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1
LOCAL TRISTATE CONTROL CIRCUIT

FIELD OF THE INVENTION

This invention relates to integrated circuits and, in
particular, to an improved design for integrated circuits
containing tristate bus drivers which simplifies auto-
matic test generation methodologies.

BACKGROUND OF THE INVENTION

A tristate bus driver (also called a tristate buffer),
when enabled by an enable signal applied to its enable
terminal, outputs a logical 1 or O signal in response a
logical 1 or 0 signal applied to its input. When the tri-
state bus driver is not enabled by an enable signal, its
output is an open circuit.

Various types of integrated circuits (IC) incorporate
a plurality of tristate bus drivers connected to a com-
mon bus, where the tristate bus drivers are selectively
enabled. The tristate bus drivers are typically selec-
tively enabled so that the common bus will only be
driven to a full logical 1 or a full logical 0 by a single
driver.

One means of providing such driver selection is with
the use of a state machine whose outputs are connected
to the enable terminals of the various tristate bus driv-
ers. In normal operation, the state machine would be
programmed to generate a clocked pattern of enable
signals to enable the various tristate bus drivers individ-
ually or in any sequence.

Typically, for testing the IC, a model of the IC cir-
cuitry is created using a netlist. This model is then used
in conjunction with a customized automatic test genera-
tion (ATG) computer program to generate test stimuli
and responses. When testing the IC, the test stimuli are
applied to selected input nodes of the IC. The resulting
output signals at selected output nodes of the 1C are
then compared with the predicted responses to deter-
mine whether the IC is operating properly.

When the IC incorporates tristate bus drivers con-
nected to a common bus, such as tristate bus drivers
10-13 in FIG. 1a connected to common bus 15, the
ATG model models these tristate bus drivers as AND
gates connected to a single OR gate, such as AND gates
20-23 connected to OR gate 24 in FIG. 1.

D-type latch 26 and modeled D-type latch 27 are
shown connected to bus 15 and OR gate 24, respec-
tively, as representative of a device receiving a signal
from bus 15 or OR gate 24.

As seen from a comparison of FIGS. 1a and 1), the
ATG model models each tristate bus driver as an AND
gate having two inputs, where one input receives the
information signal and the other input receives the en-
able signal. Thus, if the enable signal is a logical 1, the
output of the AND gate follows the information signal.

OR gate 24 provides a model of the common connec-
tion of the outputs of tristate bus drivers 10-13, wherein
if any of the outputs of AND gates 20-23 is a logical 1,
the output of OR gate 24 will be a logical 1. Conversely,
if none of the outputs of AND gates 20-23 is a logical 1,
the output of OR gate 24 will be a logical 0.

However, this model of FIG. 1b does not accurately
reflect the level on bus 15 if two or more bus drivers
10-13 are concurrently enabled, either intentionally or
inadvertently, and the outputs of the enabled drivers
include both logical I's and logical 0’s. In such a case,
the level of bus 15 will neither be fully a logical 1 nor a
logical 0 level, while the modeled level at the output of
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OR gate 24 will be an ideal logical 1. Further, if none of
the drivers 10-13 are enabled, bus 15 will float. This
state is also not accurately modeled by OR gate 24,
whose output may only be an ideal logical 1 or logical
0.

Due to such an anomaly between the operation of the
actual circuitry of FIG. 1a and the ATG model of FIG.
1, means have been incorporated in prior art IC’s to
cause one and only one of the actual tristate bus drivers
to be enabled at a time during ATG testing. Hence, in
such a case, the ATG model accurately reflects the
actual tristate bus drivers 10-13, since only a full logical
1 or logical 0 can now appear on bus 15.

One such prior art means to enable only one tristate
bus driver at a time is shown in FIG. 2. In FIG. 2,
central decoder 30 is inserted between tristate bus driv-
ers 10-13 and state machine 34 to only allow one of
drivers 10-13 to be enabled at any one time. Since the
ATG program typically is not designed to understand

~ the IC’s permissible operation modes, without decoder
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30 the ATG program could undesirably generate test
signals which would cause state machine 34 to concur-
rently enable two or more of drivers 10-13.

The disadvantages to this prior art approach shown
in FIG. 2 include: (1) the additional circuit size and
propagation delay incurred by routing all tristate enable
signals from state machine 34 into a central decoder 30
and routing the decoder 30 outputs to the enable termi-
nals of tristate bus drivers 10-13; (2) significant delays
from the charging and discharging of the parasitic input
capacitance of the decoder 30, especially if decoder 30
has a large fan-in; (3) the added complexity in designing
the ATG methodology to model decoder 30; and (4) if
state machine 34 is designed to provide already decoded
enable signals, then application of the ATG methodol-
ogy requires additional encoding and decoding of these
state machine signals to ensure only one buffer is en-
abled at a time.

Thus, what is desirable is a circuit containing tristate
bus drivers which simplifies ATG methodologies and
which does not suffer from the above-described draw-
backs incurred when using a central decoder or similar
means to prevent simultaneous enablement of opposing
bus drivers.

SUMMARY OF THE INVENTION

In the present invention, instead of prior art decoders,
a different type of combinational logic is used to pre-
vent opposing tristate buffers from simultaneously pro-
viding a signal on a common bus during automatic test-
ing of an integrated circuit (IC).

In one embodiment, a logical 1 automatic test 0 gen-
eration (ATG) test signal, indicating an active test
mode, is applied to one input of an ATG NAND gate
associated with each tristate buffer downstream from a
first tristate buffer. A second input of each ATG
NAND gate has applied to it an upstream enable signal
indicating whether an enable signal has been generated
for any upstream tristate buffer.

Thus, if the ATG test mode is active and a logical 1

' upstream enable signal has been generated (indicating

65

an upstream tristate buffer is already enabled), the out-
put of the ATG NAND gate will be a logical 0. If either
or both the ATG test mode signal or the upstream en-
able signal is not a logical 1, the output of the ATG
NAND gate will be a logical 1.
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The output of the ATG NAND gate associated with
a particular tristate buffer is applied to a first input of an
AND gate also associated with the particular tristate
buffer. An enable-in signal associated with that particu-
lar tristate buffer is applied to a second input of the
AND gate.

The output of the AND gate is applied to the enable
terminal of the tristate buffer. Thus, both a logical 1
enable-in signal and a logical 1 output of the ATG
NAND gate are required to cause the output of the
AND gate to enable the tristate buffer.

Identical circuitry is provided for each of the down-
stream tristate buffers, except for the most downstream
buffer.

During an active ATG test mode, various ATG stim-
ulus patterns give rise to enable-in signals being gener-
ated for enabling the various tristate buffers connected
to a common bus within the IC. However, as previously
stated, in the ATG test mode, the ATG program may
not understand the operational conditions for the IC
and may provide impermissible signals which can inad-
vertently enable two tristate buffers simultaneously.
The above-described logic circuitry prevents two con-
currently generated enable-in signals from concurrently
enabling an upstream buffer and a downstream buffer,
since the most upstream logical 1 enable-in signal will
cause the outputs of all downstream AND gates to
necessarily be a logical zero, thus disabling all down-
stream buffers.

Additional circuitry is provided for the most down-
stream buffer to be enabled if and only if all upstream
buffers are disabled.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1c illustrates tristate buffers connected to a
common bus;

FIG. 15 illustrates an automatic test generation model
of the tristate buffers of FIG. 1a,

FIG. 2 illustrates one prior art design incorporating a
decoder for ensuring the output of the scanned state

5

15

20

25

30

35

machine enables only a single tristate buffer at a time

during a test mode;
FIG. 3 illustrates one embodiment of the invention
which eliminates the decoder of FIG. 2; and
~ FIG. 4 illustrates a preferred embodiment of the in-
vention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

FIG. 3 shows a circuit illustrating one embodiment of
the invention. In FIG. 3, combinational logic 38 pre-
vents any of the downstream tristate buffers 41-43 from
being enabled if an enable signal is generated for any of
the upstream tristate buffers 40-42 and also ensures that
one tristate buffer 40-43 is enabled at all times so that
the signal on common bus 44 will either be a full logical
1 or a full logical 0. Hence, bus 44 is prevented from
either floating or from having opposing signals applied
to it from two or more concurrently enabled tristate
buffers 40-43.

As previously discussed, by providing such limita-
tions on enabling tristate buffers 40-43, the ATG model
will accurately reflect the performance of the circuit
shown in FIG. 3, where the ATG model of tristate
buffers has been previously shown in FIG. 1b.
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ATG Test Mode Signal High, Enablement of Buffers 40
and 41

In operation, when the ATG test mode is active and
the circuit of FIG. 3 is undergoing a test, a logical 1
signal is generated on ATG test mode signal line 50.
When the circuit is not undergoing a test, the signal on
line 50 will be a logical 0. It is to be noted that the
various logic signal levels mentioned herein may be
inverted with the appropriate changes in logic 38 while
still achieving identical results.

The logical 1 signal on line 50 is applied to an input of
NAND gates 54 and 56, associated with downstream
tristate buffers 41 and 42, respectively.

Connected to a second input of NAND gates 54 and
56 are the outputs of OR gates 58 and 60, respectively.

Applied to one input of OR gate 58 is an enable-inl
signal generated by any appropriate means, such as a
state machine, for enabling or disabling tristate buffer
40. Assuming a logical 1 enable-inl signal is applied to
a first input of OR gate 58 via line 62, the output of OR
gate 58 will necessarily be a logical 1. This logical 1 is
directly applied to the enable terminal of tristate buffer
40 via line 66 so as to enable tristate buffer 40, and is also
applied to a second input of NAND gate 54 via line 70.
Hence, when tristate buffer 40 is enabled during an
active test mode NAND gate 54 has two logical 1 sig-
nals applied to its inputs. As seen by the truth table
below for a NAND gate, the output of NAND gate 54,
having only logical 1 inputs, is a logical 0.

TABLE 1

NAND
1

—~—oolx
e

1
1
0

The output of NAND gate 54 is applied to one input
of AND gate 74, whose output is connected to an en-
able terminal of downstream tristate buffer 41 via line
76. The logical 0 output of NAND gate 54 necessarily
causes the output of AND gate 74 to be a logical 0, and
hence, causes downstream tristate buffer 41 to be dis-
abled regardless of the level of an enable in2 signal
applied to a second input of AND gate 74 via line 80.
Thus, due to the logical ! enable-inl signal on line 62,
upstream tristate buffer 40 is automatically enabled,
while downstream tristate buffer 41 is automatically
disabled during an ATG active test mode.

During an active test mode, if the enable-in1 signal is
a logical 0, and the optional control signal (which could
be a scan control signal) on line 82 is a logical 0, the
output of OR gate 58 will be a logical 0. This logical 0
applied to an input of NAND gate 54 via line 70 neces-
sarily causes the output of NAND gate 54 to be a logi-
cal 1. Thus, the output of AND gate 74 will follow the
enable-in2 signal to enable or disable tristate buffer 41.

The control signal applied to line 82 as a second input
into OR gate 58 controls the first upstream tristate
buffer 40 to become enabled regardless of the state of
the enable-inl signal on line 62. A logical 1 control
signal applied to line 82 may be generated by any means
to cause tristate buffer 40 to be enabled so as to drive
bus 44 to a given level. If the added flexibility provided
by a control signal on line 82 is not desired, OR gate 58
may be deleted and line 62 may be shorted to line 66.
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ATG Test Mode Signal Low, Enablement of Buffer 41

If the ATG test mode signal on line 50 is a logical 0,
indicating that the circuit is being operated normally
and is not under test, the output of NAND gate 54 will
automatically be a logical 1, as seen from Table 1, and
the output of AND gate 74 will follow the level of the
enable-in2 signal applied to line 80, regardless of the
level of the enable-inl signal or any other enable-in
signals.

ATG Test Mode Signal High or Low, Enablement of '
Buffer 42

The operation of NAND gate 56 and AND gate 84,
associated with downstream tristate buffer 42, have
functions similar to NAND gate 54 and AND gate 74,
respectively. With regard to the enabling of tristate
buffer 42 during an active test mode, if the output of OR
gate 60 is a logical 1, indicating an upstream tristate
buffer has been enabled, this logical 1 is applied to an
input of NAND gate 56 along with the logical 1 on line
50. The output of NAND gate 56 will thus be a logical
0, causing the output of AND gate 84 to necessarily be
a logical O regardless of the state of the enable-in3 signal
on line 86. Hence, tristate buffer 42 will be disabled.

If, on the other hand, the output of OR gate 60 is a
logical 0, indicating that no upstream tristate buffers are
enabled, the output of NAND gate 56 will necessarily
be a logical 1, and the output of AND gate 84 will
follow the logic level of the enable-in3 signal to enable
or disable tristate buffer 42.

If the ATG test mode signal on line 50 is a logical 0,
the output of NAND gate 56 will necessarily be a logi-
cal 1, and the output of AND gate 84 will follow the
logic level of the enable-in3 signal.

ATG Test Mode signal High, Enablement of Buffer 43
in FIG. 3

Since it is desired to have only one tristate buffer
40-43 to be enabled and to not have bus 44 floating due
to all tristate buffers 40-43 being disabled, special cir-
cuitry is provided for automatically enabling the most
downstream tristate buffer 43 in the event none of the
upstream tristate buffers 40-42 are enabled.

If the ATG test mode signal on line 50 is a logical 1,
indicating an active test mode, this logical 1 signal is
inverted by invertor 90 to apply a logical 0 to a first
input of AND gate 92, causing the output of AND gate
92 to be a logical 0 regardless of the state of the enable-
in4 signal on line 94.

If none of the upstream tristate buffers 40-42 are
enabled, logical O signals are applied to both inputs of
OR gate 96, causing the output of OR gate 96 to also be
a logical 0. This logical 0 output of OR gate 96 is in-
verted by invertor 98, which then supplies a logical 1 to
a first input of AND gate 100. The ATG test mode
signal on line 50, also a logical 1, is applied to a second
input of AND gate 100. Consequently, the output of
AND gate 100 will be a logical 1 during this time when
no upstream tristate buffers 40-42 are enabled during an
active test mode. This logical 1, is ORed by OR gate 102
with the logical O output of AND gate 92, and OR gate
102 thus supplies a logical 1 signal to the enable terminal
of tristate buffer 43. Thus, the most downstream tristate
buffer 43 is automatically enabled if none of the up-
stream tristate buffers 40-42 are enabled during an ac-
tive rest mode.

5

10

20

25

45

50

55

Y

65

6

ATG Test Mode signal Low, Enablement of Buffer 43
in FIG. 3

If the circuit is not being tested, the ATG test mode
signal on line 50 will be a logical 0. This logical 0 is
inverted by invertor 90, causing a logical 1 to be applied
to a first input of AND gate 92. A second input into
AND gate 92 is the enable-ind signal, as previously
discussed, being generated by any means, such as a state
machine. Thus, the output of AND gate 92 follows the
enable-in4 signal when the circuit is not being tested.

The output of AND gate 92 is applied to one input of
OR gate 102, whose output is coupled to the enable
terminal of tristate buffer 43. Thus, when the test mode
is inactive, the output of OR gaté 102 will effectively
follow the logic level of the enable-in4 signal.

Information signals of a logical 1 or logical 0 are
applied to input lines 104-107 of tristate buffers 40-43,
respectively. These information signals are generated
by any well known means.

Accordingly, one embodiment of the invention has
been described. Many more tristate buffers may be in-
cluded in the circuit of FIG. 3, and the portions of logic
circuitry 38 associated with buffers 41 or 42 may be
duplicated for these additional tristate buffers. Further,
other appropriate circuitry may be used for ensuring
that the most downstream tristate buffer 43 is automati-
cally enabled during the test mode if none of the up-
stream tristate buffers 40-42 are enabled.

ATG Test Mode signal High, Enablement of Buffer 43
in FIG. 4

FIG. 4 illustrates a second and preferred embodiment
of the invention wherein the circuitry associated with
the most downstream tristate buffer 43 is different from
that shown in FIG. 3. The remainder of the circuit is
identical to that of FIG. 3.

In FIG. 4, during an active test mode when the signal
on line 50 is a logical 1 if no upstream tristate buffers
40-42 have been enabled, the output of OR gate 96 will
be a logical 0. The logical 1 on line 50 is inverted by
invertor 110 so as to apply a logical O to a first input of
OR gate 112, where a second input of OR gate 112 is the
logical 0 output of OR gate 96. The logical 0 output of
OR gate 112 is applied to a first input of NAND gate
114, thus, necessarily causing the output of NAND gate
114 to be a logical 1 so as to enable tristate buffer 43 via
line 116. Hence, in this active test mode, tristate buffer
43 is enabled regardless of the logic state of the enable-
in4 signal when none of tristate buffers 4042 are en-
abled.

When the test mode signal on line 50 is a logical 1,
indicating an active mode, but one of the upstream
tristate buffers 40-42 is enabled, an output of OR gate 96
is automatically a logical 1. This will cause the output of
OR gate 112 to necessarily be a logical 1. The logical 1
signal on line 50 applied to an input of OR gate 120
causes OR gate 120 to apply a logical I to an input of
NAND gate 114. NAND gate 114 now has two logical
1 inputs and consequently applies a logical O to the
enable terminal of tristate buffer 43, disabling tristate
buffer 43. In this case, during an active test mode, tri-
state buffer 43 is disabled regardless of the state of the
enable-in4 signal due to one of the upstream tristate
buffers 40-42 being enabled.

XILINX EXHIBIT 1013
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ATG Test Mode Signal Low, Enablement of Buffer 43
in FIG. 4

If the ATG test mode signal on line 50 is a logical 0,
indicating that the test mode is inactive, invertor 110
inverts this logical O signal on line 50 and applies a
logical 1 to the first input of OR gate 112. Hence, the
output of OR gate 112 will necessarily be a logical 1. A
Jogical 1 or logical O enable-in4 signal applied to line 94
is inverted by invertor 118 so as to apply a logical 0 or
logical 1 signal to a first input of OR gate 120. A second
input into OR gate 120 is the signal on line 50, which is
a logical 0 in this inactive test mode. Thus, the output of
OR gate 120 follows the inverse of the enable-in4 signal.

Hence, during this inactive test mode, NAND gate
114 has a logical 1 signal applied to one input by OR
gate 112 and an inverse of the enable-in4 signal applied
to its other input. Therefore, if the ‘enable-in4 signal is a
logical 1, the output of NAND gate 114 will be a logical
1 so as to enable tristate buffer 43 during this test inac-
tive mode. If the enable-in4 signal is a logical 0, the
resulting logical 0 output of NAND gate 114 will dis-
able tristate buffer 43.

Conclusion

Advantages of this invention over the prior art in-
clude:

1. Less performance impact on enable signals.

2. Takes up less area than a decoder.

3. No need to route signals to a central decoder; this
results in less signal delay and less silicon impact.

4. More modular construction, which allows individ-
ual bits to be added, instead of powers of two. For
example, to decode nine signals would require using a
4:16 decoder instead of a 3:8 decoder and would waste
7 bits if implemented with a non-custom library cell.

5. If a state machine outputs incorrectly decoded
signals (i.e., the signals fail the test methodology rules),
then the signals must be encoded and then decoded in
adherence to the test methodology rules. The additional
encoding and decoding adds silicon and delay.

Because the added circuitry associated with the most
downstream tristate buffer 43 in FIGS. 3 and 4 adds
more delay than the circuitry associated with the other
tristate buffers, the tristate buffer that is chosen to be the
most downstream one should be the one whose enable
signal is the least timing critical.

It will be obvious to those of ordinary skill in the art
to substitute other logic circuits for those shown in
FIGS. 3 and 4 if tristate buffer 4043 were enabled upon
a logical O enable signal applied to their enable termi-
nals. Further, equivalent circuitry may be used to imple-
ment the logic functions provided by the circuits of
FIG. 3 and FIG. 4.

Additionally, the terms upstream and downstream
are not intended to refer to any relative physical posi-
tions of the tristate buffers, but only to the relative
priorities given to the buffers. The term tristate buffer
may also apply to any similar means enabled by a signal
for driving a bus to a high, low, or undriven state.

While particular embodiments of the present inven-
tion have been shown and described, it will be obvious
to those of ordinary skill in the art that changes and
modifications may be made without departing from this
invention and its broader aspects and, therefore, the
appended claims are to encompass within their scope all
such changes and modifications as fall within the true
spirit and scope of this invention.
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What is claimed is:

1. In a circuit including tristate buffers having outputs
S:onnected to a common bus, an improvement compris-
ing:

combinational logic means, responsive to a test mode
signal indicating an active test mode, for causing at
most one of said tristate buffers connected to said
common bus to be enabled at any one time during
said active test mode.

2. The circuit of claim 1 wherein said combinational

logic comprises:

a first logic means associated with a first downstream
tristate buffer for preventing enablement of said
first downstream tristate buffer upon enablement of
any upstream tristate buffer.

3. The circuit of claim 2 wherein said first logic

means comprises:

a first NAND gate having a first input coupled to
receive said test mode signal and a second input
coupled to receive a signal indicating enablement
of any upstream tristate buffer; and

a first AND gate having a first input coupled to an
output of said first NAND gate and having a sec-
ond input coupled to a first enable signal associated
with said first downstream tristate buffer, an output
of said first AND gate being coupled to an enable
terminal of said first downstream tristate buffer.

4. The circuit of claim 3 wherein said second input of
said NAND gate is coupled to an output of a first OR
gate, wherein said first OR gate has a first input coupled
to a second enable signal associated with a first up-
stream tristate buffer and has a second input coupled to
receive a signal indicating enablement of a second up-
stream tristate buffer.

5. The circuit of claim 2 wherein said combinational
logic further comprises:

a second logic means associated with a furthest
downstream tristate buffer for preventing enable-
ment of said furthest downstream tristate buffer
upon enablement of any upstream tristate buffer,
and for enabling said furthest downstream buffer
when it is detected that no upstream tristate buffers
have been enabled.

6. The circuit of claim 5 wherein said first logic

means comprises:

a first NAND gate having a first input coupled to
receive said test mode signal and a second input
coupled to receive a signal indicating enablement
of any upstream tristate buffer; and

a first AND gate having a first input coupled to an
output of said first NAND gate and having a sec-
ond input coupled to a first enable signal associated
with said first downstream tristate buffer, an output
of said first AND gate being coupled to an enable
terminal of said first downstream tristate buffer.

7. The circuit of claim 6 wherein said second input of
said NAND gate is coupled to an output of a first OR
gate, wherein said first OR gate has a first input coupled
to a second enable signal associated with a first up-
stream tristate buffer and has a second input coupled to
receive a signal indicating enablement of a second up-
stream tristate buffer.

8. In a circuit including tristate buffers having outputs
connected to a common bus, an improvement compris-
ing:

combinational logic means for causing at most one of
said tristate buffers connected to said common bus
to be enabled at any one time, said combinational

XILINX EXHIBIT 1013
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logic means comprising a serial connection of logic
gates for preventing enablement of a downstream
tristate buffer upon enablement of any upstream
tristate buffer, each of said logic gates within said
serial connection of logic gates being associated
with a different one of said tristate buffers, a first
tristate buffer being considered upstream from a
downstream tristate buffer if an output of a logic
gate associated with said first tristate buffer di-
rectly or indirectly drives a logic gate associated
with said downstream tristate buffer.
9. The circuit of claim 8 wherein there is no logic
zate, within said serial connection of logic gates, associ-
ated with a most downstream tristate buffer.
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10. The circuit of claim 8 wherein there is no logic
gate, within said serial connection of logic gates, associ-
ated with a most upstream tristate buffer.

11. The circuit of claim 8 wherein said combinational
logic incorporates logic for forcing enablement of a
most downstream tristate buffer when none of said
upstream tristate buffers is being enabled.

12. The circuit of claim 11 wherein forcing of enable-
ment of said most downstream tristate buffer by said
logic is inhibited by means of a contro! signal.

13. The circuit of claims 8 wherein prevention of
enablement of downstream tristate buffers upon enable-
ment of any upstream tristate buffers is inhibited by
means of a control signal applied to an input terminal of
said combinational logic.
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