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(57) ABSTRACT 

Low voltage swing techniques are provided for simulta
neously reducing the active and standby mode power con
sumption and enhancing the noise immunity in domino logic 
circuits. One or both the upper and lower boundaries of the 
voltage swing at the dynamic node may be different from the 
upper and lower boundaries of the voltage swing at the output 
node. Further, the domino logic circuit may use dual V, 
thereby reducing the short-circuit current during operation. 
Meanwhile, full voltage swing signals may be maintained at 
the inputs and outputs for high speed operation. The low 
swing circuit techniques are provided that modify the output 
voltage swing of a domino gate, thereby reducing the active 
mode power consumption. 
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LOW SWING DOMINO LOGIC CIRCUITS 

PRIORITY CLAIM 

This application claims the benefit of priority from U.S. 
Provisional Application No. 60/764,741, filed Feb. 1, 2006, 
which is incorporated by reference herein in its entirety. 

FIELD 

The present application relates to a method and apparatus 
for reducing the voltage swing for a logic circuit and more 
specifically, a method and apparatus for reducing the voltage 
swing for a domino logic circuit to reducing the active and 
standby mode power consumption and enhance the noise 
immunity. 

BACKGROUND 

Domino logic circuit techniques have been used in modern 
high performance microprocessors because of the superior 
speed and area characteristics of the dynamic circuits as com
pared to the static CMOS circuits. However, the domino logic 
gates used in the domino logic circuit typically consume more 
dynamic switching power and display weaker noise immu
nity as compared to the static CMOS gates used in the static 
CMOS circuits. The low power and error free operation of 
domino logic circuits is a major challenge in the current 
CMOS technologies. 

2 
high. The dynamic switching power consumption of a 
domino gate is, therefore, higher than a static CMOS gate. 

Attempts have been made to reduce the power consump
tion in domino logic circuits. FIG. 2 shows one example of a 

5 low swing circuit technique attempting to reduce the power 
consumption in domino logic circuits. The circuit depicted in 
FIG. 2 reduces the voltage swing at the output while main
taining a full voltage swing signal at the dynamic node of a 
domino gate. As shown in FIG. 2, the domino logic circuit 

10 relies on an additional capacitor Cl to stabilize the reference 
voltage; however, this design significantly increases the cir
cuit area. Others have attempted similar low swing domino 
circuits that suffer from a variety of problems including 
degraded evaluation speeds and in achieving a smaller area 

15 overhead. Further, the power-delay product (PDP) issue is not 
addressed. 

FIG. 3 shows another example of a dynamic node low 
swing domino circuit with single power supply and ground 
voltage. As shown in FIG. 3, the circuit utilizes NMOS and 

20 PMOS transistors to reduce and increase, respectively, the 
upper and lower boundary of the voltage swing at the dynamic 
node. Although the dynamic switching power is reduced, the 
output inverter is always simultaneously turned on, thereby 
producing significant short-circuit current. Since the pull-up 

25 and pull-down transistors are simultaneously activated in the 
output inverter, the output voltage swing is degraded. Simi
larly, the evaluation speed is significantly reduced. Therefore, 
what is needed is a low swing domino logic circuit that 
reduces power consumption without suffering the drawbacks 

30 of prior low swing circuits. 
The domino logic circuits may include: (1) a precharge 

circuit that pre-charges one or more nodes in the circuit to a 
predetermined value; (2) a keeper circuit that keeps or main
tains the node in the circuit at the predetermined value; (3) an 
input circuit that inputs one or more signals and that deter- 35 
mines the value to output on the output circuit; and (4) an 

BRIEF SUMMARY 

A low swing domino logic circuit is provided. The domino 
logic circuit may include a precharge circuit for precharging 
a dynamic node to a predetermined value, an input circuit that 
includes logic for determining a value of the dynamic node 
based on one or more inputs, and an output circuit in com
munication with the dynamic node. The dynamic node may 

output circuit. 
One example of a domino logic circuit is shown in FIG. 1. 

The domino logic circuit shown in FIG. 1 includes a single 
power supply and a single ground voltage. Further, the 
domino logic circuit includes a transistor connected between 
the pull-down network and ground, thereby making the 
domino logic circuit "footed." The pre-charge circuit com
prises a pull-up transistor (pull-up). During operation in the 
precharge phase, the clock signal is low. The dynamic node 
may thus be charged to the power supply voltage (V DD) by the 
pull-up transistor. The output node is discharged to the 
ground voltage (Vgnd) by the output inverter. During opera
tion in the evaluation phase, the clock signal transitions to 
high. After which, the pull-up transistor is cut-off. In order to 
maintain the dynamic node at its precharged value, a keeper 
circuit (keeper) may be used. One example of a keeper circuit, 
shown as a switch, is illustrated in FIG. 1. 

40 be operated at a voltage swing that is different than the voltage 
swing at the output for the output circuit. For example, the 
voltage swing at the dynamic node may be smaller than the 
voltage swing at the output for the output circuit. Or, the 
voltage swing at the dynamic node may be greater than the 

45 voltage swing at the output for the output circuit. Further, the 
domino logic circuit may use dual V,, with one or more 
transistors in the precharge circuit or the output circuit having 
a higher threshold voltage than one or more transistors in the 
input circuit, thereby reducing the short-circuit current during 

50 operation. The dual V,may be accomplished by body biasing, 
transistor design, or a combination of both. For example, an 
output circuit may include an inverter, with one or both of the 
transistors in the inverter having a higher threshold voltage. 
The domino logic circuit may further include a keeper circuit The domino circuit may also include an input circuit, 

which may include logic for inputting one or more signals and 
determining the value to output on the output circuit. Any 
logic may be used for the input circuit including OR, AND, 
NAND, NOR, XOR, etc. For example, FIG. 1 shows a pull
down network as an input circuit. Depending on the inputs to 
the pull-down network, the dynamic node is discharged to 60 

V gnd· The domino circuit may further include an output cir
cuit. The output circuit may, at its input, be connected to or in 
communication with the dynamic mode, and at its output, be 
connected to the next stage of the circuit. During the evalua
tion phase, the output node voltage may transition to V DD· 

The dynamic and output nodes are charged/discharged in 
every clock cycle provided that the inputs are maintained 

55 for keeping the dynamic node at the predetermined value after 
the precharge circuit precharges the dynamic node to the 
predetermined value. One or more of the transistors in the 
keeper circuit may have a higher threshold than the transistors 
in the input circuit. 

As discussed above, the domino logic circuit may have the 
voltage swing at its output be less than the voltage swing at the 
dynamic node. To accomplish this, the power, ground, or both 
to the output circuit may be different from the power and 
ground to the precharge and input circuit. Or, the output low 

65 swing domino circuits may utilize transistors, such as NMOS 
transistors, to reduce the upper boundary of the voltage swing 
at the output node. The output low voltage swing circuit may 
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permit the optimization of the output node voltage swing, 
thereby minimizing PDP. Meanwhile, a greater voltage 
swing, such as full voltage swing, may be maintained at the 
dynamic nodes for high speed operation. 

Further, the domino logic circuit disclosed may have the 
voltage swing at the dynamic node that is less than the voltage 
swing at its output node. The voltage swing at the dynamic 
mode may be asymmetric to the voltage swing at its output 
node. The asymmetry of the voltage swing at the dynamic 
mode may optimize the speed or power consumption of the 
domino logic circuit. For example, the dynamic node may 
include a dynamic node high voltage and a dynamic node low 
voltage, and the output node may include an output node high 
voltage and an output node low voltage. One, or both, of the 
dynamic node high voltage and a dynamic node low voltage 
may be different from the output node high voltage and an 
output node low voltage. And, the difference between the 
output node high voltage and dynamic node high voltage may 
be greater than a difference between the dynamic node low 
voltage and output node low voltage. In this manner, the 
voltage swing at the dynamic node may be asymmetrical to 
the voltage swing at the output node. 

The foregoing summary has been provided only by way of 
introduction. Nothing in this section should be taken as a 
limitation on the following claims, which define the scope of 
the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

4 
supply and two ground voltages where one or more of the 
power supplies may be optimized. 

FIG. 11 is a schematic of a footed bidirectional dynamic 
node low voltage swing domino logic circuit with one power 

5 supply and two ground voltages where one or more of the 
power supplies may be optimized. 

FIG.12 is a schematic of a low swing buffer with a standard 
power supply and ground voltages and V DDL=V nn-V tn· 

FIG. 13 is another example of a schematic of a footless 
10 bidirectional dynamic node low voltage swing domino logic 

circuit with one power supply and two ground voltages where 
one or more of the power supplies may be optimized. 

FIG. 14 is another example of a schematic of a footed 
bidirectional dynamic node low voltage swing domino logic 

15 circuit with one power supply and two ground voltages where 
one or more of the power supplies may be optimized. 

FIG. 15 is a schematic of a footless bidirectional dynamic 
node low voltage swing domino logic circuit with one power 

20 
supply and two ground voltages, without a keeper circuit, and 
where one or more of the power supplies may be optimized. 

FIG. 16 is a schematic of a footed bidirectional dynamic 
node low voltage swing domino logic circuit with one power 
supply and two ground voltages, without a keeper circuit, and 

25 
where one or more of the power supplies may be optimized. 

FIG. 17 is a schematic of a footless bidirectional dynamic 
node low voltage swing domino logic circuit with one power 
supply and two ground voltages, with a sleep transistor, and 
where one or more of the power supplies may be optimized. 

The system may be better understood with reference to the 30 

following drawings and description. The components in the 
figures are not necessarily to scale, emphasis instead being 
placed upon illustrating the principles of the invention. More
over, in the figures, like referenced numerals designate cor
responding parts throughout the different views. 35 

FIG. 18 is another example of a schematic of a footless 
bidirectional dynamic node low voltage swing domino logic 
circuit with one power supply and two ground voltages, with 
a sleep transistor, and where one or more of the power sup
plies may be optimized. 

FIG. 19 is still another example of a schematic of a footless 
bidirectional dynamic node low voltage swing domino logic 
circuit with one power supply and two ground voltages, with
out a keeper circuit, with a sleep transistor, and where one or 
more of the power supplies may be optimized. 

FIG. 1 is a schematic of one example of a prior art domino 
logic circuit. 

FIG. 2 is a schematic of another example of a prior art 
domino logic circuit. 

FIG. 3 is a schematic of yet another example of a prior art 40 

domino logic circuit. 
FIG. 20 depicts a schematic of a footless output low voltage 

swing domino logic circuit with dual power supplies, where 
the output is low-swing. FIG. 4 is a schematic of a footless bidirectional dynamic 

node low voltage swing domino logic circuit with dual power 
supplies and ground voltages where one or more of the power 
supplies may be optimized. 

FIG. 21 depicts another schematic of a footed output low 
voltage swing domino logic circuit with dual power supplies, 

45 where the output is low-swing. 
FIG. 22 depicts yet another schematic of a footed output 

low voltage swing domino logic circuit with dual power sup
plies, where the output is low-swing. 

FIG. 5 is a schematic of a footed bidirectional dynamic 
node low voltage swing domino logic circuit with dual power 
supplies and ground voltages where one or more of the power 
supplies may be optimized. 

FIG. 6 is another example of a schematic of a footless 
bidirectional dynamic node low voltage swing domino logic 
circuit with dual power supplies and ground voltages where 
one or more of the power supplies may be optimized. 

FIG. 23 is a schematic of a bidirectional dynamic node low 
50 voltage swing multiple threshold voltage domino circuit with 

dual power supply and ground voltages. 

FIG. 7 is another example of a schematic of a footed 
bidirectional dynamic node low voltage swing domino logic 
circuit with dual power supplies and ground voltages where 
one or more of the power supplies may be optimized. 

55 

FIG. 8 is a schematic of a footless bidirectional dynamic 
node low voltage swing domino logic circuit with dual power 
supplies and ground voltages without a keeper circuit and 60 

where one or more of the power supplies may be optimized. 
FIG. 9 is a schematic of a footed bidirectional dynamic 

node low voltage swing domino logic circuit with dual power 
supplies and ground voltages without a keeper circuit and 
where one or more of the power supplies may be optimized. 65 

FIG. 10 is a schematic of a footless bidirectional dynamic 
node low voltage swing domino logic circuit with one power 

FIG. 24 is another schematic of a bidirectional dynamic 
node low voltage swing multiple threshold voltage domino 
circuit with dual power supply and ground voltages. 

FIG. 25 is yet another schematic of a bidirectional dynamic 
node low voltage swing multiple threshold voltage domino 
circuit with dual power supply and ground voltages. 

FIG. 26 is a schematic of a bidirectional dynamic node low 
voltage swing multiple threshold voltage domino circuit with 
single power supply and dual ground voltages. 

FIG. 27 is a schematic of a bidirectional dynamic node low 
voltage swing multiple threshold voltage domino circuit with 
dual power supply and ground voltages. 

FIG. 28 is a schematic of a bidirectional dynamic node low 
voltage swing multiple threshold voltage domino circuit with 
single power supply and dual ground voltages. 
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FIG. 29 is a schematic of a body biased bidirectional 
dynamic node low voltage swing domino circuit with dual 
power supply and ground voltages. 

6 
tor (Vc1kH=V DDL and Yc1kL=VgndH; Yc1kH=V DD and 
V c1kL=V gndH; V c1kH=V DDL and V cZkL =V gnd) in order to reduce 
the dynamic switching power consumption of the clock dis-

FIG. 30 is a schematic of a body biased bidirectional 
dynamic node low voltage swing domino circuit with dual 5 

power supply and ground voltages. 

tribution network. 

The operation of the schematics depicted in FIGS. 4 and 5 
behave in the following manner. In the precharge phase, the 
clock may be low. The dynamic node may be charged to V DDL 

by the pull-up transistor. In the output portion, Nl may be 

FIG. 31 is a schematic of a dynamic node low voltage 
swing multiple threshold voltage domino circuit with single 
power supply and ground voltage. 

FIG. 32 is a schematic of a dynamic node low voltage 10 

swing multiple threshold voltage domino circuit with single 
power supply and ground voltage. 

turned on and Pl may be weakly inverted. The output node 
may be discharged to V gnd by Nl. The evaluation phase may 
begin when the clock transitions high. The dynamic node may 
be discharged to VgndH through the pull-down network pro
vided that the inputs are high. In the output portion, Pl may be 

FIG. 33 is a schematic of a body biased low swing multiple 
threshold voltage domino circuit with single power supply 
and ground voltage. 

FIG. 34 is a schematic of a body biased low swing domino 
circuit with single power supply and ground voltage. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

Low swing domino logic circuits are provided. The circuits 
may modify the upper and/or lower boundaries of the voltage 
swing at the dynamic node while maintaining full voltage 
swing signals at the inputs and outputs for high speed opera
tion. These circuits may significantly reduce the energy 
required to charge/discharge the dynamic node of a domino 
gate without significantly increasing the evaluation delay. 
Further, the circuits may reduce the PDP and enhance the 
noise immunity. 

In one aspect, the circuit comprises separate power and/or 
ground supplies for various portions of the circuit. One 
example of separate power and/or ground supplies is depicted 
in FIGS. 4 and 5. Specifically, the schematics ofbidirectional 
dynamic node low voltage swing circuits utilizing dual power 
supply and ground voltages are shown in FIGS. 4 and 5. 
Referring to FIG. 4, there is shown a schematic of a footless 
bidirectional dynamic node low voltage swing domino logic 
circuit with dual power supplies and ground voltages. The 
keeper is driven with a low-swing signal. V DDL<V DD· 

vgndH>V gnd· Yc1kH=V DD or V DDL· Yc1kL=Vgnd or vgndH

Referring to FIG. 5, there is shown a schematic of a footed 
bidirectional dynamic node low voltage swing domino logic 
circuit with dual power supplies and ground voltages. The 
keeper may be driven with a low-swing signal. V DDL<V DD· 

vgndH>V gnd· vclkH=V DDorV DDL· Yc1kL=VgndorVgndH-

As shown in FIGS. 4 and 5, the pull-up switch may com
prise a pull-up transistor, the input circuit may comprise a 
domino logic portion (such as a pull-down network that 
receives various inputs), the keeper circuit may comprise an 
inverter and a switch, and the output portion of the circuit may 
comprise an inverter. The output inverter may be connected to 
the standard power supply and ground (V DD and V gnd)

Though the domino logic circuits in FIGS. 4 and 5 include a 
keeper circuit, a keeper circuit may not be necessary if the 
dynamic node sufficiently maintains its charge during opera
tion of the domino logic circuit. For example, if the switching 
of the domino logic circuit is faster than the time for discharge 
of the dynamic mode, the keeper may not be necessary to 
maintain the dynamic node at the precharged value. 

15 turned on and Nl may be weakly inverted. The output node 
may be charged to V DD by Pl. 

The voltage swing at the dynamic node may be from V gndH 

to V DDL while the voltages at the output and input nodes may 
be maintained full swing between V gnd and V DD· The active 

20 mode power consumption of the schematics depicted in 
FIGS. 4 and 5 may be reduced since the power required to 
charge/discharge the dynamic node is lower as compared to 
the standard full-swing domino logic circuits. For example, 

25 
the switching power consumed to charge/discharge the 
dynamic node may be quadratically reduced with the voltage 
swing. And, full voltage swing signals are maintained at the 
inputs and outputs may enable high speed and robust opera
tion. The noise immunity may also enhanced since the gate-

30 to-source voltage (V gs) of the pull-down network transistors 
is negative (a higher noise signal may be needed to activate 
the transistors in the pull-down network). In addition, in order 
to suppress the short circuit current produced by the output 
circuit (e.g., an output inverter as shown in FIGS. 4 and 5), 

35 high threshold voltage (high-V,) transistors may be employed 
in the output circuit. 

The selection of the voltage swing at the dynamic node of 
VgndH to V DDL and/or the selection of the high-V, may be 
optimized for reducing PDP and enhancing noise immunity 

40 as compared to standard full-swing circuits. As discussed in 
more detail below, employing a dual V, CMOS technology 
may significantly enhance the effectiveness of the bidirec
tional dynamic node low swing domino logic circuit. The 

45 voltage swing at the dynamic node may be asymmetric for 
optimization. For example, in a domino circuit with 
V DD=0.SV and Vr0.22, the voltage swing at the dynamic 
node may be an asymmetric range of0.1 V to 0.6\7, along with 
an optimized high-V, of 0.28 Vin order to achieve a reduced 

50 or lowest PDP in various types of domino logic circuits in a 45 
nm CMOS technology. The circuit technique may reduce the 
PDP by up to 51.9% and increase the noise immunity by up to 
39 .1 % as compared to standard full-swing circuits. The active 
mode power consumption may be reduced by up to 40 .4 % and 

55 the evaluation speed may be enhanced by up to 19.4%. 

Effectiveness of the circuit technique for reducing standby 
mode power consumption may also be evaluated. Subthresh
old and gate dielectric leakage currents produced by the input 

60 
circuit (e.g., the pull-down network shown in FI GS. 4 and 5) 
in an idle domino gate may be suppressed with the dual-V,. 
Specifically, the dual-V, circuit may reduce the idle mode 
leakage power consumption by up to 84.2% as compared to 
standard full-swing circuits. 

Alternatively, the pull-down network, the keeper, and the 
pull-up transistor may be connected to the low-swing power 
supply and ground voltages (V DDL<V DD and vgndifv gnd). 

The clock may be a standard full-swing signal CVc1kH=V DD 

and V clkL=V gnd)- Alternatively, the voltage swing of the clock 65 

signal can also be low and may be the same voltages as that 
used to power the pull-down network and the pull-up transis-

When dual power supply and ground voltages are utilized, 
the dynamic node switching power of a low swing domino 
logic circuit may be represented as: 
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P = a:CL(VDDL - Vgn,iHJ2 

f = a:CLV}w;ngf, 

(1) 

where P, a, and f are the switching power consumed for 
charging/discharging the dynamic node, switching activity 
factor, and clock frequency, respectively. CL is the capacitive 
load at the dynamic node. Vswing is the dynamic node voltage 
swing (Vswing =V DDL-V gndH). The switching power con
sumed for charging/discharging the dynamic node may have 
a quadratic dependence on the dynamic node voltage swing. 

The circuit technique may also lower the power consump
tion during the idle mode. The clock may be gated high in an 
idle domino logic circuit. When the clock is gated high, the 
pull-up transistor may be turned off, enabling that no short
circuit current conduction path exists between the low-swing 
power supply and ground (provided that the inputs are high in 
the footless domino logic circuits). The dynamic node may be 
cyclically charged to V DDL every clock period. Therefore, 
provided that the inputs are low after the clock is gated, the 
dynamic node may be maintained at V DDL in the idle mode. 
Alternatively, provided that the inputs are high after the clock 
is gated, the dynamic node may be discharged to V gndH and 
the output transitions to V DD· 

If the inputs are maintained low in the idle mode, the V gs 

may be negative and the drain-to-source voltage (V dJ is 
smaller in the pull-down network transistors. Since the pull
down transistors may be strongly cut-off, the subthreshold 
leakage current may be reduced as compared to the standard 
full-swing circuits. Furthermore, the gate oxide leakage cur
rent produced by Nl, N2, and the pull-down network transis
tors may be reduced due to the smaller voltage difference 
across the gate dielectric layer as compared to the standard 
full-swing domino circuits. 

Alternatively, if the inputs are maintained high, the gate 
oxide leakage current produced by the pull-down transistors 
may be reduced due to the smaller voltage difference across 
the gate dielectric layer. Furthermore, the subthreshold leak
age current produced by the pull-up transistor may also be 
reduced since V gs is positive and IV d) is lower as compared to 
a standard full-swing domino gate. 

Pl and Nl may operate in the weak inversion region when 
the inputs are maintained low and high, respectively, in the 
idle mode. The subthreshold leakage current produced by Pl 
may depend on the upper boundary of the voltage swing 
(V DDL) at the dynamic node. Alternatively, the subthreshold 
leakage current conducted by Nl may depend on the lower 
boundary of the voltage swing (V gndH) at the dynamic node. 

As discussed above, the keeper circuit in FIGS. 4 and 5 may 
comprise an inverter in series with a switch, and connected to 
the low-swing power supply and ground. The voltage at the 
gate terminal of the switch in the keeper circuit may be 
low-swing. The keeper contention current in the evaluation 
phase may be reduced, thereby enhancing the evaluation 
speed. A low-swing gate voltage to the switch in the keeper 
circuit, however, may degrade the noise immunity. The bidi
rectional low voltage swing circuits in which the switch in the 
keeper circuit is driven by a full-swing signal are shown in 
FIGS. 6 and 7. Specifically, FIG. 6 depicts a schematic of a 
footless bidirectional dynamic node low voltage swing 
domino logic circuit with dual power supplies and ground 
voltages. The keeper in FIG. 6 may be driven with a full
swing signal since it is connected to the output node, which 
operates at full-swing. V DDL<V DD· vgndH>Vgnd· Yc1kH=V DD 

8 
or V DDL· V c1kL=V gnd or V gndH- FIG. 7 depicts a schematic of 
a footed bidirectional dynamic node low voltage swing 
domino logic circuit with dual power supplies and ground 
voltages. Similar to FIG. 6, the keeper in FIG. 7 may be driven 

5 with a full-swing signal. V DDL<V DD· vgndH>Vgnd· 

Yc1kH=V DD orV DDL· Yc1kL=V gndorV gndH-

Maintaining a full-swing signal at the keeper gate may 
enhance the noise immunity. A keeper circuit may not be 
necessary for operation of the domino logic circuit. In par-

10 ticular, a domino logic circuit without a keeper may eliminate 
the contention current in the evaluation phase. However, the 
noise immunity may be degraded. Examples of bidirectional 
low voltage swing circuits without a keeper are shown in 
FIGS. 8 and 9. Specifically, FIG. 8 depicts a schematic of a 

15 footless bidirectional dynamic node low voltage swing 
domino logic circuit with dual power supplies and ground 
voltages. The keeper in FIG. 8 is removed. V DDL<V DD· 

V gndH>V gnd· V clkH=V DD or V DDL· V clkL=V gndor V gndH' FIG. 
9 depicts a schematic of a footed bidirectional dynamic node 

20 low voltage swing domino logic circuit with dual power sup
plies and ground voltages. The keeper in FIG. 9 is removed. 
V DDL<V DD· vgndH>V gnd· Yc1kH=V DD or V DDL· Yc1kL=V gnd 

orV gndH· 

As discussed above, the bidirectional dynamic node low 
25 voltage swing circuits discussed with respect to FIGS. 4-9 

utilize two power supplies and/or two ground voltages which 
may increase the design complexity provided that multiple 
power supplies are not available. Alternatively, another cir
cuit technique may be used utilizing an NMOS transistor to 

30 produce a low-swing signal from a single standard power 
supply, as shown in FIGS. 10 and 11. FIG. 10 depicts a 
schematic of a footless bidirectional dynamic node low volt
age swing domino logic circuit with one power supply and 
two ground voltages. The keeper in FIG. 10 may be driven 

35 with a low-swing signal, with V DDL=V DD-V tn' V gndifv gnd' 

V clkH=V DD or V DDD V clkL=V gnd or V gndH- FIG. 11 depicts a 
schematic of a footed bidirectional dynamic node low voltage 
swing domino logic circuit with one power supply and two 
ground voltages. The keeper in FIG. 11 may be driven with a 

40 low-swing signal, with V DDL=V DD-V tn' vgndifvgnd' 

V clkH=V DD or V DDD V clkL=V gnd or V gndH-

The upper boundary of the dynamic node voltage swing 
may be V DD-V tn (whereby V tn may be the threshold voltage 
of the NMOS transistor). The voltage swing of the clock 

45 signal may also be reduced to further decrease the switching 
power consumption. The clock distribution network may uti
lize low swing buffers to produce a low-swing clock signal 
from a single standard power supply. A schematic of a low 
swing buffer is depicted in FIG. 12 with a standard power 

50 supply and ground voltages and V DDL=V DD-V tn· 

In FIGS. 10 and 11, the gate terminal of the keeper may be 
driven by an inverter connected to the source terminal of NO 
and the higher ground voltage V gndH- The voltage at the gate 
terminal of the keeper may be low-swing, thereby reducing 

55 the contention current in the evaluation phase. Alternatively, 
maintaining a full-swing signal at the keeper gate may 
enhance the noise immunity while increasing the contention 
current. The bidirectional dynamic node low voltage swing 
circuits in which the keeper is driven with a full-swing signal 

60 are shown in FIGS. 13 and 14. FIG. 13 depicts a schematic of 
a footless bidirectional dynamic node low voltage swing 
domino logic circuit with one power supply and two ground 
voltages. The keeper in FIG. 13 may be driven with a full
swing signal. V DDL=V DD-V tn, V gndH>V gnd, V c1kH=V DD or 

65 V DDD V c1kL=V gnd or V gndH· FIG. 14 depicts a schematic of a 
footed bidirectional dynamic node low voltage swing domino 
logic circuit with one power supply and two ground voltages. 
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The keeper in FIG. 14 may be driven with a full-swing signal. 
V DDL=V DD-V tn' V gndFT"v gnd' V clkH=V DD or V DDD 

V c1kL=V gnd or V gndH- A domino logic circuit without a keeper 
may eliminate the contention current in the evaluation phase. 
However, the noise immunity may be degraded. The bidirec
tional dynamic node low voltage swing circuits without a 
keeper are shown in FIGS. 15 and 16. FIG. 15 depicts a 
schematic of a footless bidirectional dynamic node low volt
age swing domino logic circuit with one power supply and 
two ground voltages. The keeper in FIG. 15 may be removed. 
V DDL=V DD-V tn, V gndH>Vgnd, Yc1kH=V DD or V DDD 

Yc1kL=Vgnd or V gndH· FIG.16 depicts a schematic of a footed 
bidirectional dynamic node low voltage swing domino logic 
circuit with one power supply and two ground voltages. The 
keeper in FIG. 16 may be removed. V DDL=V DD-V tn, 

V gndifv gnd' V clkH=V DD or V DDD V clkL=V gnd or V gndH-

In FIGS. 10 to 16, the NMOS transistor NO may always be 
active since the gate terminal of NO is connected to V DD· 

Alternatively, a transistor, such as NO, may be used as a sleep 
switch in order to suppress the subthreshold leakage current 

10 
voltage swing circuit based on multiple supply and ground 
voltages may permit the optimization of the output node 
voltage swing, thereby minimizing PDP. Meanwhile, full 
voltage swing signals may be maintained at the dynamic 

5 nodes for high speed operation. The voltage swing of the 
clock signal may also be reduced to lower the dynamic 
switching power consumption of the clock distribution net
work. The schematic of an output low voltage swing domino 
circuit which utilizes an additional power supply (V DDL) is 

10 shown in FIG. 20. FIG. 20 depicts a schematic of a footless 
output low voltage swing domino logic circuit with dual 
power supplies. The keeper in FIG. 20 may be driven with a 
full-swing signal and V DDL<V DD· A second example may 

15 
utilize an additional ground voltage (V gndH), as shown in FIG. 
21. FIG. 21 depicts a schematic of a footless output low 
voltage swing domino logic circuit with dual ground volt
ages. The keeper in FIG. 21 may be driven with a full-swing 
signal. V gndH>V gnd· A third example utilizes dual power sup-

20 ply and ground voltages as shown in FIG. 22. FIG. 22 depicts 
a schematic of a footless output low voltage swing domino 
logic circuit with dual power supply and ground voltages. The 
keeper in FIG. 22 may be driven with a full-swing signal. 

in an idle domino gate. NO may be driven by a separate sleep 
signal as shown in FIGS. 17, 18, and 19. Specifically, the 
Sleep signal may be V DD during a portion of operation of the 
domino logic circuit, such as when the pull-up transistor and 
keeper circuit require power, and may be V gnd at other times. 25 

FIG. 17 depicts a schematic of a footless bidirectional 
dynamic node low voltage swing domino logic circuit with 
one power supply and two ground voltages. The keeper in 
FIG. 17 may be driven with a low-swing signal, and NO may 

V DDL <V DD and V gndif v gnd· 

The low swing circuit may also be implemented in a mul-
tiple threshold voltage CMOS technology to lower the leak
age power consumption. The transistors in the inverters, the 
pull-up transistor, and the keeper may have a higher threshold 
voltage to reduce the leakage power consumption during both 

30 the active and idle modes. The schematic of a bidirectional 
dynamic node low voltage swing multiple threshold voltage 
domino circuit utilizing dual power supply and ground volt
ages is shown in FIG. 23. FIG. 23 depicts a schematic of a 
bidirectional dynamic node low voltage swing multiple 

be driven by a sleep signal. V DDL=V DD-V tn' V gndFT"v gnd' 

V c1kH=V DD or V DDD V c1kL=V gnd or V gndH- FIG. 18 depicts a 
schematic of a footless bidirectional dynamic node low volt
age swing domino logic circuit with one power supply and 
two ground voltages. The keeper in FIG. 18 may be driven 
with a full-swing signal, NO may be driven by a sleep signal. 
V DDL=V DD-V tn, V gndH>Vgnd, Yc1kH=V DD or V DDD 

V c1kL=V gndor V gndH· FIG.19 depicts a schematic ofa footless 
bidirectional dynamic node low voltage swing domino logic 
circuit with one power supply and two ground voltages. The 
keeper may be removed, NO may be driven by a sleep signal. 
V DDL=V DD-V tn· V gndH>Vgnd, Yc1kH=V DD or V DDD 

V clkL=V gnd or V gndH- In the active mode, the sleep signal may 
be maintained high. NO may be turned on. The domino gates 
operate as the previous low swing domino circuits in FI GS. 10 
to 16. In the idle mode, the sleep signal may transition to low. 
NO may be cut-off, thereby reducing the subthreshold leakage 
current. 

35 threshold voltage domino circuit with dual power supply and 
ground voltages. Both PMOS and NMOS transistors in the 
inverters may have a high-V,. V DDL<V DD' vgndifvgnd' 

V c1kH=V DD or V DDD V c1kL=V gnd or V gndH· In the figures, the 
high-V, transistors may be represented by a thick line in the 

40 channel region. Another example of a schematic of a bidirec
tional dynamic node low voltage swing multiple threshold 
voltage domino circuit which utilizes single power supply 
and dual ground voltages is shown in FIG. 24. Specifically, 
FIG. 24 depicts a schematic of a bidirectional dynamic node 

45 low voltage swing multiple threshold voltage domino circuit 
with single power supply and dual ground voltages. One or 
both PMOS and NMOS transistors in the inverters may have 
a high-V,. V DDL=V DD-V tn· V gndH>V gnd, Yc1kH=V DD or The inputs may drive both the PMOS and NMOS transis

tors in the pull-up and pull-down networks in a static CMOS 
logic gate. If the upper boundary of the output voltage swing 50 

is reduced, the pull-up and pull-down networks in the fan-out 
gates may be simultaneously activated producing short-cir
cuit current. The short-circuit current in the fan-out gates may 
increase the power consumption and propagation delay while 
degrading the output voltage swing. Unlike the static CMOS 
circuits, the inputs to a domino gate may only be applied to the 
NMOS transistors in the pull-down network. The upper 
boundary of the output voltage swing of a domino gate may, 
therefore, be reduced without causing short-circuit current in 
the fan-out domino gates. 

V DDD V c1kL=V gnd or V gndH· 

In FIGS. 23 and 24, all of the transistors inside the two 
inverters (Pl, P2, Nl, and N2) may have a higher threshold 
voltage (high-V,) to reduce the leakage current. However, a 
high-V, Pl may degrade the evaluation speed since Pl may be 
on the critical evaluation path. Alternatively, a low threshold 

55 voltage pull-up transistor may be utilized in the inverters for 
high speed evaluation. The schematics of bidirectional 
dynamic node low voltage swing multiple threshold voltage 
domino circuits with low threshold voltage Pl and P2 are 
shown in FIGS. 25 and 26. FIG. 25 depicts a schematic of a 

60 bidirectional dynamic node low voltage swing multiple 
threshold voltage domino circuit with dual power supply and 
ground voltages. The NMOS transistors in the inverters may 
have a high-V,. V DDL<V DD' vgndifv gnd' vclkH=V DD or 
V DDD V c1kL=V gnd or V gndH· FIG. 26 depicts a schematic of a 

An output low voltage swing domino circuit based on dual 
power supplies is also provided. The output low swing 
domino circuits discussed above may utilize NMOS transis
tors to reduce the upper boundary of the voltage swing at the 
output node. Since the voltage swing range may be fixed, the 
previous circuits may not provide the optimum swing range to 
minimize the power consumption or PDP. The output low 

65 bidirectional dynamic node low voltage swing multiple 
threshold voltage domino circuit with single power supply 
and dual ground voltages. The NMOS transistors in the 
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inverters may have a high-V,. V DDL=V DD-V ,m V gndH>V gnd, 

V clkH=V DD or V DDD V clkL=V gnd or V gndH· 

In FIGS. 23 and 25, the PMOS pull-up transistor may have 

12 
sistors may be together or may be individually body biased, 
V DDL<V DD' vgndifv gnd' vclkH=V DD or V DDD vclkL=V gnd 

or V gndH· Alternatively, the pull-down network transistors 
may be reverse body biased to suppress the subthreshold 

5 leakage current. The body bias voltages to the transistors in 
FIG. 30 may be alternated between reverse and forward body 
bias depending on the different requirements of speed, power, 
and noise immunity during the active and idle modes of 

a low-V,. For a full-swing clock signal, provided that the 
clock is gated high, the gate-to-source voltage of the pull-up 
transistor may be positive, thereby, reducing the subthreshold 
leakage current in the idle mode. Alternatively, for a low
swing clock signal, the low-V, pull-up transistor may produce 
significant subthreshold leakage current even if the clock is 
gated high. In order to further reduce the leakage in the idle 10 

mode, the pull-up transistor may have a high-V, as shown in 
FIG. 27. Specifically, FIG. 27 depicts a schematic of a bidi
rectional dynamic node low voltage swing multiple threshold 
voltage domino circuit with dual power supply and ground 
voltages. The pull-up transistor and the NMOS transistors in 
the inverters may have a high-V,. V DDL<V DD' V gn~Vgnd' 

operation. 
Another bidirectional dynamic node low voltage swing 

domino circuit may be based on a multiple threshold voltage 
CMOS technology, in order to suppress the short-circuit cur
rent produced by the output inverter. An example of this is 
shown in FIG. 31. FIG. 31 depicts a schematic of a dynamic 

V clkH=V DD or V DDD V clkL=V gnd or V gndH· 

In the dual-V, bidirectional low swing circuits with single 
power supply, NO may have a high-V, in order to further 
reduce the voltage swing at the dynamic node 01 DDL=V DD

V,h,gh' V,h,gh =threshold voltage of a high-V, NMOS transis
tor). The active mode power savings may thereby be 
enhanced. Furthermore, NO may be driven by a separate sleep 
signal as shown in FIG. 28. FIG. 28 depicts a schematic of a 
bidirectional dynamic node low voltage swing multiple 
threshold voltage domino circuit with single power supply 
and dual ground voltages. NO and the NMOS transistors in the 
inverters may have a high-V,. V DDL=V DD-V,h,gh' 

vgndH>V gnd, Yc1kH=V DD or V DDD Yc1kL=V gnd or vgndH- In 
the active mode the sleep signal may be maintained high. 
Alternatively, in the idle mode, the sleep signal may transition 
to low. NO may be cut-off, thereby lowering the subthreshold 
leakage current. 

15 node low voltage swing multiple threshold voltage domino 
circuit with single power supply and ground voltage. 
V DDL=V DD-V tn· V gndH=V gn~IV,pl. Yc1kH=V DD or V DDL· 

Yc1kL=Vgnd or V gndH· One or both the NMOS and PMOS 
transistors in the output inverter may have high-V,, thereby 

20 reducing the short-circuit current. Sleep signals may be 
applied to NO or PO to further reduce the leakage power 
consumption in the idle mode as shown in FIG. 32. FIG. 32 
depicts a schematic of a dynamic node low voltage swing 
multiple threshold voltage domino circuit with single power 

25 supply and ground voltage. The NMOS and PMOS transis
tors in the output inverter may have high-V,. NO and/or PO 
may be driven by sleep signals. V DDL=V DD-V tn· 

vgndH=V gn~IV,pl. vclkH=V DD or V DDL· vclkL=V gnd or 
VgndH- The Sleepl signal may be maintained high in the 

30 active mode. Sleepl may transition to low in the idle mode. 

The low swing circuits may be body biased to increase the 
speed, enhance the noise immunity, and/or reduce the power 35 

consumption. The schematic of a body biased bidirectional 
dynamic node low voltage swing domino circuit is shown in 
FIG. 29. FIG. 29 depicts a schematic of a body biased bidi
rectional dynamic node low voltage swing domino circuit 
with dual power supply and ground voltages. The body bias 40 

signals may be applied to the pull-up transistor, keeper, and 
the PMOS transistor in the output inverter. V DDL<V DD· 

V gndH>V gnd, V clkH=V DD or V DDD V clkL=V gnd or V gndH· 

The body bias signals in FIG. 29 may be applied to the 
pull-up transistor, the keeper, and/or the PMOS transistor in 45 

the output inverter. The body bias signal generator may gen
erate either a forward body bias signal or a reverse body bias 
signal depending on the circuit performance requirement. 
The keeper may be forward body biased to reduce the thresh
old voltage, thereby enhancing the noise immunity in the 50 

active mode. Alternatively, the keeper may be reverse body 
biased to increase the threshold voltage, thereby reducing the 
leakage current in the idle mode. Another advantage of 
reverse body biasing the keeper may be the enhanced evalu
ation speed since the contention current is reduced in the 55 

active mode. The pull-up transistor may be forward body 
biased for reducing the precharge delay. Alternatively, the 
pull-up transistor may be reverse body biased for reducing the 
leakage power consumption. Pl in the output inverter may 
also be forward body biased to enhance the evaluation speed. 60 

Alternatively, Pl may be reverse body biased to reduce the 
leakage current. 

Similarly, the pull-down network transistors may be for
ward body biased to enhance the evaluation speed as shown in 
FIG. 30. FIG. 30 depicts a schematic of a body biased bidi- 65 

rectional dynamic node low voltage swing domino circuit 
with dual power supply and ground voltages. All of the tran-

NO may be cut-off, thereby lowering the subthreshold leakage 
current. The Sleep2 signal may be maintained low in the 
active mode. Sleep2 may transition to high in the idle mode. 
PO may be cut-off, thereby lowering the subthreshold leakage 
current. 

The transistors may also either be forward body biased or 
reverse body biased depending on the performance require
ment, as shown in FIG. 33. FIG. 33 depicts a schematic of a 
body biased low swing multiple threshold voltage domino 
circuit with single power supply and ground voltage. The 
NMOS and PMOS transistors in the output inverter may have 
high-V,. Body bias signals may be applied to Pl, the keeper 
transistor, the pull-up transistor, and/or the other transistors. 
V DDL=V DD-V tn· V gndH=V gn~IV,pl. Yc1kH=V DD or V DDL· 

Yc1kL=Vgnd or VgndH- Pl may be reverse body biased to 
increase the threshold voltage, thereby further reducing the 
short-circuit current in the output inverter. Alternatively, Pl 
may be forward body biased to enhance the evaluation speed. 
Nl may be reversed body biased to reduce the short-circuit 
current. Alternatively, Nl may be forward body biased to 
enhance the precharge speed. 

If a multiple threshold voltage CMOS technology is not 
available, the output inverter may be body biased to reduce 
the short-circuit current. An example of the body biased low 
swing single threshold voltage domino circuit is shown in 
FIG. 34. FIG. 34 depicts a schematic of a body biased low 
swing domino circuit with single power supply and ground 
voltage. Body bias signals may be dynamically applied to Pl 
and/or Nl. V DDL=V DD-V tn· V gndH=Vgnd+IV,pl. Yc1kH=V DD 

or V DDL· V c1kL=V gnd or V gndH· Pl can be reverse body biased 
to reduce the short-circuit current or forward body biased to 
enhance the evaluation speed. Alternatively, Nl can be 
reverse body biased to reduce the short-circuit current or 
forward body biased to reduce the precharge delay. 

It is therefore intended that the foregoing detailed descrip
tion be regarded as illustrative rather than limiting, and that it 
be understood that it is the following claims, including all 
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7. The domino logic circuit of claim 1, wherein the at least 
one transistor is body biased in order to produce the higher 
threshold voltage. 

equivalents, that are intended to define the spirit and scope of 
this invention. Other variations may be readily substituted 
and combined to achieve particular design goals or accom
modate particular materials or manufacturing processes. 

We claim: 
1. A domino logic circuit comprising: 
a precharge circuit for precharging a dynamic node to a 

predetermined value; 

8. The domino logic circuit of claim 1, wherein the at least 
5 one transistor has a different construction than the at least 

some of the transistors in the input circuit in order to produce 
the higher threshold voltage in the at least one transistor. 

an input circuit having at least one input and at least one 
output, the at least one output in communication with the 10 

dynamic node, the input circuit comprising logic for 
determining a value of the dynamic node based on the at 
least one input; an output circuit having at least one input 
and at least one output, the at least one input in commu
nication with the dynamic node; and wherein a voltage 15 

swing at the dynamic node is different from a voltage 
swing at the output for the output circuit, wherein at least 
one transistor in the precharge circuit or the output cir
cuit has a higher threshold voltage than at least some of 
the transistors in the input circuit in order to reduce 20 

short-circuit current, and wherein the voltage swing at 
the dynamic node is less than the voltage swing at the 
output for the output circuit, wherein the voltage swing 

9. A domino logic circuit comprising: 
a precharge circuit for precharging a dynamic node to a 

predetermined value; 
an input circuit having at least one input and at least one 

output, the at least one output in communication with the 
dynamic node, the input circuit comprising logic for 
determining a value of the dynamic node based on the at 
least one input; an output circuit having at least one input 
and at least one output, the at least one input in commu-
nication with the dynamic node; and wherein a voltage 
swing at the dynamic node, with an upper bound of the 
voltage swing at the dynamic node at most defined by the 
predetermined value, is greater than a voltage swing at 
the output for the output circuit, wherein the domino 
logic circuit comprises at least two ground voltages, the 
ground voltage to the output circuit being a greater volt
age than the ground voltage to the input circuit. 

10. The domino logic circuit of claim 9, wherein the 
domino logic circuit comprises at least two power supplies, 
the power supply to the output circuit being a lower voltage 
than the power supply to the precharge circuit. 

at the dynamic node comprises a dynamic node high 
voltage and a dynamic node low voltage, wherein the 25 

voltage swing at the output comprises an output node 
high voltage and an output node low voltage, wherein 
the dynamic node high voltage is less than the output 
node high voltage; and wherein the dynamic node low 
voltage is greater than the output node low voltage. 

11. The domino logic circuit of claim 9, wherein the 
30 domino logic circuit comprises at least two power supplies, 

the power supply to the output circuit being a lower voltage 
than the power supply to the precharge circuit; and 

2. The domino logic circuit of claim 1, wherein the output 
circuit comprises an inverter; and 

wherein at least one of the transistors in the inverter has a 
higher threshold voltage. 

wherein the domino logic circuit comprises at least two 
ground voltages, the ground voltage to the output circuit 
being a greater voltage than the ground voltage to the 
input circuit. 

3. The domino logic circuit of claim 2, wherein only one of 35 

the transistors in the inverter has a higher threshold voltage. 
12. The domino logic circuit of claim 9, further comprising 

a keeper circuit for keeping the dynamic node at the prede
termined value after the precharge circuit precharges the 

40 dynamic node to the predetermined value; and 

4. The domino logic circuit of claim 1, wherein the pre
charge circuit comprises a pull-up transistor; and 

wherein the pull-up transistor has a higher threshold volt
age. 

5. The domino logic circuit of claim 1, further comprising 
a keeper circuit for keeping the dynamic node at the prede
termined value after the precharge circuit precharges the 
dynamic node to the predetermined value; and 

wherein at least one of the transistors in the keeper circuit 
has a higher threshold than the transistors in the input 
circuit. 

6. The domino logic circuit of claim 5, wherein the keeper 
circuit comprises a plurality of transistors; and 

wherein fewer than all of the plurality of transistors has a 
higher threshold than the transistors in the input circuit. 

wherein power for the keeper circuit comprises the power 
supply to the precharge circuit and ground for the keeper 
circuit comprises the ground voltage to the input circuit. 

13. The domino logic circuit of claim 1, wherein a voltage 
45 swing at the dynamic node is less than and asymmetrical to a 

voltage swing at the output for the output circuit. 
14. The domino logic circuit of claim 13, wherein a differ

ence between the output node high voltage and dynamic node 
high voltage is greater than a difference between the dynamic 

50 node low voltage and output node low voltage. 

* * * * * 
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