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(71) We, INTERNATIONAL BUSINESS
MACHINES CORPORATION, a Corporation or-
ganized and existing under the laws of the State
of New York in the United States of America,

5 of Armonk, New York 10504, United States of
America do hereby declare the invention for
which we pray that a patent may be granted to
us, and the method by which it is to be per-
formed, to be particularly described in and by

10 the following statement:—

This invention relates to integrated semi-
conductor logic systems.

In the past, the designer of computer logic
with embedded arrays has had complete flexi-

15 bility in arranging logic circuitry to implement
systems and subsystem logic functions in cen-
tral processing units, channels and control units
employed in digital computing apparatus. A
significant variety of design implementations

20 has resulted from the exercise of this flexibility.

Each of these implementations has its own
special dependency on the ac characteristics of
the individual circuits employed in the system.
The independence and flexibility character-
25 izing the arrangements of the designer often led
to unexpected system timing problems, compli-
cated and complex problems in testing the
logic around arrays and the arrays themself,
and a significant complexity and detail required
30 for educating the field service personnel for
such computing systems. However, it had the
advantage of permitting the designer to use all
techniques to obtain the best performance by
employing the fewest number of circuits. The
35 interface between the logic designer and the
_ component manufacturer was reasonably well
defined and the approach of the past could be
supported in component manufacturing since
the ac parameters such as rise time, fall time,

- 40 individual circuit delay, access time, etc.,

could rather readily be tested. The arrays were
tested as arrays on cards which had only arrays
and the logic cards, which did not have arrays
were tested as logic clocks on logic testers.

. 45  With the advent of large scale integration,

however, this well defined and reliably tested
interface no longer exists. It has become im-
possible or impractical to test each circuit for

all of the well known ac circuit parameters and

to test each array for all of its well known ac
circuit parameters.

As a result, it is necessary to partition and
divide logic systems and subsystems into fun-
ctional units having characteristics that are sub-
stantially insensitive to these parameters. Large
scale integration provides the ability for the
logic designer as well as the component manu-
facturer to utilize the capacity for placing hun-
dreds of circuits or a complete array on a single
chip of semiconductive material. Such an abil-
ity offers.the potential for reducing power,
increased speed, and significantly reducing the
cost of digital networks.

Unfortunately, a number of serious consider-
ations are involved before this potential can be
achieved. For example, in a medium sized com-
puting system having approximately 40,000
individual circuits plus arrays, it has not been
uncommon to effect 1500 or more engineering
changes during the development period for the
product. It is readily apparent that the imple-
mentation of such a significant number of en-
gineering changes approaches the impossible
when dealing with the lowest level modular unit
of a computer which has hundreds of circuits
contained within it. .

Another area which must be considered as
technology moves into the fabrication of large
scale integrated functional units is the product
testing required prior to its incorporation into a
computing system. The subsequent diagnostic
tests performed during field servicing as well as
the simulation that is performed during design
and manufacturing are factors for consideration
in fabricating such functional units.

In the past, each individual array has been
tested for the usval and normal ac and dc para-
meters. Access to the modular unit for applying
the input test condition and measuring the out-
put responses has been achieved through a
fixed number of input/output connection pins.
Furthermore, the arrays and logic were not
mixed. However, in the realm of large scale in-
tegrated functional units, the same number of
input/output pins are available, but there is
considerably more circuitry mixed with arrays.

Thus, in a typical module containing one
hundred chips with logic chips having up to six
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2 1581 861 2

hundred (averaging four hundred) circuits and
25 array chips, the module would contain at
least 40,000 circuits and 25 arrays. Parametric
testing of such a unit is not possible. DC test-
ing and AC testing all of the logic which does
not feed arrays or is not fed from arrays can be
performed by the structure methods and tech-
niques described in UK. Patent Specification
Nos. 1,441,774,1441,775 and 1,448,382 If
functional tests of the arrays are attempted on
such a unit, having the prior art logical design
configurations, the extent of test coverage of
logic immediately around the array and for the
array would be significantly low and the level
of reliability for use in a computing system
would also be significantly low.

An integrated semiconductor logic system
according to one aspect of the invention com-
prises a first plurality of latch circuit means
adapted to receive a set of input signals and at
least one clock train of a plurality of indepen-
dent clock signal trains of which the pulses in
different trains are displaced in time and do
not overlap; a second plurality of latch circuit
means, including system output means and
adapted to receive at least another one of the
plurality of clock signal trains; and logic cir-
cuit means including a data storage or program-
mable logic array electrically connecting the
first plurality of latch circuit means to the
second plurality of latch circuit means.

Other aspects of the invention will be appar-
ent from the claims appended hereto.

The preferred logic system is a generalized
and modular logic system which is partitioned
into sections formed of combinational logic
networks, storage circuitry, and arrays. The
storage circuitry is sequential in operation and
employs clocked dc latches. Two or more syn-
chronous, non-overlapping, independent sys-
tem clock trains are used to control the latches.
The array is a rectangular array of storage ele-
ment, M x N where, M is the number of words
in the array and N is the number of bits in each
word. The array may be read only, or it may be
a read/write array. The array may be a program-
mable logic array (PLA). A single-sided delay
dependency is imparted to the system. The
feedback connections from the respective latch
circuitry are made through combinational
logic or an array to other latch circuitry. The
clocking of the latches and of the array, if any,
are such that the network may be operated in a
race free mode. With each latch, there is pro-
vided additional circuitry so that each latch
acts as one position of a shift register having
input/output and shift controls that are inde-
pendent of the system clocks and the system
input/outputs. All of the shift register latches
are coupled together into a single shift register.
The logic between the latch inputs and the
array inputs has the property thata 1 to 1
correspondences can exist between array inputs
and the latch inputs.

With this additional circuitry, all of the sys-

tem clocks can be de-activated, isolating all of
the latch circuits from one another, and permit-
ting a scan-in/scan-out function to be per-
formed. The effect is to reduce all of the
sequential circuitry containing arrays to arrays
which are fed by and feed combinational logic
networks. This permits automatic test genera-
tion to be performed for each circuit and array
in the entire system.

It has been found necessary to reduce se-
quential logic networks effectively to combin-
ational logic as the problem of automatic test
pattern generation is more easily solved for the
latter type of network. Furthermore, it has
been found that arrays must be isolated in
order to generate and apply patterns to them.
The isolation can be accomplished by addition-
al circuitry such that there is a one-to-one cor-
respondence between array inputs and latches
which feed the array, and all array outputs are
unitquely detectable by observing at latches or
outputs of the network. The latches to be con-
verted into shift register latches. When this is
accomplished, the shift register latches are then
employed to shift in any desired test pattern of
binary ones and zeros where they are retained
for use as inputs to the combinational logic
network, stored in the array, read out of the
array, clocked into the latches and then shifted
out for measurement and comparison to deter-
mine the functional response of the logical unit.
If the one-to-one condition is sensitized, the
array or the logic fed by the array is being
tested and if the one-to-one condition is not
sensitized then the combinational logic which
feeds the array or the combinational logic
which is fed by the array is being tested.

The use of these latches enables dc testing
of the logic system to be performed. By con-
trolling and measuring the maximum circuit
delay through the combinational logic, or array
an appreciation of the ac response for the unit
is obtained. With such a system, the state of
every latch in the logic system may be moni-
tored on a single cycle basis by shifting out all
the data in the latches to some sort of a display
device. This may be accomplished without dis-
turbing the state of the sub-system, if the data
is also shifted back into the latches in the same
order as it is shifted out.

The arrangement has the effect of eliminat-
ing the need for special test points in such a
system and therefore, enables a greater density
of circuit packaging to be achieved. Another
advantage for such a system is that it provides a
simple standardized interface allowing greater
flexibility in creating operator or maintenance
consoles. The consoles are readily changeable
without in any way changing the logic system.
Diagnostic tests may be performed under the
control of another processor or tester, and in
addition, perform such functions as reset,
initialization and error recording. One of the
most significant advantages of this logic organ-
ization and system is that it enables marginal
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3 1581 861 3

testing to be implemented by merely control-

ling the speed at which the system clocks and

array controls operate. From this test data, it

can be readily determined as to the speed of
5 responses of the functional unit.

How the invention can be carried into effect
will now be described by way of example, with
reference to the accompanying drawings, in
which:— .

10 Figure 1is a schematic dlagram of the
organization and general arrangement of a Level
Sensitive Embedded Array Logic System em-
bodying the invention.

Figure 2 is a timing diagram of the system

15 clocking, employed with the Level Sensitive
Embedded Array Logic System of Figure 1.

Figure 3 is a schematic block diagram
representing an M x N array that may be em-
ployed in the system of Figure 1. .

20 Figure 4 is a block diagram of one form of
clocked dc latch implemented in AND-INVERT
gates which may be used in the Level Sensitive
Embedded Array Logic System of Figure 1.

Figure 5 is a circuit diagram of a latch per-

25 forming the inverse of the same function as the
latch shown in Figure 4.

Figure 6 is a timing diagram for the latch of
Figure 4.

Figure 7 is a block diagram of another

30 clocked dc latch which may be employed in the
Level Sensitive Embedded Array Loglc system
of Figure 1.

_ Figure 8 shows an expanded view of a por-
tion of Level Sensitive Embedded Array Logic

35 System of Figure 1. In particular, an expanded
view of the combinational network 10 with its
set of latch inputs and its set of Array inputs.’

Figure 9 is a schematic diagram of the or-
ganization and general arrangement of a Level

40 Sensitive Embedded Array Logic System,
embodying the invention, having provision for
accomplishing Scan In/Scan Out of the system.

Figure 10 is a symbolic representation of a
latch configuration to be employed in the

45 generalized structure of the Level Sensitive
Embedded Array Logic System depicted in
Figure 9.

Figure 11 is a block diagram of a clocked dc
latch employed in the structure of the Level

50 Sensitive Embedded Array Logic System (Fig-
ure 9) having provision for Scan In/Scan Out.

Figure 12 is a symbolic illustration of the
manner in which a plurality of the latches of
Figure 10 are interconnected on a single semi-

55 conductor chip device. Namely, the intercon-
nection of a plurality of the latches of the type
shown in Figure 10, and as contained on a large
scale integrated (LSI) circuit semiconductor
chip containing a Level Sensitive Embedded

60 Array Logic system, embodying the invention,
is depicted.

Figure 13 is a symbolic illustration of the
manner in which a plurality of such chip con-
figurations as shown in Figure 12 are inter-

65 connected on a module or electrical packaging

structure.

A generalized and modular logic system has
a common organization and structure. It is
applicable to any binary digital machine which
uses storage arrays. Such a system or subsystem
would form a substantial functional part of a
central processing unit, a channel or a control
unit in the computing system. Such an organ-
ization and structure assists in large scale inte-
grated chip and module testing, field diagnos-
tics and technology upgrading. Almost all func-
tions implementable by an arrangement of logic
circuits and arrays can be implemented using
this organization and structure.

The logic configuration has a single-sided
delay dependency. The logic organization em-
ploys the concept of conﬁgunng so that correct
operation of the structure is not dependent on
rise time, fall time or minimum delay of any
individual circuit or array in the system. The
only dependency is that the total delays
through a number of levels or stages of logic to,
or from, an array is less than some known
value. Such a configuration is referred to as
level sensitive.

For purposes of definition, a logic system
containing arrays is level sensitive if, and only
if, the steady state response to any allowed in-
put stage change is independent of the circuit
and wire delays within the system. Also if an
input state change involves the changing of
more than one input signal, then the response
must be independent of the order in which they
change.

It is readily apparent from this definition
that the concept of level sensitive operation is
dependent on having only allowable input
changes. Thus, a level sensitive configuration
includes some restriction on how the input
changes occur. As will be described more fully
hereinafter, these restrictions on input changes
are applied almost exclusively to system clock-
ing signals and array control inputs. Other input
signals such as data signals have virtually no
restrictions on when they may occur.

The term “steady state response” refers to
the final value of all internal storage elements
such as flip flops and feedback loops. A level
sensitive system is assumed to operate as a re-
sult of a sequence of allowed input state
changes with sufficient time lapse between
changes to allow the system to stabilize in the
new internal state. This time duration is nor-
mally assured by means of the system clock
signal trains that control the dynamic opera-
tion of the logic configuration and the array
control inputs which control the operatlon of
the array.

The logic organization also incorporates the
concept of configuring all internal storage ele-
ments, which feed arrays or are fed by arrays so
that they may function as a shift register or
portions of shift registers. To implement this
concept, all storage within the logic organiza-
tion is accomplished by utilizing latches that
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4 1581 861 4

are free of hazards or race conditions, thereby
obtaining logic systems that are insensitive to
ac characteristics such as rise time, fall time and
minimum circuit delay.

The latches are level sensitive. The system is
driven by two or more non-overlapping clock
signal trains that are independent of each other.
Each of the signals in a train need have a dura-

tion sufficient only to set a latch. The excitation

signal and the gating signal for any clocked
latch are a combinational logic function of the

system input signals and the output signals from

latches that are controlled by other clock signal
trains than the train providing an input to the
first mentioned clocked latches, and array out-
put.

One way to accomplish this latter objective,
to be described more fully hereinafter, is to
have each such clocked latch controlled by
exactly one of the system clock signals. When
the gating signal and clock signal are both in an
“on” or “up” condition, the clocked latch is
set to a state determined by the excitation sig-
nal for that latch.

A generalized logic organization and struc-
ture incorporating these concepts is shown in
Figure 1. The configuration is formed by two
combinational logic networks 10, 11 arranged
respectively, before and after a storage array
12. Network 10 is coupled into the array 12
and network 11. Network 10 also accepts the
latch set output signals 13A, 14A, and 15A
from latch sets 13, 14 and 15. Network 11
accepts signals (E2) from latch sets 13, 14 and
15, possibly via network 10, and it accepts
signals (B1) from the array. Network 11 is
coupled into a set of latches 16, 17 and 18
respectively. Effectively then, the logic system
with an embedded array is partitioned into a
plurality of arrays embedded into a combina-
tional network. Although one such embedding
as shown, it is to be understood that any
number more than the number shown may be
arranged in parallel.

Each of the combinational networks 10, and
11 is a multiple input, multiple output, logic
network. It includes any number of levels or
stages of combinational circuits which may take
the form of conventional semiconductor logic
circuits.

Each network is responsive to any unique

input combination of signals to provide a unique
output combination of signals. The output signals

El, E2, K1, K2, Kk, Bl are actually sets of
output signals so that the symbol E1 stands for
ell,el2, ---, eIN. Similarly, the symbols G1,
G2, GN, HI, H2, and HK refer to sets of gating
signals that may be provided by each of the
combinational networks of the rest of the sys-
tem. The input signals provided to the latch sets
13, 14, 15 are the external input signals indica-
ted as a set S of such signals. The input signals
S may be from the remaining portion of the
system which may be in accord with the pre-
ferred embodiment of the invention disclosed

in U.S. Patent No. 3,783,254. Similarly the
outputs from latch set 16, 17, 18 are coupled
to the rest of the system even into latch set
13, 14, 15.

The array in Figure 1 has three sets of inputs
D1, Al and C1C as shown in Figure 3. The in-
put signal D1 represents the data to be stored in
the array at address Al when the control inputs
CIC are in the write mode. When the control in-
puts C1C are in the read mode then the data
previously stored at address Al will be present
on the output O1. If a read only array is used
then D1 inputs are superfluous. There may be
data output buffering which will hold the results
of a read operation until the next read opera-
tion.

The M x N array depicted in Figure 3 may
be, for example, generally of the type described
in United Kingdom Patent Specification No.
1502925.

It is to be appreciated that the array as
broadly depicted by reference character 12 in
Figure 1 and reference character 43 in Figure 9,
may be a m X n memory array or a program-
mable logic array, each of which may be gen-
erally of a type well-known to the art. Reference
is made to U.S. Patent No. 3,593,317; U.S.
Patent No. 3,863,232; U.S. Patent No. 3,936,
812, the article entitled “Hardware Implemen-
tation of a Small System in Programmable Logic
Arrays”, by J.C. Logue, N.F. Brickman, F.
Howley, J.W. Jones and W.W. Wu published in
the March 1975 issue of the IBM Journal of
Research and Development, pages 110 to 119;
the article entitled “Introduction to Array
Logic” by F. Fleisher and L.I. Maissel published
in the March 1975 issue of the IBM Journal of
Research and Development pages 98 to 109; the
article entitled “Array Logic Macros” by J.W.
Jones published in the March 1975 issue of the
IBM Journal of Research and Development
pages 120 through 125.

It is a necessary requirement of the general-
ized structure shown in Figure 1 that two or
more independent clock signal trains be em-
ployed to control the clocking of signals in the
unit. As already stated, a latch or latch set con-
trolled by one clock signal train cannot be
coupled back through combination logic to
other latches that are controlled by the same
clock signal train. Thus, latch set 18 may not be
clocked by clock train C1 or clock train C2.
However, latch set 17 can be coupled into
latch set 13, 14, and 15 which respond to dif-
ferent clock trains.

The manner in which each latch set in
Figure 1 is controlled by exactly one of these
clock signal trains is for each controlling clock
signal Ci to be associated with a latch Lij re-
ceiving two other signals: an excitation signal
Eij and possibly a gating signal Gij. These
three signals control the latch so that when
both the gating signal and the clock signal are
in an “up” state or binary one condition, the
latch is set to the value of the excitation signal.
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5 1581 861 5

When either the clock signal or the gating sig-
nal is a binary zero or ini a “down” state, the
latch cannot change state. It is also to be under-
stood that the clocking may be accomplished
5 by having the clock signal trains act directly
on the respective latch sets without utilizing the
sets of gating signals G1, G2, - - - - - , GN, H1,
H2, - - - - Hk and the intermediary AND gates.
The operation of the logical system is deter-

10 mined by the clock signal trains. With reference
to Figure 2, with the rise of C1 in time frame
19, C2, C3 and C4 are zero and the inputs to
latch sets 13, 15 are stable. Clock signal C1 is
then gated through to the latches of sets 13 and

15 15 if the corresponding set of gating signals Gl,
GN are “up”, or binary one level. The latches
of sets 13, and 25 are set to the value of their
set of excitation signals S. Thus, some of the
latches in latch set 13 or 15 may be changed

20 during the time that C1 is in an “up” state.

7" The duration of time from 19 need only be long
enough for the latches to be set, i.e., change
state. The signal changes in the latches im-
mediately propagate through combinational

25 networks 10, 11. Another clock signal C2
goes to an “up”, or biarny one, condition as
shown in time frame 20. The excitation
signal S must be stable. This action may re-
sult in some of the latches in latch set 14

30 changing state during this time (frame 10).

The signal changes in latch set 14 immediately
propagate through combinational networks
10 and 11.

It is to be noted from Figure 2 that the

35 clock pulses of C1, C2, C3 and C4 are not

overlapping (i.e., displaced in time). The time

displacement between clock pulse trains C1,

C2, C3 and C4 need only be of sufficient

time duration to permit pulses from the

latches changing state to fully propagate.

If the write mode is established at the array
inputs write control (C1C, Figure 3) then the
data at the array data inputs D1 in Figure 3
will be stored in the array at the address pre-
45 sented at Al. If the read mode is established

at the array inputs then the data stored at

address Al presented to the array, will be pre-

sented to the outputs of the array B1 (01,

Figure 3). This action will result in some of
50 the array outputs Bl in Figure 1 to be

changed. The signal changes in B1 will immed-

iately propagate through combinational net-

work 11. ' ,

When clock signal C3 is changed from a
5 “down” condition to an up condition, in the
presence of gating signals H1 and Hk, the
latches in set 16, 18 store the excitation signals
from network 11. In a similar manner, when
clock signal C4 is changed to an up condition,

60 in the presence of gating signal H2, latch set
17 stores the excitation signals from network
11. Thus, for proper and correct operation

of the logic system, it is necessary that the

clock signals have a duration long enough to

65 set the latches and a time interval between

40

signals of successive clock trains that is suf-
ficient to allow all latch changes to finish
propagating through the combinational net-
works and all array changes to finish propaga-
ting through the combinational networks. Such 70
operation meets the requirement for a level

sensitive system and assures a minimum depen-
dency on ac circuit parameters.

In formation flows into the level sensitive
embedded array logic through the set of input 75
signals S. These input signals constitute the
excitation for latch sets 13, 14, and 15. If the
external input signals are asynchronous in that
they change state at any time, then the manner
of handling these signals within the logic system g
is accomplished by synchronizing them using
latches. A latch receives as inputs one of the
excitation signals as well as the particular clock
signal. As the latch cannot change when the
clock signal is at a ““down” or binary zero con- g5
dition, the output of the latch only changes
during the period when the clock pulse is in an
“up”, or binary one condition. Even if the set of
input signals S changes during the time when
the clock signal is in the “up” condition, no
operational problem occurs. If the latch almost
changes, a spike output might appear from the
latch during the time when the clock pulse is in
the ““up” condition. However, if the control
lines to the array C1C are conditioned this might 95
cause an inadvertent write mode. Namely, a
write control line could be driven by a clock
signal between C2 and C3, time 20 and 21, such
that the array is only written when the write :
control is ““up” or binary one condition. The
write control (Figure 1) will be described more
fully hereinafter. Thus, this method of opera-
tion does not create any problems since the
outputs of latch sets 13, 14, 15 are only employ-
ed during another clock time.

It is apparent from Figures 1 and 2 that the
proper operation of the logic system is depen-
dent only on the propagation time or delay
through the combinational networks 10, 11 and
the propagation time or delay through the
array 12. This delay time must be less than the
corresponding time lapse between successive
clock signals. If it is not, then the sets of latches
cannot be set. Thsi final timing dependency is
eliminated by providing the capability of system 115
reentry at a slower clock speed. The use of the
longer clock pulses with more lapsed time be-
tween the clock signals results in successful
reentry, even if the error was caused by a timing
problem in the system. This approach provides
improved system reliability, reduces no trouble
found service calls in the field, and reduces the
exposure of incomplete ac testing of highly
dense logic and array chips.

A logic system having a single-sided delay
dependency has the advantage of permitting the
system to be modeled in slower speed function
unit logic, that is readily changeable during
developmental stages of the technology of imple-
mentation. The transition from unit logic to
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6 1581 861 6

large scale integrated logic is then made with the
only exposure being the maximum speed at
which the chip successfully operates. If the cir-
cuit delays were different in the highly inte-
grated version than anticipated, it would soleyl
mean that the system would have to run at
slower speeds. It thus, provides the capability for
marginal testing for timing. For example, a
worst case logic pattern is circulated in the sys-
tem while the clock sieed is slowly increased.
Once the failing clock speed is established, either
the clock is set for reliable operation or the
failing unit is replaced with one that operates
reliably at the rate of speed.

It has been emphasized that one of the sig-
nificant objectives in such a generalized logic
system as shown in Figure 1, is to obtain a
system that is insensitive to ac characteristics.
To accomplish this, the storage elements
within such a system are level sensitive devices
that do not have any hazards or race con-
ditions. Circuits that meet this requirement are
generally classified as clocked dc latches. A
clocked dc latch contains two types of inputs:
data inputs and clock inputs. When the clock
inputs are all in the same state, for example, a
binary zero state, the data inputs cannot
change the state of the latch. However, when a
clock input to a latch is in the other state, that
is, a binary one state, the data inputs to the
latch control the state of the latch in a dc
manner.

One such latch of the dc clocked type is the
plarity hold latch implemented in Figure 4 in
AND Invert gates, and in Figure 5 in semi-
conductor logic circuitry. In Figure 4, the stor-
age portion of the latch is enclosed by broken
line 27. Figure 4 employs AND Invert gates 28,
30 and inverter 29. The equivalent transistor
circuitry in Figure 5 includes the transistor
inverters 31, 32, 33 arranged in combinational
logic circuits with transistors 31 and 33 in-
cluded in the feedback circuits fro the storing
elements.

The polarity hold latch has input signals E
and C and a single output indicated as an L. In
operation, when clock signal C is at a binary
zero level, the latch cannot change state. How-
ever, when C s at a binary one level, the in-
ternal state of the latch is set to the value of
the excitation input E,.

With reference to Figure 6 under normal
operating conditions clock signal C is at binary
zero level (for purposes of description, the
lower of the two voltage levels) during the time
that the excitation signal E may change. Main-
taining signal C in the binary zero condition
prevents the change in excitation signal E from
immediately altering the internal state of the
latch. The clock signal normally occurs (binary
one level) after the excitation signal has be-
come stable at either a binary one or a binary
zero. The latch is set to the new value of the
excitation signal at the time the clock signal
occurs. The correct changing of the latch is,

therefore, not dependent on the rise time or the
fall time of the clock signal, but is only depen-

dent on the clock signal being a binary one for

a period equal to or greater than the time

required for the signal to propagate through the 70
latch and stabilize.

The signal pattern of Figure 6 indicates how
spurious changes in the excitation signal do not
cause the latch to change state incorreclty. Thus,
spurious changes at 34 in excitation signal Edo 75
not cause a change in the state of the latch as
indicated by the output signal characteristics L.
In addition, poorly shaped clock signals such as
35 do not result in an incorrect change in the
latch. These characteristics of the polarity hold
latch are employed in the generalized structure
for the logic system of Figure 1.

Referring now to Figure 7, there is shown
another latch circuit employable as a sequential
circuit in a level sensitive logic system. This
latch is a clocked set-reset latch in which the
latching portion is indicated by enclosed broken
line 36. It receives its inputs from the AND
Invert logic circuits 37, 38 which are coupled,
respectively, to set and reset inputs and to a
clocking signal train at C. The output signal
indicative of the latch state is provided at L.

It is also a feature of the preferred generalized
logic system to provide the ability to monitor
dynamically the state of all internal storage
elements. This ability eliminates the need for
special test points, it simplifies all phases of
manual debugging, and provides a standard
interface for operator and maintenance con-
soles. To achieve this ability, there is provided
with each latch in each latch set of the system,
circuitry to allow the latch to operate as one
position of a shift register with shift controls
independent of the system clocks, and an input/
output capacity independent of the system
input/output. This circuit configuration is re-
ferred to as a shift register latch. All of these
shift register latches within a given chip,
module, etc. are interconnected into one or
more shift registers. Each of the shift registers
has an input and an output and shift controls
available at the terminals of the package.

By converting the clocked dc latches into
shift register latches, the advantages of shift
register latches are present. These include the
general capability of stopping the system
clock, and shifting out the status of all latches
and/or shifting in new or original values into
each latch. This capability is referred to as
scan-in/scan-out or log-in/log-out. In the testing 120
of the functional unit, dc testing is reduced
from sequential testing with embedded arrays to
combinational testing with embedded arrays
which is substantially easier and more effective.

For ac testing, the well-defined ac dependencies, 125
the scan-in/scan-out capability provides the

basis for efficient, economical and effective ac

tests. Scan-in/scan-out provides the necessary
capability for accurately diagnosing both design
efrors and hardware failures for system bring up, 130
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final system tests and field diagnostics. The shift simpler than the generation of test patterns
registers are also usable for system functions such for complicated sequential logic circuits. The

as a console interface, system reset, and check
pointing. _

There are attributes of the combinational
network 10, 11 in Figure 1 which are needed.

Combinational network 10 must have the proper-

ty that for some combination of values in latch
sets 13, 14, 15, each particular array input is
controlled by a particular latch set such that
there is a one to one correspondence between
latch sets 13, 14 and 15 and array inputs E1.
Figure 1 gives an expanded view of the com-
binational network 10 with its latch set inputs
L1, L2, --- Ll and its array inputs E11, E12,
---,E1K. For every Eli,i= 1,2, - - - K, there
must exist simultaneously, a unique 1j,j=1,2,
-- -1, such that Eli equals Lj or its logical com-
plement. With this attribute, the array can be
loaded with any data in any address without
having to do any backwards justification. This
saves an enormous amount of time in pattern
generation. The combinational network 11 in
Figure 1 must have the property that all array
output patterns B1 are uniquely detectable at
the latch sets 15, 17 and 18.

" It should be understood that all the inputs to
combinational logic network 10 in Figure 1 need
not emanate from latch sets. They may eman-
ate from inputs from the package either chip,
module, etc. Furthermore, it should be under-
stood that both combinatorial networks 10, and
11 may drive outputs of either chip, module,
ete.

Among the advantages of this invention, the
most significant are those that accrue in the area
of testing. Although methods of both dc and ac
testing are hereinafter generally described, it is
to be understood that they are not included
within the subject matter of this invention but
are included within application No. 25726/77
(Serial No. 1581865) and application No.
25724/77 (Serial No. 1581863). These applica-
tions were filed concurrently with this appli-
cation.

Heretofore, the circuits on a semiconductor
chip have been sufficiently simple that consid-
erable ac and dc testing could be performed to
assure proper device and circuit operation.
Subsequent testing at the module or car levels
then concentrated on proper dc operation.
Such testing verified that the circuits were con-
currently interconnected and had not been
adversely affected by any of the steps in the
fabrication processes. However, with the
advent of large scale integration where a chip
contains as many as 300 to 500 or more cir-
cuits and an embedded array, detailed ac test-
ing is no longer possible and dc testing is ex-
tremely difficult due to the complexity of the
functional unit under test and the significant
change in the circuit to pin ratios on the chip.

As is well known in the art, the problem
of automatically generating test patterns for
combinational logic networks is relatively

.Accordingly, it is necesasry to render the

problem of automatically generating test
patterns for arrays embedded into combina-
tional logic networks is somewhat more in-
volved than pure combinational logic, how-
ever, it is still significantly simpler than
generation of test patterns for complicated
sequential logic circuits with embedded arrays. 7
sequential logic circuits such as the internal
storage circuits of the generalized logic system
to a form which permits the same type of test
pattern generation to be employed as that
used for combinational logic network with an
embedded array. This is accompolished by
including additional circuitry for selectively
converting the clocked dc latches into shift
register latches.

Referring to Figure 9, a logic system with
two clock signals, two sets of register latches,
two combinational networks and an embedded
array is depicted. The combinational networks
41,42 are of the same type and nature as
those described in connection with Figure 1.
They respond to signals from latch sets and the
array. Combinational network 41 has the
property that a one to one correspondence can
be established from array inputs E2 to the net-
work inputs E1. Furthermore, all array output
patterns at E4 are uniquely detectable at ES.
Latch sets 44, 45 differ from those in Figure 1
in that they are connected as shift register
latches. Such a shift register latch is shown in
symbolic form in Figure 10 as including two
distinct latching or storing circuits 46, 47. Latch
46 is the same as the latch circuits employed in
the latch sets of Figure 1 and as shown in one
form in Figure 4, Each such latch has an excita-
tion input E, a clock signal train input C, and an
output indicated as L.

Tatch 47 is the additional circuitry so as to
render the structure as s shift register latch. It
includes separate input U, a separate output V,
and shift controls A and B. The implementation 110
of the shift register latch in AND Invert gates is
shown in Figure 11.

Enclosed within the correspondingly labelled
broken line is latch 46 which is a straight for-
ward logical adaptation of the latch of Figure 4. 115
The additional input U is provided through AND
Invert logic including gates 48, 49 and inverting
circuit 50. This circuitry also accepts the first
shift control input A. From these gates 48, 49
coupling is made to the latch circuit 46. From thel20
outputs of latch 46, there is provided a second
latching circuit including the latch configuartion
51. The AND Invert gates 52, 53 accept the
outputs from the latch configuration of circuit
46 as well as the second shift control input B.

Circuit 51 acts as a temporary storage cir-
cuit during the shifting in and shifting out
operation of the arrangement. These shift
register latches are employed to shift any desired
pattern of ones and zeros into the polarity hold 130
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latches 46. These parterns are then employed as
inputs to the combinational networks which in
turn form inputs to the array. The outputs from
circuit 46 are then clocked into the latch circuit
51 and shifted out under control of shift signal
B for inspection and measurement.

referring again to Figure 9, each of the latch
sets 44, 45 includes a plurality of the circuits
shown in Figure 11. The circuits are sequentially
connected together such that the U input of
Figure 11 would be the input line 54 of
Figure 9. The A shift clock, or shift control in-
put, is applied to the first circuit (for example,
circuit 46) of all of the latches of the sets.
Similarly, the B shift clock, or shift control in-
put, is applied to the second circuit of each latch
of the latch sets. The V output from circuit 51
of Figure 11 would be coupled as the input to
the next succeeding latch of the set, and so on,
until the last such latch of the entire register.
This output from the last such latch is the out-
put line 55 in the arrangement of Figure 9. The
shift register latches are, therefore, intercon-
nected with an input, an output, and two shift
clocks into a shift register.

To illustrate how the combinational networks
41 and 42 and the array 43 of Figure 9 may be
tested, it is considered that a particular test
pattern of binary ones and zeros is shifted into
latch set 44 through, in and under the control
of shift clocks A and B. The write control line
56 is held off from an input such that the array
is not inadvertently written into during the
shifting operation. After allowing time for sig-
nals to propagate through to E2 the array to be
either written into or read out of and propagate
through to ES, clock signal C2 is turned on for
a duration sufficient to store the set of excitation
signals ES that are gated by the gates G2 into
latch set 45. The pattern in latch set 45 is
shifted out through line 55 and a comparison is
effected with the pattern expected as a response.
To accomplish the testing of the shift register
configuration, a short sequence of binary ones
and binary zeros is shifted through it. It is also
possible to apply both shift clocks A and B sim-
ultaneously. The shift register output response
on line 55 is observed as the shift register input
on line 54 is shifted back and forth, between
binary one and binary zero. This method of
testing is applicable irrespective of the level of
the package, such as the chip, module, card,
board and system level.

In Figure 12, three latches of the type shown
symbolically in Figure 10 are indicated at 57,
58, 59 on chip 64. Each of the latches is
coupled to shift controls A and B provided on
lines 60, 61 respectively. The input pattern is
provided to the first of these latches 57, through
connection 62 and the individual latches are
sequentially coupled together as described
above in connection with Figures 9 and 11 so
that the output is obtained on line 63.

In Figure 13, four such chips, as depicted in
Figure 12, are coupled together. The four chips

bear reference characters 65, 66, 67 and 68.
The shift controls A and B are respectively pro-
vided through connections 69 and 70 to each of
the chips 65 to 68. The input pattern is pro-
vided to the chip 65, of the sequentially con-
nected chips 65 to 68 through line 71, and the
output is taken via line 72 from the chip 68 of
the sequentially connected chips 65 to 68.

Although the preferred functional unit arran-
gement readily provides for dc testing of the
logic. and the embedded arrays, it also has the
advantage of rendering the system relatively
independent of transient or ac characteristics of
the individual logic circuits and arrays in the
system. There are two methods to do an ac
test of the combinational logic and array. First,
referring to Figure 9, the values required in the
latch set 44 are back traced, if possible, through
the logic feeding S and G1 then the system
clock C1 is brought to an “up” level, some of
the latches in latch set 44 will change. These
changes will propagate through the combina-
tional networks 41 and 42 and result in writing
the array or reading the array and eventually
cause some changes at ES. Knowing what the
worst case delay should be the C2 clock can be
brought to an ““up” level and returned to a
“down” level. The pattern in latch set 45 is
shifted out through line 55 and a comparison
is effected with the pattern expexted as a res-
ponse.

The second method of ac testing is to use
the shift register as the source of the ac test.
The test pattern is shifted in with the A and B
shift controls. However, the last shift clock
which is required to cause a change at E1 will
begin the propagation of the signals through
combinational network 41 and 42, and the
array 43. Knowing what the worst case delay
should be the C2 clock can be brought to an
“up” level and returned to a “down” level.
The pattern in latch set 45 is then shifted out
through line 55 and a comparison is effected
with the pattern expected as a response.

It is thus evident that the only ac require-
ment of this arrangement is that the worst
case delays through networks, 41, 42,43
must be less than some known values and
there is no longer any need to control or test
the individual rise times, fall times or mini-
mum circuit delays. Only the maximum cir-
cuit delay need be controlled and measured.
Only the total delays over paths from the
input to the output of network 41, 42 and 43
need be measured.

One approach to accomplishing the testing
for such delays is to evaluate automatically all
delay paths and generate tests for them. This
requires a very effective algorithm be developed
in order ot obtain the objective of complete
testing.

As a second approach, some fundamental
test patterns are cycled through the system so
that they test the worst case delay path. The
shift register is useful in inserting the initial

70

95

100

105

110

115

120

130



10

15

20

25

30

35

40

45

50

55

60

65

9 1581 861 9

bit pattern and in inspecting the final bit pattern
after a number of complete cycles.

Both approaches permit marginal testing to be
performed. Since the delay time is measured by
the time between clock signals, the clock is run
faster than normal during the test to insure a
margin of safety driving actual system opera-
tion.

The most significant advantage accruing from
the shift register latch configuration is the pro-
vision of the ability to make dynamic measure-
ments of logic networks that are buried within a
particular logic package. The field serviceman
debugging the machine or servicing it can moni-
tor the state of every latch in the system. This
is achieved on a single cycle basis by shifting all
the data in the latches into a display device. It
does not disturb the state of the system, if the
data is also shifted back into the latches in the
same order as it is shifted out. Thus, the status
of 1al] latches is examined after each clock sig-
nal.

By having the ability to examine the status
of all latches, around the array, the need for
special test points is eliminated, allowing the
logic designer to package the logic as densely
as possible without concern for providing
additional input/output lines for the field ser-
vice engineer. With the ability to examine
every latch in a system around an array after
each clock signal, any fault that occurs can be
narrowed down to a particular combinational
logic network and/or array whose inputs and
outputs are be controlled.

With at most four additional inputs/outputs
required to implement this generalized systems
of logic, a standard interface is provided that
allows greater flexibility to the designer and at
operator or maintenance consoles. The consoles
are changeable without in any way changing the
logic system. These controls also enable diag-
nostic tests to be performed under the control
of another processor or tester and for functions
such as reset, initialization and error recording
to be accomplished through the shift registers.
WHAT WE.CLAIM IS:—

1. An integrated semiconductor logic sys-
tem comprising; a first plurality of latch circuit
means adapted to receive a set of input signals
and at least one clock train of a plurality of
independent clock signal trains of which the
pulses in different trains are displaced in time

. and do not overlap; a second plurality of latch

circuit means, including system output means
and adapted to receive at least another one of
the plurality of clock signal trains; and logic
circuit means including a data storage or pro-
grammable logic array electrically connecting
the first plurality of latch circuit means to the
second plurality of latch circuit means.

2. Alogic system as claimed in claim 1, in
which the logic circuit means has a plurality of
logic stages and an overall propagation time
delay less than the time between any two of
the clock signals.

3. Alogic system as claimed in claim 2,in
which each latch circuit means includes at
least one bistable dc latch having an excitation
input, a clock input and an output, and further
wherein a plurality of non-overlapping and in-
dependent clock sources provide the plural
trains, with the clock signals in each train having
a duration sufficient to permit the bistable dc
latch of the latch circuit means with which the
particular train is associated to change state if
so directed by its excitation input.

4. A logic system as claimed in claim 2, in
which each of said latch circuit means includes
at least one polarity hold latch.

5. Alogic system as claimed in any pre- 80
ceding claim, in which each of said latch circuit
means includes at least one clocked set-reset -
latch.

6. Alogic system as claimed in any preceding
claim, in which each of said latch circuit means
includes first and second bistable storage circuits
connected with the output of the first storage
circuit as an input to the second storage circuit,
means for coupling an input signal to said first
circuit independently of said first set of system
input signals and for coupling an output signal
from said second circuit, and means coupled to
the first and second circuits of each of said
latch circuit means, whereby each of said latch
circuit means is a shift register latch.

7. Alogic system as claimed in claim 6, in
which all of the shift register latches are coup-
led together sequentially into at least one shift
register with the first circuit fo the first latch
circuit means in the sequence accepting the
input and the second circuit in the last latch
circuit means in the sequence providing the
output and with the second circuit of the 1
other latch circuit means connected to the
first circuit of the latch circuit means following
them.

8. An integrated semiconductor logic system
comprising: first latch circuit means adapted to
receive a set of data input signals and under
control of at least a first periodic clock signal
train, provide a set of output signals; a first
combinational logic network circuit having a set
of input terminals for receiving said set of out-
put signals from said first latch circuit means
and providing a set of output signals; a second
combinational logic network circuit including
a data storage or programmable logic array and
adapted to receive said set of output signals
from said first combinational logic network
circuit and provide a functional logic unit out-
put set of signals; second latch circuit means
adapted to receive said functional logic unit
output set of signals and under control of at
least a second periodic clock signal train, the
clock signals of said first and second clock
trains being displaced in time and being non-
overlapping, provide a further set of signals;
and additional circuit means selectively inter-
connecting and feeding back at least a selected
one of said further set of signals to said first
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10

latch circuit means.

9. An integrated semiconductor logic sys-
tem comprising: a first plurality of latch cir-
cuit means, each being adapted to receive at
least one data input and provide at least one
data output, under control of at least a first
clock signal train input; a second plurality of
latch circuit means, each being adapted to re-
ceive at least one data input and provide at
least one data output, under control of at
least a second clock signal train input, the
clock signals of said first and second clock
signal trains being displaced in time and being
non-overlapping; a first combinational logic
network having a plurality of inputs respect-
ively connected to receive the data outputs
of said first plurality of latch circuit means
and provide first and second sets of outputs;
a data storage or programmable logic array
adapted to receive said first set of outputs
from said first combinational logic network
and provide a multi-bit binary output;a
second combinational logic network having a

plurality of inputs respectively connected to

receive said multi-bit binary output of said 25

array and said second set of outputs of said

first combinational logic network and pro-

vide a functional logic unit output to said

data inputs of said second plurality of latch

circuit means: and connection means con- 30

necting at least certain ones of said data

outputs of said second plurality of latch

circuit means to predetermined ones of said

data inputs of said first plurality of latch circuit

means. 35
10. An integrated semiconductor logic system

substantially as described with reference to

Figures 1 and 2 of the accompanying drawings.
11. An integrated semiconductor logic sys- ~ * %

tem substantially as described with reference to ™ 40

Figure 9 of the accompanying drawings.

s

F.J. HOBBS
Chartered Patent Agent 45
Agent for the Applicants.
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