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(57) ABSTRACT 

A domino logic test circuit includes a dynamic node, a 
precharge device for charging the dynamic node, and an 
output inverter for inverting an output of the dynamic node. 
A logic network is coupled to the dynamic node for dis 
charging the dynamic node in accordance with logic. A 
footer device enables and disables the logic network. A 
keeper device is coupled to the dynamic node for retaining 
a charge state of the dynamic node while awaiting the logic 
network to operate in accordance with the logic. A test mode 
selection device is coupled to the dynamic node and is 
configured to enable a latch in the test mode. A phase 
selection device is configured to receive at least a wait signal 
and to enable selection of at least a precharge phase for 
charging the dynamic node to a Voltage level, a write phase 
for generating a value to the latch based on the logic and the 
Voltage level of the dynamic node, and a wait phase for 
enabling reading the value. The selection is based, at least 
partially, on the wait signal state. 

54 Claims, 7 Drawing Sheets 
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DOMINO LOGIC TESTING SYSTEMIS AND 
METHODS 

RELATED APPLICATIONS 

Not Applicable 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

Not Applicable 

COMPACT DISKAPPENDIX 

Not Applicable 

BACKGROUND OF THE INVENTION 

Dynamic logic circuits have become prevalent in high 
performance integrated circuits because they offer faster 
Switching speeds and a smaller area than static logic circuits. 
Dynamic logic circuits generally use complementary metal 
oxide semiconductor (CMOS) devices. 
As depicted in FIG. 1, a dynamic logic circuit 102 

includes a p-type channel MOS (PMOS) precharge transis 
tor 104 coupled to a voltage source 106 having a voltage 
level (V), an n-type channel MOS (NMOS) logic network 
108, and an NMOS footer transistor 110 coupled to ground 
112. The output is measured at a dynamic node 114. The 
circuit operation is controlled by a clock signal (CLK) that 
is applied to both the PMOS precharge transistor 104 and the 
NMOS footer transistor 110. 

The dynamic logic circuit 102 has two phases of opera 
tion. When the clock signal is at a logic Zero, the dynamic 
logic circuit 102 is in a precharge phase, and the dynamic 
node 114 is charged to V. When the clock signal is at a 
logic one, the dynamic logic circuit 102 is in the evaluation 
phase, and the Voltage at the dynamic node 114 depends on 
the inputs and the Boolean function represented by the 
NMOS logic network 108. If the conditions are such that the 
NMOS logic network 108 conducts, the dynamic node 114 
discharges. However, if the NMOS logic network 108 does 
not conduct, the dynamic node 114 becomes a floating node 
and remains at V. 

Unfortunately, the transistor gates of dynamic logic cir 
cuits cannot be directly cascaded. Dynamic logic circuits 
also have problems with charge leakage and charge sharing. 

Referring to FIG. 2, a domino logic circuit 202 is a type 
of dynamic logic that employs a dynamic part with a 
precharge transistor 204 coupled to a voltage source 206 
having a voltage level (V), an NMOS logic network 208, 
an NMOS footer transistor 210 coupled to ground 212, and 
a dynamic node 214. The dynamic part is followed by a 
static inverter 216. The inverter 216 enables the gates of the 
transistors to be directly cascaded in the dominologic circuit 
202. 
The dominologic circuit 202 includes a keeper transistor 

218 to overcome the problems of charge leakage, charge 
sharing, and floating nodes. The keeper transistor 218 gen 
erally is a weak PMOS transistor used to retain the precharge 
state of the dynamic node 214 while awaiting operation of 
the NMOS logic network 208 in the evaluation phase. 

During the evaluation phase, if the NMOS logic network 
208 remains disabled, the dynamic node 214 retains its 
precharge State, and the keeper transistor 218 helps maintain 
the stability and robustness of the circuit. Also, CMOS 
domino circuits with keepers draw any static current that 
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2 
exists, which enables the quiescent or static current (I) in 
the circuit to be testable. However, the keeper transistor 218 
results in a performance reduction of the circuit due to the 
keeper transistor's added parasitic capacitance 220 at the 
dynamic node 214. 

While testing static CMOS circuits has received a lot of 
attention, little attention has been paid to testing dynamic 
CMOS circuits. Fault modeling is used in a testing scheme 
to describe the behavior of the circuit under several modes 
of physical defects and broadly examines ways in which that 
circuit can fail. Accurate fault modeling of physical defects 
in a circuit is needed for a good testing methodology. 

Testing faults in domino logic circuits is a challenge due 
to their Susceptibility to noise and their unique circuit 
topology. The footer and keeper transistors in CMOS 
domino circuits are used to counter problems such as charge 
sharing and charge leakage. The footer and keeper transis 
tors do not directly affect the logic behavior of the circuit. 
Therefore, tests based on purely logical fault models cannot 
be used to test them. This results in a large number of faults 
in the footer and keeper transistors that are untestable using 
conventional tests that are based on purely logical fault 
models. The lack of an acceptable fault model for domino 
logic circuits contributes to the complexity of testing them. 

Systems and methods are needed to detect faults in 
domino logic circuits, including faults in the keeper and 
footer devices. Systems and methods are needed for detect 
ing faults in simple and complex circuits. 

SUMMARY OF THE INVENTION 

In one aspect, a dominologic circuit comprises a dynamic 
node, a precharge device for charging the dynamic node, and 
an output inverter for inverting an output of the dynamic 
node. A logic network is coupled to the dynamic node for 
discharging the dynamic node in accordance with logic. A 
footer device enables and disables the logic network. A 
keeper device is coupled to the dynamic node for retaining 
a charge state of the dynamic node while awaiting the logic 
network to operate in accordance with the logic. A test mode 
selection device is coupled to the dynamic node and is 
configured to enable a latch in the test mode. A phase 
selection device is configured to receive at least a wait signal 
and to enable selection of at least a precharge phase for 
charging the dynamic node to a Voltage level, a write phase 
for generating a value to the latch based on the logic and the 
Voltage level of the dynamic node, and a wait phase for 
enabling reading the value. The selection is based, at least 
partially, on the wait signal state. 

In another aspect, a domino logic circuit comprises a 
dynamic node, an output inverter for inverting an output of 
the dynamic node, and a precharge transistor for charging 
the dynamic node. A logic network is coupled to the 
dynamic node for discharging the dynamic node in accor 
dance with logic. A footer transistor is configured for 
enabling and disabling the logic network. A keeper transistor 
is coupled to the dynamic node for retaining a charge state 
of the dynamic node while awaiting the logic network to 
operate in accordance with the logic. A test transistor is 
coupled to the dynamic node and has a test enable signal as 
an input. The test transistor is configured to not conduct for 
a normal mode and to conduct for a test mode based on the 
test enable signal. The test transistor, the keeper transistor, 
and the output inverter form a write latch in the test mode 
when the test transistor conducts. A multiplexer has the test 
enable signal, a clock signal, and a wait signal as other 
inputs. The multiplexer is configured to enable the normal 
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mode and the test mode for the footer transistor. The 
multiplexer also is configured to enable a precharge phase 
for the normal mode in which the precharge transistor 
charges the dynamic node and an evaluation phase for the 
normal mode in which the logic network operates on the 
dynamic node. The precharge phase and the evaluation 
phase are determined by States of the test enable signal and 
the clock signal. The multiplexer further is configured to 
enable selection of another precharge phase for the test mode 
in which the precharge transistor charges the dynamic node, 
a write phase for the test mode in which the logic network 
operates on the dynamic node to cause a value to be written 
to the write latch based on the logic, and a wait phase for the 
test mode for which the write latch can be read to determine 
if the value transitions, thereby indicating a fault. The other 
precharge phase, the write phase, and the wait phase are 
determined by other states of the test enable signal, the clock 
signal, and the wait signal. 

Other aspects include fewer, other, or additional elements. 
Still other aspects include a test circuit for a complex circuit. 
Still other aspects include methods of the foregoing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of a dynamic logic circuit. 
FIG. 2 is a circuit diagram of a domino logic circuit. 
FIG. 3 is a circuit diagram of a domino logic full adder 

circuit. 
FIG. 4 is a circuit diagram of a testing domino logic 

circuit in accordance with an embodiment of the present 
invention. 

FIG. 5 is a diagram of phases of operation of the testing 
domino logic circuit of FIG. 4 in a test mode accordance 
with an embodiment of the present invention. 

FIG. 6 is a circuit diagram of a testing domino logic 
circuit in accordance with another embodiment of the 
present invention. 

FIG. 7 is a circuit diagram of the testing domino logic 
circuit of FIG. 6 in a normal mode in accordance with an 
embodiment of the present invention. 

FIG. 8 is a diagram of a precharge phase of the testing 
domino logic circuit of FIG. 6 in accordance with an 
embodiment of the present invention. 

FIG. 9 is a circuit diagram of the testing domino logic 
circuit of FIG. 6 in a wait phase in accordance with an 
embodiment of the present invention. 

FIG. 10 is a diagram of a fault detection in the testing 
domino logic circuit of FIG. 6 in accordance with an 
embodiment of the present invention. 

FIG. 11 is a diagram of a fault detection in the testing 
domino logic circuit of FIG. 6 in accordance with an 
embodiment of the present invention. 

FIG. 12 is a diagram of a fault detection in the testing 
domino logic circuit of FIG. 6 in accordance with an 
embodiment of the present invention. 

FIG. 13 is a circuit diagram of a testing domino logic 
circuit in accordance with another embodiment of the 
present invention. 

FIG. 14 is a table of faults detected for a testing domino 
logic circuit in accordance with another embodiment of the 
present invention. 

DETAILED DESCRIPTION 

A fault dictionary of a CMOS dominologic circuit can be 
used to identify a fault model. In one example, a fault 
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4 
dictionary is determined using a CMOS domino logic full 
adder circuit. Although, other types of dominologic circuits 
may be used. 
As depicted in the example of FIG. 3, a dominologic full 

adder 302 includes a dominologic circuit 304 to generate a 
sum output (S=A€DB6DCin) and a domino logic circuit 306 
to generate a carry output (Co=A.B+B.Cin-i-A.Cin). Faults 
occurring in the Sum (S) and the carry output (Co) of the 
dominologic full adder 302 are then used to identify classes 
of faults for the circuit. 

Faults are grouped for a fault model. In the example of 
FIG. 3, the faults include stuck-at-0 faults, stuck-at-1 faults, 
transistor stuck on/open faults, floating node faults, and 
bridging faults. Faults that occur under this fault model 
include faults that make the dominologic circuit appear fault 
free and do not cause any quiescent or static current (I) 
faults. Other faults appear fault free but result in I, current 
faults. Other faults cause logic errors (or a delay fault) but 
do not cause an I, current fault. Still other faults cause 
logic errors (or a delay fault) and also cause an I, current 
fault. 
Some faults have no effect on the functionality of the 

domino logic circuit and the current drawn by the domino 
logic circuit. Some of these faults are classified as undetec 
ted faults. These include a keeper gate floating fault, a 
keeper source floating fault, a keeper drain floating fault, a 
keeper stuck-on fault, a keeper stuck-open fault, a footer 
drain stuck-at-0 fault, a footer gate stuck-at-1 fault, a footer 
stuck-on fault, and a footer drain-source bridge (hard short) 
fault. 

In the domino logic circuit, the undetected faults are 
located in or caused by the keeper transistor and/or the footer 
transistor. These faults are independent of the function being 
implemented by the logic of the circuit. Therefore, it would 
be beneficial for a fault model to detect faults in the keeper 
transistor and/or the footer transistor. 

In one embodiment of the present invention, a testing 
circuit detects faults in the keeper transistor of a domino 
logic circuit. In another embodiment, a testing circuit detects 
faults in the footer transistor of a domino logic circuit. In 
another embodiment, a testing circuit detects faults in the 
keeper transistor and the footer transistor of a dominologic 
circuit. In still other embodiments, a testing circuit detects 
faults in a keeper device and/or a footer device of a domino 
logic circuit. Other embodiments and other functionality 
exist. 

FIG. 4 depicts an exemplary embodiment of a domino 
logic testing circuit 402 in accordance with an embodiment 
of the present invention. The testing circuit 402 of FIG. 4 
detects faults in keeper devices, such as keeper transistors. 
The testing circuit 402 includes a precharge transistor 404 or 
other precharge device coupled to a voltage source 406 
having a voltage level (V), a logic network 408, an NMOS 
footer transistor 410 or other footer device coupled to 
ground 412, a dynamic node 414, and an inverter 416. In one 
example, V is five volts (V). 
The precharge transistor 404 charges the dynamic node 

414. The precharge transistor 404 has a clock signal (CLK) 
as an input and is controlled by the clock signal. When the 
clock signal is a logic Zero, the precharge transistor 404 
conducts and charges the dynamic node 414. When the clock 
signal is a logic one, the precharge transistor 404 does not 
conduct. In one embodiment, the precharge transistor 404 is 
a weak PMOS transistor. Other precharge devices may be 
used in other embodiments. 
The logic network 408 is coupled to the dynamic node 

414 and discharges the dynamic node in accordance with its 
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logic. The logic network 408 has one or more logic inputs 
and one or more Boolean functions or other logic. In one 
embodiment, the logic network 408 is an NMOS logic 
network. Other logic networks may be used in other embodi 
mentS. 

The footer transistor 410 enables and disables the logic 
network 408. The footer transistor 410 has a clock signal as 
an input and is controlled by the clock signal. When the 
clock signal is a logic Zero, the footer transistor 410 does not 
conduct, which disables the logic network 408 from oper 
ating on the dynamic node 414. When the clock signal is a 
logic one, the footer transistor 410 does conduct, which 
enables the logic network 408 to operate on the dynamic 
node 414. In one embodiment, the footer transistor 410 is an 
NMOS transistor. Other footer devices may be used in other 
embodiments. 
The output inverter 416 inverts the output 418 of the 

dynamic node 414. The output inverter 416 enables the gates 
of the transistors to be directly cascaded in the testing circuit 
402. 
The testing circuit 402 includes a keeper transistor 420 

used to overcome the problems of charge leakage, charge 
sharing, and floating nodes. The keeper transistor 420 is 
coupled to the dynamic node 414 and helps retain a charge 
state of the dynamic node while awaiting the logic network 
408 to operate in accordance with the logic. The keeper 
transistor 420 has an associated parasitic capacitance 422 at 
the dynamic node 414. In one embodiment, the keeper 
transistor 420 is a weak PMOS transistor used to retain the 
precharge state of the dynamic node 414 while awaiting 
operation of the NMOS logic network 408 in the evaluation 
phase. 
The keeper transistor 420 makes the test circuit 402 

operation more robust. Undetected faults in the keeper 
transistor 420 do not affect the correct logical operation. But, 
they lead to loss in robustness and may degrade reliability of 
the test circuit 402 due to the increase of leakage current of 
the dynamic node 414. The undetected faults in the keeper 
transistor 420 include a floating terminal fault, including a 
floating gate, a floating drain, and a floating source, a 
transistor stuck on fault or stuck open fault, and a source 
stuck-at-0 fault. 
A test transistor 424 is coupled to the dynamic node 414. 

The test transistor 424 has a test enable signal as an input and 
is controlled by the test enable signal. 

In one embodiment, the test transistor 424 is an NMOS 
transistor. In one example of this embodiment, the test 
transistor 424 is a weak NMOS transistor. In another 
embodiment, the test transistor 424 is sized so that it is 
weaker than the keeper transistor 420. In this embodiment, 
the test transistor 424 does not negate the effect of the keeper 
transistor 420 to reduce charge leakage, charge sharing, and 
floating nodes. The on resistance of the test transistor 424 
also is much lower than the resistance of a non-conducting 
logic network 408 in this embodiment. In one example of 
this embodiment, a W/L of the keeper transistor is 
approximately 8-10 times a W/L of the test transistor. In 
another example of this embodiment, a W/L of the 
keeper transistor is approximately 0.57, and a W/L of the 
test transistor is approximately 0.07. 

In another embodiment, the test transistor 424 is sized so 
that it is weaker than the precharge transistor 404. In this 
embodiment, the precharge transistor 404 is sized to be 
stronger than the keeper transistor 420, and the keeper 
transistor is sized to be stronger than the test transistor 424. 
Therefore, the precharge transistor 404 is sized to be stron 
ger than the test transistor 424. 
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6 
In still another embodiment, the precharge transistor 404 

and the keeper transistor 420 are sized with respect to the 
test transistor 424 so that the precharge and keeper transis 
tors are able to pull the dynamic node 414 to V of the 
output inverter 416 even with the test transistor conducting. 
V is the minimum high Voltage that the output inverter 416 
interprets as a logic one. In one example of this embodiment, 
a W/L of the precharge transistor 404 is approxi 
mately 25-100 times a W/L of the test transistor. 

In another example of this embodiment, the precharge 
transistor 404 is almost approximately one hundred times 
the size of the test transistor 424. In this example, the 
dynamic node 414 may reach approximately 4.95 volts (V) 
if V is set at five volts. 

In still another example, the precharge transistor 404 is 
approximately 25-50 times the size of the test transistor 424. 
In this example, the dynamic node 414 reaches approxi 
mately 3.1 V if V is set at five volts. 
The test transistor 424 detects defects in the keeper 

transistor 420 that cause the output 418 to change from a 
logic Zero to a logic one. The test transistor 424 provides an 
alternate path to ground and accelerates the effects of charge 
leakage in the test circuit 402. A dominologic circuit can be 
tested for a faulty keeper transistor 420 by giving an input 
vector (inputs to the logic network 408) that does not make 
the logic network 408 conduct during a long evaluation 
phase, Such as approximately a one second (is) evaluation 
phase. Under Such circumstances, if the keeper transistor 
420 is disabled by a fault, leakage current will eventually 
discharge the dynamic node 414, and the fault can be 
detected. But, such a test generally is not as feasible because 
of the amount of time required by the leakage current to 
discharge the dynamic node. Therefore, the test transistor 
424 accelerates the effect of the charge leakage and makes 
the test more feasible. 
The test transistor 424 operates in a normal mode and a 

test mode based on the state of the test enable signal. The test 
transistor 424 does not conduct for a normal mode and 
conducts for a test mode. 
The test transistor 424, the keeper transistor 420, and the 

output inverter 416 form a write latch in the test mode when 
the test transistor conducts. The keeper transistor 420 and 
the test transistor 424 form a sort of ratioed logic gate or 
pseudo PMOS inverter. This pseudo PMOS inverter is 
cross-coupled with the output inverter 416 of the dynamic 
node 414 to form a latch. In the test mode, a value is written 
to the latch, such as a logic one or a logic Zero. The value 
then can be read from the latch, such as by a reading device 
426. If the value that is read from the latch differs from the 
value written to the latch, a fault exists in the test circuit 402. 
A phase selection transistor 428 is coupled between the 

dynamic node 414 and the logic network 408. The phase 
selection transistor 428 has a wait signal as an input and is 
controlled by the wait signal. In one embodiment, the phase 
selection transistor 428 is an NMOS transistor. 
The phase selection transistor 428 detects faults in the 

keeper transistor 420 that change the output 418 from a logic 
one to a logic Zero. In one example, a fault includes a keeper 
transistor 420 stuck-on fault. To sensitize the fault, a logic 
one is put at the gate of the keeper transistor 420. This 
requires an input vector to the logic network 408 that 
discharges the dynamic node 414. In the absence of the 
phase selection transistor 428, the much stronger NMOS 
pull down network, which includes the logic network 4.08 
and the footer transistor 410, will overcome the stuck-on 
keeper transistor 420. The dynamic node 414 will remain 
discharged, and the fault will go undetected. However, in the 
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testing circuit 402 when the phase selection transistor 428 is 
turned off in the wait phase, the dynamic node 414 is 
disconnected from the conducting NMOS pull down net 
work. In this instance, the stuck-on-keeper transistor 420, 
which is stronger than test transistor 424, re-charges the 
dynamic node 414. The output 418 changes from a logic one 
to a logic Zero, thus indicating the presence of the defect. 

The phase selection transistor 428 operates in the normal 
mode and the test mode based on the state of the test enable 
signal. The phase selection transistor 428 propagates states 
of the wait signal and/or the clock signal in the normal mode 
and the test mode. 

In the normal mode, the phase selection transistor 428 
enables a precharge phase in which the precharge transistor 
404 charges the dynamic node 414 and an evaluation phase 
in which the logic network 408 operates on the dynamic 
node. The precharge phase and the evaluation phase are 
determined by states of the test enable signal and the clock 
signal. 

In the test mode, the phase selection transistor 428 enables 
selection of a precharge phase in which the precharge 
transistor 404 charges the dynamic node 414, a write phase 
in which the logic network 408 operates on the dynamic 
node to cause a value to be written to the write latch based 
on the logic, and a wait phase for which the write latch can 
be read to determine if the value transitions. If the value 
transitions, a fault is present in the circuit. The precharge 
phase, the write phase, and the wait phase of the test mode 
are determined by states of the test enable signal, the clock 
signal, and the wait signal. 

In one embodiment, the test circuit 402 operates in a 
normal (functional) mode and a test mode. In the normal 
mode, the wait signal is a logic one, and the test circuit 402 
operates as a normal CMOS domino circuit. 

In the normal mode, the test circuit 402 has two phases of 
operation. The first phase is a precharge phase in which the 
dynamic node 414 is charged to a Voltage charge level. The 
second phase is an evaluation phase in which the test circuit 
402 evaluates the inputs and the logic implemented by the 
logic network 408. Such as one or more Boolean expressions 
or other logic. The precharge phase and the evaluation phase 
are determined by states of the test enable signal, the clock 
signal, and the wait signal. 

In the precharge phase of the normal mode, the clock 
signal is a logic Zero, the test enable signal is a logic Zero, 
and the wait signal is a logic one. The phase selector 
transistor 428 conducts. However, the footer transistor 410 
does not conduct, and the logic network 408 does not 
operate on the dynamic node 414. Therefore, the wait signal 
could be a logic Zero in this phase in other embodiments. 
The precharge transistor 404 conducts and charges the 
dynamic node 414 to a Voltage level. Such as a Voltage level 
V that is approximately at V or a level between Zero volts 
and V, taking into account any voltage losses. In one 
example, VAV>V, where V is the minimum high 
Voltage that the output inverter 416 interprets as a logic one. 
The output 418 of the test circuit 402 is zero in the precharge 
phase. 

In the evaluation phase of the normal mode, the clock 
signal is a logic one, the test enable signal is a logic Zero, and 
the wait signal is a logic one. The precharge transistor 404 
does not conduct in the evaluation phase. The footer tran 
sistor 410 and the phase selector transistor 428 do conduct, 
and the logic network 408 operates on the dynamic node 414 
in accordance with the inputs and logic of the logic network. 
In one embodiment, the setup and hold time of the memory 
element that is used to capture the output 418 along with the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
time for the dynamic node 414 to discharge (on application 
of the appropriate inputs) is included in the time for which 
the clock signal is a logic one. 

In the test mode, the test circuit 402 has three phases of 
operation. The first phase is a precharge phase in which the 
dynamic node 414 is charged to a Voltage charge level. The 
second phase is a write phase in which the logic of the logic 
network 408 is implemented to operate on the dynamic node 
414 and to write a value to a location based on the logic. The 
third phase is a wait phase in which the value can be read. 
The precharge phase, the write phase, and the wait phase are 
determined by states of the test enable signal, the clock 
signal, and the wait signal. 
The test enable signal is a logic one in the test mode. The 

keeper transistor 420 and the test transistor 424 form a sort 
of ratioed logic gate or pseudo PMOS inverter. This pseudo 
PMOS inverter is cross-coupled with the output inverter 416 
of the dynamic node 414 to form a latch. In the test mode, 
a value is written to the latch, Such as a logic one or a logic 
Zero. The value then can be read from the latch. If the value 
that is read from the latch differs from the value written into 
the latch, a fault exists in the test circuit 402. In one example, 
if the value that is read from the latch differs from the value 
written into the latch, a fault exists in the keeper transistor 
420. 

In the precharge phase of the test mode, the clock signal 
is a logic Zero, the test enable signal is a logic one, and the 
wait signal is a logic one. The phase selector transistor 428 
conducts. However, the footer transistor 410 does not con 
duct, and the logic network 408 does not operate on the 
dynamic node 414. Therefore, the wait signal could be a 
logic Zero in this phase in other embodiments. The precharge 
transistor 404 conducts and charges the dynamic node 414 
to a Voltage level. Such as a voltage level V that is 
approximately at V or a level between Zero volts and V. 
taking into account any Voltage losses. In one example, 
V&V>V, where V is the minimum high Voltage that 
the output inverter 416 interprets as a logic one. The output 
418 of the test circuit 402 is zero in the precharge phase. 

In the write phase of the test mode, the clock signal is a 
logic one, the test enable signal is a logic one, and the wait 
signal is a logic one. The precharge transistor 404 does not 
conduct. The footer transistor 410, the test transistor 424, 
and the phase selection transistor 428 do conduct. The footer 
transistor 410 and the logic network 408 form a pull down 
network. The logic network 408 operates on the dynamic 
node 414 in accordance with the logic, resulting in a value 
being written to the latch formed by the keeper transistor 
420, the test transistor 424, and the output inverter 416. At 
the end of this write phase, the dynamic node 414 either 
discharges or remains at the Voltage charge level, depending 
on the inputs and the logic of the logic network 408. 
Likewise, the output 418 of the latch remains at a logic zero 
or changes to a logic one depending on the inputs and the 
logic of the logic network 408. In one embodiment, the write 
phase is just long enough for the dynamic node 414 to 
discharge through the pull down network, which includes 
the logic network 408 and the footer transistor 410. In one 
example, this discharge time is the hold time for a normal 
CMOS domino gate. In another example, the write phase is 
approximately two nanoseconds (ins). 

In the wait phase of the test mode, the clock signal is a 
logic one, the test enable signal is a logic one, and the wait 
signal is a logic Zero. The precharge transistor 404 does not 
conduct. The footer transistor 410 and the test transistor 424 
do conduct. However, the phase selection transistor 428 does 
not conduct. 
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Since the wait signal as at a logic Zero and the clock signal 
is at a logic one in the wait phase, the dynamic node 414, 
which is the input to the latch, is in a high impedance state. 
During this wait phase, the cross-coupled inverter pair that 
form the latch is supposed to maintain the logic level of the 
output 418. A defect in the keeper transistor 420 or the 
output inverter 416 will degrade the output 418 of the latch 
during the wait phase. Therefore, a defect can be detected by 
comparing the value of the output 418 at the beginning of the 
wait phase and the end of the wait phase. A change in the 
value indicates the presence of a defect. FIG. 5 illustrates 
one embodiment of different phases of operation in the test 
mode with examples of a fault-free and faulty output. 

In one embodiment, a Sufficient amount of time is selected 
for the wait phase to enable the output 418 to stabilize before 
the wait signal State is changed from a logic one to a logic 
Zero. In one example, the selected time for the wait signal 
state change is ten nanoseconds (ns). In another embodi 
ment, the time is selected to enable the output 418 to 
stabilize after the wait state signal is changed from a logic 
one to a logic Zero but before the latch is read. In one 
example, the selected time for reading the latch after the wait 
signal state change is ten nanoseconds (ins). 

In one embodiment, the frequency at which the test circuit 
402 is tested is below the operating frequency of the test 
circuit. In one example, the test frequency is lower than the 
operating frequency because the detection of the faults 
depends on the dynamic node 414 discharging through the 
test transistor 424 or charging through the keeper transistor 
420, both of which are weak transistors. In another example, 
the test frequency is between 40 MHz and 50 MHz. In 
another example, the test frequency is 45 Mhz. In another 
example, the operating frequency is 200 MHz. In still 
another example, a maximum test frequency is the greater of 
(1) the time taken by the dynamic node 414 to discharge 
from V to V, through the test transistor 424 and (2) the 
time taken by the dynamic node to charge from Zero to V 
through the keeper transistor 420 while the test transistor is 
conducting. V, is the maximum low Voltage that the output 
inverter 416 recognizes as a logic Zero. 

FIG. 6 depicts an exemplary embodiment of another 
domino logic testing circuit 602 in accordance with an 
embodiment of the present invention. The testing circuit 602 
of FIG. 6 detects faults in footer devices and keeper devices, 
Such as footer transistors and keeper transistors. 
The testing circuit 602 includes a precharge transistor 604 

or other precharge device coupled to a voltage source 606 
having a voltage level (V), a logic network 608, an NMOS 
footer transistor 610 or other footer device coupled to 
ground 612, a dynamic node 614, an output inverter 616 that 
inverts the output 618 and enables transistors to be directly 
cascaded in the testing circuit 602, and a keeper transistor 
620 or other keeper device with its associated capacitance 
622. The precharge transistor 604, the logic network 608, the 
dynamic node 614, the inverter 616, the output 618, the 
keeper 620, and the capacitance 622 are the same as the 
precharge transistor 404, the logic network 408, the dynamic 
node 414, the inverter 416, the output 418, the keeper 
transistor 420, and the capacitance 422 described with 
respect to FIG. 4. In one example, V is five volts (V). 
The footer transistor 610 enables and disables the logic 

network 608. The footer transistor 610 has a clock signal 
(CLK) and a wait signal as inputs and is controlled by the 
clock signal and the wait signal. When the clock signal is a 
logic Zero, the footer transistor 610 does not conduct, which 
disables the logic network 608 from operating on the 
dynamic node 614. When the clock signal is a logic one, the 
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footer transistor 610 does conduct, which enables the logic 
network 608 to operate on the dynamic node 614. The wait 
signal is propagated to the footer transistor 610 in the test 
mode. When the clock signal and/or the wait signal is a logic 
Zero, the footer transistor 610 does not conduct, which 
disables the logic network 608 from operating on the 
dynamic node 614. When the wait signal and the clock 
signal are a logic one, the footer transistor 610 conducts, 
which enables the logic network 608 to operate on the 
dynamic node 614. In one embodiment, the footer transistor 
610 is an NMOS transistor. Other footer devices may be 
used in other embodiments. 
The dominologic testing circuit 602 also has a test enable 

transistor 624 or other test mode selection device that is 
coupled to the dynamic node 614. The test transistor 624 has 
a test enable signal as an input and is controlled by the test 
enable signal. 

In one embodiment, the test transistor 624 is an NMOS 
transistor. In one example of this embodiment, the test 
transistor 624 is a weak NMOS transistor. In another 
embodiment, the test transistor 624 is sized so that it is 
weaker than the keeper transistor 620. In this embodiment, 
the test transistor 624 does not negate the effect of the keeper 
transistor 620 to reduce charge leakage, charge sharing, and 
floating nodes. The on resistance of the test transistor 624 
also is much lower than the resistance of a non-conducting 
logic network 608 in this embodiment. In one example of 
this embodiment, a W/L of the keeper transistor is 
approximately 8-10 times a W/L of the test transistor. In 
another example of this embodiment, a W/L of the 
keeper transistor is approximately 0.57, and a W/L of the 
test transistor is approximately 0.07. 

In another embodiment, the test transistor 624 is sized so 
that it is weaker than the precharge transistor 604. In this 
embodiment, the precharge transistor 604 is sized to be 
stronger than the keeper transistor 620, and the keeper 
transistor is sized to be stronger than the test transistor 624. 
Therefore, the precharge transistor 604 is sized to be stron 
ger than the test transistor 624. 

In still another embodiment, the precharge transistor 604 
and the keeper transistor 620 are sized with respect to the 
test transistor 624 so that the precharge and keeper transis 
tors are able to pull the dynamic node 614 to V (min) of 
the output inverter 616 even with the test transistor con 
ducting. V. (min) is a minimum high Voltage recognized by 
the output inverter 616 as a logic one. In one example of this 
embodiment, a W/L of the precharge transistor 604 
is approximately 25-100 times a W/L of the test transistor. 

In another example of this embodiment, the precharge 
transistor 604 is almost approximately one hundred times 
the size of the test transistor 624. In this example, the 
dynamic node 614 may reach approximately 4.95 volts (V) 
if V is set at five volts. 

In still another example, the precharge transistor 604 is 
approximately 25-50 times the size of the test transistor 624. 
In this example, the dynamic node 614 reaches approxi 
mately 3.1 V if V is set at five volts. 
The test transistor 624 detects the defects in the keeper 

transistor 620 that cause the output 618 to change from a 
logic Zero to a logic one. The test transistor 624 provides an 
alternate path to ground and accelerates the effects of charge 
leakage in the test circuit 602. A dominologic circuit can be 
tested for a faulty keeper transistor 620 by giving an input 
vector (inputs to the logic network 608) that does not make 
the logic network 608 conduct during a long evaluation 
phase, Such as approximately a one second (is) evaluation 
phase. Under Such circumstances, if the keeper transistor 

ies 
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620 is disabled by a fault, leakage current will eventually 
discharge the dynamic node 614, and the fault can be 
detected. But, such a test normally is not as feasible because 
of the amount of time required the by leakage current to 
discharge the dynamic node 614. Therefore, the test tran 
sistor 624 accelerates the effect of charge leakage and makes 
the test more feasible. 

The test transistor 624 operates in a normal mode and a 
test mode based on the state of the test enable signal. The test 
transistor 624 does not conduct for a normal mode and 
conducts for a test mode. 
The test transistor 624, the keeper transistor 620, and the 

output inverter 616 form a write latch in the test mode when 
the test transistor conducts. The keeper transistor 620 and 
the test transistor 624 form a sort of ratioed logic gate or 
pseudo PMOS inverter. This pseudo PMOS inverter is 
cross-coupled with the output inverter 616 of the dynamic 
node 614 to form a latch. In the test mode, a value is written 
to the latch, such as a logic one or a logic Zero. The value 
then can be read from the latch, Such as by a reading device 
626. If the value that is read from the latch differs from the 
value written to the latch, a fault exists in the test circuit 602. 
A multiplexer 628 or other test phase selection device is 

coupled to the footer transistor 610. The multiplexer 628 has 
a test enable signal, a clock signal, and a wait signal as 
inputs. The multiplexer 628 propagates states of the clock 
signal and the wait signal to the footer transistor 610. The 
test enable signal determines whether or not the multiplexer 
628 propagates the wait signal inputs to the footer transistor 
610. One multiplexer 628 can be shared among multiple 
domino logic circuits. In one embodiment, the multiplexer 
628 is a 2:1 multiplexer. 
The multiplexer 628 causes faults to be detected in the 

keeper transistor 620 that change the output 618 from a logic 
one to a logic Zero. The multiplexer 628 also causes faults 
to be detected in the footer transistor 610. 

In one example, a fault includes a keeper transistor 620 
stuck-on fault. To sensitize the fault, a logic one is put at the 
gate of the keeper transistor 620. This requires an input 
vector to the logic network 608 that discharges the dynamic 
node 614. In the absence of the multiplexer 628 rendering 
the footer transistor 610 non-conducting, the much stronger 
NMOS pull down network, which includes the logic net 
work 608 and the footer transistor 610, will overcome the 
stuck-on-keeper transistor 620. The dynamic node 614 will 
remain discharged, and the fault will go undetected. How 
ever, in the testing circuit 602 when the multiplexer 628 is 
turned off in the wait phase, the dynamic node 614 is 
disconnected from the NMOS pull down network. In this 
instance, the stuck-on-keeper transistor 620, which is stron 
ger than test transistor 624, re-charges the dynamic node 
614. The output 618 changes from a logic one to a logic Zero, 
thus indicating the presence of a defect. 

The multiplexer 628 operates in a normal mode and a test 
mode based on the state of the test enable signal. The 
multiplexer 628 propagates States of the clock signal in the 
normal mode and propagates States of the clock signal and 
the wait signal in the test mode. 

In the normal mode, the multiplexer 628 enables a pre 
charge phase in which the precharge transistor 604 charges 
the dynamic node 614 and an evaluation phase in which the 
logic network 608 operates on the dynamic node. The 
precharge phase and the evaluation phase are determined by 
states of the test enable signal and the clock signal. 

In the test mode, the multiplexer 628 enables selection of 
a precharge phase in which the precharge transistor 604 
charges the dynamic node 614, a write phase in which the 
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logic network 608 operates on the dynamic node to cause a 
value to be written to the write latch based on the logic, and 
a wait phase for which the write latch can be read to 
determine if the value transitions. If the value transitions, a 
fault is present in the circuit. The precharge phase, the write 
phase, and the wait phase of the test mode are determined by 
states of the test enable signal, the clock signal, and the wait 
signal. 
The test circuit 602 operates in a normal (functional) 

mode and a test mode. In the normal mode, the test enable 
signal is a logic Zero. Therefore, the test transistor 624 does 
not conduct, and the test circuit 602 operates as a normal 
CMOS domino logic circuit. The effective circuit for the 
normal mode is depicted in FIG. 7. 

In the normal mode, the test circuit 602 has two phases of 
operation. The first phase is a precharge phase in which the 
dynamic node 614 is charged to a Voltage charge level. The 
second phase is an evaluation phase in which the test circuit 
602 evaluates the inputs and the logic implemented by the 
logic network 608. Such as one or more Boolean expressions 
or other logic. The precharge phase and the evaluation phase 
are determined by states of the test enable signal, the clock 
signal, and the wait signal. 

In the precharge phase of the normal mode, the test enable 
signal is a logic Zero, and the clock signal is a logic Zero. The 
wait signal is not propagated to the footer transistor 610, and 
the test transistor 624 does not conduct. The footer transistor 
610 does not conduct, and the logic network 608 does not 
operate on the dynamic node 614. The precharge transistor 
604 conducts and charges the dynamic node 614 to a Voltage 
level. Such as a Voltage level V that is approximately at V 
or a level between Zero volts and V, taking into account 
any Voltage losses. In one example, V&V-V, where V. 
is the minimum high voltage that the output inverter 616 
interprets as a logic one. The output 618 of the test circuit 
602 is zero in the precharge phase. 

In the evaluation phase of the normal mode, the test 
enable signal is a logic Zero, and the clock signal is a logic 
one. The wait signal is not propagated to the footer transistor 
610, and the test transistor 624 does not conduct. The 
precharge transistor 604 does not conduct in the evaluation 
phase. The multiplexer 628 transmits the clock signal to the 
footer transistor 610. The footer transistor 610 does conduct, 
and the logic network 608 operates on the dynamic node 614 
in accordance with the inputs and logic of the logic network. 
In one embodiment, the setup and hold time of the memory 
element that is used to capture the output 618 along with the 
time for the dynamic node 614 to discharge (on application 
of the appropriate inputs) is included in the time for which 
the clock signal is a logic one. 

In the test mode, the test circuit 602 has three phases of 
operation. The first phase is a precharge phase in which the 
dynamic node 614 is charged to a Voltage charge level. The 
second phase is a write phase in which the logic of the logic 
network 608 is implemented to operate on the dynamic node 
614 and to write a value to a location based on the logic. The 
third phase is a wait phase in which the value can be read. 
The precharge phase, the write phase, and the wait phase are 
determined by states of the test enable signal, the clock 
signal, and the wait signal. 

In the test mode, the test enable signal is a logic one, and 
the multiplexer 628 propagates the wait signal to the gate of 
the footer transistor 610. The keeper transistor 620 and the 
test transistor 624 form a sort of ratioed logic gate or pseudo 
PMOS inverter. This pseudo PMOS inverter is cross 
coupled with the output inverter 616 of the dynamic node 
614 to form a latch. In the test mode, a value is written to the 



US 7,332,938 B2 
13 

latch, such as a logic one or a logic Zero. The value then can 
be read from the latch. If the value that is read from the latch 
differs from the value written into the latch, a fault exists in 
the test circuit 602. In one example, if the value that is read 
from the latch differs from the value written into the latch, 
a fault exists in the keeper transistor 620 and/or the footer 
transistor 610. 

In the precharge phase of the test mode, the test enable 
signal is a logic one, the clock signal is a logic Zero, and the 
wait signal is a logic Zero. The multiplexer 628 propagates 
the wait signal to the footer transistor 610. The footer 
transistor 610 does not conduct, and the logic network 608 
does not operate on the dynamic node 614. The precharge 
transistor 604 and the test transistor 624 conduct and form 
a voltage divider. In this example, the precharge transistor 
604 is stronger than the test transistor 624, and the dynamic 
node 614 charges to a Voltage level. Such as a Voltage level 
V that is approximately at V or a level between Zero volts 
and V, taking into account any Voltage losses. In one 
example, VAV>V, where V is the minimum high 
Voltage that the output inverter 616 interprets as a logic one. 
The output 618 of the test circuit 602 is zero in the precharge 
phase. FIG. 8 illustrates an example of a precharge phase for 
the test mode. 

In the write phase of the test mode, the test enable signal 
is a logic one, the clock signal is a logic one, and the wait 
signal is a logic one. The multiplexer 628 propagates the 
wait signal to the footer transistor 610. The precharge 
transistor 604 does not conduct. The test transistor 624 and 
the footer transistor 610 do conduct. The footer transistor 
610 and the logic network 608, which form a pull down 
network, operate on the dynamic node 614 in accordance 
with the logic, resulting in a value being written to the latch 
formed by the keeper transistor 620, the test transistor 624, 
and the output inverter 616. At the end of this write phase, 
the dynamic node 614 either discharges or remains at the 
Voltage charge level, depending on the inputs and the logic 
of the logic network 608. Likewise, the output 618 of the 
latch remains at a logic Zero or changes to a logic one 
depending on the inputs and the logic of the logic network 
608. In one embodiment, the write phase is just long enough 
for the dynamic node 614 to discharge through the pull down 
network, which includes the logic network 608 and the 
footer transistor 610. In one example, this discharge time is 
the hold time for a normal CMOS domino gate. 

In the wait phase of the test mode, the test enable signal 
is a logic one, the clock signal is a logic one, and the wait 
signal is a logic Zero. The multiplexer 628 propagates the 
wait signal to the footer transistor 610. The precharge 
transistor 604 does not conduct. The footer transistor 610 
and the logic network 608, which form a pull down network, 
do not conduct, and the logic network 608 does not operate 
on the dynamic node 614. The test transistor 624 does 
conduct. The effective circuit is depicted in FIG. 9. 

In the wait phase, the dynamic node 614 is the input to the 
latch. During this wait phase, the cross-coupled inverter pair 
that form the latch is Supposed to maintain the logic level of 
the output 618. A defect in the keeper transistor 620, the 
output inverter 616, or the footer transistor 610 will degrade 
the output 618 of the latch during the wait phase. Therefore, 
a defect in the keeper transistor 620 or the footer transistor 
610 can be detected by comparing the value of the output 
618 at the beginning of the wait phase and the end of the wait 
phase. A change in the value indicates the presence of a 
defect. 

In one embodiment, a Sufficient amount of time is selected 
for the wait phase to enable the output 618 to stabilize before 
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the wait signal state is changed from a logic one to a logic 
Zero. In one example, the selected time for wait signal state 
change is ten nanoseconds (ns). In another embodiment, the 
time is selected to enable the output 618 to stabilize after the 
wait state signal is changed from a logic one to a logic Zero 
but before the latch is read. In one example, the selected time 
for reading the latch after the wait signal state change is ten 
nanoseconds (ins). 

In one embodiment, keeper stuck open type faults are 
detected. In one example of this embodiment, faults are 
detected where the keeper transistor 620 is not conducting, 
including a keeper source stuck-at-0 fault, a keeper source 
floating fault, a keeper drain floating fault, and a keeper 
stuck-open fault. In this example, the pull down network, 
which includes the logic network 608 and the footer tran 
sistor 610, does not conduct during the write phase. In the 
wait phase, the dynamic node 614 discharges through the 
test transistor 624. Since the keeper transistor 620 is dis 
abled, the voltage level in the dynamic node 614 is not 
replenished. When the voltage level at the dynamic node 614 
falls below V of the output inverter 616, the output 618 
makes a faulty transition from a logic Zero to a logic one. V. 
is the maximum low voltage that the output inverter 616 
recognizes as a logic Zero. FIG. 10 illustrates an example of 
this type of fault detection. 

In another embodiment, keeper stuck on type faults are 
detected. In one example of this embodiment, faults are 
detected where the keeper transistor 620 is always conduct 
ing, including a keeper gate floating fault and a keeper 
stuck-on fault. In this example, the pull down network, 
which includes the logic network 608 and the footer tran 
sistor 610, conducts during the write phase. Therefore, the 
output 618 at the end of write phase is a logic one, and the 
keeper transistor 620 is not Supposed to be conducting (i.e. 
cut off). However, the dynamic node 614 begins to charge 
through the stuck-on keeper transistor 620 during the wait 
phase. When the voltage level at the dynamic node 614 rises 
above V of the output inverter 616, the output 618 makes 
a faulty transition from a logic one to a logic Zero. V is the 
minimum high Voltage that the output inverter 616 recog 
nizes as a logic one. FIG. 11 illustrates an example of this 
type of fault detection. 

In another embodiment, footer type faults are detected. In 
one example of this embodiment, faults are detected where 
the footer transistor 610 conducts when it is not intended to 
conduct, including a footer drain stuck-at-0 fault, a footer 
gate stuck-at-1 fault, a footer stuck-on fault, and a footer 
drain-source bridge (hard short) fault. To detect faults in the 
footer transistor 610, the inputs (input vectors) that make the 
logic network 608 conduct are applied in the test mode when 
the clock signal is a logic one. However, the wait signal is 
kept at a logic Zero throughout this phase. In the absence of 
any faults, the output 618should remain at a logic Zero since 
the footer transistor 610 is not conducting. If any of the 
footer faults are present, the output 618 will transition from 
a logic Zero to a logic one. FIG. 12 illustrates an example of 
this type of fault detection. 

In one embodiment, the frequency at which the test circuit 
602 is tested is below the operating frequency of the test 
circuit. In one example, the test frequency is lower than the 
operating frequency because the detection of the faults 
depends on the dynamic node 614 discharging through the 
test transistor 624 or charging through the keeper transistor 
620, both of which are weak transistors. In another example, 
the test frequency is between 40 MHz and 50 MHz. In 
another example, the test frequency is 45 Mhz. In another 
example, the operating frequency is 200 MHz. In still 
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another example, a maximum test frequency is the greater of 
(1) the time taken by the dynamic node 614 to discharge 
from V to V, through the test transistor 624 and (2) the 
time taken by the dynamic node to charge from Zero to V 
through the keeper transistor 620 while the test transistor is 
conducting. V, is the maximum low Voltage that the output 
inverter 616 recognizes as a logic Zero. 
The test circuit may be used for complex circuits as well 

as simple circuits. The multiplexer 628 can be shared by 
different domino logic gates in the logic circuits. In one 
embodiment, the multiplexer 628 is shared when the domino 
logic gates are not in the same chain and their outputs are 
observed independently. In one example, the multiplexer 
628 receives the clock signal, the wait signal, and the test 
enable signal as inputs. In another example, the multiplexer 
628 propagates states of the wait signal and states of the 
clock signal to each footer device in the complex circuit 
when the test enable signal is a logic one. In another 
example, the multiplexer 628 propagates states of the clock 
signal to each footer device in the complex circuit when the 
test enable signal is a logic Zero. 

In one embodiment, each dynamic node in the complex 
circuit has an associated test transistor. Each test transistor 
has a test enable signal as an input and enables a normal 
mode and a test mode as described above. 

FIG. 13 depicts an exemplary embodiment of a test circuit 
1302 for a complex circuit, such as a four-bit ripple carry 
adder (RCA) circuit 1304. In one example, the RCA 
includes four stages 1306-1312 of CMOS dominologic full 
adder circuits, such as the full adder 302 depicted in FIG. 3. 

In the test circuit 1302 of FIG. 13, each full adder circuit 
1306-1312 includes a sum dominologic circuit 1314 and a 
carry dominologic circuit 1416 to evaluate the sum (S) and 
the carry output (Co) at each stage. Except the most signifi 
cant bit (MSB) full adder 1312, the carry output of each full 
adder circuit 1306-1310 is cascaded with the sum and carry 
output domino circuits 1314-1316 to the next full adder. 

Delay elements 1318-1322 are placed between each stage 
1306-1312 to delay the clock (CLK) signal at each stage to 
avoid race conditions. The inputs A3-A0, B3-B0, and Carry 
in (Cin) are fed simultaneously to each stage 1306-1312 in 
the circuit 1304, and the carry output “ripples' from one 
stage to the next. If the clock signal is not delayed at every 
stage 1306-1312 after the least significant bit (LSB), the sum 
and carry output sub-circuits 1314-1316 will evaluate their 
outputs before the carry input “ripples’ through the previous 
stages. This would result in a race condition. In one embodi 
ment, the delay elements 1318-1322 are static CMOS buff 
ers. In one example of this embodiment, the delay elements 
1318-1322 delay the clock signal by 1.5 nano-seconds (ns) 
at each stage 1306-1312. 
A multiplexer 1324 is connected to, and shared with, each 

footer device of each stage 1306-1312 in the complex circuit 
1302. The multiplexer 1324 receives the clock signal (CLK), 
the wait signal, and the test enable signal as inputs. The 
multiplexer 1324 propagates states of the wait signal and 
states of the clock signal to each footer device of each stage 
1306-1312 in the complex circuit 1302 when the test enable 
signal is a logic one. The multiplexer 1324 propagates states 
of the clock signal to each footer device of each stage 
1306-1312 in the complex circuit 1302 when the test enable 
signal is a logic Zero. The clock signal includes a CLK P 
clock signal that is fed to each precharge device and a 
CLK N clock signal that is fed to each footer device. In each 
full adder stage 1306-1312, the CLK P signal is fed to the 
precharge device, while the CLK N clock signal is fed to the 
footer device. 
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The dynamic node of each dominologic sum circuit 1314 

and each domino logic carry circuit 1316 in the complex 
circuit 1302 has an associated test transistor 1326-1332. 
Each test transistor 1326-1332 has a test enable signal as an 
input, is controlled by the test enable signal, and enables a 
normal mode and a test mode as described above. 
The test transistors 1326-1332 and the multiplexer 1324 

operate the same and have the same inputs as the test 
transistor 624 and the multiplexer 628 described above for 
the test circuit 602 of FIG. 6, except the clock signal (CLK) 
in this embodiment is divided into the CLK P clock signal 
and the CLK N clock signal. The multiplexer 1324, the test 
transistors 1326-1332, their inputs, and the resulting modes 
and phases of operation enable the complex circuit 1302 to 
detect faults in the keeper devices and footer devices of each 
sum and carry domino circuit 1314 and 1316. 
The sum and carry outputs of all four full adders 1306 

1312 are passed to a logic gate for evaluation. In the example 
of FIG. 13, the sum and carry outputs are passed to OR gates 
1334-1336 to generate a sum fault signal 1338 and a carry 
fault signal 1340. The presence of a fault is detected by 
observing the sum fault signal 1338 and the carry fault signal 
1340 outputs at the end of the wait phase in the test mode. 

FIG. 14 identifies an example of input vectors used in one 
or more embodiments and the results of the fault detections. 

In another embodiment, the test circuit is used for a 
complex circuit. The complex circuit includes a plurality of 
domino logic circuits. Each domino logic circuit has a 
dynamic node, an output inverter for inverting an output of 
the dynamic node, and a precharge transistor for charging 
the dynamic node. A logic network is coupled to each 
dynamic node for discharging the dynamic node in accor 
dance with logic. A footer device enables and disables each 
logic network. A keeper transistor is coupled to each 
dynamic node for retaining a charge state of the dynamic 
node while awaiting the corresponding logic network to 
operate in accordance with its logic state. A test transistor is 
coupled to each dynamic node and has a test enable signal 
as an input. Each test transistor does not conduct for a 
normal mode and conducts for a test mode based on the State 
of the test enable signal. The test transistor, the keeper 
transistor, and the output inverter of each domino logic 
circuit forms a write latch for that dominologic circuit in the 
test mode when the associated test transistor conducts. 
The complex circuit of this embodiment also includes a 

multiplexer that receives the test enable signal, the clock 
signal, and the wait signal as inputs. The multiplexer enables 
the normal mode and the test mode for each footer device in 
each domino logic circuit. For each footer device, the 
multiplexer also enables selection of a precharge phase for 
charging the dynamic node, a write phase for generating a 
value to the write latch in accordance with the logic oper 
ating on the dynamic node, and a wait phase for enabling 
reading the value. The precharge phase, the write phase, and 
the wait phase are based on states of the test enable signal, 
the clock signal, and the wait signal. 

Those skilled in the art will appreciate that variations 
from the specific embodiments disclosed above are contem 
plated by the invention. The invention should not be 
restricted to the above embodiments, but should be mea 
sured by the following claims. 
What is claimed is: 
1. A domino logic circuit comprising: 
a dynamic node; 
an output inverter for inverting an output of the dynamic 

node: 
a precharge transistor for charging the dynamic node: 
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a logic network coupled to the dynamic node for dis 
charging the dynamic node in accordance with logic; 

a footer transistor for enabling and disabling the logic 
network; 

a keeper transistor coupled to the dynamic node for 
retaining a charge State of the dynamic node while 
awaiting the logic network to operate in accordance 
with the logic; 

a test transistor coupled to the dynamic node and having 
a test enable signal as an input and configured to not 
conduct for a normal mode and to conduct for a test 
mode based on the test enable signal, wherein the test 
transistor, the keeper transistor, and the output inverter 
form a write latch in the test mode when the test 
transistor conducts; and 

a multiplexer having the test enable signal, a clock signal, 
and a wait signal as other inputs and configured to: 
enable the normal mode and the test mode for the footer 

transistor; 
enable a precharge phase for the normal mode in which 

the precharge transistor charges the dynamic node 
and an evaluation phase for the normal mode in 
which the logic network operates on the dynamic 
node, the precharge phase and the evaluation phase 
determined by states of the test enable signal and the 
clock signal; and 

enable selection of another precharge phase for the test 
mode in which the precharge transistor charges the 
dynamic node, a write phase for the test mode in 
which the logic network operates on the dynamic 
node to cause a value to be written to the write latch 
based on the logic, and a wait phase for the test mode 
for which the write latch can be read to determine if 
the value transitions thereby indicating a fault, the 
other precharge phase, the write phase, and the wait 
phase determined by other states of the test enable 
signal, the clock signal, and the wait signal. 

2. The circuit of claim 1 wherein a test frequency of the 
circuit is below an operating frequency of the circuit. 

3. The circuit of claim 2 wherein the test frequency is 
approximately between 40 and 50 MHz. 

4. The circuit of claim 1 wherein the test transistor is 
weaker than the keeper transistor. 

5. The circuit of claim 4 wherein a W/L. 
transistor is approximately 8-10 times a W/L 
transistor. 

6. The circuit of claim 1 wherein the test transistor 
comprises an NMOS transistor. 

7. The circuit of claim 1 wherein the value at an end of the 
wait phase indicates at least one fault selected from a group 
consisting of a keeper fault and a footer fault. 

8. The circuit of claim 1 wherein the value at a beginning 
of the wait phase is a first logic state and the value at an end 
of the wait phase is a second logic State. 

9. A domino logic circuit comprising: 
a dynamic node: 
a precharge device for charging the dynamic node: 
an output inverter for inverting an output of the dynamic 

node: 
a logic network coupled to the dynamic node for dis 

charging the dynamic node in accordance with logic; 
a footer device for enabling and disabling the logic 

network; 
a keeper device coupled to the dynamic node for retaining 

a charge state of the dynamic node while awaiting the 
logic network to operate in accordance with the logic; 

of the keeper 
of the test ies 
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18 
a test mode selection device coupled to the keeper device 

at the dynamic node and configured to enable a latch in 
the test mode; and 

a phase selection device configured to receive at least a 
wait signal and to enable selection of at least a pre 
charge phase for charging the dynamic node to a 
Voltage level, a write phase for generating a value to the 
latch based on the logic and the voltage level of the 
dynamic node, and a wait phase for enabling reading 
the value, wherein the selection is based, at least 
partially, on the wait signal state. 

10. The circuit of claim 9 wherein the phase selection 
device comprises a multiplexer configured to receive a test 
enable signal, a clock signal, and the wait signal, to enable 
the normal mode and the test mode for the footer device, to 
enable selection of another precharge phase and an evalua 
tion phase for the normal mode based on the test enable 
signal and the clock signal, and to enable selection of the 
precharge phase, the write phase, and the wait phase for the 
test mode based on the test enable signal, the clock signal, 
and the wait signal. 

11. The circuit of claim 9 wherein: 
the phase selection device comprises a transistor coupled 

to the footer device and the dynamic node and config 
ured to receive the wait signal and to conduct and 
enable the logic network or not conduct and disable the 
logic network based on the wait signal; and 

the footer device is configured to receive a clock signal 
and to enable and disable the logic network based on 
the clock signal. 

12. The circuit of claim 9 wherein the test mode selection 
device comprises a transistor configured to receive a test 
enable signal and to enable the latch for the test mode when 
the test enable signal is a logic 1. 

13. A domino logic circuit comprising: 
a precharge device for charging a dynamic node: 
an output inverter for inverting an output of the dynamic 

node: 
a logic network coupled to the dynamic node for dis 

charging the dynamic node in accordance with logic; 
a footer device for enabling and disabling the logic 

network; 
a keeper device coupled to the dynamic node for retaining 

a charge state of the dynamic node; 
a test mode selection device coupled to the dynamic node 

and configured to receive a test enable signal and to 
enable a test mode to determine whether at least one 
fault is present for at least the keeper device; and 

a phase selection device configured to receive at least a 
wait signal and, based on a state of the wait signal and 
another state of the test enable signal, to enable selec 
tion of at least a precharge phase for charging the 
dynamic node to a Voltage level, a write phase for 
generating a value from the dynamic node based on the 
logic, and a wait phase for enabling reading the value 
to determine if the value transitions. 

14. The circuit of claim 13 wherein the phase selection 
device further is configured to receive the test enable signal 
and the clock signal for testing the keeper device and the 
footer device and to enable selection of at least the precharge 
phase, the write phase, and the wait phase for the test mode 
by propagating states of the wait signal, the test enable 
signal, and the clock signal. 

15. The circuit of claim 14 wherein the value at an end of 
the wait phase indicates the at least one fault, and the at least 
one fault is selected from a group consisting of a keeper fault 
and a footer fault. 
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16. The circuit of claim 13 wherein the value at a 
beginning of the wait phase is a first logic state and the value 
at an end of the wait phase is a second logic state. 

17. A complex circuit comprising: 
a plurality of domino logic circuits, each comprising: 

a dynamic node: 
an output inverter for inverting an output of the 

dynamic node; 
a precharge transistor for charging the dynamic node: 
a logic network coupled to the dynamic node for 

discharging the dynamic node in accordance with 
logic; 

a footer transistor for enabling and disabling the logic 
network; 

a keeper transistor coupled to the dynamic node for 
retaining a charge State of the dynamic node while 
awaiting the logic network to operate in accordance 
with the logic state; and 

a test transistor coupled the dynamic node and having 
a test enable signal as an input and configured to not 
conduct for a normal mode and to conduct for a test 
mode based on the test enable signal, wherein the test 
transistor, the keeper transistor, and the output 
inverter form a write latch in the test mode when the 
test transistor conducts; and 

a multiplexer configured to receive the test enable signal, 
a clock signal, and a wait signal and, for the footer 
transistor of each domino logic circuit, to enable the 
normal mode and the test mode, and, for the test mode, 
to enable selection of a precharge phase for charging 
the dynamic node, a write phase for generating a value 
to the write latch in accordance with the logic operating 
on the dynamic node, and a wait phase for enabling 
reading the value, the precharge phase, the write phase, 
and the wait phase based on the test enable signal, the 
clock signal, and a wait signal. 

18. The circuit of claim 17 further comprising a delay 
element between each domino logic circuit configured to 
delay the wait signal. 

19. The circuit of claim 17 further comprising a delay 
element between each domino logic circuit configured to 
delay the clock signal. 

20. The circuit of claim 17 wherein the complex circuit 
comprises a ripple carry adder. 

21. The circuit of claim 20 wherein the ripple carry adder 
comprises a plurality of CMOS full adders, and each CMOS 
full adder comprises a sum domino circuit and a carry 
domino circuit. 

22. The circuit of claim 21 further comprising a logic gate 
configured to receive a sum output of each Sum domino 
circuit and a carry output of each carry domino circuit and 
to generate at least one sum fault analysis signal and at least 
one carry fault analysis signal. 

23. The circuit of claim 17 further comprising a fault 
analysis element configured to receive a fault output of each 
domino circuit at an end of the wait phase and to generate 
at least one fault analysis signal indicating whether a fault is 
present. 

24. The circuit of claim 23 wherein the at least one fault 
analysis signal indicates the presence of at least one fault 
selected from a group consisting of a keeper fault and a 
footer fault. 

25. The circuit of claim 23 wherein the at least one fault 
analysis signal indicates the presence of at least one fault 
selected from a group consisting of a keeper source stuck 
at-0 fault, a keeper gate floating fault, a keeper source 
floating fault, a keeper drain floating fault, a keeper stuck-on 
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fault, a keeper stuck-open fault, a footer drain stuck-at-0 
fault, a footer gate stuck-at-1 fault, a footer stuck-on fault, 
and a footer drain-source bridge (hard short) fault. 

26. The circuit of claim 17 wherein the value at an end of 
the wait phase indicates at least one fault selected from a 
group consisting of a keeper fault and a footer fault. 

27. The circuit of claim 17 wherein the value at a 
beginning of the wait phase is a first logic state and the value 
at an end of the wait phase is a second logic state. 

28. A method for determining if at least one fault is 
present in a domino logic circuit comprising a dynamic 
node, an output inverter for inverting an output of the 
dynamic node, a precharge transistor for charging the 
dynamic node, a logic network coupled to the dynamic node 
for discharging the dynamic node in accordance with logic, 
a footer transistor for enabling and disabling the logic 
network, and a keeper transistor coupled to the dynamic 
node for retaining a charge state of the dynamic node while 
awaiting the logic network to operate in accordance with the 
logic, the method comprising: 

coupling a test transistor to the dynamic node: 
configuring the test transistor with a test enable signal as 

an input; 
configuring the test transistor to not conduct for a normal 
mode and to conduct for a test mode based on the test 
enable signal, and configuring the test transistor, the 
keeper transistor, and the output inverter to form a write 
latch in the test mode when the test transistor conducts; 
and 

coupling a multiplexer to the footer transistor; 
configuring the multiplexer with the test enable signal, a 

clock signal, and a wait signal as other inputs; 
configuring the multiplexer to enable the normal mode 

and the test mode for the footer transistor; 
configuring the multiplexer to enable a precharge phase 

for the normal mode in which the precharge transistor 
charges the dynamic node and an evaluation phase for 
the normal mode in which the logic network operates 
on the dynamic node, the precharge phase and the 
evaluation phase determined by states of the test enable 
signal and the clock signal; and 

configuring the multiplexer to enable selection of another 
precharge phase for the test mode in which the pre 
charge transistor charges the dynamic node, a write 
phase for the test mode in which the logic network 
operates on the dynamic node to cause a value to be 
written to the write latch based on the logic, and a wait 
phase for the test mode for which the write latch can be 
read to determine if the value transitions thereby indi 
cating the at least one fault, wherein the other precharge 
phase, the write phase, and the wait phase are deter 
mined by other states of the test enable signal, the clock 
signal, and the wait signal. 

29. The method of claim 28 further comprising testing the 
circuit at a test frequency that is below an operating fre 
quency of the circuit. 

30. The method of claim 29 further comprising testing the 
circuit at approximately between 40 and 50 MHz. 

31. The method of claim 28 further comprising config 
uring the test transistor as weaker than the keeper transistor. 

32. The method of claim 31 further comprising config 
uring a W/L of the keeper transistor as approximately 
8-10 times a W/L of the test transistor. 

33. The method of claim 28 further comprising config 
uring the test transistor comprising an NMOS transistor. 

34. The method of claim 28 further comprising reading 
the value at an end of the wait phase, wherein the value 
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indicates at least one fault selected from a group consisting 
of a keeper fault and a footer fault. 

35. The method of claim 28 further comprising reading 
the value at an end of the wait phase, wherein the value at 
a beginning of the wait phase is a first logic state and the 
value at an end of the wait phase is a second logic state. 

36. A method for testing a domino logic circuit compris 
ing a dynamic node, a precharge device for charging the 
dynamic node, a logic network coupled to the dynamic node 
for discharging the dynamic node in accordance with logic, 
a footer device for enabling and disabling the logic network, 
and a keeper device coupled to the dynamic node for 
retaining a charge state of the dynamic node while awaiting 
the logic network to operate in accordance with the logic, the 
method comprising: 

coupling a test mode selection device to the keeper device 
at the dynamic node: 

enabling a latch in the test mode using the test mode 
Selection device; and 

receiving at least a wait signal at a phase selection device 
and, based at least partially on a state of the wait signal, 
enabling selection of at least a precharge phase for 
charging the dynamic node to a Voltage level, a write 
phase for generating a value to the latch based on the 
logic and the Voltage level of the dynamic node, and a 
wait phase for enabling reading the value. 

37. The method of claim 36 wherein the phase selection 
device comprises a multiplexer, and the method further 
comprises: 

receiving a test enable signal, a clock signal, and the wait 
signal at the multiplexer; 

enabling, at the multiplexer, the normal mode and the test 
mode for the footer device; 

enabling selection of another precharge phase and an 
evaluation phase for the normal mode based on the test 
enable signal and the clock signal; and 

enabling selection of the precharge phase, the write phase, 
and the wait phase for the test mode based on the test 
enable signal, the clock signal, and the wait signal. 

38. The method of claim 36 wherein the phase selection 
device comprises a transistor, and the method further com 
prises: 

coupling the transistor to the footer device and the 
dynamic node: 

configuring the transistor to receive the wait signal and to 
conduct and enable the logic network or not conduct 
and disable the logic network based on the wait signal; 
and 

configuring the footer device to receive a clock signal and 
to enable and disable the logic network based on the 
clock signal. 

39. The method of claim 36 wherein the test mode 
selection device comprises a transistor and the method 
further comprises configuring the transistor to receive a test 
enable signal and to enable the latch for the test mode when 
the test enable signal is a logic 1. 

40. A method for testing a domino logic circuit compris 
1ng: 

configuring a precharge device for charging a dynamic 
node: 

configuring an output inverter for inverting an output of 
the dynamic node, 

coupling a logic network to the dynamic node for dis 
charging the dynamic node in accordance with logic; 

configuring a footer device for enabling and disabling the 
logic network; 
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configuring a keeper device for retaining a charge State of 

the dynamic node: 
coupling a test mode selection device to the dynamic node 

and configuring the test mode selection device to 
receive a test enable signal and to enable a test mode to 
determine whether at least one fault is present for at 
least the keeper device; and 

configuring a phase selection device to receive at least a 
wait signal and, based on a state of the wait signal and 
another state of the test enable signal, to enable selec 
tion of at least a precharge phase for charging the 
dynamic node to a Voltage level, a write phase for 
generating a value from the dynamic node based on the 
logic, and a wait phase for enabling reading the value 
to determine if the value transitions. 

41. The method of claim 40 further comprising config 
uring the phase selection device to receive the test enable 
signal and the clock signal for testing the keeper device and 
the footer device and to enable selection of at least the 
precharge phase, the write phase, and the wait phase for the 
test mode by propagating states of the wait signal, the test 
enable signal, and the clock signal. 

42. The method of claim 41 further comprising reading 
the value at an end of the wait phase, wherein the value 
indicates at least one fault selected from a group consisting 
of a keeper fault and a footer fault. 

43. The method of claim 40 further comprising reading 
the value at an end of the wait phase, wherein the value at 
a beginning of the wait phase is a first logic state and the 
value at an end of the wait phase is a second logic state. 

44. A method for determining if at least one fault is 
present in a complex circuit comprising: 

configuring a plurality of domino logic circuits, each 
comprising: 
a dynamic node, 
an output inverter for inverting an output of the 

dynamic node, 
a precharge transistor for charging the dynamic node, 
a logic network coupled to the dynamic node for 

discharging the dynamic node in accordance with 
logic, 

a footer transistor for enabling and disabling the logic 
network, and 

a keeper transistor coupled to the dynamic node for 
retaining a charge State of the dynamic node while 
awaiting the logic network to operate in accordance 
with the logic state; and 

for each domino logic circuit: 
coupling a test transistor to the dynamic node; 
configuring the test transistor for an input comprising a 

test enable signal; and 
configuring the test transistor to not conduct for a 

normal mode and to conduct for a test mode based on 
the test enable signal and forming a write latch with 
the test transistor, the keeper transistor, and the 
output inverter in the test mode when the test tran 
sistor conducts; and 

configuring a multiplexer to receive the test enable signal, 
a clock signal, and a wait signal and, for the footer 
transistor of each domino logic circuit, to enable the 
normal mode and the test mode, and, for the test mode, 
to enable selection of a precharge phase for charging 
the dynamic node, a write phase for generating a value 
to the write latch in accordance with the logic operating 
on the dynamic node, and a wait phase for enabling 
reading the value, wherein the precharge phase, the 



US 7,332,938 B2 
23 

write phase, and the wait phase is based on the test 
enable signal, the clock signal, and a wait signal. 

45. The method of claim 44 further comprising coupling 
a delay element between each domino logic circuit for 
delaying the wait signal. 

46. The method of claim 44 further comprising coupling 
a delay element between each domino logic circuit config 
ured for delaying the clock signal. 

47. The method of claim 44 wherein the complex circuit 
comprises a ripple carry adder, and the method further 
comprises determining if the at least one fault is present in 
the ripple carry adder. 

48. The method of claim 47 wherein the ripple carry adder 
comprises a plurality of CMOS full adders, and each CMOS 
full adder comprises a sum domino circuit and a carry 
domino circuit, and the method further comprises determin 
ing if the at least one fault is present in the Sum domino 
circuit and the carry domino circuit. 

49. The method of claim 48 further comprising receiving 
a Sum output of each Sum domino circuit and a carry output 
of each carry domino circuit at a logic gate and generating 
at least one sum fault analysis signal and at least one carry 
fault analysis signal. 

50. The method of claim 44 further comprising receiving 
a fault output of each domino circuit at a fault analysis 
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element at an end of the wait phase and generating at least 
one fault analysis signal indicating whether a fault is present. 

51. The method of claim 50 further comprising indicating 
at least one fault with the at least one fault analysis signal, 
the at least one fault selected from a group consisting of a 
keeper fault and a footer fault. 

52. The method of claim 50 further comprising indicating 
at least one fault with the at least one fault analysis signal, 
the at least one fault selected from a group consisting of a 
keeper source stuck-at-0 fault, a keeper gate floating fault, a 
keeper source floating fault, a keeper drain floating fault, a 
keeper stuck-on fault, a keeper stuck-open fault, a footer 
drain stuck-at-0 fault, a footer gate stuck-at-1 fault, a footer 
stuck-on fault, and a footer drain-source bridge (hard short) 
fault. 

53. The method of claim 44 further comprising reading 
the value at an end of the wait phase, wherein the value 
indicates at least one fault selected from a group consisting 
of a keeper fault and a footer fault. 

54. The method of claim 44 further comprising reading 
the value at an end of the wait phase, wherein the value at 
a beginning of the wait phase is a first logic state and the 
value at an end of the wait phase is a second logic state. 

k k k k k 
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