplicit, to execute a plurality of elenentary
tgst operations, after which a plurality of elenen- tary test reslts are
j 41 ned, signatured, or otherw se evalu- ated to signal an overall test

ejal uat | hdc the circuitry tested. By itself, such self t
pRi nci ngﬁwﬁ?’E\)g]?espect to a static RAM nenory has been descri%sé‘giilr?ga S.

P4L No. 5, 325,367, EP published specification 350,538, to the assignce of
t je present @gﬁ{] Gatd &} _herein incorporated by reference. It is
particularly nt‘%g us of the invention, to test the electronic

cifrcui try havi ng gg° pb Wepl#ftys Vi +PNLEYrAL®ed circuits, by assigning to any
channel crossing any border bef ween separate integrated circuits a dummy
fynctional conponent | c¢t%:dt®; ci®idi -

]

5 ¢ Repeater REP.(a°,b*®) in Figure 10c repeatedly communicates along b, once it is

activated along a:
REP.(a°,b%) =
(a°,b®).at°:*[b*]
° Single-read, single-write, 1-bit variable VAR, ,.(a°,b°) in Figure 10d, stores
10 the last bit value input along @ and sends it on request along b:
VAR, )).(a°,b°) =
(a°!1, b°?7)
'[x: var 1
| *a°?x | b°lx]
15 ]
Figure 11 combines a sequencer and a multiplexer to a duplicator. For

each communication along a, it initiates two communications along d.

SELECTED TEST MODEL
20 As for synchfonous circuits, the correctness criterion for fabﬁcated
circuits is based on a fault model. In the fault models for handshake circuits, faults are
related to erroneous communications, such as the inability to transmit certain va_lues or
to complete a communication (deadlock). In the following we concentrate on deadlocks.
For a 4-phase handshake with dual rail data transmission, a deadlock corresponds to the
25 inability to set or reset some channel wire. Deadlocks also cover faults in internal wires
which can be illustrated at the hand of Figure 5. The intended behaviour is:
*[agt °; bt ®; byt wt; bot ®; by ¢t % 1o aﬂ‘; agt % wi;cob® et
a 4 *] cf. SEQ(a®,b*,c®).

Both the setting and the resetting of internal channel w are followed by some external

30 event: w t by bgt, and w ¢ by cyi. If either of the internal events is disabled, e.g. as

a result of a stuck-at fault on w, then so is the external event a; ¥, thus causing a

deadlock on channel a.
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at t#e border for creating at either side of the border a separate channel
as ajrespective one of the handshake channels. If the circuitry consists of
nor e §t han one separate integrated circuit, it is not known in advance what
t he "Inei ghlRHN 18i9uit woul d be. It coul dghave the test provisions.11.1992
accorfding to the invention, or not. And even in the positive case the two
chanrjel s coul d have sonewhat different pro- tocols on a |evel that would

intedfere with the tesphRa2 showdld &sidetie t:mnﬁt YorLthel bRGE cBMpbhdht msea"ftsﬂ)
stang ?r d h%]sgsf?grlr({U S. %ateln?A aLE’:IuC UISaE)OS tl‘?6e It ?ﬁ&s?rraters)ru?hvalt %‘Ifa(;glr\{\cgcllj ex E'gsrscrerc‘i{
exect pplication y exp
earlier: the absence of event 3, t, and the necessity of initialization to end the
computation and to test ag+.
5 Figure 13 gives a concrete circuit for the basic component
VAR(l,l).(a°,b°), according to Netherlands Patent Application 9000544, corresponding
US Serial 659,805, herein incorporated by reference. By storing the value 0 into the
variable and then reading it, the wires ag0, a,, by and b,0 are tested for stuck-at-0/1
faults, wire qO is tested for stuck-at-1, and ql is tested for stuck-at-0. Storing the value
10 1 and then reading it, tests the wires a5l, b;1 for stuck-at-0/1 faults, q0 for stuck-at-0,
and q!l for stuck-at-1. A complete test is thus obtained by executing both in sequence.
As a result of the dual-rail encoding, it is not necessary to check the received value
against the stored value. Given the above test model, the following tests are suited for
testing the basic components in Figure 10;
15 ® The test suite for SEQ.(a°,b®,c®) contains a single test with a single test
obligation, specified by:
at®:(b°%ct°);al®ci®
e The test suite for MIX.(b°,c°,d®) contains a single test with two test obligations:
bt®:d1°; bi®:di®and c®:dt°; ct®,di°
20 © The test suite for REP.(a°,b*®) contains an infinite number of singleton tests,
such as test, with n>0 complete communications along b.
test, = at *:(b°)"; initialize
L4 The test suite for a variable contains a single test with two test obligations:
a®10; b*?y and a*!1; b*%y

25 Where convenient, we henceforth define a singleton test by giving its single element.

TESTABILITY ENHANCEMENT
For circuits with dual rail data encoding it suffices to test the setting and
resetting of data outputs, unlike circuits with single rail data encoding, where the values

30 are important as well. Also for synchronizations per se, it is sufficient to test for setting

and resetting of synchronization wires. The test interfaces for the inbreaking and

\
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tfon of a boundary or interconnection test, as an alternative approach to
te: boundary scan test standard according to JTAG now | EEE 1149.1. On
apot her level, the present in vention can be used for test features

agcording to | f-test principles at various |evels of conplexity.
cordiprfgl"tl&éf‘ﬁa advant ageous aspect, ¥n integrated hand- shal%kﬁ{i%%t

pst abl e according to the present invention, conprises a plurality of

pst abl e functional conponents that are interconnected by handshake
b muni BERTEYANE Bempenentceanhtherefore hatsimplenthandbp stontlard intgnfacesoishl

brpon N er. [ Lk on bei at_a tl.ve.co Lcation initiating
DI t ofﬁ %ﬁrg 4u%c%"1 éﬁﬁ%%%g’ﬁlgh@nﬁgéreaﬁpge&%eﬂ}?o%gp@ SO t | ng port
t he delintdsithe &dst oajePORE fdr, congnent A v teVinteBaipted arrow delimits the test

trajectory for component P.

OT OO —+

5 ® Breaking into a synchronization channel is done with the following type of

junction:
JUNCTION_ ,.(p;°, p;°, p*) =
(p°p".p*).
*[ps1°:pt % pgt °pt®

10 | pt%:pt®; ptopt®
;o

Note that the myltiplexer MIX.(p,°,p,°,p*) matches this specification.
) Junctions for breaking into data input channels with W bits are specified
by:

15
JUNCTION wy. ®,°, p;°, P*) =
(ps° TW,p,° TW,p*IW). '
l[ X: var W _
| *[pst°?x: pt®ix; pot °7x: p ®ix

20 [p t°7x: pt®Ix; pd °7x: pé ®Ix
]] ]
Junctions for breaking into data output channels with W bits, JUNCTION; w.
(®°,p:°,P"), are specified by:

25 JUNCTION vy - (s°s P;°s p*) =

(0s° 'W,p,°, p*IW). .
l[ x: var W T
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e The mode of operation in the outbreaking components is controlled by a boolean
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ot hgr than testi ng just formpart of the in-channel handshaki ng. Anybggf2 t he

ti ons PEBVilAF7d first passive channelOport for in-channel initildt

ni- cations and a second passive test port for externally initiated
comuni cations, and a first active channel port for propagating both
he types ofportri,f tnd anlintemaiboaleani aniableAn yalse\farcitandard mgde, ang #i¢ pAssi ve

I t f I n- | initiated. ' A . '
nel port 1 apniRegRARORs ol e B TReR R B R SRERRREARA 12, one
in each onghfineRtarkapeédifidpby: of the switches a combination of a third

ve test port for extra.-ch.annoel .
SWITCH(_,_).(as y &y an, 4 ) =

5 | (a*, 2%, a,°? bool, 2°)
[[ t: var bool
| *[ a2t
l-af":[—'t—»asf ® O t—sskip];
| a ¥°:[tsa b ® O t—skip]
10 ]] ]
Switches for breaking out of input channels with 'W bits are specified by:
SWITCHp, w).(3°, 3,°, 2,,°, 2°) =
(a*7W,2,°? W,a,,° ? bool, a°!W).
15 [[ t: var bool
& x: var W
| *[ a2yt
lateIX:[t»a t *7XOta t *IX];
ad *1X:[t=agd *7X0Ota 4 *7]
20 ]] ]
Switches for breaking out of data output channels with W bits are specified by
SWITCH wp-(35°,3,,°,2°) =
(a,*? W,3,* 7 W,a_°7bool,a°IW).
25 _ [[ t: var bool
& x: var W
|2y
|at °ix:[t»a t *tWOt—skip);
ad °Ix:[t=a d ' WOt—skip]
30 ]

ll

Figure 15 gives the counterpart of Figure 7 for the basic components
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pr &dpagation of these initiated comuni cations and a fourth passive control
po for selecting for propagation between the second active channel port
ang the third active test port. The circuit furthernore having a test
cotrol RHNCB.9 breaking in onto any2lsecond passive test pord4. W82 he
extlernally initiated test pattern. The testable conponents may be rendered
teqtable, either directly by neans internal thereto, or indirectly by

tedting t$EQi(at,bf cohnaut MIK. ejofad), irhthsir aomhmmmntas dapbicatdmi Fheeportsr onnent .
At Jother tjnmes, than testi t he test components ust formpart t.he
i n- hanne‘f’“%%§ﬂg¥eﬁ§n ﬁ&ﬁﬁ?%@@ﬁﬁ%‘f%%ﬁ epRrYReite theROTS VR Wﬁ’f&Fé n at
| egst onerehandedst STREMBAde TS EIEP, BT ¥MS tdnaNhadatwih Wek@fdrﬁ%ett@ﬂeﬁthﬁ’ﬁce
of MIX.(b°,c°,d").
5 Figure 16 gives the corresponding counterpart to VAR(I'D.(a_°,b°), with

junctions and switches for data.

TEST GENERATION
A possible test counterpart of SEQ.(a°,b®,c®) in the configuration of

. 10 Figure 15 is:
| (a,@!false || b PMrue || c,V°ltrue); aD°

A possible test counterpart of MIX.(b°,c°,d®) in the configuration of Figure 15 is:

(b, Pofalse || c,Pifalse || d;P*ttrue); bP®; cP*

A test for the complete duplicator of Figure 15 includes the testing of the boundary, i.e.
15 channels a and d,. A possible boundary test is:

(a,@*ttrue || d,P°!false); (a° | (d@1®: d .12 4 *:d 4 )

There are several poséibilities to combine these to a test for the complete duplicator.

L4 An example where the components are successively tested is:

(a,@*tfalse || by ®ltrue || cyVltrue); 2P ;

20 b VMalse || ¢, WValse || d,@*ltrue); b P ; ¢ ;
(@, D%ttrue || d @®false) ; (&, || (d@1® :dgt°;d O dg+°))
® An example where tﬁe tests are interleaved is:

b Dfalse || ¢y V®lrue || dy@°ltrue) ; 5P ;
(a,@°false || byP*rue) ; 2° ;
25 ¢, (DM false ; ¢ ;
@, O°true || d,@*false); (a,® || (O1%: d;1°;dP4% d4°)
Note that the behaviour of all the junctions during these tests cover§ the test obligations
as given for MIX.(.°, .°, .®): the junctions play a self-diagnostic role. This is also true
. for the switches.

30 Testing a handshake component with data in an equally enhanced

configuration is similar. A test for the basic handshake component VAR 1)-(a®,b°) in

Figure 16 is for example: _ K
This Sheet Has

(i i



|

consfitute a test conmponent pair, thereby allow ng both inbreaking and
out bf eaking test facilities for said at | east one channel. Formation of
test} conponent pairs such as the above test conponent pairs raises the
stanflard SHN d3598Bility. 7 In partic@dRar, the testable bl ock34dd.1992
funcfional conponents are clockless on a granularity |evel of a channel
handshake. This neans that either the bl ocks are asynchronously oper-
ating, or (a®falsel bk Fedsed ; faBUENbIBE ;iaf¥211 i bEVPrame that is invisible

on the level of the handshake. If their clocks are
VARIOUS OPTIMIZATIONS
That test application and performance costs can be tuned by judiciously
5 choosing the internal points for testability enhancement, is illustrated using Figures 17
a, b. Without testability enhancement, as in Figure 17a, the number of test events in
this chain of n duplicators is O(2°*!). Insertion of testability provisions half-way down

n+l

the chain, as in Figure 17b, gives a significant exponential reduction to 0(2 %) test

events. .
10 Another solution is shown in Figure 18a, where a new basic component
MIX!.(m°®, b°, ¢°, d*) has been substituted for MIX.(b°, ¢°, d*). The new component
is a composition of the original one with a switch for breaking out of channel ¢ (cf.
Figure 18b). Its behaviour is as follows:
MIXYm®, b°, ¢®, d®) =
IS (m°®bool, b°, c°, d*).
l[ t : var bool
| *[ m°nt
jbt°:dt®;bi°:dt®
lct°®: [~t=>dt® O t - skip]
20 ct®: [~t=>d4® O t — skip]
ﬂ ]
A possible test for MIX'.(m°, b°, c°, d®) that links up nicely with the SEQ.(a°, b®,
¢®)-components in the duplicator is:
25 m®!true; bt® :d1°;bd® :di°; c® : m®false
This validates the following test for the complete chain in Figure 18a:
(m*true || ... | m,*ltrue) at®:d®;a4®; (m,Mfaise || ... || m,*!false)
‘The corresponding number of test events is O(n). |

Because the test language is similar to the programming language, an

30 automatic (partial) integration of the test can be facilitated by the compiler. If, for
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much faster, this boils down to operation in a tine-discrete organization
that is near-anal og as seen fromthe handshake. |If their clocks are nuch
sl ower, the handshake sees the functional conponents as static. Generally,

t he appﬁﬁﬁa}gigy@ of the invention reduges the test to a probl car;plvyi Hbza | ower
measur e of conplexity. Advantageously, the circuit conprises a sélf-test
device for receiving an external activation signal and having a devel opi ng

devi ce for %e el opjng froma provided aggregate test signal, including
cont rolexgrpg al\(l%?é)%ri ous elenmentary test signalizations and control

si gnal i(mﬁlfi!ﬁ-ﬁé |f qQr, “h@\nr utraé) .Oﬂﬁl‘a.ffdlsévﬂ tnc.hﬁfsmna_rggﬂg‘epr recei ving and
aggregating_ various elenmentary result signalizations to an aggregate result
si gnal are built-in, the number of additional external channels is reduced to 2: m ang s. T%e
circuit test reduces to:
5 (s* || m®hrue; at®:d°;alt®; (s* || m®!false)
| A considerable amount of circuitry is added, however.

An alternative solution, with the same advantages, but without the
overhead in circuitry, is to use a single wire to set the circuit in the appropriate mode of
operation (cf. Figure 19). This wire, here referred to as t, is both an external input and

10 an external output of the cifchit, and is routed through all the basic components having
a test mode. This can be done such that, in all handshake components with a test mode,
the events at the output side of t serve as acknowledgement of the events at the input
side of t: '
after the events at the input side of t become observable at the output side of t, the rest

15 of the circuit is set in the appropriate mode before a fixed amount of time has passed.

As for initialization, the amount of time to settle can be calculated from
the circuit. Thus, t can be conceived as a channel with two wires. Here, we take a two-
phase handshake protocol to communicate along t, where t=1 represents the test mode
and t=0 the standard mode of operation. The components with a test mode, i.e. where

20 the behaviour under test is different from the standard behaviour, are slightly changed.
A possible specification for MIX.(t°, b°, c°, d®) is given below.

MIXL(t°, b°, ¢°, d*) = |
(t°, b°, ¢°, d*)
*[ 14°
25 | ede
| bt°:d1® ;bé°:dr®
| cto:t=0-dt*® O t=1 — skip]
cVv:ft=0-d+* O t=1 - skip]
]

30 The test for the complete chain is now:

L ®, 10 , LN o
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ford i nspection outside of the circuit. This allows for a nuch shorter t‘othl
tedt tinme, in that, generally nuch |less commu- nication is required from
thg circuit under test to a test control and/or test evaluation nmachi re It
shqul d bpHNot®€873gai n,t hat the switch Zfntrol and the juncti onl2&yYhdB9dni za-
tidn are directed towards the switch and junction, respec- tively. Switch
syrfjchroni zati on emanates fromthe switch. The transfer direction of data,
hodever, crpyMse either way, in that both the switch and the junction may
redeive as well as transmt data on their extra-channel connections.

Cenft ai n connections may be even bidirectional wih respect to the data

trgnsferred. Advantageously, a junction rran!ﬂmmllr“'ﬁ"ﬂﬁ“mm c part in

1. A method for testing electronic circuitry having a plurality of functional
components interconnected by handshake communication channels each channel
terminating at respective functional components by an active port from which a
communication is initiated and a passive port where such communication is awaited,

5 respectively, said method comprising providing one of said channels with an inbreaking
junction thereby forming a first test component that at other times than testing just
forms part of the in-channel handshaking, said method comprising breaking in via a
passive port of said junction with a first test signalization as an alternative to any in-
channel signalization towards the in-channel passive port of said junction, said first test

10 signalization representing the test signalization for said channel in a test on any
component with a passive port on said channel and inclusive of any channel part
between said any component and said test component.

2, A method for testing electronic circuitry having a plurality of functional
components interconnected by handshake communication channels each terminating at

15 respective functional components by an active port from which a communication is
initiated and a passive port where such communication is awaited, respectively, said
method comprising providing one or more of said channels with an inbreakihg junction
and/or one or more of said channels with an outbreaking switch thereby forming a set
of test components that at other times than testing just form part of the in-channel

20 handshéking', said method comprising breaking in via a passive port of a first channel’s
junction with a first test signalization as an alternative to any in-channel signalization
towards the in-channel passive port of said junction, under control of an external control
signal to a control port of a switch on a second channel breaking out therefrom a second

test signalization via an active extra-channel port thereof as an alternative to any further

25 in-channel signalization via any active further port of said second channel’s switch, said

first c.q. second test signalization being the test signalization for said first c.q. second

channel in a test on any component with a passive port on said first channel c.q. with
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c!ommn wi th sonme channel wi se conti guous functional conponent, and/or a

swi tch may have an el ectronic part in common W th SOne channel wi se
contlguous functi onal conponent. Such set h t he anount of
eixt ra PN B needed. Apart from sh c mmmmmm’ f ic11.0992
conponent, a contiguous junction/switch pair,c i'n perts Cl ar a concrete test

conponent pair, nmay have certain electronic parts in common for thereby
r educiwigh haadiive porovarshidastcond cl@innel, and inclusive of any channel part between

said components and said test components.
3. A method as claimed in Claim 1 or 2, comprising providing at least one
channel with a switch that in its test signalization is controlled both in test mode for

5 breaking out of in-channel signalizations within said at least one channel as well as in
non-test mode for continuing in-channel signalizations.
4, A method as claimed in Claim 1 to 3 for executing a plurality of tests on
respective functional components by presenting to said circuitry an aggregate test signal
including aggregate control signals, extracting therefrom first test signalizations for

10 inbreaking onto various junctions and also respective external control signals for
presentation to various switches and also respective second test signalizations for
breaking out from various switches.

5. A method as claimed in any Claim 1 fo 4, for testing said electronic
circuitry having a plurality of integrated circuits, by assigning to any channel crossing

15 any border between separate integrated circuits a dummy functional component at said
border for so at either side of said border creating a separate channel as a respective
one of said handshake channels and for executing an interconnection test by means of
inbreaking and outbreaking of respective test signalizations on said respective separate
channels pairwise joined by an associated said dummy functional component.

20 6. An integrated circuit that is testable according to a method as claimed in
any of Claims 1 to 5, and comprises a plurality of testable functional components that
are interconnected by handshake communication channels each terminating at respective
functional components by an active communication initiating port and a passive ,

communicating awaiting port, respectively, and at least part of said channels being

provided with an inbreaking junction or an outbreaking switch, thereby forming a set of
test components that at other times than testing just form part of the in-channel
handshaking, any said junctions having a first passive channel port for in-channel
initiated communications and a second passive test port for externally initiated test i
communications, and a first active channel port for propagating both said types of i
initiated communications, any-said sQitch having a third passive channel port for in-

channel initiated communications, a second active channel port for in-channel

propagation of these initiated communications and in each one of at least part of said
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Advant ageously, the circuit according to the invention conprises an
ackhow edge device in at |east one functional component—for—upon conpl etion

of @ prespecified test thereon outputti ng a Lgnal extraneous
to $tandapgpehagnel handshake signals fp E’lﬂmW‘r% orrpqmqqt
Especially for a repeater functional el errent toch IMSCls herei na ter

such signalization is a time-saving provision. The acknow edge may now be

sen{ on t itEﬂé@’l‘cdgz‘?Alﬁ bl £UrErdPAdivE ‘?&? gBeroP Fﬁgﬁ%ﬁﬂxﬁ@f gr hbﬂ%%%h%%hé%é the

cirguit. Various advaniageous aspects recl
DEF{ NI TI Oiftiated communications and a fourth passive control port for selecting for propagation

between said second active channel port and said third active test port, said circuit

furthermore having test control means for breaking in onto any said second passive test
5 port with said externally initiated test pattern.

7. An integrated circuit accordirig to Claim 6, and wherein at least one

channel comprises both a junction and a switch that together constitute a test component

pair, thereby allowing both inbreaking and outbreaking test facilities for said at least

one channel.

10 8. An integrated circuit as claimed in Claim 6 or 7 and comprising a further
channel terminating in a dummy functional component for attachment to a further inte-
grated circuit and said further channel being provided with a junction and a switch as a
test component pair.

9. | A circuit as claimed in any of Claims 6 to 8, and comprising self-test

| 15 means for receiving an external activation signal and having developing means for
developing from a provided aggregate test signal including control signal various
elementary test signalizations and control signalizations for said junctions and switches,
and for receiving and aggregating various elementary result signalizations to an
aggregate result signal for inspection outside said circuit.

20 10. A circuit as claimed in any of Claims 6 to 9, and wherein at least one.
junction has an electronic part in common with some channelwise contiguous component
and wherein at least one switch has an electronic part in common with some

channelwise contiguous component.

-_
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cireuift: Gaph, with channel s as edges and handshake conponents as nodes,
and wigth a provision for initialization. Handshak conponent: El ectronic

circuift, thegNiteracts with its environngnt by comunicating alxng 1992
i nterrjedi ary channel s. Each communi cation is organi zed as a hand- shake.

For pyrpose of illustration, the follow ng definitions apply: Handshake :

The iditiative to communicate may vary per com nunication. To illustrate
the ifdventi @S:FR' hoguffices to fix initiatives per channel. Channel:
Bi dirdcti ona of wires between a handshake conponent and its

envi r gnnentA niahad fargestmgent ineegratedbcircuitry and an integrated circuit having a plurality
of functional components and having junction/switch test components in interconnecting

channels between functional components.

The invention proposes a testing method and associated arrangement for

electronic circuitry that combines functional components that are interconnected by

handshake channels. Various of such channels are now provided with an inbreaking
junction and an outbreaking switch as a test component pair. The junction has two

5 passive ports and one active port. The switch has one passive port and two active ports
that are selected through a passive control port. In this wéy inbreaking into an
outbreaking from the channel is rendered feasible. Now inbreaking is done on a first
channel, and outbreaking on a second channel, so that thereby all components are tested

that lie between the first channel’s junction and the second channel’s switch.

—_—
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n, it suffices to regard channels as point-to-point con- nections~wth

f:directional wires. The two termnals of a channel are called port

t: Channel termnal in a handshake conponent. |If the conponent
tiates the conmunications along the chan- nel, the port  is called
ive. If its environnment takes the initiative, the port is called

pagsi ve. Communi cation, or handsha!z Fi nite sequence of commu- nication

bnt s al ong a channel, organi zed handshake protocol, i.e. the
tiative for the next gi@nt al ternates between the conmuni cating

fes of a channel, which set is provided with a

paftne%sa—Gbnnun+eém44uhiu%wmq-ékn—4ML4H;ans+L+ons—aLong—Pne or nore of the
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conpleti&n criterion. 9 As reference nodel for the soundness and

conpl etepess of a test, we use the notion of test obligations. W assune
that a cprrectness criterion for fabricated handshake circuits is
avai l abl g, and that the environment can detect whether or not the circuit
halts infan initial state. Testing starts frominitialized circuits.
Theoretifally, it may be inpossible to dg@g{ a particular, faulty, circuit
toits ihtended initial state, but the s guent behavi or of the circuit
will theh even

Cpt Cut
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nore betray such faultiness. The possibility of faulty behav- ior that is
not, :detected is ignored. Test obligation: In tinme partially ordered set of
conmuni - cation events along the channels of the circuit, possibly with an
initlialization event at the end. Test obligations satlsfy t he constraint
that a correct circuit responds to all events in the test obligation and
termnates in an initial state. Test éset of test obligations, satisfying
theitwo constraints that every test obligation is passed successively by a
corfect circuit, and that an incorfect circuit fails some test obligation,
because it cannot respond to sone dvent therein. This inplies that by
itself, atest is a conp“fqﬁ set

(2)

qu

s FIG.7

FI16.8
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of $timuli and responses for attainingthe object to know whet her of not the
fabysicated circuit is correct. Test suite: Set of tests, representing

varj ous possibilities to test the circuit. BRI EF DESCRI PTI ON OF THE

FI QJRES The invention will be described in detail hereinafter, with respect
to preferred enbodi nent of which various aspects are shown in the
appended Fi gures according to: FI G[E{’lgshows a testable circuit according to
thef i nvention; FIG 2 shows two fu onal conponents interconnected by a

cha§nne| Fl G shoys addition thereto of a swi tch@@and a junction as two
tes’t co ne _ AL {p
: H — (rC : u ()

b ® »-0 —

uUU

N7
\@P/

C W—<tep) —/>

F16.9

F16.10
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FI G 34 has theminterchanged according to the invention; FIG 5 shows an

el ecronic circuit for a sequencer hand- shake conponent; FIG 6 lists the
consdcutive state conbi nations therein when operation in a correct

envi gonnment; FIG 7 shows a full testability arrangenent of a slightly nore
conplicated circuit operating as a duplicator, 10 FIG 8 shows a
confiEguration of testability conpon%?yg suited for boundary or
integconnection testing;

it

T e X
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001 - +
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9a-c show various handshake channel organiza- tions; FIGS. 10a-d give
f our§ basi ¢ handshake conponents as enbodi nents; FIG 11 conbines two such
nents to a duplicator; FIG 12 shows an electronic circuit for a

co
repeht er hand- shake conponent; FIG 13 shows an electronic circuit for a
singl e-read, single-wite variable handshake conponent; FIG 14 shows an

1 zed version of FIG 4 for useﬁzrga preferred enbodinent; FIG 15
i se shows an optim zed version“of*FIG 7; FIG 16 shows a full"
testability arrangenent for the

& Ctp\\
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ngl e-read, single-wite variable; FIG 17a, b show a partial testability
rangenent for a duplicator chain with an exponential reduction in the

St time; FIGS. 18a-c show a slightly different inplenentation of a
plicator chain with a linear test tinme; FIG 19 shows an efficient

| ementation for the node of operation as exenplified by the nultiplexer
ndshake conponent M X. DESCRI PT] OF THE PREFERRED EMBODI MENTS I n the

§ sclosure, for brevity, external® test rra?dn nery, tmz application of test
tterns Qr,lﬂlany register level inplenerby ) b

l
\
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tation, and al so any test evaluation are not treated in detail inasnuch as
such is considered standard art; only the communication channels and their
relation to the testability feature are fully explained, as well as certain
el ectronic subcircuit conponents that are either feasible or accessory to
such testing. Mreover, the disclosure does not go into the transistor

| evel and only slightly into thegy& | evel , inas- nmuch as these |evels of
realizing electronic circuitry are deenmed conmon general know edge. 11

F16.18
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'ACKGRCUND PHI LOSOPHY As for synchronous circuits, the problemof finding
ests for arbitrary handshake circuits is a conpllcated probl em i ncreasing
he size of the probl em (such as the nunber of channels) renders the nunber
f solutions (e.g. patterns) exponentially larger. In the synchronous scan
est approach. the solution reduc the test conplexity by controlling and
bserving internal points durln iéstlng Thi s involves extra hardware per
oint, thus affecting the performance. Test costs and performance can be
uned by judiciously choosing the internal points. The resulting circuit

as two nodes of operation: a standard node for the original behavior, and
test node. The test approach for handshake circuits has

e
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I nvention proper. The function onents operate asynchronously and, are

i nt er connecoffunstional rooipeRents Aag hé‘flgg iungtion/switch teshgpm@apgnts in interconneating
channels between functional components. REPLACEMENT SHEET
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'FIELD OF THE INVENTION

The invention relates to a method for testing electronic circuitry with a

plurality of functional components interconnected by handshake channels. Testability of
integrated circuits has been approached in various ways, inter alia as dependent on
circuit technology, fault model, and test provisions that may be present or absent,
physically as welllas notionally. Earlier provisions include scan test or LSSD, boundary
scan test, both of these approaching the circuit as a single black box. US Patent
4,656,592 to the same assignee teaches the breaking up of compliéated circuits into
partial circuits that maintain mutual synchfdnization through a handshaking procedure.
This would allow for blockwise testing in-such quite specific environment wherein the
partial circuits operate synchronously and only the interaction between the various
circuits is executed via handshakes. During development of the present invention it has
occurred that widespread use of handshaking functional components is a preferred
method to keep development of asynchronous circuitry manageable. Given such
asynchronous realization, test generation remains a problem that more or less explodes'
- exponentially with the size of 'the circuit, causing rather simple circuits to need an
astronomical number of test patterns and/or test time. The present invention presents a
solution in that it envisages breaking-into and breaking-out from the channels. In
particular, a channel is herein understood to be a point-to-point connection that has an
active port on its first end, and a passive port on its second end. The active/passive
notion relates to activities on the communication protocol level, and not on the data
transfer direction. This means that data may go from the passive port side to the active

port side. By itself, no data transfer need even occur, if the only object of the

communication is, e.g. synchronization. | : . This Sheet Has Beenlieﬂlilced
SUMMARY TO THE INVENTION

Amongst other things, it is an object of the present mvennon to provide
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have an i nbreaki rg—j-unction/outbreaki ng switch [pREPLACEMENT SHEETE
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nore in detail hergin ftﬁr. In certain situatidnsg;
a single test conp as laged j 'unction or |als 'éch as_is ¢xplained
hereinafter. In th ui iﬂai rs are synbdli z\é\éi bE/E%ﬂB%?(s 120 ... 126
t hat communi cat €, bi if reqyired, fwilth fest con- | bl ock

128. Circuit 100 communi cates for executing itd standard functiofality with
external circuitry, not shown for brevity, alon 2. The

bor der bet i rcuit. 100 and,th Id.is.syaholized by d
Pomas” | Dot Tlisstonshite fof 3ipu Ot hAFing S HaR@na birflits e RIBROILESE PY UMy
Now, channglgsniatbnaBlomplekitp.eAcdordia itoHivd present eRvitGNhent Wkandidke aiduittiei r

counterpart “du components | o - o
a network of asynchronous circuit blocks that exhibit mutual synchronization and may

di scussed

exchange information.

According to one of its aspects, the invention provides a solution as a
method for testing electronic circuitry having a plurality of functional components
interconnected by handshake communication channels channels each channel terminating
at respective functional components by an active port from which a communication is
initiated and a passive port where such communication is awaited, respectively, said
method comprising providing one of said channels with an inbreaking junction th_ereby
forming a first test component that at other times than testing just forms part of the in-
channel handshaking, said method comprising breaking in via a passive port of said
junction with a first test signalization as an alternative to any in-channel signalization
‘towards the in-channel passive port of said junction, said first test signalization
representing the test signalization for said channel in a test on any component with a
passive port on said channel and inclusive of any channel part between said any
component and said test component. The design-for-testability may be embedded in a
silicon compilation organization as per US Patent 5,005,136, issued April 2, 1991 to the
same assignee that is referred to in particular for corresponding terminology. It has been
found that inbreaking via a juhction would even in the absence of any data transfer, by
means of a synchronization signal returned, allow for executing a test. If the
synchmniiation is not returned, this could signal a failed test. It should be noted that
the present i:ﬁvention would not necessarily comprise the sequence: provide test pattern,
execute testf,' extract result pattern. Presentation of a test pattern may or may not result
in a returned synchronization signal. A result pattern may emanate from executing a test
by means of a test pattern that had been stored earlier. The test may be a self-test,
wherein control is temporarily effected locally without external intervention.

More comprehensively, the invention proVideS a method for testing
electronic circuitry having a plurality of functional components interconnected by
handshake communication channels each terminating at respective functional
components by an active port from which a communication is initiated and a passive

port where such communication is awaited, respectively, said method comprising
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12 have an inbreaki ng junction/out breaking swi t ch RERLACEMENT SHEET
respectively. In the Figure, also external channel '§"'I'ZIB" “I78trave it hei r
respective inbreaking junction/outbreaking sw tdgh EQ éf,o tthat do
not comuni cate with test control block 128. For t_re é tﬁ own test
control block has not been shown. Test comtrol HI d vdsifromt he
external world (test machine) an aggregate test |signal. This may ifnply test
initialization, test patterns, intended result patterns,—amd—any—further

control thgloiding 9hE S Hdre of 1aidi channels with an inbreaking junction and/or one

or moIc

of said channels with an outbreaking switch thereby forming a set of test.components:
that at other times than testing just form part of the in-channel handshaking, said
method comprising breaking in via a passive port of a first channel’s junction with a
first test signalization as an alternative to any in-channel signalization towards the in-
channel passive port of said junction, under control of an external control signal to a
control port of a switch on a second channel breaking out therefrom a second test
signalization via an active extra-channel port thereof as an alternative to any further in-
channel signalization via any active further port of said second channel’s switch, said
first c.q. second test signalization béing the test signalization for said first c.q. second
channel in a test on any component with a passive port on said first channel c.q.. with
with an active port on said second channel, and inclusive of any channel part between
said components and said test components. Generally, a complicated circuit will need a
plurality of junctions and a plurality of switches. In certain circumstances, one category
of the two could be absent; like the junction, a switch could work in isolation: in case
of a test, internal control could produce or not produce the result data at the switch’s
output. ' |

The present invention allows to make the problem simpler by allowing it
to be broken down into parts: insertion of such inbreaking and outbreaking facilities
leads to a smaller depth of the state diagrams with respect to testing. It should be noted
that both said first and said second test signalizations may comprise respective
composite signals and/or multibit patterns, and moreover, neither of them need to
contain data jnasmuch as either one may comprise only communication primitive
signals, It sﬁould be noted that US Patent 4,656,592 does not teach any specifics as to
how the test would effectively be executed on the level of the synchronization
primitives.

Advantageously, the method comprises providing at least one channel
with a switch that in its test signalization is controlled both in test mode for breaking
out of in-channel signalizations within said at least one channel as well as in non-test
mode for continuing in-channel signalizations. This under non-test situations would
allow for standard functionality. Advantageously, the method comprises providihg at
least one channel with both a junction and a switch as a test component pair thereby'
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control can direct which tests or partial tests slgeputgmmx%e—ﬁi and in
what sequence, control the deriving of the test overal |
test signal, the prescription for aggregating -tre rgig atter hs.to an
overall result signal, preprocess control of the ng, | such as
conparing with an expected result, and va#i ous @t S Now. FI G p shows
two circuits, A and P interconnected by a channg¢l c. Crcuit Alis connect ed
to the channel by its active port, shown by a s&td—dotr—eitcuit P |ikew se
by its passil®idgObdth isdteaiing ¥n@BudpERindOiest fRailities Fdr fysaidray legst dneom | ef t
to right or opposite, The active/passive ports undertake a handshake. Note
that data ehgnnsb GeRtiEueHs jupchen &"‘gé‘ﬁéﬂbﬂ@wvﬁoﬂémmel peencrate Qﬁ@gb‘i?}?&l Bftcet era)

parallel t %o;n%nent pair. By having the span of such concrete test component pairs overlapping

w

each other, any part of the channel now covered by such overlapping is rendered
testable. In particular, apart from wires, the channel may comprise such elements as
buffers or invertors, that are now also rendered testable. The methodology deployed can
be applied on various levels, such as on the board level, within a single chip, as well as
on-chip between blocks of various levels of complexity. Moreover, it can be used as a
partial approach, such as for specifically testing those parts of the circuits that are
difficult to control or to observe otherwise.

Advantageously, the invention provides a method for executing a pluraﬁity
of tests on respective functional components by presenting to said circuitry an aggrégate
test signal including aggregate control signals, extracting therefrom first test
signalization for inbreaking onto various junctions and also respective external control
signals for presentation to various switches and also respective second test signalizations
for breaking out from various switches. This allows for an external access either at a
narrower path width or at a lower amount of data transfer. The organization for a
proper ordering, extraction, aggregation of the various test and control signals may be
obtained from the organizational structures that are available for handshake circuits,
such as for (de)multiplexing, parallel composition, and sequential composition structures
as disclosed in US patent 5,005,136, Additionally, translating tables, hashing technology
and signature generation could be used in various instances. The provision of various
junctions and switches in the circuitry’s communication channels is a direct hardware
mirroring ofi the design for testability and the test method itself. Moreover, the
provision of respective test components can be used in a self-test organization. Self-test -
is herein defined in that an aggregate' test signal provided from outside is used in
conjunction with various in-circuitry prepresented or prestored test signalizations,
whether explicit or implicit, to execute a plurality of elementary test operations, after
which a plurality of elementary test results are joined, signatured, or otherwise
evaluated to signal an overall test evaluation outside the circuitry tested. By itself, such
self-test principle with respect to a static RAM memory has been described in US Serial
752,166 , EP published specification 350,538, to the assignee of the present application,
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handshaki ng . Fnatively, data it§

handshake pr ot geQhee Hit@eaitapaRA My be interior t¢ BERLAGEMENA:: cuit or
i'nt erconnect t ircuits. O course, gny runctrtonal c onent
may have an arb ‘ ul‘of ports. FIG 3 shoys 3997) opents S
(switch) and [e l im bet ween han¥ishake ci rcur?sep(éé Swiitgh S is
node-controlled at its passi ve control input port {ex channel
Junction J does not need such control. In this set]-up,

actions i nhefeat mdotppraed byirefeﬁemad/or accepted by TITTUIT P can be

controll ed and obser\[fed Bot h rolli L(r:; ét'ntg obser,vin ara don aqihrougc

i nbreaking on a firs ? vaniagepus; ofstfie dnVeRtien., OF {IeSHEE Sald glectron

i nbr eaki ngcirk\ﬂﬁ&iﬂiﬁ}rngai‘ﬁlu%h? S aifle Pl c1?cu§t§,09f'gss?§iﬁﬁg‘?d any channel crossing
any border between separate integrated circuits a dum-my functional component at said
border for so at either side of said border creating a separate channel as a respective
one of said handshake channels. If the circuitry consists of more than one separate
integrated circuit, it is not known in advance what the "neighbour” circuit would be. It
could have the test provisions according to the invention, or not. And even in the
positive case the two channels could have somewhat different protocols on a level that
‘would interfere with the testing, although this would not be the case for standard
handshaking. In pafticular, the latter provision would allow to execute a boundary or
interconnection test, as an alternative approach to the boundary scan test standard
according to JTAG, now IEEE 1149.1. On another level, the present invention can be
used for test features according to self-test principles at various levels of complexity.

According to an advantageous aspect, an integrated handshake circuit for
being testable according to the present invention, comprises a plurality of testable
functional components that are interconnected by handshake communication channels
each terminating at respective functional components by an active communication
initiating port and a passive communication awaiting port, respectively, and at least part
of said channels being provided with an inbreaking junction or an outbreaking switch,
thereby forming a set of test components that at other times than testing just form part
of the in-channel handshaking, any said junctions having a first passive channel port for
in-channel injtiated communications and a second passive test port for externally
initiated testicommunications, and a first active channel port for propagating both said
types of initiated communications, any said switch having a third passive channel port
for in-channel initiated communications, a second active channel port for in-channel
propagation of these initiated communications and in each one of at least part of said
switches a combination of a third active test port for extra-channel propagation of these
initiated communications and a fourth passive control pbrt for selecting for propagation
between said second active channel port and said third active test port, said circuit
furthermore having test control means for breaking in onto any said second passive test
port with said externally initiated test pattern. The testable components may be rendered
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with second test signalizations at an outbreaki nd REPLACEMENTCSHEEIS¢r vi ng
and control ling however, by S has only an outbredgki furrctTomatty with
respect to circuit A whereas junction J may be Cm't'éfg Eé@ﬁ?e Vil ew poi nt
of circuit A Likew se, as seen fromthe view poijnt Pi switch S
may be omtted. 13 However, a test usiflg the dorfiguration aslshown in
FIG 2, is not effective for the i nt er medi ate chdnnel between swit¢h S and
junction J. Therefore, FIG 4 has switch and : :

electronic part in common with some channelwise contiguous functional component.

Such set-up would diminish the amount of extra hardware needed. Apart from such
communality with a functional component, a contiguous junction/switch pair, in
particular a concrete test component pair, may have certain electronic parts in common
for thereby reducing hardware overhead.

Advantageously, the circuit according to the invention comprises
acknowledge means in at least one functional component for upon completion of a
prespecified test thereon outputting an acknowledge signal as extraneous to standard
channel handshake signals from such functional component. Especially for a repeater
functional element to be disclosed hereinaftex_', such signalization is a time-saving
provision. The acknowledge may now be sent on the channels that are provided for the
standard functions of the circuit.

Various advantageous aspects are recited in dependent Claims.

DEFINITIONS
For purpose of illustration, the following definitions apply:

- Handshake circuir: Graph, with channels as edges and handshake components as
nodes, and with an provision for initialization.

- Handshake component: Electronic circuit, that interacts with its environment by
communicating along intermediary channels. Each communication is organized
as a handshake. The initiative to cofnmunicate may vary per communication. To
illustrate the invention, it suffices to fix initiatives per channel.

- Char’_zhel: Bidirectional link of wires between a handshake component and its
environment. To illustrate the invention, it suffices to regard channels as point-
to-point connections, with unidirectional wires. The two terminals of a channel
are called ports.

- Porr: Channel terminal in a handshake component. If the component initiates the
communications along the channel, the port is called active. If its environment
takes the initiative, the port is called passive.

- Communication, or handshake: Finite sequence of communication events along a

channel, organized as a handshake protocol, i.e. the initiative for the next event

alternates between the communicating partners.
' Sheet Has Been Replaced
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junction interchanged. Conbi ned they now constji tREPEAGEME%ﬁt SKLETPgnent pair
that have their test objects overl apping, as. rfeg aft c. For a
speC|f|c channel , the choice between both testatlllty configufaffions is
determined by the fault distribution of the mdndf Eﬂgﬂﬁ?o e§s, the
desired fault coverage, and the associ at e¥ eade [of testing. | he
follow ng, we nainly concentrate on the confi uration shown in FIG 4. Now,
the sequence of lines [err] represents the ori -
circuits A-and Rommunitarnodvenndet of tremsitions alongions opmoz2of Het wiresoba

passi ve test por n, t h hannel t Q external to the
channel , and an© r}e{,ewﬁlgﬁtseq i Wﬂ%‘aﬁ(ﬂ ﬁeq co'?ﬁlghg'gﬁﬂ'{? *cations on the two
passive ports are pasgefférBhcUfibdél8r the soundness and completeness of a test, we use

the notion of test obligations. We assume that a correctness criterion for fabricated

handshake circuits is available, and that the environment can detect whether or not the

circuit halts in an initial state. Testing starts from initialized circuits. Theoretically, it

may be impossible to drive a particular, faulty, circuit to its intended initial state, but
the subsequent behaviour of thé circuit will then even more betray such faultiness. The
possibility of a faulty behaviour that is not detected is ignored.

- Test obligation: In time partially ordered set of communication events along the
channels of the circuit, possibly with an initialization event at the end. Test
obligations satisfy the constraint that a correct circuit responds to all events in

| the test obligation and terminates in an initial state.

- Test: Set of test obligations, satisfying the two constraints that every test
obligation is passed successfully by a correct circuit, and that an incorrect circuit
fails some test obligation, because it cannot respond to some event therein. This
implies that by itself, a test is a complete set of stimuli and responses for
attaining the object: to know whether or not the fabricated circuit is correct.

- Test suite: Set of tests, representing various possibilities to test the circuit.

BRIEF DESCRIPTION OF THE FIGURES
The invention will be described in detail hereinafter, with respect to a

preferred erﬁbodiment of which various aspects are shown in the appended Figures
according to: '

Figure 1 shows a testable circuit according to the invention;

Figure 2 shows two functional components interconnected by a channel;

Figure 3 shows addition thereto of a switch and a junction as two test
components; |

Figure 4 has them interchanged according to the invention;

Figure 5 shows an electronic circuit for a sequencer handshake

component; _ T
This Sheet Has Been
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single active port, and nust not overlap. Furt eﬁfﬂA@EMEme S¢‘IEEFm | has
switch 24 that has a passive port in the channél -3 al~ pabsi ve node
control port, an active port in the channel anq 3 seco vé test port
external to the channel. A handshake comuni catli dn &8 i s passed .
through one of the two active. ports as dependi
all parts of the channel [err] -are control | abj e and observabl e lduri ng
testing. The junction allows for initiating co €aki ng in),

th itch f i nt ti . i cati. C ke I
evgntslvI ofl ['e?:] | gngr geﬁg'frg% lﬁggﬁuﬁrg"g%gbgggtﬁ e[béc?-f;i\%ﬁh ?&L&e v{rlheeglp Ctl vgl Y,
then [err]; rﬁﬂ@:o[-r%étr&nvlﬂ%hﬁ\ehge same capabilities of cont rolling and

observing the circuits A and P as [lerr] and [err]
Figure 7 shows a full testability arrangement of a slightly more

complicated circuit operating as a duplicator;

Figure 8 shows a configuration of testab111ty components smted for
boundary or interconnection testing;

Figures 9a..c show various handshake channel organizations;

Figures 10a..d give four basic handshake components as embodiments;

Figure 11 combines two such components to a duplicator;

Figure 12 shows an electronic circuit for a repeater handshake
component;

Figure 13 shows an electronic circuit for a single-read, single-write
vanable handshake component;

Figure 14 shows an optxm1zed version of Figure 4 for use in a preferred
embodiment;

Figure 15 likewise shows an optimized version of Figure 7;

Figure 16 shows a full testability arrangement for the single-read, single-
write variable;

Figures 17a, b show a partial testability arrangement for a duplicator
chain with an exponential reduction in the test time;

Figures 18a..c show a slightly different 1mplementat10n of a duplicator
chain with a linear test time;

~{ Figure 19 shows an efficient implementation for the mode of operation as
exemplified’ by the multiplexer handshake component MIX.

In the disclosure, for brevity, external test machmery, the apphcatmn of
test patterns and any register level implementation, and also any test evaluation are not
treated in detail inasmuch as such is considered standard art; only the communication
channels and their relation to the testability feature are fully explained, as well as
certain electronic subcircuit components that are either feasible or accessory to such
testing. Moreover, the disclosure does not go into the transistor and only little into the

gate level, inasmuch as these levels of realizing electronic circuitry are deemed common

eneral knowledge.
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O‘ten weaker relations than equality betwe

comuni cations and their test counterpart-s suf- f c'!aEP!-ACEMﬁNJ ﬁHEHese same

capabilities. About test generation, it.is noted,
suitable for a basic conponent, will also test t
configuration as shown in FIG 4, providdé that

comuni cations by their test- counterparts and t

tihhat a test whilch i s
agw® nt} ijn a
r epl agg tEe?ck

annel

correspondi ng switches in test node before startijng. In a éonfigur tion

“like FIG

BAQKGROUNDIPBIDGSOPHYNCer ns signal s that pass tnrougn sw tches

formi ng part of the environnment. These latter switches are therefore

controlled in standafd eba¥IchIonous Girguist the PrRBjem of fndingctgsts O‘éfﬁt?FWo t he
more el emeﬂﬁr?cfs“all C4Fuifis a'cBifplicated problem: increasing the size of the problem (such as

the number of channels) renders the number of solutions (e.g. patterns) exponentially
larger. In the synchronous scan test approach, the solution reduces the test complexity
by controlling and observing internal points during testing. This involves extra hardware
per point, thus affecting the performance. Test costs and performance can be tuned by
judiciously choosing the internal points. The resulting circuit has two modes of
operation: a standard mode for the original behaviour, and a test mode. The test
approach for handshake circuits has some similarities. |

Now,' because the key to the testing of a handshake circuit is its
communication behaviour, controllability and observability relate to channels.
Therefore, to test a handshake circuit independently from its environment, an extra -
interface for testing is created by inserting testability handshake components in the
intermediary channels.

First, Figure | shows a testable circuit according to the invention. The
circuit 100 has four functional components 102..108. For brevity the nature of their
functionalities is not discussed as not relating to the invention proper. The functional
components operate asynchronously and are interconnected by handshake channels
110..116 that each have an inbreaking junction/outbreaking switch pair that will be
discussed more in detail hereinafter. In certain situations, a channel may have only a
single test component, either a junction or a switch as is explained hereinafter. In the
Figure, the pairs are symbolized by blocks 120..126 that communicate, bidirectionally if
required, wi_t:h test control block 128. Circuit 100 communicates for executing its
standard functionality with external circuitry, not shown for brevity, along channels
130, 132. The border between circuit 100 and the external world is symbolized by
dummy functional components 142, 144 that do not add further functionality. Now,
channels 130, 132, between functional components 106, 108 and their counterpart
dummy components have an inbreaking junction/outbreaking switch pair 134, 136
respectively. In the Figure, also external channels 146, 158 have their respective
inbreaking junction/outbreaking switch pair 138, 140, that do not communicate with test
control block 128. For brevity, their own test control block has not been shown. Test
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control block 128 receives from the external world (test machine) an aggregate test

signal. This may imply test initialization, test patterns, intended result patterns, and any

further control that is necessary. This control can direct which tests or partial tests

should be executed and in what sequence, control the deriving of the test patterns from

the overall test signal, the prescription for aggregating the result patterns to an overall

result signal, preprocess control of the result patterns, such as comparing with an

expected result, and various others.

Now, Figure 2 shows two circuits, A and P interconnected by a channel

¢. Circuit A is connected to the channel by its active port, shown by a solid dot, circuit

P likewise by its passive port, shown by an open dot. Data, if any, may go from left to

right or opposite. The active/passive ports undertake a handshake. Note that data may

be physically on a separate wire (fibre, frequency, etcetera) parallel to the handshaking

channel shown. Alternatively, data itself may carry the handshake protocol. The channel

may be interior to one integrated circuit or interconnect two integrated circuits. Of

course, any functional component may have an arbitrary number of ports. Figure 3

shows the extra components S (switch) and J (junction) between handshake circuits A,

P. Switch S is mode-controlled at its passive control input port external to the channel.

Junction T does not need such control. In this set-up, communication actions initiated by

circuit A and/or accepted by circuit P can be controlled and observed. Both controlling

and observing are done through inbreaking on a first channel with first test

signalizations on an inbreaking junction, and outbreaking at a second channel with

second test signalizations at an outbreaking switch. Such observing and controling

however, by; S has only an outbreaking functionality with respect to circuit A, whereas

junction J tﬁay be omitted from the view-point of circuit A. Likewise, as seen from the

view—pbint of circuit P, switch S may be omitted.

However, a test using the configuration as shown in Figure 2, is not

effective for the intermediate channel between switch S and junction J. Therefore,

Figure 4 has switch and junction interchanged. Combined they now consitute a test

component pair that have their test objects overlapping, as regards channel part c. For a

specific channel, the choice between both testability configurations is determined by the

fault distribution of the manufacturing process, the desired fault coverage, and the

associated ease of testing. In the following, we mainly concentrate on the configuration
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between test and standard mode. It is possible tb HERAAGEMENESHEET slich a way

that their role in the testing of handshake circpifs 1s selt-di stic:
t'hrough testing the original cir- cuit, the entife ogggaptﬁagggn r
testability enhancenent is tested automatically.{ HG S shows a | ectronic
circuit for a sequencer hand- shake conpd@ent, cf.’ dju. S. Pat.

No. 5,005, 136. It executes the bare handshakes jal ong t hree channgl s
a(a0,al), b(b0,bl) and c(cO,cl) that each consist of two physicarty
uni directi givn W FRores. NoW\he SdfuBhideadf Wnesldeé ScPareBresiits M blgih@schdfinel 30,
each having one inverted input as indicated by an open circle. Finally, a
so-cal | ed hetween U@ erenits A age B. dn phis shannel,Shete islagnnetionniddbsthahhania passivehat
has

test port in the channel, a passive test port external to the channel, and an active port in
the channel. The communications on the two passive ports are passed through the single

- active port, and must not overlap., Furthermore, the channel has switch 24 that has a
passive port in the channel, an external passive mode control port, an active port in the
channel and a second active test port external to the channel. A handshake
communication on the channel is paséed through one of the two active ports as
depending on the mode. In this way all parts of the channel ¢?, ¢, cP are controllable
and observable during testing. The junction allows for initiating communications
(breaking in), the switch for intercepting communications (breaking out). If the test
events on ¢, and on ¢, equal those on c® and cP respectively, then ¢,® and ¢, have the
same capabilities of controlling and observing the circuits A and P as c® and c? have.
Often, weaker relations than equality between the in-channel communications and their
test counterparts suffice to obtain these same capabilities.

About test generation, it is noted, that a test which is suitable for a basic
component, will also test the same component in a configuration as shown in Figure 4,
provided that we replace the channel communications by their test-counterparts and that
we set the corresponding switches in test mode before starting. In a configuration like
Figure 4, part of this test concerns signals that pass through switches forming part of
the environment. These latter switches are therefore controlled in standard mode. This
procedure may be refined to apply to the more elementary level of test obligations.

/ Now, abstraéting'from the testing of the testability components
themselves, the above test procedure easily extends to handshake circuits in general by
succe_ssi?ely applying it to all basic components in the circuit. In fact, any composition
of the local test procedures will do, as long as conflicting modes or communications do
notoccufshnuhaneouﬂy. '

During the test, the testability components alternate between test and
standard mode. It is possible to design them in such a way that their role in the testing
of handshake circuits is self-diagnostic: through testing the original circuit, the entire
organization for testability enhancement is tested automatically.

Figure 5 shows an electronic circuit for a sequencer handshake
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been shown twice (w) in the Figure and can have aREPLrAq;EMENTCSHEiemp uts. Its
out put changes only if all inputs have the oppogi tre—vetue—of Cur rent
dut put val ue; otherw se the output remains unchange & r#@é@? ty the
consecutive stable state conbi nati ons when oper 4t i P reg¢ttenvi-
ronment : when activated al ong channel a, i3 comjulicates .once alohg channel
bO, and subsequently, once along chan- nel cO, despecively. FIG T shows a
full arrangenent of test provisions for a slight4y—ere—eonpttcated circuit
Shown are acowpprengef. B¢ refeaénced Patknc YIS £,905/1361 It dxbeutes thertgeertatdshdkes| G

5 and a m 36 th t uncondltlonall d| rects. any conmmunicatjion initiated
on either p%ggg \VH""E)S 5%@%3%%‘3%9 ﬁst"l ) $13t gach consist of two physically

unidirectional wires as shown. Intemally, there are two AND gates 28, 30, each having

o

one inverted input as indicated by an open circle. Finally, a so-called Muller C-element
32 is present. Such element has an output that has been shown twice (w) in the Figure
and can have any number of inputs. Its output changes only if all inputs have the
opposite value of the current output value; otherwise the output remains unchanged.
Figure 6 lists the consecutive stable state combinations when operating in a correct
environment: when activated along channel a, it communicates once along channel b0,
and subsequently, once along channel c0, respectively.

Figﬁre 7 shows a full arrangement of test provisions for a slightly more
complicated circuit. Shown are a sequencer 34 that would correspond to the
arrangement of Figure 5, and a mixer'36 that unconditionally directs any
communication initiated on either passive port to its sole active port. This Figure
illustrates that testability enhancement according to the invention considerably increases
the number of external channels. This may be a problem for integrated circuits, with
only a couple of dozens external channels. Partial integration of the test procedure can
reduce the number of additional external channels to only a few, at the price of extra
hardware. Like the testability components, this hardware can have a self-diagnostic role
in the testing of the handshake circuit. Complete integration of the test procedures gives
the synchronous equivalence of a circuit with a built-in self test, where only the external
channels at the boundary of the circuit remain to be tested separately. The possibility to
have a separate boundary test eases the testing of the interface between the circuit and

' its environr_.ﬁent.

Figure 8 gives a possible configuration of junctions and switches along an
interconnection channel ¢ between two integrated circuits A and P, for example along
channel 130/146 in Figure 1. The path taken during the interconnection test is indicated
by the 'do_ttéd line. Apart from interconnection channel ¢, no further parts of the two
circuits are involved. |

' In design for testability, test and performance costs can be tuned by
taking larger or smaller structures of handshake components as the basic components.

Generally, such basic component is a cluster of electronic.circuitry ndt having the
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Figure illustrates that testability enhancenent
consi derably increases the nunber of external ch nhﬁ@c'éﬁﬁbg

probl emfor integrated circuits, with only a coupl

channels. Partial integra- tion of the test proced rqsapgngyce the nunber

of addi- tional extenal channels to only g few, atjithe price of

hardware. Like the testability conponents, this Ra \
sel f-diagnostic role in the testing of the handshake

i ntegrati Orﬂar&;isiwﬁof‘ ?Féur@ﬁ?&?ﬂﬂ.r es gives the

Within the scope of the invention, there are many alternative solutions+on

the above theme of circuit accommodations for testing. It is often advantageous to use
composite structures that combine original handshake components and
inbreaking/outbreaking components: the resulting circuit will be smaller and faster than
the juxtaposed constituents because intermediate channels are superfluous. Also,
combinations with test procedures or elements thereof may significantly reduce the test

" problem.

PRELIMINARIES TO A PREFERRED EMBODIMENT

® Initializing a handshake circuit corresponds to rhaking all external input wires
low and waiting a certain amount of time for the circuit to settle in a stable state
that is an initial state for a correctly functioning circuit. The settling time can be
calculated from the circuit. So, the environment knows that the circuit is
nominally in an initial state when all the external wires stay low for at least as
long as the settling time.

e Channels are point-to-point connections, with unidirectional wires. The initiative
to communicate is fixed per channel. A synchfonization channel a has two wires:
ag from the active port to the passive port, and ¢; from the passive.port to the

 active port. A data channel has a single synchronization wire, on which data is
requested or acknowledged, and a set of wires on which data is communicated.
Data communications are unidirectional and in dual rail encoding, i.e. there are
two \';vires per bit b, bO for -zero- value, and bl for -one- value, respectively. '
The: schemes for the channel implementations are given in Figures 9a..c.

° The following communication events are distinguished:

- set synchronization wire w: wt
- resét synchronization wire w: wi
- set data : 60 t or b1 ? for all data bits b in the set of data wires d; -
shorthand notation: d 1, ord % v if v is the data value concerned
- reset data: 50 ¥ or b1 ¢ for all data bits b in the set of data wires d; shorthand
notation: d ¥, ord ¥ v if v is the original data value concerned
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synchronous equi val ence of acircuit with a built-in self .

the external channels at the boundary of the circuit rensj rREPLACEMENTS SREET

separately. The possibility to have a separate boundary tles mt.h@m.,
Fl G

testing of the interface between the circuit and its envilr gt
gi ves a possi ble configuration of junctiong and sw tches jal o;rg REB 1997
I nt erconnection channel ¢ between two integrated circuit nd P. _for i

exanpl e al ong channel 130/146 in FIG 1. The path taken dyring the

i nterconnection tI‘ﬁEtcoi'rEstﬂgi %&?pl&}’ o' dfte AR LEEES bigagted AP ATt—FF-6%

I nt erconnec- tion chann g urt%er parts of tpﬁ'g two circuits are
i nvol ved. | n design tfisrcompiatalwhentw = flest and performance costs can be

- w { is complete when w = 0 _
-d % (d t v)is complete when b0 = 1 or 1 = 1, but not both equal to 1, for
all data bits b in d
-d 4 (d ¥ v) is complete when b0 = 1 and b1 = 1, for all data bits » in d

L A communication is organized as a 4-phase handshake, during which data and
synchronization wires are set and reset, respectively:
g tiay t; a5 4;a 4

Herein, a semicolon ’;’ indicates sequential ordering between signals
prespecified and post-specified thereto, respectively. Furthermore, if 2 is a data
channel, then either g, is the synchronization wire and @, is the collection of data wires,
or vice versa (cf. Figure 9).

The following programming constructs are used to specify the behaviour
at the ports of a handshake circuit in terms of the above events. Let E range over
arithmétic expressions, and a over port names. We use superscripts to indicate that the
initiative for a sequence of events at a port is internal (.® =active) or external

(.° =passive):

® at° is a shorthand notation for ag *; a; *, and al ° for ag ¥; a; ¢, where the
initiative is with the environment. Likewise for at °?x, at°?x, at °!E, and
ai °!.E.

A at ’.f":is a shorthand notation for ag?; a; %, and a+ ® for ag+; a, ¢, where the
initiative is internal. Likewise for at®*?x, at ®*?x, at ®*!E, and a{ ®*!E.

There are several ways to compose existing behaviours Py and P,. Here,
we use the operators (in decreasing order of priority) **’, *2*, *}*, * | 7, "00" || °, as
defined below. As usual, bracket pairs ’(.)’ and '[.]’ are used to escape from priorities
and to clarify the syntactic structure.
® Sequential compositioh Pg; P,: first Py, and then P,.
® a° is a shorthand for at°;at°, and a®?x for at °?x;a¢ °?x. Likewise for a°?x,

° ® ® ®
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® at®: Py denotes ag?; Pg; a;t, and at °: Py denotes ag¥; Pg; a; +, where the

initiative for a is external.
e at®: Pydenotes agt; (P || a;t), where the initiative for a is internal.
® External nondeterminism Py | P;: either Py or P,, as chosen by the
environment |
A Internal nondeterminism Ey — Py [J E; = P;: either Pj or Pl,'depending on the
validity of the corresponding boolean expressions Eq and E,.

An internal variable x of type T is declared as x: var T. Variable
declarations are separated by-’&’ symbols. A passive port a for data of type T is
declared as a®?T for inputs, and as a°!T for outputs. An active port a for data of type T
is declared as a®?T for inputs, and as a®!T for outputs. A port a for synchronizations
only is declared as a° for passive a, and as a® if a is active. Port declarations are
separated by ’,” symbols. Program constructs for the basic handshake componehts are of
the form: -

(port declarations). [variable declarations | Po]l
or, without internal variable declarations:
" (port declarations).P,

SOME EXAMPLES OF HANDSHAKE COMPONENTS
! Figures 10a..d give the icons for four basic handshake components: a
sequencer fa), a multiplexer (b), a repeater (c), and a variable (d).
® Sequencer SEQ(a°,b®,c®) in Figure 10a when activated along @ subsequently
communicates along b and ¢, respectively. The specification in terms of
communication events is: |
SEQ.(2°,b%,c®) =
(@°,5%c®).*at°:(®%ct®);at°:ci®) ,
L Multiplexer MIX.(b°,c°,d®) in Figure 10b passes the communications along both

bandctod: //
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initial state for a correctly functioning circuit. The tLr‘\ EME

I \J \4

NT (SHEERN| be-

calculated fromthe circuit. So, the envilfonnent knows] that t he

crrcomt fi s

nomnally in an initial state when all the extenal w rles SZQYFEBVWqB?r

| east as | ong as the settllng tinme.

MIX.(b°,c°,d* =
(b°,c°,d°). *[ bte:dt®; bi°:di®
| ct°:dt® ci°:di®
- |

o Repeater REP.(a°,b*®) in Figure 10c repeatedly communicates along b, once it is

activated along a:
REP.(2°,b%) =
(a®,b®).at°:*[b*"]
e Single-read, single-write, 1-bit variable VAR(M).(a°,b°) in Figure 10d, stores
the last bit value input along @ and sends it on request along 5:
VAR 1).(a°,b°%) =
(a°t1, b°?1)
' l[ x: var 1
]]I *a®?7x | b°lx]
Figure 11 combines a sequencer and a multiplexer to a duplicator. For

each communication along q, it initiates two communications along d.

SELECTED TEST MODEL

As for synchronous circuits, the correctness criterion for fabricated
circuits is based on a fault model. In the fault models for handshake circuits, faults are
related to erroneous communications, such as the inability to transmit certain va._lues or
to complete a communication (deadlock). In the following we concentrate on deadlocks.
For a 4-phase handshake with dual rail data transmission, a deadlock corresponds to the
inability to set or reset some channel wire. Deadlocks also cover faults in internal wires
which can be illustrated at the hand of Figure 5. The intended behaviour is:
*[ag?®; bgt®; byt wh; bt ®; b4 cot ®ie t%; a1 g wi; b ® ot
a, + *] cf. SEQ(a°,b®,c*®). ' |
Both the setting and the resetting of internal channel w are followed by some external
event: w t by by¢, and w { by cyt. If either of the internal events is disabled, e.g. as

a result of a stuck-at fault on w, then so is the external event a; ¢, thus causing a

deadlock on channel a. /—/"
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16 Channel s are point-to-point connections, wth uni
The initiative to communicate is fixed per channel .
channel a has two wires:[err] fromthe active port t th Lve ort, and
[err] fromthe passive port to the active port. A datja %H?ﬁeﬁ %7p sifngl e
synchro- nization wire, on which data is Iequested o knowl edged, @anfl a

set of wires on which data is communi cated. Data co ni cations are

|rH59LA(BEMBm1 tfes.
Wi SMEETE

unidirectional and in dual rail encoding, i.e. there bi t
b, b0 for -zeo-val ue JFigne 12LsHows aocmtfewairuw fmrethp@akxcmhyponimml(m‘rfeﬁ) for
t he channel | ement ati ons are c. The follo

conmucaon é\lﬁ@%gmal,lé cHagnt ,@pillgﬁggiyv 005 136. Iﬁllustrates what was alr gl\ny egpressed

earlier: the absence of event a, f, and the necessity of initialization to end the
computation and to test ag+.
Figure 13 gives a concrete circuit for the basic component
VAR 1)-(a°,b°), according to Netherlands Patent Application 9000544, corresponding
US Serial 659,805, herein incorporated by reference. By storing the value O into the
variable and then reading it, the wires 240, a,, by and b,0 are tested for stuck-at-0/1
faults, wire qO is tested for stuck-at-1, and ql is tested for stuck-at-0. Storing the value
I and then reading it, tests the wires agl, b1 for stuck-at-0/1 faults, q0 for stuck-at-0,
and ql for stuck—at-i. A complete test is thus obtained by executing both in sequence.
As a result of the dual-rail encoding, it is not necessary to check the received value
agaihst the stored value. Given the above test model, the following tests are suited for
testing the bé.sic components in Figure 10:
® The test suite for SEQ.(a°,b®,c®) contains a single test with a single test
obligation, specified by:
at®:(b%ct®); at ®ict®
¢ The test suite for MIX.(b°,c°,d®) contains a single test with two test obligations:
bt®:d1°; bi®:di® and c*:dt®; cd®,di°
L The test suite for REP.(a°,b®) contains an infinite number of singleton tests,
such as test, with n>0 complete communications along b.
| test, = at®:(b°)"; initialize
® The‘-";est suite for a variable contains a single test with two test obligations:
a‘!é; b®?y and a®!1; by
Where convenient, we henceforth define a singleton test by giving its single element.

TESTABILITY ENHANCEMENT

For circuits with dual rail data encoding it suffices to test thé setting and
resetting of data outputs, unlike circuits with single rail data encoding, where the values
are important as well. Also for synchronizé.tions per se, it is sufficient to test for setting

and resetting of synchronization wires. The test interfaces for the inbreaking and
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set synchronization wire w. werr] reset synchroniz
data d: bO [err] or bl[err] for all data bits b in thefset of data es d;
shorthand notation: d [err], or d [err]v if v is thejdhta g giEge®g9Incierined

reset data: bO [err] or bl [err] for all data bits b{iph the set of dath
wires d; shorthand notation: d[ferr] ,or dperr] v if - ot dat a
val ue concerned The correspondi ng conpletion criteri§ are as expected.}w

[err] is conplete when w=1. w [err] is conplete when™WEO d [err](d [err]v)

' f\ gorrpl et GuthhaRingdcommdinetl Tha thitefoRObe Ritplef A thd Rtardardl Gfiteffhdesdef.a bits b
i

iRERLAREMENT. SHEE! (] set
r

Figure 14 as an optimized version of Figure 4). Herein, the uninterrupted arrow
delimits the test trajectory for component A, the interrupted arrow delimits the test
trajectory for component P,
® Breaking into a synchroﬁization channel is done with the following type of
junction:
JUNCTION_ ,.(05°, P;°, P*) =
(@;°.p.°,p°).
*[pst°:p1®; pt °pi®
| pet°:pt?; ped ipd
]
Note that the multiplexer MIX.(p,°,p,°,p*) matches this specification.
Junctions for breaking into data input channels with W bits are specified

by:

JUNCTION, y-(B°, P P*) =

(p° TW,p° W, p*IW).
[[ x: var W

| *[ pt°7x: pt®Ix; pot °?x: pd °lx

~ Ipt°2x: ptOix; pd 0% pid *lx

I ]
] unctibns; for breaking into data output channels with W bits, JUNCTION( w)-
(0°,p:°,p*), are specified by:
JUNCTION, .,y - ®°, P;°, P°) =

(ps° 'W,p,°, p*IW).

l[x: var W - This Sheet Has Been Replac
il ||| 1T
|p‘1‘° ptex pPp&
1

]

° The mode of operation in the outbreaking components is controlled by a boolean



d[err](d[ferr]v) is conplete when bO=1 and bl=1,
commtion is organi zed as a 4-phase handshake,
synchroni zation wires are set and reset, respec
sem colon ';' indicates sequential ordering bet
and post-specified thereto, respectivel ¥ Furthgr
channel, then either [err] is the synchronizati
col lection of data wires, or vice versa (of. FIG '
programi ng copst a,gchrna a@\hﬂtd#ﬁ@fbobllaﬁ nasable ¢f )‘h@sebbhatamdardahodé]eanﬂcrmesfanf a

handshake circuit
non- standard or test mode. The switches for breaking out of synchronization

channels are specified by:
SWITCH(,,_).(as‘, a’ a;°, a°) =
(a*, a°, a,°? bool, a°)
[t:varbool
| *[ a2t

| at°:[~t=a,t® O t»skip];

[a $°:["t»agy ® O toskip]
I .
Switches for breaking out of input channels with W bits are specified by:
SWITCH wy-(3°, 2,°, 2y,°, 2°) =
(a,*?W,3,%? W,a_° ? bool, a°!W).
[t:varbool
& x: var W
| *[ay Tt

lat °1X:[t-»a t *?X Otz t *7X];

ad °1X:[t=agd *7XOt—a 4 *7)
]‘ 1
Switches for breaking out of data output channels with W bits are specified by
SWITGHU Wy @s*,2,°,2%) =
(a,*? W,3,* 7 W,a°Tbool, a°"W)

[[t var bool
& x: var W |
| 2™ o —_—
lat°1x:[t=agt *IWOt->skip]; This Sheet Has Been R

e Oy Ry
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Figure 15 gives the counterpart of Figure 7 for the basic components
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terns of the above events. Let E range over arith
over port nanmes. W use superscripts to indicate
sequence of events at a port is internal (.[err] 8 ext eringl

(.[err]=passive): 17 [err] is a shorthand not t|o Féem? - [terr],
and [err] for [err]; [err], where the i nidli ative i .the envrr nment .
Like- wise for [err] and [err] [err] is a shorthand not ati on for [err]

and [err] for [err [err] wher e the |n|t|at|ve [ al-. -Likewi.se for
[err] SEQ.(a°,b*, ¢*) and MIX.(b°,c°,d®), in their combination as duplicator. The ports

atl

with index O are part of the test interface of the environment, the ports with index 1
form the test interface of SEQ.(a°,b®,c®), and those with index 2 form the test interface
of MIX.(b°,c®,d*). |

Figure 16 gives the corresponding counterpart to VAR(LI).(a°,b°), with

junctions and switches for data.

- TEST GENERATION
A possible test counterpart of SEQ.(a°,b®%,c®) in the configuration of
Figure 15 is:
(a, @ ®false || by M1true || ¢ m"true) a(M®
A possible test counterpart of MIX.(b°,c°,d®) in the configuration of Figure 15 is:
(b, (D® false || c,(V®!false || d,@®ltrue); bP*; ¢, D°
A test for the complete duplicator of Figure 15 includes the testing of the boundary, i.e.
channels a; and d,. A possible boundary test is:
| (a,PCtrue || d P*Mfalse); (% || (4 @1°: d;r°; dd *:dgd°))

There are several possibilities to combine these to a test for the complete duplicator.
® An example where the components are successively tested is:

(ay @ false || byPitrue || ¢, (V®true); 2,D° ;.

(b D% false || c,(ifalse || d Pitrue); bP® ; P ;

(a, P%true || d,P®!false) ; (as' I @@t :dt°;d@°: d4°)
® An example where the tests are interleaved is: |

(bm(f..)‘!fals'e I cu®*ttrue || d,@®ltrue) ; bP° ;

(a,@*false || by (Dtrue) ; 2, 0° ;

¢,V false ; ¢ @ ;

(anO®true || d,P*false); (a,* || @O d1°;d Q4% d4°)
Note that the behaviour of all the junctions during these tests covers the test obligations
as given for MIX.(.°, .°, .*): the junctions play a self-diagnostic role. This is also true
for the switches.

Testing a handshake component with data in an equally enhanced

configuration is similar. A test for the basic handshake component VAR(I 1).(a° ,b%)in

Figure 16 is for example:
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[err] and [err] There are several ways to conpose existing behaviors [err]

and [err]. Here, we use the operators (in decreasing order @f—proriii)
[err] , as defined below. As usual, bracket pairs '(.)' and 'Ffﬁl.‘ACEMENDMET
to escape frompriorities and to clarify the syntactic strugtfire.
‘Sequential conposition [err]: first [err]2and then [err]. [prf] s
shorthand for [err] and [err] for [err]. Likew se for [err] a%f{:@ﬁr}”?
Infinite repetition [err]: infinitely often [err] Parallel Fpesi-ti.an

[err] n'eani@.?((’ﬁ!mgd lleopdOlfatse) ; afODarab 12 ; ad®ril ; pfethotes [ferr]  and [err]
denotes [err] [err] where the initiative for a is external. -
VARIOUS OPTIMIZATIONS
That test application and performance costs can be tuned by judiciously '
choosing the internal points for testability enhancement, is illustrated using Figures 17
- a, b. Without testability enhancement, as in Figure 17a, the number of test events in
this chain of n duplicators is O(2°*+!). Insertion of testability provisions half-way down

n+l

the chain, as in Figure 17b, gives a significant exponential reduction to 0(2 %) test

events.

Another solution is shown in Figure 18a, where a new basic component
MIX'.(m°®, b°, ¢°, d*) has been substituted for MIX.(b°, ¢°, d*). The new component
is a composition of the original one with a switch for breaking out of channel ¢ (cf.
Figure 18b). Its behaviour is as follows:
MIX'(m®, b°, c°, d*) =
(m°?bool, b°, c°, d°).

[[ t : var bool

[ *[ m°%t
bt :dt®;be°:dt® '
_—
[cte: [~t=dt® O t - skip] This Sheet Has Been

et T

]‘ ] j
A possible test for MIX®.(m°, b°, ¢°, d®) that links up nicely with the SEQ.(a°, b®,
¢*®)-components in the duplicator is: '
- m®ltrue; bt® : d1°;b® 1 di°; c®; molfalse
This validates the following test for the complete chain in Figure 18a:
(m;*ttrue || ... | m ®ltrue) at®:d®;at®; (m,*false || ... | m,*!false)
The corresponding number of test events is O(n).
Because the test language is similar to the programming language, an

automatic (partial) integration of the test can be facilitated by the compiler. If, for



—

[err] denotes [err] [err] where the initiative for ais |nternal Ext er nal
nondetermnismi[err]: either [err] or [err], as chosen b : :
Internal nondeterminism[err]: either [err] or [err]. dedent
validity of the correspondi ng bool can expressions [err] &
i nternal variable x of type T is decl are@3as x: var T. Vrialyg
decl arations are separated by '& synbols. A passwe por { for
type T is declared as [err] for inputs, and as [err] for
port a fore%ﬁeo{hetm T is declared as [err] for inputg
outputs. A port a for nchrom zatlons only is declared as
(m,® ltrue || ... o ltrue) . (m,® !false || ... || m,* !false)

Fcﬁﬂ P

are built-in, the numb'er of additional external channels is reduced to 2: m and s. The -
circuit test reduces to:
(s® || m®ltrue; at®:d®;ad®; (s* | m®!false)
A considerable amount of circuitry is added, however.
' An alternative solution, with the same advantages, but without the _
overhead in circuitry, is to use a single wire to set the circuit in the appropriate mode of
_ operation (cf. Figure 19). This wire, here referred to as t, is both an external input and
an external output of the circuit, and is routed through all the basic components having
a test mode. This éan be done such that, in all handshake components with a test mode,
the events at the output side of t serve as acknowledgement of the events at the input
side of t:
after the events at the input side of't become observable at the output side of t, the rest
of the circuit is set in the appropriate mode before a fixed amount of time has passed.
As for initialization, the amount of time to settle can be calculated from
the circuit. Thus, t can be conceived as a channel with two wires. Here, we take a two-
phase handshake protocol to communicate along t, where t=1 represents the test mode
and t=0 the standard mode of operation. The components with a test mode, i.e. where
the behaviour under test is different from the standard behaviour, are slightly changed.
A possible specification for MIX!.(t°, b°, c°, d°®) is given below.
MIXt.(t°, b°, ¢, d®) =
(to, bo’ C°, d‘)
*[ tf -] ,.
| td°
| b1°:d?®; bi°:d?®
| ct°:[t=0-d**® O t=1 - skip]
ci:t=0->d¢® O t=1- skip]
] _
The test for the complete chain is now:
t1® ;a4%d°;at® ;i
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a for passive a, and as [err] if a is active. Port declarations are
segparated by ',' synbols. Program constructs for the basic handshake
conponents are of the form (port declarations). [variable declarations

[err]] or wthout internal variable declarations: () decl artions).

[err] 18 SOVE EXAMPLES OF HANDSHAKE C@$PONENTS FI t he
i cons for four basic handshake
S
CLAIMS:
\\!\\\\1\\\\\3\\\1\\\\\!\\\[\\ 1
1. A method for testing electronic circuitry having a plurality of functional

components interconnected by handshake communication channels each channel

~ terminating at respective functional components by an active port from which a
communication is initiated and a passive port where such communication is awaited,
respectively, said method comprising providing one of said channels with an inbreaking
junction thereby fofming a first test component that at other times than.testing just

. forms part of the in-channel handshaking, said method comprising breaking in via a
passive port of said junction with a first test signalization as an alternative to any in-
channel signalization towards the in-channel passive port of said junction, said first test
signalization representing the test signalization for said channel in a test on any
component with a passive port on said channel and inclusive of any channel part
between said any component and said test component. '
2. A method for testing electronic circuitry having a plurality of functional
components interconnected by handshake communication channels each terminating at
respective functional components by an active port from which a communication is |
initiated and a passive port where such communication is awaited, respectively, said
method comprising providing one or more of said channels with an inbreaking junction
and/or one or more of said channels with an outbreaking switch thereby forming a set
of test comﬁonents that at other times than testing just form part of the in-channel
handshaking, said method comprising breaking in via a passive port of a first channel’s
junction with a first test signalization as an alternative to any in-channel signalization
towards the in-channel passive port of said junction, under control of an external control
signal to a control port of a switch on a second channel breaking out therefrom a second
test signalization via an active extra-channel port thereof as an alternative to any further
in-channel signalization via any at.ftive further port of said second channel’s switch, said
first c.q. second test signalization being the test signalization for said first c.q. second

channel in a test on any component with a passive port on said first channel c.q. with

This Sheet Has Been Reilaced
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conponents: a cer (a), a nultiplexer (b), a repeater (c)‘, REP S ——

variable (d). uencer err]) in FIG 10a when activdt EAGEM NI SHEET

sUbsequentIy’j W b and c, respec- tively. The gpgcification
a

interns of ¢ s is: [err] Miltiplexer MX. (I, [erd8)FEB 1997
FIG 10b passes the bom tions alongsboth b and c to d: |[érr]

Rcpcatcr REP. (a,b[err]) in _FIG 10c repeatedly communi cates ajong b, once ——
it is activated along a: [err] :

with an active port on said second channel, and inclusive of any channel part between

said components and said test components.
3. A method as claimed in Claim 1 or 2, comprising providing at least one
channel with a switch that in its test signalization is controlled both in test mode for
breaking out of in-channel signalizations within said at least one channel as weli as in
non-test mode for continuing in-channel signalizations.
4. A method as claimed in Claim 1 to 3 for executing a plurality of tests on
respective functional components by presenting to said circuitry an aggregate test signal
including aggregate control signals, extracting therefrom first test signalizations for
inbreaking onto various junctions and also respective external control signals for
presentation to various switches and also respective second test signalizations for
breaking out from various switches.
5. A method as claimed in any Claim 1 to 4, for testing said electronic
circuitry having a plurality of integrated circuits, by assigning to any channel crossing
any border between separaté integrated circuits a dummy functional component at said
border for so at either side of said border creating a separate channel as a respective |
one of said handshake channelé and for executing an interconnection test by means of
inbreaking and outbreaking of respective test signalizations on said respective separate
channels pairwise joined by an associated said dummy functional component.
6. ~ An integrated circuit that is testable according to a method as claimed in
any of Claims 1 to 5, and comprises a plurality of testable functional components that
are interconnected by handshake communication channels each terminating at respective
functional cpmponehts by an active communication initiating port and a passive
communicating awaiting port, respectively, and at least part of said channels being
provided with an inbreaking junction or an outbreaking switch, thereby forming a set of
test components that at other times than testing just form part of the in-channel
handshaking, any said junctions having a first passive channel port for in-channel
initiated communications and a second passive test port for externally initiated test
communications, and a first active channel port for propagating both said types of
initiated communications, any said switch having a third passive channel port for in-
channel initiated communications, a second active channel port for in-channel
propagation of these inigm@_cmm__mme each one of at least part of said
This Sheet Has Been Replaced




Single-read. single-wite, 1-hit variable VAR[er'r](a, b) i

stores
the last bit value input along a and sends it on request IbﬂgﬁbFME@fr

FIG 11 conbines ‘mul tiplexer to a dupligator- For ea(‘:'-'lg“'_T i
conmuni cati on al clmﬂﬁ(““ﬂlmmm m S two conmuni cations al pn : SELECTED
TEST MODEL As for *syﬁchrLon?)us circuits, 26ie correctness cfit eﬂiebﬁfﬂoﬂw
fabricated circuits is based on a fault nodel. In the faul tie—___
switches a combination of a third active test port for extra-channel p
initiated communications and a fourth passive control port for selecting for propagation
between said second active channel port and said third active test port, said circuit
furthermore having test control means for breaking in onto any said second passive test
port with said externally initiated test pattern.
7. An integrated circuit according to Claim 6, and wherein at least one
channel comprises both a junction and a switch that together constitute a test component
pair, thereby allowing both inbreaking and outbreaking test facilities for said at least
one channel. '
8. * An integrated circuit as claimed in Claim 6 or 7 and comprising a further
channel terminating in a dummy functional component for attachment to a further inte-
grated circuit and said further channel being provided with a junction and a switch as a
test component pair.
9. A circuit as claimed in any of Claims 6 to 8, and comprising self-test
means for receiving an external activation signal and having developing means for
developing from a provided aggregate test signal including control signal various
elementary test signalizations and control signalizations for said junctions and switches,
and for receiving and aggregating various elementary result signalizations to an
aggregate result signal for inspectidn outside said circuit.
10. A circuit as claimed in any of Claims 6 to 9, and wherein at least one
junction has an electronic part in common with some channelwise contiguous component
and wherein at least one switch has an electronic part in common with some

channelwise contiguous component.

—_—
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nmodel s for handshake circuits, faults are related to er
communi cations, such as the inability to transmt certgi
conpl ete a conmmuni cation(deadl ock). In the followi ng w

—

deadl ocks. For a 4-phase handshake with dual rail datajt ansmi ssi on,

deadl ock corresponds to the inability to set or reset
Deadl ocks al so cover faults in internal W7res which ¢
the hand of FIG 'S. The intended behavior is: [err] [
and the resetting of internal channel w are followed By

werr]

by ABSTRAGHEd w [err] by
A method for testing an integrated circuitry and an integrated circuit having a plurality
of functional components and having junction/switch test components in interconnecting

channels between functional components.

The invention proposes a testing method and associated arrangement for
electronic circuitry that combines fuhctional components that are interconnected by
handshake channels. Various of such channels are now provided with an inbreaking
junction and an outbreaking switch as a test component pair. The junction has two
passive ports and one active port. .The switch has one passive port and two active ports
that are selected through a passive control port. In this wéy inbreaking into an
outbreaking from the channel is rendered feasible. Now inbreaking is done on a first
channel, and outbreaking on a second channel, so that thereby all components are tested

that lie between the first channel’s junction and the second channel’s switch.

FIGURE 1

\
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stuck-at fault on w, then so is the external event [err H
deadl ock on channel a. FIG 12 shows a concrete ci ru'EptkﬁE
conponent RER([err]), also fromU S. [err] No. 5,008 1g6 ties

what was already expressed earlier: the absence of ahdi t he

FIG 13 gives a concrete circuit for the bﬁsic conpone
VAR([err]).([err]), according to Netherlants Patent ' 80544,
corresponding U. S. Pat. No. 5,28 96, herein incorpota by reference. By

storing the value 0 into the varliabl e and then reg_d_i_n_g,.i_.t_._t..h.e_;n‘ires [err]
and [err] are[ _ )

| 162
} 102 106 H 0 1'./—|
I | 146
I | 116 13t i 138
| 120 122 126 |
| —— j
} e - i
' o 164
| O o=
] g | g 132 | 18
104 124 136 10
| 128
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tested for stuck-at-0/1 faults, wire [err] is tested for stuck-at-1, and
gl is tested for stuck-at-0. Storing the value 1 and then reading it, tests
the wires [err] for stuck-at-0/1 faults, O for stuck-at-0, and ql for
stuck-at-1. A conplete test is thus obtai ned by executing both in sequence.

As a result of the dual-rail encoding, it is not ne
recei ved val ue agai nst the stored val ue. G ven the hIREPEACEMENTHOHEET |t he
r-'rmfm‘“S‘Tn" FNGY| 10:

following tests are suited for testing the ?asic C
20 ' - - :
28 FEB B97
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The test suite for SEQ ([err]) contains a single test with a single test
obligation, specified by: [err] The test suite for MX ([err]) contains a
single test with two test obligations: [err] The test suite for

REP. (a[err]) contains an infinite nunbers of singleton tests, such as
test[err] with n>O conpl ete conmu- nications along b. Th :
vari able contains a single test with two test obligatio
conveni ent, we henceforth define a singleton test by

i



—
»

giving its single element. TESTABILITY ENHANCEVENT For

rail data encoding it suffices to test the setting and|r
outputs, unlike circuiits with single rail data encodin
are inportant as well. Also for synchronizations per
to test for setting and resetting of synchronization

sinpler than the standard interfaces (of, FIG 14 as &
of FIG 4). Herein, the uninterrupted arrow delimts the test trajectory
for conpo- nent A, the |nterrupted arrow dellmts& t&%t trajectory for

conponent P. a — AL (P

o
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Breaking into a synchronization-channel is done with the follow ng type of
junction: 21 JUNCrI1ONJerr] -Note that the nultiplexer MX(p[err]) natches
this specification Junctions for breaking into data input channels with W
bits are specified by: [err] Junctions for breaking into data out put
channels with Whits, JUNCTION [err] [err] are specified by:
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JUNCTION [err] The node of operation in the outbreaking conponents is
bool can variable t:
non- standard or test node. he
zation channel s ag =
I nput channels with

controlled by a boolcan port [err] and an i nternal

fal se for standard node, and true for

swi tches for breaking out of synchroni-

[err] Swi tches for breaking out of
specified by: [err]

This Sheet Has Been Replac
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Swi t ches for breaking out of data output channels with Whits 4f et
by [err] FIG 15 gives the counterpart of FIG 7 for the basi( 58@& MﬁhquHEET
SEQ (a,b[err]) and M X[err], in their conbination as duplicatignj The ports
with index 0 are part of the test interface of the environnent, ‘hQG’CFEdE
with index 1 formthe test interface of SEQ (a[err]), and thos< Mt h i ndex
2 formthe test interface of MX([err]). FIG 16 gives the ¢orrespomrdny
counterpart to VARerr](a,bferr]), -with J'chtlons and switchesifor data
TEST GENERATION A pﬁ& ble test counterpart of SE(&) ([err])mn t he s

N4

i .
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configuration of FIG 15 is: A possible test counterpart of MX (b[err])
in the configuration of FIG 15 is: 23 A test for the conplete
duplicator of FIG 15 includes the testing of the boundary i.e. channels.
[err] and [err]. A possible boundary test is: [err] There -
possibilities to conbine these to a test for the conpl etje r SHEET

8 28 FEB %97 ' |

e o
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An exanpl e where the conponents are successively tested is: [err] [err]
Note that the behavior of all the junctions during these tests covers the
t'est obligations as given for MX([err]): the junctions play a
self-diagnostic role. This is also true for the switches. Testing a
handshake conmponent with data in an equally enhanced configuration:is

similar. Atest for the basic hand- shakc component VAR [err] in FIG 16 is
for exanpl e: | _ g '

-

Has Been Replaced

" L




t24 VARI QUS OPTI M ZATI ONS That _rest appl i cat I on and perfornmance 62@66@9”6)@
une yosf st n 0| ERTt Yy '
enhanqaﬁBﬁHetHdMBb@JRe 15ceﬂ| I t rat ET Hﬁs mLAEEms@E? testatfidS.ty

enhance , r nf fest events in thig ¢hain of n
duplic r]) I nsert ion of testabillilty2/rAR4IYns |hal f-way down
t he chali 17b, gives a si gnlﬁ I cant! dxponenti al equction to

[err] test events

restable, either directly by means internal thereto, or indirectly by testing the
interconnection between those components and their environment. At other times than
testing the test components just form part of the in-channel handshaking. |
Advantageously, an integrated circuit wherein at least one channel
5 comprises both a junction and a switch that together constitute a test component pair,
thereby allowing both inbreaking and outbreaking test facilities for said at least one
channel. Formation of test componenﬁ pairs such as the above test component pairs
raises the standard of testability. '
In particular, the testable blocks or functional components are clockless
10 on a granularity level of a channel handshake. This means that either the blocks are
asynchronously operating, or their clocks have frequencies in a time-frame that is
invisible on the level of the handshake. If their clocks are much faster, this boils down
to operation in a time-discrete organization that is near-analog as seen from the
handshake. If their clocks are much slower, the handshake sees the functional
15 components as static. ,
Generally, the application of the invention reduces the test to a problem
with a lower measure of complexity. .
Advantageously, the circuit comprises self-test means for receiving an
external activation signal and having developing means for developing from a provided
20 aggregate test signal including control signal various elementary test signalizations and
control signalizations for said junctions and switches, and for receiving and aggregating
various elementary result signalizations to an aggregate result signal for inspection
outside said circuit. This allows for greatly shortening total test time, in that, generally
~ much less communication is required from the circuit under test to a test control and/or
25 test evaluation machine. It should be noted again, that the switch control and the |
junction synchronization are directed towards the switch and junction, respectively.
Switch synchronization emanates from the switch. The transfer direction of data,
however, may be either way, in that both the switch and the junction may receive as
~ well as transmit data on their extra-channel connections. Certain connections may be
30 even bidu'ecuonal with' respect ‘to ‘the data transferred.
Advantageously, a _]lmelOIl may have an electronic part in common with

some channelwise contiguous functional component, and/or a switch may have an
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Anot her sol utionli ERLACEMEN 8a, where ngwlb% %Erérg ?\?)55

(m b, c, d) has beden substit é flor M X (b] y ?s""H‘FHQ n@*\‘ﬁ 3gs

- tonposition of thie for 25 MA '5% itih a switch lam(@akl naagéﬁ Péﬁ*g

(of - FIG 18b). Ifs|behavior_ is.as |follows: rl])ramrmﬁ@si D#@d%?ﬁ Pﬁgﬂd J :

([err], b, [err])}that [inks up nicly with |H# AksRacy a,: paged]f.to pegrdcher]

‘in the duplicatorij . -val.i dates the follow ng test for t he

conplete chain in FIG 18a: [err] 1 | DATE OF RECEPT..25/9%H.
METHOD FOR TESTING AN INTEGRATED

CIRCUITRY AND AN INTE

CIRCUIT HAVING A PLURALITY OF
FUNCTIONAL COMPONENTS AND HAVING
~~JUNCTION/SWITCH TEST COMPONENTS
IN INTERCONNECTING CHANNELS
BETWEEN FUNCTIONAL COMPONENTS

FIELD OF THE INVENTION

The invention relates to a method for testing electronic
circuitry with a plurality of functional components intercon-
nected by handshake channels. Testability of integrated
circuits has been approached in variocus ways, inter alia as
dependent on circuit technology, fault model, and test pro-
visions that may be present or absent, physically as well as
notionally. Earlier provisions include scan test or LSSD,

. boundary scan test, both of these approaching the circuit as
a single black box. U.S. Pat. No. 4,656,592 to the same
assignee teaches the breaking up of complicated circuits into
partial circuits that maintain mutual synchronization through
a handshakingsprocedure. This would allow for blockwise
testing in a quite specific environment wherein the partial
circuits operatc synchronously and only the interaction
between the various circuits is exccuted via handshakes.
During development of the present invention it has occurred
that widespread use of handshaking functional components
is a preferred method to keep development of asynchronous
circuitry manageable. Given such asynchronous realization,
test generation remains a problem that more or less explodes
exponentially with the size of the circuit, causing rather
simple circuits to need an astronomical number of test
patterns and/or test time. The present invention preseats a
solution in that it envisages breaking-into and breaking-out
from the channels, In panticular, 2 channel is herein under-
stood to be a point-to-point connection that has an active
port on its first end, and a passive port on its second end. The
active/passive notion relates to activities on the communi-
cation protacol level, and not on the data transfer direction.



25 The correspondi ng nunber of test events is O(n). Because the test

| anguage is simlar to the progranm ng | anguage, an automatic (partial)
integration of the test can be facilitated by the conpiler. If, for
exanple, the parts [err] are built-in, the nunber of additional external
channel s is reduced to 2: mand s. The,gircuit test reduces to: [err] A
consi derabl e anobunt of circuitry is adeed, however. An alternative

solution, with the mwmw::nablgo&omthepasswepmsxdewm
active port side. By itself, no data transfer need even occur,
if the only object of the commnmcanon 13. e.g. synchroni-
zation.

SUMMARY TO THE mvsn;non-

Amongst other things, it is an object of the present
invention to provide an infrastructure for structural testing of
handshake circuits at a low level of organizational complex-
ity.Acoordingtomcptesentenviromnent.ahandshaks
circuil is a nelwork of asynchronous circuit blocks that
exhibit mutual synchronization and may exchange informa-
tion.

Accordmg to one of its aspects, the invention provxdes a
solution as a method for testing electronic circuitry having
a plurality of functional components interconnected by
handshake communication channcls, each channel terminat-

_ing at respective functional components. The termination
being at an active port of a functional component from
which a communication is initiated and a passive port of a
functional . component where such communication is
awaited, respectively. The method provides one of the
channels with an inbreaking junction thereby forming a first
test component that at times other than testing the junction
just forms part of the in-chanmel handshaking. The method
includes breaking in via a passive port of the junction with
a first test signalization which first tcst signalization is an
alternative to any in-channel sxgnahzanon towards the in-
channel passive port of the junction. The first test slgnal
ization representing the test sxgnalxzauon for the channel in
a lest on any component with a passive port on the channel
and any channel part between the any component and the
test component. The design-for-testability may be embedded

“in a silicon compilation organization as per U.S. Pat. No.
5,005,136, issued Apr. 2, 1991, to the same assignee, which
reference is referred o in particular for comresponding
terminology. It has been found that inbreaking via a junction
would even in the absence of any data transfer, by means of
a synchronization signal returned, allow for executing a test.

REPLACEMENT SHEET

25 MAY 1999




iwithout the overREPAACEMENT SHEET , s to use a single wire to set the

circuit inth prate node off dperation (of. FIG 19). This wire, here

‘referred to asjti by RG99 dxtler nal i nput and an external output of the

circuit, and i outed through | the basic conponents having a test node.
o :

This can be d n | | handshake conponents with a test node,
the events at §he output side offt rve as acknow - edgenent of the events
at the input srde_of t. after_the events at the input side of t becone
observabl e at thellothe synchresization istnns resumed; thisccanldsignalia set in the
appropriate node failed test: It sheuldsbenotedothat ithe: presenp arethold néed f or
i pi ti fal I zation, tfet mygaﬁ@j.w;ﬁ@ s&qﬁé_ﬁ@;cg%% qaglcpméﬁg fromthe
circuit. Thus, t gREmRE o8 EXuaet résul? paltern. Presentation of a test
pattern. may or may not result in a returned synchronization
signal. A result pattern may emanate from executing a test by
means of a test pattern that had been stored earlier. The test
may bc a scif-test, whercin control is tcmporarily effected
locally without external intervention. . o
More comprehensively, the invention provides a method
for testing electronic circuitry having a pluralily of func-
tional components interconnected by handshake communi-
cation channels cach terminating at respective functional
components. The termination being at an active port of a
functional component from which a communication is ini-
tiated and a passive port of a functional component where
such communication is awaited, respectively. The method
provides one or more of the channels with an inbreaking
junction and/or one or more of the channels with an out-
breaking switch thereby forming a set of test components
that at times other than testing just form pari of the. in-
channel handshaking.- The method includes the step of
breaking in via a passive port of a first channel’s junction
with a first test signalization. The first test signalization is an
- alternative to any in-channel signalization towards the in-
channel. passive port of the junction. Under control of an
external control signal to a control port of a switch on a
second channel, the method further includes breaking out
from the second channel a second test signalization via an
active extra-channel port of the switch. This breaking out of
a second test signalization ceases any further in-channel
signalization via an active further port of the second chan-
nel’s switch, the first test signalization being the test sig-
nalization for the first channel in 2 test on any component
with a passive port on the first channel and any channel part
between such a component and the junction. The second test
~ signalization being the test signalization for the second
channel in a test on any component with an active port on the
. second channel, and any channel part between such com-
ponents and the switch. Generally, a complicated circuit will




channel with two

communi cate al on

st andard node of

i RERLACBMENT SHEETake a two- phase hand- shake protocol to

bptesents the test node and t=0 the

where the

p components with'a test npde, ie.
. behavi or under tedt |§§%P%T@§R from the standard behavior, are slightly

changed. A possi blie

[err] The test for the corrplete chaln i's 40W [err]

‘peeda plurality of junctions and a plurality of switches. In

~ certain circumstances, one category of the two could be

absent; like the junction, a switch could work in isolation: in
case of a test, internal control could produce or not produce
the result data at the switch’s output.

The present invention makes the problem simpler by
allowing it to be broken down into parts: insertion of such
inbreaking and cutbreaking facilities leads to a smaller depth
of the state diagrams with respect to testing. It should be
noted that both the first and the second test signalizations
may comprise respective composite signals and/or multibit
patterns, and moreover, neither of them need to contain data
inasmuch as either one may comprise only commuaication
primitive signals. It should be noted that U.S. Pat No.
4,656,592 does not teach any specifics as to how the test
would effectively be executed on the level of the synchro-

- nization primitives.

Advanlageously, the method provides at leasl one channel
with a switch that in its test signalization is controlled both
in test mode for breaking out of in-channel signalizalions
within the at least one channel as well as in non-test mode

- for continuing in-channel signalizations. Under non-test

situations this would allow for standard functionality.
Advantageously, the method provides at least onc channel
with both a junction and a switch as a test component pair
thereby allowing both inbreaking and outbreaking test facili-
ties for the at least one channel. The contiguous junction and
switch constitute a concrete or physical test component pair.
By having the span of such concrete test component pairs
overlapping each other, any part of the channel now covered
by such overlapping is rendered testable. In particular, apart
from wires, the channel may comprise such elements as

" buffers or invertors, that are now also rendered testable. The

methodology deployed can be applied on various levels,
such as on the board level, within a single chip, as well as
on-chip betwcen blocks of various levels of compilexity.
Moreover, it.can be used as 2 partial approach, such as for
specifically testing those parts of the circuits that are dmicult
to control or to observe otherwise.

Advantageously, the invention provides a mcthod for
‘executing a plurality of tests on respective functional com-
ponents by presenting to the circuitry an aggregate test

ifgr MX .([err], b, [err] is given bel ow.



26 1. A nethod for t
functional conmponent
¢hannel s for commini
handshake connunlcat

' [ s éwconnecte
’ ' tion of in-chgnnel
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termnating end, each unct i onal c‘gjpc

active port and ii)

said primry handshake—comml-—nicatiaq
~port of one of sai csignalcnchsdihg
port initates a conffof GofiisP tegtn
said primry handsqghgusﬁgn&&a

e eppdce ect I’OI’]J]C

A passiveport, sai

tonttdl signhlsp

terUtry having a plurality of

by pri- mary handshake conmuni cati on
signalizations each prinmary

a first termnating end and a second
nent having at |east one of i) an

d first termmnating end of each of
cinnel s tern1nat|ng at an active

tireonent act ive

 SacktF 95K i kg b6 Giodd ©ach of
@Rtracting respective extemal control

signals for presentation to various switches and also extract-
ing respective second test signalizations for breaking out
from various switches. This allows for an external access
either at a2 narrower path width or at a lower amount of data
‘transfer. The orgamzauon for a proper ordering, extraction,
aggregation of the various test and control signals may be
obtained from the organizational structurcs that arc availablc
for handshake circuits, such as for (de)multiplexing, parallel
composition, and sequential composition structures as dis- -
closed in U.S. Pat. No. 5,005,136. Additionally, translanng
tables, hashing technology and signature gencration could
- be used in various instances. The provision of varicus
" junctions and switches in the circuitry’s communication
channels is a direct hardware mirroring of the design for
testability and the test method itsclf. Morcover, the provision
of respective test components can be used in a self-test
organization. Self-test is herein defined in that an aggregate
test signal provided from outside is used in conjunction with
various in-circuitry prcpresented or prestored test signaliza-
- tions, whether explicit or implicit, to execute a plurality of
- clementary test operations, afler which a plurality of elemen-
tary test results are joined, signatured, or otherwise evalu-
ated to signal an overall test evaluation outsidc the circuitry
tested. By itself, such self-test principle with respect to a
static RAM memory has been described in U.S. Pal. No.
5,325,367, EP published specification 350,538, to the
assignec of the present application, herein incorporated by
reference.

It is pacticularly advantageous of the invention, to test the
~ electronic circuitry having a plurality of integrated circuits,
by assigning to any channel crossing any border between
separate integrated circuits a dummy functional component
at the border for creating at either side of the border a
separate channel as a respective one of the handshake
channels. If the circuitry consists of more than one separate
integrated circuit, it is not known in advance what the
“neighbor” circuit would be. It could havc the test provisions
according to the invention, or not. And even in the positive
case the two channels could have somewhat different pro-
tocols on a level that would interfere with the testing,



channels term nating at a functional conponent passive port awaits the
comuni cation, said method conprising the steps of: providing at |east one
of said primy handshake com nmunication channels with an in-breaking
junction which divides said at | east one prinmary handshake commruni cation
channel into a stri ng of secondary hands@ake comunication channel s which

string seri- ally calibpegh this wouldinotbei msaase fonsiapdard handshgk-t he active
and passive ports omgdmﬂpahchhp,smCQQﬁepprmgmnhwodm Péenit @xetiN cat i on
channel toget her fogahnsl 2bbihdary'dSh (4] a8 BAldIRnANG at | east
one pri mary. handshaigpfAREYY AR A4l itk b gt

JTAG, now IEEE 1149.1. On another level, the present

inyention can be used for test features according to self-test

principles at various levels of complexity.

According to an advantageous aspect, an integrated hand-
) shake circuit testable according to the present invention,
REPLACEMENT SHEET | SOMPrises a plurality of testable functional componeants that
. are interconnected by handshake communication channels
25 MAY 1999 cach terminating at respective functional componceats. The

termination being at an active communication mxt:atmg port

of the functional component and a passive communication
awaiting port of the functional component, respecnvely Pant
of the channcls being provided with an inbreaking junction
or an outbreaking switch, thereby forming a set of test
components that at times other than testing just form part of
the in-channel handshaking. Any of the junctions having a
first passive channel port for in-channel initiated communi-
cations and a second passive test port for externally initiated
test commumcauons. and a first active channel pon for
propagating both of the types of initiated communications.
Any switch having a third passive channel port for in- -
changpel initiated communications, a second active channel
port for in-channel propagation of these initiated communi-
cations and in cach one of at least part of the switches a
combination of a third active test port for extra-channel
propagation of these initiated communications and a fourth
passive control port for selecting for pmpaganon between
the sccond active channcl port and the third active test port.
The circuit furthermore having a test control device for
breaking in onto any second passive test port with the
externally initiated test pattern. The testable components
may be rendered testable, cither dircctly by mcans intcrnal
thereto, or indirectly by testing the interconnection between
those components and their environment. At other times
than testing the test components just form pan of the
in-channel handshaking.

Advantageously, an integrated circuit wherein at least one
channel comprises both a junction and a switch that together
constitute a test component pair, thereby allowing both

~ inbreaking and outbreaking test facilities for said at least one
channel. Formation of test component pairs such as the:
above test component pairs raises the standard of testability.




conponent s duri ng| aRERLACEMBNE SHEET d| j uncti on havi ng a passive port and an
d—formtngl part of the handshake communication in
communi cati on channel when not in said
passive port of said junction with a
test signalization being an alternative
 on dif ected towards said in-channel
passive port of s Whcrcin the first test signalization

tests any conponent [g\pafdcilarahé| blockS of furitiivnal ésdbonésspr i nary
handshake . comuni ¢ irk Qo1& Gt a Préiltiey 16¥al 8F athhndiahaRHales d any
conponent and sai d qyiq means thar cither the blocks arc asynchronously oper-
. ating, or their clocks have frequencies in a time-frame that
is invisible on the level of the handshake. If their clocks are
much faster, this boils down to operation in a time-discrete
organization that is ncar-analog as seen from the handshake.
. If their clocks are much slower, the handshake sees the
functional components as static.
Generally, the application of the invention reduces the test
to a problem with a lower measure of complexity.
Advantagcously, the circuit comprises a self-test device
for receiving an external activation signal and having a
developing device for developing from 2 provided aggregate
test signal, including control signals, various elementary test

and swilches, and for receiving and aggregaling various

- clementary result signalizations to an aggregate resuit signal
for inspection outside of the circuit. This allows for a much
shorter total test time, in that, generally much less commu-
nication is required from the circuit under test to a test
control and/or test evaluation machine. It should be noted
again, that the switch control and the junction synchroniza-
tion are directed towards the switch and junction, respec-
tively. Switch synchronization emanates from the switch.
The transfer direction of data, however, may be cither way,
in that both the switch and the junction may receive as well
as transmit data on their extra-channel connections. Certain
connections may be even bidirectional with respect to the
daia rransferred. .

Advantagcously, a junction may have an electronic partin
common with some channelwise contiguous functional
component, and/or a switch may have an electronic part in
common with some channelwise coatiguous functional
component. Such set-up would diminish the amount of extra

" hardware needed. Apart from such communality with a
functional component, a contiguous junction/switch pair, in
particular a concrete test component pair, may have certain
electronic parts in common for thereby reducing hardware
overhead.



first test conponent. 27 2. A nmethod as clainmed in claim1, wherein said
electronic circuitry is a singlc integrated circuit, and the step of
prOV|d|ng an in-breaking junction is performed on a prinary handshake
comuni cati on channel within the integrated circuit. 3. A nmethod as cl ai ned
inclaiml, for testing said electronlcaﬁerU|try having a plurality of
Integrated circuits, further including e step of

Advantageously, the circuit according to the invention
* comprises an acknowledge device in at lcast one functional

REPLACEMENT sﬂgﬁ“ component for upon completion of a prespecified test
thereon outpulling an acknowledge signal extraneous to
25 MAY 1999 standard channel handshake signals from such functional

: component. Especially for a repeater functional element to
be disclosed hereinafter, such signalization is a time-saving
provision. The acknowledge may now be sent on the chan-

nels that are pmwded for the standard functions of the
circuit.

Various advantageous aspects are recited in dependent
clanns

DEFINITIONS

For purposc of illustration, thc following dcfinitions
apply:

Handshake cxrcuxt. Graph, with channels as edges and
handshake components as nodes, and with 2 provxsmn for
- initialization.

Handshake component: Electronic circuit, that interacts with
its environment by commmncanng along intermediary
channcls. Each communication is organized as a hand-
shake. The initiative to communicate may vary pet com-
munication. To illustrate the invention, it suffices to fix
initiatives per channel. .

Channel: Bidirectional link of wires between 2 handshake
component and its eavironment. To illustrate the inven-
tion, it suffices to regard channels as point-to-point con-
nections, with unidirectional wires. The two mmmals of
a channel are called ports.

Port: Channel terminal in a handshake component. If the
component initiates the communications along the chan-
nel, the port is called active. If its environment takes the
initiative, the port is called passive.

Communication, or handshake: Finite sequence of commu-
nication events along a channcl, organized as a handshake
protocol, i.e. the initiative for the next event alternates
between the communicating partners..

Communication event: Set of transitions along one or more
of the wires of a channel, which set is provided with a
completion criterion. :



assigning to any channel crossing any border between separate integrated
circuits a dummy functional com ponent while at either side of said border
treating a separate channel as a respective one of said primary handshake
comuni cati on channels. 4. A nethod as clained in claim3, further
including the step of executing an in@erconnection test by neans of

i nbreaki ng and out breaki ng respective test signalizations on said
respective separat éAs refierence modelfor-theosoundness and completaness sai d dumy

functional conpongMhi ted, w?@se"ﬁidmha%ﬂwsmhhgammisam assumber ei n the com
muni cat i on Cha““eﬁz B&fésa gﬁ& &P EOrOfabRicated MarfddHake girkaitet her along a
—pathand wherein
vailabl2, %nd

is av e Ehvifbnment can detect whether or

REPLACEMENT SHEET not the circuit halts in an initial state. Testing starts from
25 MAY 999 | initialized circuits. Theoretically, it may be impossible to

| drive a particular, faulty, circuit to its intended initial state,

but the subseqguent behavior of the circuit will then even
more betray such faultiness. The possibility of faulty behav-

jor that is not detected is ignored.

“Test obligation: In time partially ordered set of communi-

. cation eveats along the channels of the circuit, possibly
with an initialization event at the end. Test obligations
satis(y the constraint that a correct circuit responds to all

events in the test obligation and terminates in an initial
statc.

Test: Set of test obhganom satzsfymg thc two constraints
that every test obligation is passed successively by a
correct circuit, and that an incorrect circuit fails some test
obligation, because it cannot respond to some event
therein. This implies that by itself, atestis a complete set
of stimuli and responses for attaining the object: to know
whether of not the fabricated circuit is correct.

Test suite: Set of tests, reptesennng various possibxhnes to

~ test the circuit.

BRIEF DESCRIPTION OF THE FIGURBS

The invention will be described in detail hereinafter, with
respcct to 2 preferred embodiment of which various aspects
are shown in the appended Figures according to:

FIG. 1 shows a testable circuit according to the invention;

FIG. 2 shows two functional components interconnected
by a channel;

FIG. 3 shows addition thereto of a switch and a junction
as two test components;

FIG. 4 has them interchanged according to the invention;

FIG. S shows an electronic circuit for a sequencer hand-
shake compouent;

FIG. 6 lists the consecutive state combinations therein
when operation in a correct environment;

- FIG. 7 shows a full latabiluy arrangement of a shghtly
more complicated circuit opcrating as a duplicator;



with a first test signalization tests any channel in the path of the first,
test signalization. 6. An integrated circuit conprising a plurality of
-testabl e functional conponents each having at |east one .of an active
communi cation initiating port and a passive comuni cation awaiting port
I nterconnected by primary handshake com munication channels for
communi cation of in-channel sig- nalizations each primry handshake
communi cation channel having a first tgf)m nating end termnating at an

active communicatio (5 ting pori and a s erninating end
terninating at a pahw E@Wﬁﬁ% MW&M ?f%ﬁp%d*‘ Mnct i onal

rOeRt-s—at updary Ot LErcoRnection, connunlcatlon

RERARMERT peEsd Jr ov 'FIG&VMJ% giow various handshake chanpel organiza-
o tions;
25 MAY 1999 FIGS. 10a-4 give four basic handshake components as
embodiments;

FIG. 11 combines two such components to a duplicator;

FIG. 12 shows an electronic circuit for a repeater hand-
shake component;

FIG. 13 shows an electronic circuit for a single-read
single-write variable handshake component;

FIG. 14 shows an optimized version of FIG. 4 for use in
a preferred embodiment;

FIG. 15 likewise shows an optimized version of FIG. 7;

FIG. 16 shows a full testability arrangement for the
single-read, single-write variable;

FIG. 17a, b show a partial testability arrangement for a
duplicator chain with an exponential reduction in the test
time;

FIGS. 18a-c show a slightly different implementation of
a duplicator chain with a linear test time;

FIG. 19 shows an efficient implementation for the mode -
of operation as exemplified by the multiplexer handshake
component MIX.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the disclosure, for brevity, external test machinery, the
apphcauon of test patterns and any register level implemen-
tation, and also any test cvaluation are not treated in detail
inasmuch as such is considered standard art; only the

cummunication channels and their relation to the testability

fearure are fully explained, as well as cenain electronic

subcircuit components that are either feasible or accessory to

such testing. Moreover, the disclosure does not go into the

" transistor level and only slightly into the gate level, inas-

much as these levels of realizing electronic circuitry are
deemed common general knowledge.



| east one of i) an inbreaking junction and ii) an outbreaking switch,
t hereby form ng at | east one test conponent that at other 'EpngtMmI SH'&;ET
n_tho 2o

‘testing just fornms part of the in-channel handshaki ng and whe~e+A-t

| east one test conmponent divides said at |east one primarly fhandshake
comuni cation channel into a string of secondary handshale coRBMAY 1992 ¢n.
channel s which string serially coupl es.yloget her the two flurlcti onal
conponent s having the active and passi

com nuni cati on ports on sai d ‘at

east one primery. handshake g ORECHS SHiBGberRpY ©'L-sa-duncioas

As for synchronous circuits, the problem of ﬁndmg tests
for a.rbn.raxy handshake circuits is a complicated problem:
increasing the sizc of the problem (such as thc number of

channels) renders the number of solutions (e.g. patterns)

exponentially larger. In the synchronous scan test approach,
the solution reduces the test complexity by controlling and
obscrving intcrnal points during testing. This involves extra
hardware per point, thus affecting the performance. Test
costs and performance can be tuned by Judxcxously choosing
the internal points. The resuiting circuit has two modes of
opcration: a standard mode for the original behavior, and a
test mode. The test approach for handshake circuits has
some similarities.

Now, because the key to the testing of a handshake circuit
is its communication behavior, controllability and observ-
ability relate to channels. Therefore, to test 2 handshake

circuit independently from its environment, an extra inter-
face for testing is created by inserting testability handshake
components in the intermediary channels.

First, FIG. 1 shows a testable circuit according to the
invention. The circuit 100 has four functional components
102 .. .. 108. For brevily the nature of their [unctionalities is
not discussed as not relating to the invention proper. The
functional components opcratc asynchronously and arc
interconnected by handshake channels 110. . . 116 that each
have an inbreaking junction/outbreaking switch pair thal
will be discussed more in detail hereinafter. In certain
situations, a channcl may have only a single test component,
cither a junction or a switch as is explained hereinafter. In
the Figure, the pairs are symbolized by blocks 120. .. 126
that communicate, bidirectionally if required, with test con-
trol block 128. Circuit 100 communicates for cxccuting its
standard functionality with external circuitry, not shown for
brevity, along channels 130, 132. The border between circuit
100 and the external world is symbolized by dummy func-
tional components 142, 144 that do not add further func-
tionality. Now, channels 130, 132, between functional com-
ponents 106, 108 and their counterpart dummy components



28 passive channel port for in-channel initiatje®ECOACEMENTaSHERToRs and a

passive test port for externally initiated tesjt 3 and a
active channel port for -propagating both said pe% oﬁ'y lolal At e(J

comuni cations, any said switch having a passijveg c gn é t ifqr

I n-channel initiated com nunications, a activle lor{ i n-channel

propaga- tion of these initiated com“rurl'[%at i ons and an active tdst port for
tT°at ed coyrom=—Tationsand a passive

extra-channel propagation, or these ini
control port for E@q@t@n@ Jpactiga/outhreakingeswitchipaindBdye channel
port and said actil36 respectively. Irv the\Figure, alsocnaermal ehaisels 1460 6, wher ei n
a single primary 148 have their respective inbreaking junction/outbreaking
switch pair 138, 140, that do not communicute with test
control block 128. For brevity, their own test control block
‘'has not been shown. Test control block 128 receives from the
extcn.xa.l world (test machine) an aggregate test signal. This
may imply test initialization, test patterns, intended result
patterns, and any further control that is necessary. This
control can direct which tests or partial tests should be
executed and in what sequence, control the deriving of the
test patterns from the overall test signal, the prescription for
aggregating the result patterns to an overall result signal,
preprocess control of the result patterns, such as comparing
with an expected result, and various others.

Now, FIG. 2 shows two circuits, A and P interconnected
by a channel c. Circuit A is connected to the channel by its
active port, shown by a solid dot, circuit P likewise by its
passive port, shown by an open dot. Data, if any, may go
from lcft to right or oppositc. The active/passive ports
undcriake a handshake. Note that data may be physically on
a separate wire (fibre, frequency, etcetera) parallel to the -
handshaking channel shown. Altematively, data itself may
carry the handshake protocol. The channel may be interior to
one integrated circuit or interconnect two integrated circuits.
Of course, any functional component may have an arbitrary
number of ports. FIG. 3 shows the extra components S
(switch) and J (junction) between handshake circuits A, P.
Switch S is mode-controlled at its passive control input port
external to the channel. Junction J does not need such
control. In this set-up, communication actions initiated by
circuit A and/or accepted by circuit P can be controlled and
observed. Both controlling and observing are done through
inbreaking on a first channel with first test signalizations on
an inbreaking junction, and outbreaking at a second channel
with second test signalizations at an outbreaking switch.
Such observing and controlling however, by S has only an
outbreaking {unctionality with respect o circuit A, whereas
junction I may be omitted from the view-point of circuit A.
Likewise, as seen from the view-point of circuit P, switch S
may be omitted.




a switch that

T BHEBE poth i nbreaking
—hahdshake

Lo laim b, | wherein a
%rﬁ]@? @nd I pte- grated
mni-.. catian.chhnnel

handshake comuni cati on channel includes b
together constitute a test conponent pair,
and outbreaking test facili- ties for saidjsi
" communi cation chan- nel. 8. A circuit as clai
dummy functional conponent is assigned to
circuit which creates a further handshake

termnating at said dunmmy functional 13m ponent for attachprent to a

further integrated ciggcuit and said furthe ; oyl cation channel

bei ng provi dgd Wi ta gﬂ%‘@c’i%%m Mqﬂﬁﬁgm@nt@s&h%m{ pair. 9. A
circuit as clai ned% ischen effectivéhforithe Sintermiediate ichanhel between
'_swir.c.h S and junction J. Thercfore, FIG. 4 has switch and
Junction interchanged. Combined they now constitute a test
~ component pair that have their test objects overlapping, as
regards channel part c. For a specific channel, the choice
between both testability configurations is determined by the
fault distribution of the manufacturing process, the desired
fault coverage, and the associated ease of testing. In the
following, we mainly concentrate on the configuration
shown in FIG. 4. Now, the sequence of lines c*, ¢, ¢°
represents the original channel between the circuits A and P.
In this channel, there is a junction 22 that has a passive test
port in the channel, a passive test port extemal to the
.channel, and an activc port in the channel. The communi-
cations on the two passive ports arc passed through the
single active port, and must not overlap. Furthermore, the
channel has switch 24 that has a passive port in the channel,
an external passive mode control port, an active port in the
channel and a second active test port external to the channel.
A handshake commuaication on the channel is passed
through one of the two active ports as depending on the
mode. In this way all parts of the channel c®, ¢, c? are
coatrollable and observable during testing. The junction
allows for initiating communications (breaking in), the
switch for intercepting communications (breaking out). If
the test cvents on ¢,? and on ¢ cqual thosc on ¢ and ¢®
respectively, then ¢, and ¢ have the same capabilities of
controlling and observing the circuits A and P as c¢® and ¢?
have. Often, weaker relations than equality between the
in-channcl communications and their test counterparts suf-

fice to obtain these same capabilities.

About test generation, it is noted, that a test which is
suitable for a basic component, will also test the same
component in a configuration as shown in FIG. 4, provided
that we replace the channel communications by their test-
countcrparts and that we set the corresponding switches in-
test modc before starting. In a configuration like FIG. 4, part
of this tesl concerns signals that pass through switches
forming part of the environment. These latter switches are
therefore controlled in standard mode. This procedurc may
be rcfined to apply to the more clementary level of .test
obligations. _

t REPLAGEMEN
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conponents are clockless on a granularity |level of a channel handshake. 10.
A circuit as clained in claim6, further including self-test neans for
receiving an external activation signal and an aggregate test signal
including a control signal, said self-test nmeans including devel opi ng neans

for devel oping from said aggregate te |gnal vari ous elenentary test
signalizations and con- troI S|gnaI|z ns for said junctions and sw tches
and aggregating neanyg @fﬂ@@‘ bilidy corfil €d test
signalizations and ﬁlf&m egate result
signal for inspect

cn'cu:ts in g by succcsswely applying it

. to all basxc components in the circuit. In fact, any compo-
sition of thc local test procedurcs will do, as long as

conflicting modes or communications do not occur simul-
taneously.

25 MAY 1999 During the test, the testability components -alternale

between test and standard mode. It is possibie to design them

. in such a way that their role in the testing of handshake

circuits is self-dxagnosuc' through testing the original cir-

REPLACEMENT SHEET

cuit, the entire organization for testablhty enhancement is
tested automatically. - R

FIG. 5 shows anelectromccm:mtforasequencerhand
shake component, cf. the refersnced U.S. Pat. No. 5,005, -
136. It executes the bare handshakes along three channels
a(a0,al), b(b0,bl) and c(c0,c1) that each consist of two
physically unidirectional wires as shown. Internally, there
are two AND gates 28, 30, each having one inverted input
as indicated by an open circle. Finally, a so-called Muller
C-clement 32 is present. Such element has an output that has
been shown twice (w) in the Figure and can have any
number of inputs. Its output changes only if all inputs have
the opposite value of the current output value; otherwise the
output remains unchanged. FIG. 6 lists the consecutive

. stable state combinations when operating in a correct envi-
ronment: when activated along channel a, it communicates
once along channel b0, and subsequcndy, once along chan-
nel c0, respectively. -

- FIG. 7 shows a full arrangement of test provisions for a
slightly more complicated circuit. Shown are a sequencer 34
that would correspond to the arrangement of FIG. §, and a
mixer 36 that unconditionally directs any communication
initiated on either passive port to its sole active port. This
Figurce illustrates that testability enhancement according to
the invention considerably increases the number of external
channels. This may be a problem for integrated circuits, with
only a couple of dozens external channels, Partial integra-

. tion of the test procedure can reduce the number of addi-
tional external channels to only a few, at the price of extra
hardware, Like the testability components, this hardware can

“have a sclf-diagnostic rolc in the testing of the handshake



11. Acircuit as clainmed in claim®6, wherein said junction has an
el.ectronic part in common with one of said functional conponents at which a

pri mary handshake communi cati on channel term nates. 29 12 Acircuit as
claimed in claim®6, wherein said switch has an electronic part in comobn
wi th onc of said functional conponents whi ch a primary handshake
communi cati on channel term nates. 13. circuit as clainmed in claimbé,

wherein one of sai dircuit. Complete integration of the test procedures gives the

_ synchronous equivalence of a circuit with a built-in self test,
_s\fher;onlytheextemalchannelsatdxeboundaryofthe
circutt remain to be tested separately. The possibility to have
a separate boundary test cases the testing of the interface

REPLACEMENT SHEET | between the circuit and its environment.

FIG. 8 gives a possible configuration of junctions and
25 MAY 1999 switches along an interconnection channel ¢ between two

_ integrated circuits A and P, for example along channel
- 130/146 in FIG. 1. The path taken during the interconnection

test is indicated by the dotted linc. Apart from intcrconnee-
ponlchgnnel ¢, no further parts of the two circuits are -
involved. -

In design for testability, test and performance costs can be
tuncd by taking larger or smaller structures of handshake

‘components as the basic components. Generally, such basic
component is a cluster of electronic circuitry not having the
provisions of FIG. 4, supra.

Within the scope of the invention, there are many alter-
native solutions on the above theme of circuit accommoda-
tions for testing. It is often advantageous to use composite
structures that combine original handshake components and
inbreaking/outbreaking components: the resulting circuit
will be smaller and faster than the juxtaposed constituents
because intermediate channels are superfiuous. Also, com-
binations with test procedures or elemerits thereof may
significantly reduce the test problem.

PRELIMINARIES TO A PREFERRED
EMBODIMENT

Initializing a handshake circuit corresponds to making all
external inputl wires low and waiting a certain amount of
time for the circuit to settle in a stabie state that is an initial
state for a correctly functioning circuit. The settling time can
be calculated from the circuit. So, the environment knows
that the circuit is nominally in an initial state when all the
external wires stay low for at least as long as the settling
time.



functional conponents includes acknow edge neans for upon conpl etion of
said testing outputting an acknow edge signal extraneous to said in-channel
signalizations occurring during non-test node fromone of said functional
‘conpo- nents. 14. Acircuit as claimed in claimé, further including a
testabl e variabl e-presenting functional conponént. 15. A circuit as clained
in claim®6, wherein said electronic ci rfﬁltry includes a nultiplicity of

i nterconnected integrated circuits. circuit as clainmed in claim§6,
wherein a singl e teChanhalynste pcmm.tpoinscbimenmmsamtmmdtgc-of junctions

-and switches for qpgiaRiwiies.2The iniGaWeI6 Scinitakecis2ARel- per

channel. A synchronization channel a has two wires: a, from

the active port to the passive port, and a, [rom the passive

port to the active port. A data channel has a single synchro-

nization wirc, on which data is requested or acknowledged,

REPLACEMENT SHEET and a set of wires on which data is communicated. Data

25 MAY 1999 communications are unidirectional and in dual rail encoding,

i.e. there are two wires per bit b, b0 for -zero-value, and bl

for -one- value, respectively. The schemes for the channel
implementations are given in FIGS. 9a—c.

The following communication events are distinguished:

set synchronization wire w: w1 |

reset synchronization wirc w: wd

set data d: b0 T or b1 T for all data bits b in the set of data
wires d; shorthand notation: d T, or & Tv if v is the data
value concerned

ceset data: b0  or bl L for all data bits b in the set of data
wires d; shorthand notation: d 4, ordiv if v is the original
data value concerned

The corresponding completion criteria are as expected:
w T is complete when w={ | |
w4 is complete when w=0
d T (@ Tv) is complets when b0=1 or b1=1 but not both

- equalto }, forall databits bind
d L(d Lv) is complete when b=1 and bl=1, for all data bits
bind

A communication is organized as a 4-pbase handshake,
during which data and synchronization wires are set and
reset, respectively:

a,7; 8,T; agl; 4, i |

. Herein, a semicolon °;’ indicates sequennal ordering
between signals prespecified and post-specified thereto,
respecnvely' Furthermore, if a is a data channel, then either
aqxs the synchromzauon wire and a, is the collcction of data
wires, or vice versa (cf. FIG. 9)

The following programming constructs are used to
specify the behavior at the ports of a handshake circuit in
terms of the above events. Let E range over arithmetic
expressions, and 2 over port names. We use superscripts to
indicate that the initiative for a sequence of events at a port
is intcrnal (."=active) or external (.°=passive):



.17. A nethod of testing asynchronous solid-state elec- tronic circuitry
haV|ng a plurality, of functional conponents interconnected by primary
“handshake conmuni cati on chan- nels for conmunicati on of in-channel
signalizations, each primary handshake conmuni cati on channel having a
first termnating end and a second ternfffating end, each func- tional
conponent having at |east one of i) an active,port and ji) a passive port,
sai d first term natahljisadhofthand hotationafor aarT,rm,rTy dlooghnunl cation

\manﬂe:c s term n?tl ng @,t.], aghgetmuqnnmivg)?{: with tic ewvitodment iLiked cogponegt S
I C uncti ona {kﬂcnforaé:rtonxea,por,@ 4 gﬁggia omruni cati on and sai
second term natin npﬁ (F - cat i on
channel s term nat ?ngrafsé g@a% rfb%ﬁ‘oﬁ) fo T Qaﬁ ﬁhahi %PE.;’DJ
re the initiative is intcrnal. Likewise for aT*%
ai‘?x aT*E, and al"IE.

There are several ways to compose existing bebaviors Py
and P,. Here, we use the operators (in decreasing order of
priority) ***, ‘', ", ', ‘O ‘I, as dcfincd below. As usual,
REPLACEMENT SHEET | bracket pairs ‘()" and ‘(.]" are used to escape from priorities
and to.clari{y the syntactic structure.

Sequential composition Py, P,: first Py, and then P,.
2S5 MAY 99 a° is a shorthand for aT‘;al%, a:!xd a®7x for

aT°?x:al®?x. Likewise for 2°?, a°IE, a", 2"%x and a"IE.

Infinitc rcpeuuon *P,: infinitely often P,

Parallel composition P iP; meaning P, and P, in parallel

aT°' P, denotes aoT Py 2,7, and al®: P, denotes agd; Py

» where the initiative for a is external.

aﬁ' P, denotes aoT (Polla; T), where the initiative for a is
internal.

External nondeterminism PolPt. e:thcr P, or P,, as chosen by
the environment.

Internal nondeterminism Ey—»P,00E,—P,: enher Py or P,,
dcpcndmg on the validity of the corresponding boolcan
expressions E, and E,.

An internal variable x of type T is declaredas x: var T.
Variable declarations are separated by ‘&’ symbols. A
passive port a for data of type T is declared as a®?T for
inputs, and as a2°!T for outputs. An active port a for data
of type T is declared as a*?T for inputs, and as a"IT for
outputs. A port a for synchronizations only is declared as
a°® for passive a, and as a° if a is active. Port declarations
are separated by °,’ symbols. Program constructs for the
basic handshake components are of the form:

(pont declarations). Lvariable declarationsiP, I

or, without internal variable declarations:

(port declarations). P,



A

sive port of on q ¥e4+ianal conponents which functional conponent

passi ve port awdl @’Mﬁwﬁﬂf@a- tion, said nethod conprising the steps

of : providing a flrst prlnary han shake comruni cati on chan- nel with an

desfsaid first primary handshake

stfl g of secondary handshake conmuni cation
¥ rouples the two functional conponents

assi ve porgts oq183id 30

comuni cati on chagnel into
chan- nels whic '
havi ng the actiA

SOME EXAMPLES OF HANDSHAKE
COMPONENTS

FIGS. 10a . . d give the icons for four basic handshake
components: a sequencer (a), a multiplexer (b), a repeater
(c), and a variable (d). :

Scquencer SEQ(a°, b°,c”) in PIG 10a whcn activated
along a subsequently communicates along b and ¢, respec-
tively. The specification in terms of communication eveats
is: ' ~ L

SEQ. (a;.li'. c")=(a" b°, c").*{aT*: (b;:z'f”) alecl]

Muttiplexer MIX. (b°, c°, d°) in FIG. 10b passes the com-
munications along both b and ¢ to d:

MIX. ®°c°d) =

®°,c°.d®) . *(bTo:dT*; blo:dl®
1cTo:dTe clvdd’
!

Repeater REP(a%,b") in FIG. 10c¢ repeatedly communicates
along b, once it is activated along a:

RER.(2°b")=(a® b").aT:*[b"]

Single-read, single-write, 1-bit variable VAR ;,.(a°,b°) in
- FIG. 10d, stores the last bit value input along a and sends
it on request along b:

VAR(‘J)) . (‘o.bo) =
(a®!1, b°?1)

Kx: var |

{*{3°x | b%x]

FIG. 11 combines a sequencer and a multiplexer to a
duplicator. For each communication along a, it initiates two
communications along d.



first primary handshake conmuni cation channel together and a second

pr.i mary hand E'@ﬂITt on channel with an outbreaking switch. which
swi tch dividg¢s —second _prifary handshake communi cation channel into a
string of sedofdary handshak¢ ‘¢ommu- nication conmponents which string
serially cougl ds 25eMpAVOPBNGt ijonal conponents having the active and pas-
sive ports orf daid second prijmgry hands e commu- nication channel

t oget her sai q j'omctton and saiqd switch fofmng a set of test conponents for

testing said [firrst and second. .ar \ ni cati on chan- nels
and saigd f unctional conponent s pgmd?mi ng a test node and
form ng part of the hasfurksynchronous circuits, the correctness criterion for
fabricated circuits is based on a fanit model. [n the fault
models for handshake circuits, faults are related to erroneous
communications, such as the inability to transmit certain
values or to complets a communication (deadlock). In the
following we concentrate on deadlocks. For a 4-phase
handshake with dual rail data transmission, a deadlock
corresponds to the inability to set or reset some channel
wire. Deadlocks also cover faults in internal wires which can
be illustrated at the hand of FIG. 5. The intended behavior
is:

*[aoT; T"; by T w; bod®; byl eoT=; ,T%; 8,77 agd®s wis
end”; o 4% 2,47} of. SEQ (2°b°¢"). '
Both the setting and the resetting of internal channel w are
followed by some external event: w T by byl, and w { by
ot If either of the internal events is disabled, e.g. as a result
of a stuck-at fauit on w, then so is the external event a,d,
thus causing a deadlock on channel a.

FIG. 12 shows 2 concrete circuit for the basic component
REP.(a°,b"), also from U.S. Pat. No. 5,005,136. It iliustrates
what was already expressed earlier: the absence of event
a, T, and the necessity of initialization to end the computa-
tion and to test ag!. S

FIG. 13 gives a concrete circuit for the basic component
VAR, ;,-(2°,b°), according to Netheriands Pateat Applica-
tion 9000544, corresponding U.S. Pat. No. 5,280,596, herein
incorporated by reference. By storing the value O into the
variable and then reading i(, the wires a40, a,, by and b,0 are
tested for stuck-at-0/1 faults, wire g0 is tested for smck-at-1,
and q1 is tested for stuck-at-0. Storing the valuc 1 and then
reading it, tests the wires a1, b, 1 for stuck-at-0/1 faults, g0
for stuck-at-0, and gl for stuck-ai-1. A complete test is thus
obtained by executing both in sequence. As a result of the
dual-rail encoding, it is not necessary to check the received
value against the stored value. Given the above test model,
the [ollowing tests are suited for testing the basic compo-
nents in FIG. 10:
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comuni cation i dard Tirst—andysécond prinmary hand- shake communi cation
channel s when ngt iqé%@:ﬁﬁ kro e, said junction having a passive port
and an in-chann IJpas [ . ,fs@id swtch having a control port, an
acti've extra-chgn ' i fhUrther active port; breaking in via said
passive port offsaid junction with a fjrst test signalization, the first

test signalization Dermng amatternati wWto any of the in-channel
signalizations directed towards said in-channel passive port of said

junction; and breakThe testsutiefos SEQ.(@0{b",c3) containsarsingletetwith of sai d
swtch a second t@ﬁnﬁi&@bﬁﬁtﬁﬁ&,@%ﬁeﬂ@:rm of an

al™°cTo) al*cle

The test suite for MIX.(b%¢°,d") contains a single test
with two test obligations:

bT™dT®; bl :dl® and cdT*; cl*dl®

The test suite for REP.(a°,b") contains an infinite number
of singleton tests, such as test, with n>0 compicte commu-
nications along b.

test, =aT™:(b°)"; initialize

The test suite for a variable contains a single test with two
test obligations: '

a"0; b™%y and a™t1; b*%

Where convenient, we henceforth define a singleton test by
giving its single element.

TESTABILITY ENHANCEMENT

For circuits with dual rail data encoding it suffices to test
the sctting and resetting of data outputs, unlike circuits with
single rail data encoding, where the values are important as
well. Also for synchronizations per se, it is sufficient to test
for sctting and resetting of synchronization wires. The test
interfaces for the inbreaking and outbreaking components
can therefore be simpler than the standard interfaces (cf.
FIG. 14 as an optimized version of FIG. 4). Herein, the
uninterrupted arrow delimits the test trajectory for compo-
nent A, the interrupted arrow delimits the test trajectory for
component P.

Breaking into a synchronization channel is done with the
following type of junction:



external cont rge gnal at said control port of said switch, the second

t est S|gnaI|z.tHEPLAGE 0 I t¥rna- tive to any further in-channel
signalizationjvi LWLLDET dctive port of said switch and wherein the
first and sec¢n( t S|gnall'a‘yons test (a) any conponent with a passive
port on said {i % AaM9hahdshake communi cation channel, (b) any
conponent W t sai d second primary handshake conmu-

~ channel rt between i) said in breaking
junction and mnth assive port on said first primary

handshake commu- nlcatlon channel ) any conponent with a passive port on
said first primary hanﬁ@%@eenﬁunl’toeﬁlﬁn chan-

Pa s
*[p, L T'. p.ipd”
l;T’;T‘ p‘l:;l
)

Note that the multiplexer MIX.(p,°p,°,p") matches this
specification. Junctions for breaking into data input channels
| with W bits are specified by:

JU\ICTION,, W)-(Pn PP =
(p. PCTWDIW) .

I 'lp.g"x. pTix: pd o2k ploix
ip, ™% pT™ix; pll"?x. pl‘I:x
]

" Junctions for breaking into data output channels with W
bits, JUNCTION,, uy- (p,%p.%P"), are specified by:

. JUNCTIONw, . (" 3" D) =
' (p."W-n p""W)

pﬂ‘k pT ploix i pdox
*’pf"k by RO Ay w

The mode of operation in the outbreaking components is
controlled by & boolcan port a,, and an intcrnal boolcan
variable t: false for standard mode, and true for non-standard
or test mode. The switches for breaking out of synchroni-
zation channcls arc specified by:

SWITCH,. ,(a,°, 3" 2," 2") =
{a,% 8", a,"? bool, 2°)

1 * 2"t
aT*{ —t—a,T* O t—skip};
fa J% e, d® O 1-kip}

}
1



nel and any conponent with an active port on said 31 second primary
handshake communi cation channel and iii) any conmponent with an active port
on sai'd second primary handshake comuni cation chrannel and said out breaki ng
switch. 18. A nethod as clained in CLi m 17, further including the step of
providing at | east one prinmary hands comu- nication channel with both

a Junction and a syihedYor bhGking SRRF pul Bldnmerd WECH wils! O 19 both

i nbr eaki ng and out

are specified by:
swrrca(,w, (8" 3 A’ 2°) =
(,°7W.2,"? W,a_° ? bool, 2°'W). REPLACEMENT SHEFT
aIE:. var b&?l -
X: var
e 25 MAY 1999
taToIX:| —t—ra, T*?7XOt—ra, T*7X1;
ai“XJ—&e;lﬂxth 7

]l

Switches for breaking out of data output channels with W
bits are specified by

SWITCHq wy (8" 2%,4% =
(2,"? W.a,° 7 W, *7boola®?W).

unwrbmﬂ
&xvar W

1 *[an”t
iaT*tx:f —t—ra,T*IWOHoskipl;
ﬂfkl-isukb“ﬂﬂbﬂﬁnﬂ

B

FIG. 15 gives the counterpart of FIG. 7 for the basic
componenis SEQ.(a°b", c¢”) and MIX.(b°%c°.d"), in their
combination as duplication. The ports with index 0 are part
of the test interface of the environment, the ports with index
1 form the test interface of SEQ.(a°b",c"), and those with
index 2 form the test interface of MIX.(b%c°.d").

FIG. 16 gives the corresponding counterpart to
VAR, ,,.(2°,b"), with junctions and switches for data.

- TEST GENERATION
A possible test counterpart of SEQ. (a°b°c") in the
configuration of FIG. 15 is;
(2 falsel, > truelic, O lrua); 8

A possible test counterpart of MIX. (®°, ¢° d°) in the
configuration of FIG. 15 is:



breaking test facilities for said at |east one primary hand- shake
.comuni cation channel. 19. A nmethod as clained in claim 1 ffr—f-trr-t-hre+

fncluding the steps of: controlling said switch for break rfngbAEEMHH SHEfBINg

‘test signalization during said test node; and control ling"’
propagating the in-channel signaliz on via said further
said switch when not in said test e. 20. A nethod. as
17, for executing a plurality of tests on said functional

sfal d SWTCH T

cl g?ﬁ:’ﬁ”ﬁ?@?gi m'

further including thaﬂa;.mﬁ,;.!mw?.hw; gesr egate t.__

circuitry includ-

fest signal to sai(

A test for the complete duplicator of FIG. 15 includes the
testing of the boundary, i.e. channels a, and d,. A possible

boundary test is:

(8, Oruciid, P false); (a, M1 4,7°; ¢,Ld, %)

Thexea:esevetalpossxbxhuestocombmethesetoatut

for the complete duplicator.

An cxamplc where the components are successively

tested is:
(@@ falsc | 6V ltru [| " ttrue); £0° ;

UD%ifalse | AV Halse § 62 terue); 4P ;° 5
(@@ iue | P 1alse) 8 HEPT® 1 4,7 2 ddy)

An cxample where the ests arc intericaved is:
MY® tfalsc | ¥ terue | &2 true); P ;

(69 tfaisc || ED® itrue) ; 2V°
Sl®ifalse ; P ;

@9 nruc || &3 Hfalse): (2,® [ADT® : d,T° ; dPL®: drd®)

Note that the behavior of all the junctions during these tests
covers the test obligations as given for MIX.(.°, .°, .%): the
junctions play a sclf-duagnosuc rolc. This is also truc for the
switches.

Testing a handshake component thh data in an equally
enhanced configuration is similar. A test for the basic hand-
shakc component VARq,,.(a° b°) in FIG. 16 is for
example: _

2, Mfalselib, @ifalse); 2,87°10; b®; 9 P; b



I ng aggregate control signals; extracting fromthe aggregat
the first test signalization; and extracting fromthe aggrega
control si.gnals for controlling said switch. 21. A testing

I nt erconnected by primary handshake communi cati on channel s
ni cati on of in-channel signalizations, wherein a first fung-
conmponent includes an active port and 24second functi onal
includes a passive port and wherein a prlnary handshake conmunt

channel has a first ter- mnat y@ﬂﬁ%ﬁﬁ&i t .an active port of a

That test application and performance costs can be tuned
by judiciously choosing the internal points for testability
enhancement, which is illustrated using FIGS. 174, b. With-
out testab:hty enhancement, as in FIG. 174, the number of
test events in this chain of n duplicators is 0(2"**). Insertion
of testability provisions half-way down the chain, as in FIG.
17b, gives a significant exponential reduction 0

ael

2 2

test events.

Another solution is shown i m FIG. 18a, where a new basic
component MIX'. (m®, b°, c°, d*) has been substituted for
MIX. (b°, c°, @%). The new component is a composition of
the original one with a switch for breaking out of channel ¢
(cf. FIG. 18b). Its behavior is as follows:

MIX'(m®, b°, &%, d°) =
(m>?ool, b°, c°, 4°).

lt : var boot

I *{m°h
BT dt; bl : 4T N
icTe : Iqt—de' Clt-)shpl
el’:[t=dl® Dt shp]
}

1

A possxblc test for MIX'. (m°, b°, c®, d°) that links up nicely
with the SEQ. (a‘ b®, c*)—components in the duplicator is:

m*itsue; BT 4T bl® dd*; ¢*, m*Mulse
This validates the following test for the complete chain in
FIG. 18a:

(my*ttruell. . . im, *ttrue) aT*:d%;al"; (m,*Halse & . . Im,"false)



conponent and a second termnating end termnating at a passive port of a
funmcti onal conponent, wherein said active port initiates a conmunication
and sai d passive port awaits said connunlcatlon sai d testlng circuit
conpri sing an inbreaking Junctlon prOV|d on a first primary hand- shake
comruni cati on channel Lvides sai st rlnar dshake -
comruni cati on channelTﬁgfﬁgﬁg éh? g%%ﬂﬁ p - comruni cati on
chan- nel's which striBgcauseithe I‘?mclél}m msmﬁartmhctprommmngz

- language, an automatic (partial) integration of the test can be

REPL ACEMENT SHE E__.facxhlated by the compiler. If, for example, the parts

25 MAY 19997 (m,*!wueil . . im,"%true).(m, “Yalsed. . . Ibm,"!false)

are built-in, the number of additional external channels is
reduced to 2: m and s. The circuit test reduces to:

(s*tm*ttrue; aT*:d; al®; (s"lin*!faise)

A considerable amount of circuitry is added, however.

An alternative solution, with the same advantages, but
without the overhead in circuitry, is to use a smgle wire to
set the circuit in the appropriate mode of operation (¢f. FIG.
19). This wire, here referred to as t, is both an external input
and an external output of the circuit, and is routed through
all the basic components having a test mode. This can be

- done such that, in all handshake components with a test
mode, the eveuts at the output side of t serve as acknowl-
edgement of the events at the input side of t: after the events
at the input side of t become observable at the output side of

' t, the rest of the circuit is set in the appropriate mode before
a fixed amount of time has passed.

As for initialization, the amount of time to settle can be
calculated from the circuit. Thus, t can be conceived as a -
channe! with two wires. Here, we takc a two-phasc hand-
shake protocol to communicate along t, where t=1 represents
the test mode and t=0 the standard mode of operation. The
components with a test mode, i.e. where the behavior under
test is diffcrent from the standard behavior, are shghtly
changcd A possible spec:ﬁcanon for MIX.(t°, b°, c°, d%) is
given below,

MEC.(% 0%, % d%) =
(1% b7, &2, d%
* T
Fed°
T4t ; bl
ieT:{tm0 —d D =l ~» skip)
]cl" “(t=0 —3dl” 03 1=1 —» skip|

The test for the complete chain is now:

1T aTed% al= ol



conponents having the active and passive ports on said first primary

handshake c | together for testing said primary handshake
comuni - cat]i GWEPLAGEMENT| SKHEETCt]i onal conponents during a-test node; —sai

junction haVi g a passive pqrtf for awaiting externally iriir' ! ‘
signalizatigng, ' ngl {passive t for awaiting in;-cl,ﬂ" f@[ﬂ, ll"
ns a%g gﬁY?c???v Qort for ?ﬂ)pagati ng the in-channel si ”*I

signalizati
tions such tlha g—a—ReH- tlest node said junction fornms part of the

handshake . cdmuni cation in saild firsgppiNggsy handshake communi cation
channel , sai @ pas- SIVE p ~of sai g*rtmctrTon for awaiting comruni cati on of
the externally initiatgd 4 Sbudle? 9§ 1éting® Qiedtonit? difdGitry having a
plurality of functional components interconnecied by pri-
mary handshake communication channels for communica-
tion of in-channel signalizations each primary handshake
communication channel having a first terminating end and a
second terminating end, each functional component having
at least one of i) an active port and ii) a passive port, said first
terminating end of each of said primary handshake commu-
nication channels terminating at an active port of one of said
functional components which {unctional component active
port initiates a communication and said second terminating
end of each of said primary handshake communication
channels terminating at a functional component passive port
a;vaits the communication, said method comprising the steps
of* .
providing at least onc of said primary handshake com-
munication channels with an in-breaking junction
which divides said al least one primary bundshake
communication channel into a string of secondary
handshake communication channels which string seri-
ally couples the two functional components having the
active and passive ports on said at least one primary
bandshake communication channcl together forming a
first test component for testing said at Jeast one primary
handshake communication channe] and said functional
components during a test mode, said junction having a

passive port and an in-channel passive port and forming
part of the handshake communication in said at least
one primary handshake communication channel when
not in said test mode; and

breaking in via said passive port of said junction with a
first test signalization, the first test signalization being
an alternative to any of the in-channel communication
dirccted towards said in-channel passive port of said
junction, and whercin the first test signalization tests
any componcnt having a passivc port on said at least
onc primary handshake communication channel! and
any channel part between said any component and said
first test component,



test node, and said active port of said junction for propagating the
externally initiated test signalization instead of the |p-
signalizations . during the test node: and an out breaki n'glmmimmﬁmw““on
a second primary handshake communi cation channel which sai d
second prinary handshake communi cati oyfhannel into a string of secondary
handshake commu- ni cgt‘*on hannel] s, which string serially couples the two
functional conponent%? g‘ﬁ%&% mdmmm coni d second
pri mary handshake €SPl &2 singiccintegrated wirmiierandahe steptoh and
~junction forming apryidiag andarbeeaking junction isperformed bn aprimaryan active
hgndg.hake communication channel within the integrated
circunt.

3 A ‘method as claimed in claim 1, for testing said
. electronic circuitry having a plurality of integrated circuits,

REPLACEMENT SHEET |fusther including the step of

assigming to any channel crossing any border between

25 MAY 1999 ~ Separate mntegrated circuits a dummy functional com-

‘ ponent while at either side of said border creating a
: scparatc chanuel as a respective one of said primary

. | _J  handshake communication channels.

4. A method as claimed in claim 3, further including the
sicp of executing an interconnection test by means of
inbreaking and outbreaking respective test signalizations on
said respective separate chamnels pairwise joined by an
associated said dummy functional component.

S. The method as claimed in claim 1, wherein the com-
munication channels and functional components are coupled
together along 2 path and wherein the step of breaking in
with a first test signalization tests any channe] in the path of

the first test signalization.

6. An integrated circuit comprising a plurality of testable
functional components each having at least one of an active
communication initiating port and a passive communication
awaiting port interconnected by primary handshake com-
munication channels for communication of in-channel sig-
nalizations cach primary handshakc communication channel
having a first terminating end terminating at an active
communication initiating port and a second terminating end
terminating at a passive communicating awaiting port of
said functional components and at least one of said primary
handshake communication channels being provided with at
Jeast one of i) an inbreaking junction and ii) an outbreaking
switch, thereby forming at least one test component that at
other times than testing just forms part of the in-channel
handshaking and wherein the at least one test component
divides said at least one primary handshake communication
channel into a string of secondary handshake communica-
tion channels which string serially couples together the two
functional components having the active and passive com-
munication ports on said at least onc primary handshake
communication channel, any of said junctions having a



FMT 70T .

extra channel por ﬁ akl ng out {of said second primary handshake
cQmuni cation chafngl a.second test|signalization, a further active port
for propagating theli 2 5HMAYIEDOI gnglization during a non- non-t est node and-a

‘control port for fegeiving control $ignalizations and t ween
activating said agti \}e extra Chanf nel p and acti anm ﬂ#\mﬂ mm)aar
active port. 22. . ) to aim 21, whereincatt
the first and second prlnar handshake comuni cati on channel s i ncl udes
both a junction and passive portgforhin-channel iinitiated: commugisaponent
“pair, thereby allow rgnecird anpassive nestaparroforbexteimally irithtedaoeski ties for
said at least one pr cORInfuniC2368s) 4 & ABHVE (chahadl'bdtt' f6F Sropagating
both said types of initiated communications, any said switch
having 2 passive channel port for in-channe! initiated com-
munications, a active channel port for in-channcl propaga-
tion of these initiated communications and an active test port
for extra-channel propagauon of these initiated communi-
cations and a passive control port for selecting for propa-
gation between said active channel port and said active test
 port.
7. Acircuit accordmg to claim 6, wherein a single primary
handshake communication channel includes both a junction
and a switch that together constitute a test component pair,
thereby allowing both inbreaking and outbreaking test facili-
u:ls for said single pnmary handshake communication chan-
n
8. A circuit as claimcd in claim 6, wherein a dummy
functional componcat is assigncd to a border of said inte-
grated circuit which creates a further handshake communi-
cation channel terminating at said dummy functional com-
ponent for attichment to a ﬁmhcrmtcgrated circuit and said
further handshake commuinication channel being provided
with a junction and a switch as a test component pair. .
9. A circuit as claimed in claim 6, wherein said functional
components are clockless on a granularity level of a channel
10. A circuit as claimed in claim 6, further including
self-test means for receiving an external activation signal
and an aggregate test signal mcludmg a contml agnal said
self-test means including -

developing means for developing from szud aggregate test
signal various elementary test signalizations and con-
trol signalizations for said junctions and switches and
aggregating means for aggregating said externally initi-
ated test signalizations and said second test signaliza-
. tions to an aggregate result signal for mspecuon outside
‘'said. circuit.
11. A circuit as claimed in claxm 6, wherein said junction
. has an electronic part in common with one of said functional -
components at which a primary handshake communication
channel terminates. -




23. Acircuit as cl

i s assigned to a bofder of said |nte-

|R b Arn clai'm 20, | wherein a durrrry- functional

conponent

grated circuit which creates a

further prinmary hanfishaks siymgygcat ijon channel term nati ng at sai

func- tional conponent for attachnent] to a further int ﬂtm
and sajd further prj mary hangstrake~cdmmuni cation chan "H

vmthajunctlon and..a.
clainmed in claim?21, 1further I ncl ud] ng.

A circuit as claimed in claim 6, wherein said switch
has an electronic partmcommon with onc of said functional
components at which a pnmary handshake communication
channel terminates.

13. A circuit as claimed in claim 6 wherein one of said
functional components includes acknowledge means for
upon completion of said testing outputting an acknowledge
signal extraneous to said in-channel signalizations occurring
during non-test mode from one of said functional compo-
14. A circuit as claimed in claim 6, further including a

testable variable-presenting functional component.

15. A circuit as claimed in claim 6, wherein said electronic
circuitry includes a multiplicity of mtetconneched integrated
circuits.

16. A circuit as claimed in claim 6, wherein asmgle test
channel serpentines through a plurality of junctions and
switches for operating as a two-phase handshake channel.

.17. A method of testing asynchronous solid-state elec-
tronic circuitry havmg a plurality of functional components
interconnected by pmna.ry handshake communication chan-
nels for communication of in-channel signalizations, each
primary handshake communication channel having a first
terminating end and a second terminating end, cach func-
tional component having at least one of i) an active port and

" ii) a passive port, said first terminating end of each of said

primary handshake communication channels terminating at
an active port of one of said functional components which

functional component active port initiates a communication -

and said second terminating end of each of said primary
handshake communication channels terminating at a pass-
sive port of one of said functional components which

%cwt
ch as a tedt Q@wonent pair. 247 A CI'fCLBI{

functional component passive port awaits the communica- |

tion, said method comprising the steps of:
providing a first primary handshake communication chan-
nel with an inbreaking junction which divides said first
primary handshake communication channel ino a
string of secondary handshake communication chan-
- nels which string serially couplces the two functional
components having the active and passive ports on said



sel f-test neans fl rng&gggmgmgs@gﬁpxternal activation signal and an

aggregate test si cjont r ol West means
i ncl udi ng devel op n ans for devel oping from saj test signal
various el ementarly fed™ MAIN®Mz4tijons and c ﬂr‘m ations for
said junctions a ches and faggr egat i ng n aggregatl ng said

externally initi- at ed test si gnal ijzat i ons and sai d second test si gnal i za-
tions to an aggr f o830 nspection outside said circuit.

25. Acircuit as clained in,claim:21, wherein said juyncti cl udes an
el ectronic part in coﬁgﬁn m@aﬁsbm Lgmnmmo%oﬁgemﬁ

together and a second primary handshake communica-

-tion channel with an outbreaking switch, which switch

- divides said second primary handshake communication

channel into a string of secondary handshake commu-
nication components which string serially couples the

two functional components having the active and pas-
sive ports on said second primary handshake commu-
nication channel together said junction and said switch
forming a set of test components for testing said first
and second primary handshake communication chan-
nels and said functional components positioned thereon
during a test mode and forming part of the handshake
communication in said first and second primary hand-
shake communication channels when not in said test
mode said Juncuon having a passive port and an
n-channel passive port, said switch having a control
pon an active extra-chanoel port and a further active
port;
breakmg in via said passwe port of said Juncuon ‘with
first test signalization, the first test signalization being
an altemative to any of the in-channel signalizations
directed towards said in-channel pass:ve pon of said
junction; and :

breakxng out via saxd acuve extra-channel port of said
switch a second test signalization under control of an
extenal control signal at said control port of said
switch, the second test signalization being an alterna-
tive to any further in-channel signalization via said
further active port of said switch and wherein the first
and second test signalizations test (3) any component
with a passive port on said first primary handshake
communication channel, (b} any component with an
active port on said second primary handshake commu-
nication channel and, (c) any channel part between i)
said in breaking junction and said uny component with
a passive port on said first primary handshake commu-
nication channel ii) any component with a passive port
on said first primary handshake communication chan-
nel and any component with an active port on said




26. Acircuit as clainmed in claim?21, wherein sai ' ' an
elsectronic part in common with one of sad functioﬂmmnguummgl A
circuit as claimed in claim21, wherein one of aid+fi¢stt aftd Second
functional conponents includes acknow ».edge neans for upon conpletion of
'said testing, outputting an acknow edgalsi gnal extraneous to said
i n-channel signal - izations occuring during non-test node fromone of said
first -and second funct is¢gend pomasyhandshake communicationchaanglaadi in cl aim
21, wherein said el ec- ifi) any companéntrwithran active portont $aid isecond of
i nterconnected integr atmimaty Auhdshakeocofirfiricatién ahaghel agd said cl ai m 21,
wherein a single outbreaking switch. S
| . 18. Amethod as claimed in claim 17, further including the
REPLACEMENT SHEET step of providing. at least one primary handshake commu-
. - nication channel with both a junction and a switch as a test
25 MAY 1999 component pair thereby allowing both inbreaking and out-

breaking test facilities for said at least one primary hand-

‘ , shake communication channel.
—_— _ 19. A method as claimed in claim 17, further including the
. steps of: L _
controlling said swiich for breaking out the second test
signalization during said test mode; and :
controlling said switch for propagating thc in-channel
signalization via said further active port of said switch
when not in said test mode.
20. A method as claimed in claim 17, for executing a
plurality of tcsts on said functional componcnts and further
‘including the steps of: -
presenting an aggregate test signal to said circuitry includ-
ing aggregate control signals;

extracling [rum the aggregate test signal the first lest

signalization; and

extracting from the aggregate test signal control signals

for controlling said switch.

21. A lesling circuil for elecironic circuilry having a
plurality of testable functional components interconnected
by primary handshake communication channels for commu-
nication of in-channel signalizations, wherein a first func-
tional component includes an active port and a second
functional component inciudes a passive port and wherein a
primary handshake communication channel has a first ter-
minating cnd tcrminating at an active port of a functional
componcat and a sccond terminating cnd tcrminating at a
passive port of a functional component, wherein said active
port intiates a communication and said passive port awaits
said communication, said testing circuit comprising:

an inbreaking junction provided on a first primary hand- .

shake communication channel which divides said first
primary handshake communication channel into 2
- string of secondary handshake communication chan-
nels which string serially couples the two functional




primary handshake comuni cati on channel .
juhctions and switches for operating as a two-phase prj

channel . 30. A nethod of testing electronic circuitry j"ﬂ:m lgat y Of
functional conponents interconnected by pri- mary han ﬂﬂ" on

channel s for communica- tion of in-channe!s
handshake communi cation_channel having a first term nating.end and -

ternminating end, each fGPRiPODARls having theactiveandpassiveports on said

first primary handshake communication channel
together for testing said primary handshake communi-

" REPLACEMENT SHEET
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cation channel functional components during 2 Lest
mode, said junction baving a passive port for awaiting
- extemally initiated test signalizations, an in-channel

- passive port for awaiting in-channel signalizations and
an active port for propagating the in-channel signaliza-
tons such that during a non-test mode said junction

forms part of the handshake communication in said first
primary handshake communication channel, said pas-
sive port of said junction for awaiting communication
of the externally initiated test signalization during the

test mode, and said active port of said junction for.

propagating the externally initiated test signalization

~ nstead of the in-channel signalizations during the test
mode: and

an outbreaking switch provided on a second primary

e communication channel which switch

divides said second primary handshake communication

- channcl into a string of secondary handshake commu-

- nication channels, which string serially couples the two -

. [unctional components having the active and passive
- ports on said second primary handshake communica-
tion channcl together, said switch and junction forming

asetof test components, said switch having an active -

.. extra channel port for breaking out of said second
.. primary handshake communication channel a second

.. test signalization, a further active port for propagating

the in-channe! signalization during a non-test mode and
. a control port for receiving control signalizations and
for selecting between activating said active extra chan-

| nel port and activating said further active port.

+ 22. A circuit according to claim 21, wherein at least one
of the first and second primary handshake communication
channels includes both a junction and a switch that together
constitute a test component pair, thereby allowing both
inbreaking and outbreaking test facilities for said at least one
primary bandshake communication channel.

23. A circuit as claimed in claim 21, wherein a dummy
functional component is assigned to a border of said inte-
grated circuit which creates a further primary bandshake
communication channel terminating at said dummy func-
tional component for attachment to a further integrated

serpentines through—a-plurality of
ry handshake

i gnal i zati ons, each"pri mary

a second



at | east one of

termnating end of each of said primry handshake-ee

1) an active port and ii) a passive port, sai

terminating at-an active port of one of said functignal
functional conponent active port initiates a com*ruMﬁu“muﬂ second
term nating end of each of said primary handshake "lwrﬂmnnel s

termnating at a passive port of one &3said func- fi ohalt cd’rrp@nents whi ch
functional conponent passive port awaits the conmunication, s

conprising the steipcuibind Rafy fetehst lrll'ﬂ-b§

d first

ation channel s

%. ch

aid net hod
com*rum cation

o e A TR

24. A circuit as claimed in claim 21, further including
sclif-test means for receiving an external activation signal
and an aggregale lest signal including a control signal, said

EENT SHEET
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L__ .

clf-test means including

developing means for devcibping from said aggregate test
signal various clementary test sxgnahzatxons and con-
Lrol signalizations for said junctions and switches, and

‘aggregating mcans for aggregating said cxternally initi-
ated test signalizations and said second test signaliza-

tions to an aggregate result signal for inspection outside
said circuit.

25. A circuit as claimed in claim 21, wherein said junction
includes an electronic part in common with one of sa;d
functional components.

26. A circuit as claimed in claim 21, wherein said switch
includes an electronic part in common with one of said
functional components. _

27. A circuit as claimed in claim 21, wherein one of said
first and second functional components inciudes acknowl-
edge means for, upon compietion of said testing, outputting
an acknowicdgc signal cxtrancous to said in-channel signal-
izations occurring duting non-test mode from one of said
first and second functional components.

28. A circuit as claimed in claim 21, wherein said elec-
tronic circuitry includes a multiplicity of interconnected
integrated circuits.

29. A circuit as claimed in claim 21, wherein a single
primary handshake communication channcl scrpentines
througha pluraht.y of junctions and switches for operatmg as
a two-phase primary handshake channel.

30. A method of testing electronic circuitry having a
plurality of functional components interconnected by pri-
mary handshake communication channels for communica-
tion of in-channel signalizations, each primary handshake

~ communication channel having a first tcrminating end and a

sccond terminating end, each functional component having



muni cati on channel i
channel s, which Stl’l
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initiates a communication and said second terminating
of each of said primary handshake communication

channels terminating at a passive port of one of said func-
tional components which functional component passive port
awaits the communication, said method comprising the steps

of:

providing a first primary handshake communication chan-

nel with an inbreaking junction and an outbreaking
switch which divide said first primary handshake com-

_ mmﬁcaﬁonchmelintoastringofsccmdaryhmd-

shake commumication channels, which string sedially
couples the two functional components having the
acuveandpassweponsonsmdﬁrstpnmaryhandshake
communication channel together, said junction and said
switch fonmng a set of test components for testing said
first primary handshake communication channel and
said functional components coupled to said first pri-
mary handshake communication channel during a test
model and wherein said junction and switch form part
of the handshake communication in said first primary
handshake communication channel when not in said
test mode, said junction having a passive port and an
in-channel passive port, said switch having a control
port, an active extra-channel port and a further active
port;

breaking in via said passwe port of said Juncuon with a

first test signalization, the first test signalization being

- an alternative to any of -the in-channel signalizations

directed towards said in-channel passive port of said
junction; and

breaking out via said active extra-channcl port of said

switch a second test signalization under control of an

~external control signal at said control port of said

switch, the second test signalization being an alterna-
tive to any further in-channel signalization via said
further active port of said swilch and wherein the first
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said first primary handshake commnmcanon channel,
and said first primary handshakc communication chan-
nel. '

31. A testing circuit for electronic circuitry having a
plurality of testable functional componcnis intcrconnected
by primary handshake communication channels for commu-
nication of in-channel signalizations, wherein a first func-

~ tional component includes an active port and a second
functional component includes a passive port and a primary
handshake communication channel has a first terminating
end terminating atsmdacnvcponandasecondtermnanng
end terminating at said passive port, whercin said active port
initiates a communication and said pass:ve port awaits said
communication, said testing circuil comprising:

an inbreaking junction provided on said primary hand-

shake communication channel for testing said primary
handshake communication channel and said functional
componeats during a test mode, said junction having a
passive port for awaiting externally initiated test sig-
‘nalizations, an in-channel passive port for awaiting
in-channel signalizations and an active port for propa-
gating the in-channel signalizations such that during a
non-test mode said junction forms part of the hand-
shake communication in said pnmary handshake com-
munication channel, said passwe port of said junction
for awaiting communication of the externally initiated
test signalization during the test mode, and said active
port of said junction for propagating the externally
initiated test signalization instead of the in-channel
signalizations during the test mode; and _
an outbreaking switch aiso provided on said primary
bandshake communication channel, said junction and
said switch divide said primary handshake communi-
cation channcl into a string of secondary handshake
communication channels which string serially couples
said first and second functional components together,
said switch and junction forming a set of test compo-
nents, said switch having an activc cxtra channel port



further active port of said switch and wherein the first 35 and second
test signalizations test any conponent with a passive port—en-said-frst
pri mary handshake conmu- nication channel, any co | an active
port on said first primary handshake conmuni catiogﬂmm‘ﬂmj EM!H d first
pri mary handshake communi cation chan- nel. 31. A testing (cllycthgt! llar

electronic circuitry having a pIuraIitxsgf testabl e functional conponents
i nterconnect ed '

for breaking out of said primary handshake communi-
cation channel a second test signalization, a further
active port for propagating the in-channcl signalization .
during a non-test mode and a control port for receiving
control signalizations and for selecting between acli-
vating said active extra channel port and activating said
further active port.
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by primary handshake comruni cati on channels for comu- nicat
in-channel signalizations, wherein a first func- tional co gk -
~an active port and a second functional conponent includes afpfs OF toregyr |
and a primary handshake comruni cati on channel has a first tferm '
termnating at said active port and q37econd term nati
termnating at said passive port, wherein said active port/i

circuit conprising: an inbreaking ABSTRACH ovi ded on said pr-
shake communi cation channel for testing said handshake conmuni cation
channel ‘and said functional conponents during a test node, said junction

having a METHOD FOR TESTING AN INTEGRATED
CIRCUITRY AND AN INTEGRATED
CIRCUIT HAVING A PLURALITY OF
FUNCTIONAL COMPONENTS AND HAVING
JUNCTION/SWITCH TEST COMPONENTS
- AN INTERCONNE .
BETWEEN FUNCTIONAL COMPONENTS

The invention proposes a testing method and associated
arrangement for electronic circuitry that combines func-
tional components that arc intcrconnectcd by handshake
channels. Various of such channels are now provided with an
inbreaking junction and an outbreaking switch as a test
component pair. The junction has two passive ports and one
active port. The switch has onc passive port and two active
ports that are selected through a passive control port. In this
way inbreaking into and outbreaking from the channel is
rendered feasibie. Now inbreaking is done on a first channel,
and outbreaking on a second channel, so that thereby all
components are tested that lic between the first channel’s
junction and the second channel’s switch.

FIGURE: 1
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handshake communi cati on channel, said junction and said switch divide said
pri mary handshake comruni - cation channel into a string of secondary
handShake communi cati on channels which string serially couples said first
and second functional conmponents together, said switch apd junction forning
a set of test conpo- nents, said switch having an active
36 for breaking out of sald pri mary handshake communi -
second test signalization, a furthey
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active port for propagating the in-channel signalization during a non-test
mode and a control port for receiving control signalizations and for

Sel ecting between acti- vating said active.extra channel port and
-activating sald further active port.’
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