(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date (10) International Publication Number
4 December 2003 (04.12.2003) PCT WO 03/100976 Al
(51) International Patent Classification’: HO3K 17/00 (81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
(21) International Application Number: PCT/US03/16056 CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
(22) International Filing Date: 23 May 2003 (23.05.2003) LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,

MX, MZ, NI, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD,

(25) Filing Language: English SE, SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ,
(26) Publication Language: English VC, VN, YU, ZA, ZM, ZW.
(30) Priority Data: (84) Designated States (regional): ARIPO patent (GH, GM,
10/155,956 24 May 2002 (24.05.2002)  US KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
(71) Applicant: QUALCOMM, INCORPORATED Buropean patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
[US/US]; 5775 Morehouse Drive, San Diego, CA 92121 ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
(US). SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
(72) Inventors: SANI, Mehdi Hamidi; 13636 Old El Camino

Real, San Diego, CA 92130 (US). UVIEGHARA, Gre-
gory A.; 11940 Dapple Way, San Diego, CA 92128 (US).
DEJACQO, John; 689 Santa Clara Court, Chula Vista, CA
91914 (US).

Published:
—  with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
(74) Agents: WADSWORTH, Philip R. et al.; 5775 More- ance Notes on Codes and Abbreviations" appearing at the begin-
house Drive, San Diego, CA 92121 (US). ning of each regular issue of the PCT Gazette.

(54) Title: CIRCUIT FOR PROVIDING A PREDETERMINED POTENTIAL AT AN OUTPUT TERMINAL OF A POWERED-
DOWN LOGIC CIRCUIT

200

VDD
206

276
217
SL Ve 206

VDDV /202 /M240
2 —
N L\I,T Sz

IN

e ouT
250 GATES N\
GNDV

N
NN
a2

“sL.
220

(57) Abstract: Pullup and/or pulldown transistors are electrically connected to the output of MTCMOS logic gates. The use of a
pullup transistor pulls up the output to a known, non-floating voltage level when the circuit enters a sleep mode (e.g. the high voltage
€7 threshold headswitch and/or footswitch are de-asserted) eliminating crowbar current from being drawn by connected circuits having
neither footswitches nor headswitches. Likewise, when a pulldown transistor is electrically connected to the output of the MTCMOS
logic gates, the output is pulled down to ground, or other reference level, when the circuitis in a sleep mode. As aresult of the addition
of a pullup or pulldown transistor on the output of the logic gates, the output is pulled to a known, non-floating voltage level, and the
drawing of crowbar current from components that are electrically connected to the output of the logic gates is prevented.
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REGULATION OF CROWBAR CURRENT IN CIRCUITS
EMPLOYING FOOTSWITCHES/HEADSWITCHES

BACKGROUND
Field
[0001] The invention relates to CMOS circuits. More specifically, the invention relates to

regulation of crowbar current in CMOS circuits having footswitches and/or headswitches.

Description

[0002] In order to achieve suitable battery life and achieve miniaturization of portable
electronic devices, the use of power saving techniques are often employed. Because
power dissipation in digital circuits, and more specifically in digital CMOS circuits, is
approximately proportional to the square of the supply voltage, the most effective way to
achieve low-power performance is to scale the supply voltage. However, in order to keep
the propagation delay constant, the threshold voltage of the devices must also be
proportionally reduced.

[0003] Unfortunately, the reduction in threshold voltage may cause a rapid increase in
stand-by current due to changes in the subthreshold leakage current. In other words,
leakage current, which is, in general, the current that flows through an "off" transistor,
increases exponentially as the threshold voltage of a device is reduced. This condition is
described in greater detail in Mutoh, S., et al., “1-V power supply high-speed digital
circuit technology with multi-threshold-voltage CMOS,” IEEE Journal of Solid-State
Circuits, Vol. 30, No. 8, p. 847-854 (Aug. 1995).

[0004] Therefore, devices such as cell phones that remain for extended periods in a low
power, or stand-by mode, have increased leakage current, and, thus increased drain on the
battery power during stand-by mode.

[0005] Figure 1 is a schematic illustrating an exemplary prior art Multi-Threshold CMOS
(“MTCMOS”) circuit configured to reduce the amount of leakage current, especially in
circuits where the supply voltage, and, thus the threshold voltages of the logic gates, have

been lowered. Logic gates may comprise any type of logic gates in any configuration.
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For example, logic gates may comprise a single CMOS inverter. Logic gates may also
comprise a combination of any number and combination of low voltage threshold AND,
NAND, OR, NOR, XOR, or other logic gates. The exemplary MTCMOS circuit 100
comprises one or more low voltage threshold (“LVT”) logic gates 110 electrically
connected to a virtual power VDDV 102 and a virtual ground GNDV 104, instead of the
actual power VDD 106 and actual ground GND 108. In one embodiment, VDD 106 and
GND 108 are two terminals on a battery. For example, in a cellular phone, the two
terminals may have a voltage difference of between 0.5 and 2.0 volts.

[0006] The VDD 106 is electrically connected to a high voltage threshold headswitch
transistor (“headswitch”) 112, which is controlled by a high asserted sleep signal SL 116.
The output of the headswitch 112, and thus the voltage on VDDV 102, is substantially
equal to VDD 106 when SL 116 is de-asserted (e.g. SL 116 is low). Similarly, The GND
108 is electrically connected to a high voltage threshold footswitch transistor
(“footswitch™) 114, which is controlled by a low asserted sleep signal /SL 120. The
output of the footswitch 114, and thus the voltage on GNDV 104, is substantially equal to
GND 108 when /SL 120 is de-asserted (e.g. /SL 120 is high). In one design, /SL 120 and
SL 116 are derived from a common signal, and, thus are asserted simultaneously. As
such, the headswitch 112 and footswitch 114 turn on and off at substantially the same
times.

[0007] During a sleep or stand-by mode, the sleep signals SL 116 and /SL 120 are de-
asserted, causing the headswitch 112 and the footswitch 114 to turn off. Because the
headswitch and footswitch have a high threshold voltage, the amount of leakage current
drawn from VDD 106 is reduced. In contrast, if the headswitch and footswitch are not
used, during a sleep mode the LVT logic gates 110 are electrically connected to VDD 106
and GND 108. Thus, because the LVT logic gates 110 are relatively leaky, the LVT logic
gates 110 drain leakage current from the VDD 106.

[0008] Likewise, during an active mode, the sleep signals SL 116 and /SL 120 are
asserted causing the headswitch 112 and the footswitch 114 to turn on so as to supply
VDDV 102 and GNDV 104 to the logic gates 110. Therefore, during the active mode, the
logic gates are powered by substantially the same voltage as if they were directly

connected to VDD 106 and GND 108. Thus, MTCMOS circuit techniques allow the
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threshold voltage of the LVT logic gates 110 to be lowered while reducing the amount of
leakage current during sleep modes.

[0009] Unfortunately, even when leakage current is minimized using the MTCMOS
techniques discussed above, power may still be lost due to crowbar current. Crowbar
current, in general, is caused during a transition when both the P-channel and N-channel
transistors are partially "on." Thus, when a CMOS inverter, for example, is transitioning
between logic states, both PMOS and NMOS transistors are conducting for a brief period
of time and a small current flows from the VDD voltage to the ground through the
transistors. This current flow is commonly known in the industry as crowbar current.
[0010] Crowbar current may increase over time relative to the frequency of logic state
transitions. As crowbar current increases, other undesirable effects, such as voltage
spikes, electromigration, joule heating, and voltage supply ringing may also occur. Thus,
crowbar current tends to degrade the performance of high speed integrated circuits, such
as an Application Specific Integrated Circuit (ASIC), processor, programmable logic
device, or memory, and leads to increased power loss for a particular device.

[0011] While MTCMOS techniques may significantly reduce the amount of leakage
current in a CMOS circuit, crowbar current still exists. Thus, with respect to Figure 1,
any logic gates connected to the output 118 may draw a crowbar current when the circuit
100 is in a sleep mode. In particular, the output of the LVT logic gates 110 may float and
allow circuits linked to the output 118 to draw a crowbar current.

[0012] A system and method for reducing crowbar current in MTCMOS circuits is

desired.

SUMMARY
[0013] The above mentioned problems are addressed by adding a pullup or pulldown
transistor to the output of the MTCMOS logic gates.
[0014] The use of a pullup transistor, for example, pulls up the output to a known, non-
floating level when the circuit enters a sleep mode (e.g. the high voltage threshold
headswitch and/or footswitch are de-asserted). This prevents crowbar current from being

drawn through the output of the logic gates by connected circuits. In particular, this
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eliminates crowbar current from being drawn by connected circuits having neither
footswitches nor headswitches.

[0015] Likewise, when a pulldown transistor is electrically connected to the output of the
MTCMOS logic gates, the output is pulled down to ground, or other reference level, when
the circuit is in a sleep mode.

[0016] As a result of the addition of a pullup or pulldown transistor on the output of the
logic gates, the output is pulled to a known, non-floating level, and components that are
electrically connected to the output of the logic gates are prevented from drawing crowbar
current.

[0017] The use of pullup or pulldown transistors on the output of logic gates may also aid
in debugging and testing circuits. For example, when a particular logic gate is in a sleep
mode the pullup or pulldown transistor ensures that the output is pulled to a known, non-
floating level. Consequently, in a circuit comprising multiple logic gates employing
footswitch and/or headswitches, the use of pullup or pulldown transistors on the outputs
of the logic gates ensures that no nodes are indeterminate in the circuit when the circuit is
in a sleep mode.

[0018] It will be appreciated that a MTCMOS circuit designed in accordance with the
invention may be used in a device such as a mobile phone, pager, personal digital
assistant, notebook computer, or any other electronic device.

[0019] These and other objects and features of the invention will become more fully
apparent from the following description and appended claims taken in conjunction with the
following drawings, where like reference numbers indicate identical or functionally similar

elements.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020] Figure 1 is a schematic illustrating an exemplary prior art MTCMOS circuit.
[0021] Figure 2 is a schematic illustrating a logic gate powered via a headswitch and
footswitch and having an output electrically connected to a pullup transistor.
[0022] Figure 3 is a schematic illustrating a logic gate grounded via a footswitch and

having an output electrically connected to a pullup transistor.
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[0023] Figure 4 is a schematic illustrating a CMOS inverter grounded via a footswitch
and having an output electrically connected to a pullup transistor.

[0024] Figure 5 is a schematic illustrating a logic gate powered via a headswitch and
having an output electrically connected to a pulldown transistor.

[0025] Figure 6 is a schematic illustrating a CMOS inverter powered via a headswitch

and having an output electrically connected to a pulldown transistor.

DETAILED DESCRIPTION

[0026] The following presents a detailed description of various embodiments. However,
the invention can be embodied in a multitude of different ways as defined and covered by
the claims. The invention is more general than the embodiments that are explicitly
described, and is not limited by the specific embodiment, but rather is defined by the
appended claims.

[0027] Figure 2 is a schematic illustrating a logic gate 210 powered via a headswitch 212
and footswitch 214 and having an output 218 electrically connected to a pullup transistor
240. Headswitch 212 comprises a high voltage threshold PMOS transistor with its gate
terminal electrically connected to a high asserted sleep signal SL 216. As is well known
in the electrical arts, a PMOS transistor turns on, i.e. conducts current from the source to
the drain, when the voltage on the gate is low, or below a threshold voltage. Thus, when
SL 216 is low, the headswitch 212 is on, and VDDV 202 is electrically connected to VDD
206. Likewise, when SL 216 is high, the headswitch 212 is off, and the VDDV 202 is
isolated from VDD 206.

[0028] The footswitch 214 of circuit 200 comprises a high voltage threshold NMOS
transistor with its gate terminal electrically connected to a low asserted sleep signal /SL
220. A NMOS transistor turns on, i.e. conducts current from the source to the drain,
when the voltage on the gate terminal is high, e.g. above a threshold voltage. Thus, when
/SL 220 is high, the footswitch 214 is on, and GNDV 204 is electrically connected to
GND 208. Likewise, when /SL 220 is low the footswitch 214 is off and the GNDV 204 is
isolated from GND 208. Therefore, the sleep signal /SL 220 provides one means for
activating and deactivating the footswitch 214 electrically connected to the logic gates

210.
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[0029] Furthermore, the footswitch 214 provides one means for isolating the LVT logic
gates 210 from the reference voltage, which, in this example, is GND 208. Because /SL
220 and SL 216 are the inverse of one another, in the embodiment of Figure 2 both the
headswitch 212 and footswitch 214 turn off and on at substantially the same times. More
specifically, when SL 216 changes from high to low the headswitch 212 turns on, thus
electrically connecting the VDDV 202 to VDD 206 and, at the same time, /SL 220
changes from low to high causing footswitch 214 to turn on, thus electrically connecting
the GNDV 204 with GND 208. In this way, when SL 216 is asserted (i.e. /SL 220 goes
low and SL 216 goes high) the VDD 206 and GND 208 signals are isolated from the
LVT logic gates 210 and the logic gates are thereby placed in a sleep mode.

[0030] As mentioned above, depending on the state of the logic gate output 218 when /SL
220 is de-asserted, the output 218 may float during the sleep mode. However, in circuit
200 this problem is rectified through the use of the pullup transistor 240. In the
embodiment of circuit 200, the pullup transistor 240 comprises a PMOS transistor with its
gate electrically connected to /SL 220. Because the pullup transistor 240 is a PMOS type
transistor that is driven by the low asserted sleep signal /SL 220, the pullup transistor 240
is active when the headswitch 212 and footswitch 214 are inactive (LVT logic gates 210
are in a sleep mode). Specifically, when SL 216 is asserted (e.g. /SL 220 is low) the
pullup transistor 240 is turned on so that current flows between it’s source and drain,
which are connected to VDD 206 and output 218. As a result, the voltage level on output
218 is pulled up to the level of VDD 206 and prevented from floating. Accordingly, the |
sleep signal /SL 220 provides one means for activating the pullup transistor so that the
voltage level on the output 218 is adjusted to a known voltage level. Furthermore, the
pullup transistor provides one means for adjusting a voltage level on the output 218 to a
known voltage level. With the addition of pullup transistor 240 to stabilize the voltage on
output 218, another gate or device may be connected to output 218 without drawing
crowbar current from the output 218.

[0031] In other embodiments, the output 218 may be prevented from floating through the
use of a pulldown transistor in place of pullup transistor 240 (See Figures 5 and 6). In this

case, the output 218 is pulled to ground, or other reference voltage, when the LVT logic
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gates 210 are in a sleep mode. Thus, the pulldown transistor provides another means for
adjusting a voltage level on the output 218 to a known voltage level.

[0032] Figure 3 is a schematic illustrating LVT logic gates 210 grounded via a footswitch
214 and having an output electrically connected to the pullup transistor 240. As shown in
Figure 3, the circuit 300 uses a NMOS footswitch 214, but not a headswitch. As such, the
LVT logic gates 210 draw voltage directly from VDD 206, and a reference voltage from
GND 208 via footswitch 214. However, similar to the circuits 100 and 200 with both a
headswitch and footswitch, when SL 216 is asserted (/SL 220 is low), the logic gates lack
a complete conduction path, and, thus, the drain of leakage current from VDD 206 by the
LVT logic gates 210 is substantially eliminated. In addition, because NMOS transistors
are typically faster and smaller than PMOS transistors, circuits having only a footswitch
214 typically have shorter propagation delays and require less physical circuit area.

[0033] Circuit 300 also includes a PMOS pullup transistor 240 with its gate terminal
electrically connected to /SL 220. As discussed above with respect to Figure 2, the pullup
transistor 240 pulls the output 218 to VDD 206 when SL 216 is asserted. Thus, when the
circuit is in a sleep mode the output 218 is prevented from floating.

[0034] In sum, the embodiment of Figure 3 may be advantageous over a standard
MTCMOS circuit, such as circuit 100, for example, in several respects. First, circuit 300
does not have a headswitch and therefore requires less circuit area. Second, by using only
a NMOS footswitch 214, and not a PMOS headswitch 212, the circuit 300 may switch
between sleep and active mode more rapidly as SL 216 is asserted and de-asserted.
Finally, pullup transistor 240 ensures that output 218 does not float when /SL 220 is
asserted and the circuit 300 is in a sleep mode, thus preventing crowbar current from
being drawn by components connected to output 218.

[0035] Figure 4 is a schematic illustrating a CMOS inverter grounded via the footswitch
214 and having an output electrically connected to the pullup transistor 240. As shown in
Figure 4, LVT logic gates 210 comprise a CMOS inverter. In this embodiment, the
CMOS inverter comprises a LVT PMOS transistor 410 and a LVT NMOS transistor 420
which both receive a single input signal 230. As such, when the LVT PMOS transistor
410 is on, the LVT NMOS transistor 420 is off, and vice versa. One output terminal of
each of the LVT PMOS and NMOS transistors 410 and 420 are electrically connected to
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provide an output 430. The LVT PMOS transistor 410 is additionally electrically
connected to a voltage source VDD 206 such that when the LVT PMOS transistor 410 is
turned on by a low input 230, the output 430 is substantially equal to VDD 206.
Likewise, the LVT NMOS transistor 420 is electrically connected to the reference signal
GND 208 via footswitch 214. Thus, when the circuit 400 is in an active mode (SL is de-
asserted) and the LVT NMOS transistor 420 is turned on by a high input 230, the output
430 is substantially equal to GND 208. Similarly, when the input 230 is low, the LVT
PMOS transistor 410 creates a conduction path between the VDD 206 and the output 430.
Also, when the input 230 is high, the LVT NMOS transistor 420 creates a conduction
path between the GND 208 and the output 430.

[0036] As noted above, the LVT logic gates 210 are electrically connected to the
footswitch 214 for switching the logic gates between active and sleep modes. In brief,
when SL 216 is asserted, /SL 220 is low, the footswitch is off, and the logic gates are in
the sleep mode. Conversely, when SL 216 is de-asserted, /SL 220 is high, the footswitch
is on, and the LVT logic gates 210 are in the active mode. Again, the use of only a
footswitch (and not a headswitch) may provide improved switching speed and require
decreased circuit area.

[0037] The output 430, which is the inverse of input 230, is additionally electrically
connected to the pullup transistor 240 to prevent the output 430 from floating when the
logic gates are in the sleep mode. The operation of the pullup transistor 240 is the same
as described above with respect to Figure 3. In brief, when SL 216 is asserted (/SL 220 is
low) the logic gates enter a sleep mode and the pullup transistor 240 turns on, thus pulling
up the output 430 to VDD 206. Because the output 430 is prevented from floating during
the sleep mode, additional logic gates, such as an inverter 450, for example, may be
electrically connected to the output 430 without the risk of unwanted crowbar current
flowing through the inverter 450.

[0038] Figure 5 is a schematic of a circuit 500 illustrating LVT logic gates 210 powered
by VDD 206 via headswitch 212 and connected directly to reference signal GND 208. As
shown in Figure 5, the circuit 500 uses the headswitch 212, but not a footswitch. As such,
the LVT logic gates 210 draw voltage from VDD 206 via headswitch 212. Similar to the
circuits 100 and 200 with both a headswitch and footswitch, when SL 216 is asserted (SL
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216 is high), the logic gates lack a complete conduction path (due to headswitch 212
turning off and isolating VDD 206 from the logic gates 210), and, thus, the drain of
leakage current from VDD 206 by the LVT logic gates 210 is substantially eliminated.
[0039] Circuit 500 also includes a NMOS pulldown transistor 510 with its gate terminal
electrically connected to SL 216. When the pulldown transistor 510 is on, the output 218
is pulled to the reference voltage GND 208. Specifically, when the logic gates enter a
sleep mode by asserting SL 216 (SL 216 is high), the NMOS pulldown transistor is turned
on, thus providing a conductive path between output 218 and GND 208. As such, the
output 218 is pulled down to a known, non-floating voltage level.

[0040] In sum, the embodiment of Figure 5 may be advantageous over a standard
MTCMOS circuit, such as circuit 100, for example, in several respects. First, circuit 500
does not have a footswitch and therefore requires less circuit area. Second, pulldown
transistor 510 ensures that output 218 does not float when SL 216 is asserted and the
circuit 500 is in a sleep mode, thus preventing crowbar current from being drawn by
components connected to output 218.

[0041] Figure 6 is a schematic of a circuit 600 illustrating a CMOS inverter connected to
VDD 206 via the headswitch 212 and having an output electrically connected to the
pulldown transistor 510. As shown in Figure 6, LVT logic gates 210 comprise a CMOS
inverter, which comprises the LVT PMOS transistor 410 and the LVT NMOS transistor
420 both receiving input signal 230. As discussed above, when the input 230 is low, the
LVT PMOS transistor 410 creates a conduction path between the VDD 206 and the
output 430 and when the input 230 is high, the LVT NMOS transistor 420 creates a
conduction path between the GND 208 and the output 430

[0042] As noted above, the LVT logic gates 210 are electrically connected to a
headswitch 212 for switching the logic gates between active and sleep modes. In brief,
when SL 216 is asserted (SL 216 is high), the headswitch 212 is off, isolating VDD 206
from the logic gatés 210, and the LVT logic gates 210 are in the sleep mode. Conversely,
when SL 216 is de-asserted (SL 216 is low), the headswitch 212 is on, electrically
connecting the VDD 206 with the logic gates 210, and the LVT logic gates 210 are in the
active mode. The use of only the headswitch 212 may require decreased circuit area

compared to a system employing both a headswitch and a footswitch.
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[0043] The output 610, which is the inverse of input 230, is additionally electrically
connected to the pulldown transistor 510 to prevent the output 610 from floating when the
LVT logic gates 210 are in the sleep mode. The operation of the pulldown transistor 510
is the same as described above with respect to Figure 5. In brief, when SL 216 is asserted
(SL 216 is high) the LVT logic gates 210 enter a sleep mode and the pulldown transistor
510 turns on, thus providing an electrical connection between the output 610 and GND
208 and pulling the output 610 to GND 208. Because the output 610 is prevented from
floating during the sleep mode, additional logic gates, such as the inverter 450, for
example, may be electrically connected to the output 610 without the risk of unwanted
crowbar current flowing through thé inverter 450.

[0044] Those of skill in the art will understand that information and signals may be
represented using any of a variety of different technologies and techniques. For example,
data, instructions, commands, information, signals, bits, symbols, and chips that may be
referenced throughout the above description may be represented by voltages, currents,
electromagnetic waves, magnetic fields or particles, optical fields or particles, or any
combination thereof.

[0045] Those of skill will further appreciate that the various illustrative logical blocks,
modules, circuits, and algorithm steps described in connection with the embodiments
disclosed herein may be implemented as electronic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or software depends upon the particular application and design
constraints imposed on the overall system. Skilled artisans may implement the described
functionality in varying ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the invention.
[0046] The various illustrative logical blocks, modules, and circuits described in
connection with the embodiments disclosed herein may be implemented or performed
with a general purpose processor, a digital signal processor (DSP), an application specific
integrated circuit (ASIC), a field programmable gate array (FPGA) or other programmable

logic device, discrete gate or transistor logic, discrete hardware components, or any
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combination thereof designed to perform the functions described herein. A general
purpose processor may be a microprocessor, but in the alternative, the processor may be
any conventional processor, controller, microcontroller, or state machine. A processor
may also be implemented as a combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors, one or more microprocessors
in conjunction with a DSP core, or any other such configuration.

[0047] The steps of a method or algorithm described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed by
a processor, or in a combination of the two. A software module may reside in RAM
memory, flash memory, ROM memory, EPROM memory, EEPROM memory, registers,
hard disk, a removable disk, a CD-ROM, or any other form of storage medium known in
the art. An exemplary storage medium is electrically connected to the processor such the
processor can read information from, and write information to, the storage medium. In
the alternative, the storage medium may be integral to the processor. The processor and
the storage medium may reside in an ASIC. The ASIC may reside in a mobile station,
base station, or base station controller. In the alternative, the processor and the storage
medium may reside as discrete components in a mobile station, base station, or base
station controller.

[0048] The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the invention. Various modifications to these
embodiments will be readily apparent to those skilled in the art, and the generic principles
defined herein may be applied to other embodiments without departing from the spirit or
scope of the invention. Thus, the invention is not intended to be limited to the
embodiments shown herein but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.

WHAT IS CLAIMED IS:
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CLAIMS

1. An integrated circuit comprising:

a logic gate comprising a reference terminal and an output terminal;

a footswitch having a first terminal electrically connected to the reference
terminal and a second terminal electrically connected to a reference signal; and

a transistor electrically connected to the output terminal for adjusting a
voltage level on the output terminal to a known voltage level when the footswitch
is off.

2. The integrated circuit of Claim 1, wherein the transistor is a pullup
transistor connected to the output for increasing a voltage level on the output terminal to a
known voltage level.

3. The integrated circuit of Claim 1, wherein the transistor is a pulldown
transistor connected to the output for decreasing a voltage level on the output terminal to a
known voltage level.

4, The integrated circuit of Claim 2, wherein the footswitch comprises a
NMOS transistor and the pullup transistor comprises a PMOS transistor.

5. The integrated circuit of Claim 4, wherein a threshold voltage of the .
NMOS transistor is higher than a threshold voltage of the logic gate.

6. The integrated circuit of Claim 4, further comprising:

a sleep signal electrically connected to the footswitch and the pullup
transistor for controlling the footswitch and the pullup transistor, wherein when
the sleep signal is asserted the footswitch is turned off and the pullup transistor is
turned on.

7. The integrated circuit of Claim 1, further comprising a headswitch
comprising a first terminal electrically connected to a voltage terminal of the logic gate

and a second terminal electrically connected to a voltage source.

8. The integrated circuit of Claim 1, wherein the logic gate comprises a
CMOS inverter.
9. An integrated circuit comprising:

a logic gate comprising a voltage terminal and an output terminal;
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a headswitch comprising a first terminal electrically connected to the
voltage terminal and a second terminal electrically connected to a voltage source;
and

a transistor electrically connected to the output terminal for adjusting a
voltage level on the output terminal to a known voltage level when the headswitch
is off.

10.  The integrated circuit of Claim 9, wherein the transistor is a pullup
transistor connected to the output terminal for increasing a voltage level on the output
terminal to a known voltage level.

11.  The integrated circuit of Claim 9, wherein the transistor is a pulldown
transistor connected to the output terminal for decreasing a voltage level on the output
terminal to a known voltage level.

12.  The integrated circuit of Claim 11, wherein the headswitch comprises a
PMOS transistor and the pulldown transistor comprises a NMOS transistor.

13.  The integrated circuit of Claim 12, wherein a threshold voltage of the
NMOS transistor is higher than a threshold voltage of the logic gate.

14.  The integrated circuit of Claim 12, further comprising:

a sleep signal electrically connected to the headswitch and the pulldown
transistor for turning the headswitch and the pulldown transistor on and off,
wherein when the sleep signal is asserted the headswitch is turned off and the
pulldown transistor is turned on.

15. The integrated circuit of Claim 9, further comprising a footswitch
comprising a first terminal electrically connected to a reference terminal and a second
terminal electrically connected to a reference signal.

16. A Multi-Threshold CMOS (MTCMOS) circuit comprising a sleep mode
and an active mode, and comprising an output terminal electrically connected to a pullup
transistor, wherein the pullup transistor is configured to maintain a known voltage level
on the output terminal while the MTCMOS circuit is in the sleep mode.

17.  The MTCMOS circuit of Claim 16, wherein the footswitch comprises a

NMOS transistor and the pullup transistor comprises a PMOS transistor.
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18. An electronic device comprising an integrated circuit, the integrated circuit
comprising:
a logic gate comprising an output terminal;
a pullup transistor electrically connected to the output terminal;
means for isolating the logic gate from a reference voltage; and
means for adjusting a voltage level on the output terminal to a known
voltage level, wherein the acts of isolating and adjusting occur substantially
simultaneously.
19. The electronic device of Claim 18, wherein the logic gate comprises a
CMOS logic gate.
20. The electronic device of Claim 18, wherein the electronic device is a
wireless telephone or a pager.
21. A method of preventing an output of a logic gate from floating when the
logic gate is in a sleep mode, the method comprising:
providing a footswitch electrically connected to a reference terminal of the
logic gate, wherein the sleep mode occurs when the footswitch is off;
proving a pullup transistor electrically connected to an output terminal of
the logic gate; and
activating the pullup transistor when the logic gate is in a sleep mode.
22. The method of Claim 21, wherein the logic gate comprises a CMOS
inverter.
23. The method of Claim 21, wherein the footswitch comprises a NMOS
- transistor and the pullup transistor comprises a PMOS transistor.
24. A method of preventing a voltage level on an output terminal of a logic
gate from floating, the method comprising:
providing a pullup transistor electrically connected to the output terminal;
deactivating a footswitch connected to the logic gate, wherein the
deactivating isolates the logic gate from a reference voltage; and
activating the pullup transistor so that the voltage level on the output
terminal is adjusted to a known voltage level, wherein the acts of activating and

deactivating occur substantially simultaneously.
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25. The method of Claim 24, further comprising:
deacfivating a headswitch connected to the logic gate, wherein the
deactivating isolates the logic gate from a voltage source.

26. A method of preventing a component electrically connected to an output
terminal of a Multi-Threshold CMOS circuit from drawing crowbar current by activating
a transistor electrically connected to the output terminal so that a voltage level on the
output terminal is adjusted to about a known voltage level.

27.  The method of Claim 26, wherein the transistor is connected to a voltage
source providing the known voltage level so that when the transistor is activated the
known voltage level on the output terminal is substantially equal to the known voltage
level.

28. The method of Claim 26, wherein the transistor is connected to a reference
voltage so that when the transistor is activated a voltage level on the output terminal is

substantially equal to a voltage level of the reference voltage.
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