9 A2 T OO0 O OO A

AN

30

=
=

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

(19) World Intellectual Property Organization Vd”Ij

) IO O T 000 0

International Bureau

(43) International Publication Date
19 February 2009 (19.02.2009)

(10) International Publication Number

WO 2009/023099 A2

(51) International Patent Classification:
HO2H 3/22 (2006.01)

(21) International Application Number:
PCT/US2008/009318

(22) International Filing Date: 1 August 2008 (01.08.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/964,252 10 August 2007 (10.08.2007) US

(71) Applicant (for all designated States except US): SKY-
WORKS SOLUTIONS, INC. [US/US]; 20 Sylvan Road,
Woburn, MA 01801 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): ZHANG, Jiong
[CN/US]; 9 Bodega Bay, Irvine, CA 92602 (US).

(74) Agent: TEMPEL, Michael, J.; Smith Frohwein Tempel
Greenlee Blaha LLC, Suite 700, Two Ravinia Drive, At-
lanta, Georgia 30346-2105 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: POWER CLAMP FOR ON-CHIP ESD PROTECTION

Fig. 3

336

300

344
342

]
306

(57) Abstract: According to an exemplary embodiment, a power clamp for providing on-chip ESD and mistrigger event protection
includes a clamping transistor coupled between a power bus and a ground. The power clamp further includes a number of inverter
e stages coupled in series, where a first inverter stage has an output coupled to the clamping transistor. The power clamp further
& includes a turn-off resistor coupled between the power bus and an input of the first inverter. The turn-off resistor is configured to
cause the clamping transistor to automatically turn off after having been turned on. The turn-off resistor determines a period of time
& that the clamping transistor is turned on after an ESD or mistrigger event has occurred on the power bus. The power clamp further
& includes a timing circuit coupled to the inverter stages. The power clamp further includes a feedback transistor coupled between a

second inverter stage and the power bus.
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POWER CLAMP FOR ON-CHIP ESD PROTECTION

BACKGROUND OF THE INVENTION

The present application claims the benefit of and priority to a pending provisional
patent application entitled “Fast-Response Active Power Clamp for On-Chip ESD
Protection,” Serial Number 60/964,252 filed on August 10, 2007. The disclosure in that
pending provisional application is hereby incorporated fully by reference into the present
application.

1. FIELD OF THE INVENTION

The present invention generally relates to the field of integrated circuits. More
particularly, the invention relates to electrostatic discharge (ESD) protection circuits for
integrated circuits.

2. BACKGROUND ART

Continued advances in semiconductor technology have resulted in integrated circuits
(ICs) with decreasing geometries. As the ICs become miniaturized, however, they can
become more susceptible to damage from an electrostatic discharge (ESD) event, which is a
relatively rapid, high-current event resulting from high voltage created when electrostatic
charges are rapidly transferred between bodies at different electrical potentials. If not
properly contained, an ESD event can lead to either a reduction in IC performance, e.g.,
increased leakage current on one or more pins of the IC chip, or total circuit failure.
Consequently, an ESD event can cause an undesirable increase in the overall manufacturing
cost of IC chips. To provide on-chip ESD protection, some semiconductor manufacturers
have provided a power clamp between power bus and ground.

One conventional power clamp for providing on-chip ESD protection is coupled

between a power bus and ground and includes an inverter circuit coupled between a timing
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circuit and a clamping field effect transistor (FET). When an ESD event occurs on the power
bus, the inverter circuit turns on the clamping FET, which provides a conductive path to
ground for discharging an ESD charge on the power bus. The duration of time that the
clamping FET is turned on is controlled by an RC time constant provided by a resistor in
series with a capacitor in the timing circuit. Although this conventional power clamp can
provide adequate ESD protection, it requires a large size resistor and capacitor, which
consume an undesirably large amount of layout area on the IC chip.

Another conventional power clamp for providing on-chip ESD protection is similar to
the first conventional power clamp but further includes a feedback FET coupled in series with
one of the inverter stages of the inverter circuit to cause the power clamp to remain on for a
longer duration, thereby significantly reducing the size of the resistor and capacitor in the RC
timing circuit. However, if the clamping FET in this conventional power clamp is turned on
by a mistrigger event, such as a noise spike on the power bus, the clamping FET cannot be
automatically turned off after the mistrigger event. As a result, this conventional power
clamp requires the power bus to be recycled off and on to turn off the clamping FET after a

mistrigger event, which is undesirable.
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SUMMARY OF THE INVENTION

A power clamp for on-chip ESD protection, substantially as shown in and/or
described in connection with at least one of the figures, as set forth more completely in the

claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a circuit diagram of a conventional exemplary power clamp for
providing on-chip ESD protection.

Figure 2 illustrates a circuit diagram of another conventional exemplary power clamp
for providing on-chip ESD protection.

Figure 3 illustrates a circuit diagram of an exerriplary power clamp for providing on-
chip ESD protection in accordance with one embodiment of the present invention.

Figure 4 is a graph showing a conventional exemplary conduction curve of a clamping
transistor in a conventional exemplary power clamp during and after an emulated mistrigger
event.

Figure 5 is a graph showing an exemplary conduction curve of a clamping transistor in
an exemplary power clamp during and after an emulated mistrigger event, in accordance with

one embodiment of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to a power clamp for on-chip ESD protection. The
following description contains specific information pertaining to the implementation of the
present invention. One skilled in the art will recognize that the present invention may be
implemented in a manner different from that specifically discussed in the present application.

Moreover, some of the specific details of the invention are not discussed in order not to
obscure the invention. The specific details not described in the present application are within
the knowledge of a person of ordinary skill in the art.

The drawings in the present application and their accompanying detailed description
are directed to merely exemplary embodiments of the invention. To maintain brevity, other
embodiments of the invention which use the principles of the present invention are not
specifically described in the present application and are not specifically illustrated by the
present drawings.

Figure 1 shows a schematic diagram of conventional power clamp 100. In Figure 1,
conventional power clamp 100 includes timing circuit 102, inverter circuit 104, and clamping
transistor 106 and is coupled between ground 108 and power bus 110, which can be a Ve
power supply bus, or Vcc bus. Conventional power clamp 100 can be situated in an IC chip
(also referred to as a “semiconductor die” or simply as an “IC”) to provide on-chip ESD
protection. During normal IC operation, Vcc, i.e., the supply voltage on power bus 110, can
be a steady power supply voltage of, for example, between 1.0 volt and 5.0 volts. Timing
circuit 102 includes resistor 112 and capacitor 114 and inverter circuit 104 includes inverter
stages 116, 118, and 120, which are coupled in series between timing circuit 102 and
clamping transistor 106. Inverter stage 116 includes transistor 124, which can be a P-channel
FET (PFET), coupled in series with transistor 126, which can be an N-channel FET (NFET).

Inverter stages 118 and 120 are substantially similar in transistor type and configuration as
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inverter stage 116.

As shown in Figure 1, resistor 112 is coupled between node 122 and power bus 110
and capacitor 114 is coupled between node 122 and ground 108, which can be coupled to the
substrate of the IC chip. As also shown in Figure 1, inverter stages 116, 118, and 120 are
coupled in series between node 122 and the gate of clamping transistor 106. Inverter stages
116, 118, and 120 are also coupled between power bus 110 and ground 108. Further shown
in Figure 1, the source of clamping transistor 106 is coupled to ground 108 and the drain of
clamping transistor 106 is coupled to power bus 110. Clamping transistor 106 can comprise a
large array of FETs, such as NFETs, coupled together in parallel, which enables it (i.e.
clamping transistor 106) to discharge a large amount of current during an ESD event.

The operation of conventional power clamp 100 will now be discussed. Conventional
power clamp 100 can operate in a first mode, where a steady power supply voltage is present
on power bus 110, or a second mode, where no power is applied to power clamp 100.
Conventional power clamp 100 can operate in the second mode, for example, when the IC
chip comprising conventional power clamp 100 receives an ESD charge while being handled
by a human or machine handler. In the first mode, node 122 can be charged up to
approximately Vcc, i.e., the power supply voltage on power bus 110, which causes the input
of inverter 116 to be pulled high. As a result, node 128 will be pulled down to ground
potential (i.e. pulled low) by inverter stage 116, node 130 will be pulled high by inverter stage
118, and node 132 will be pulled low by inverter stage 120, thereby causing clamping
transistor 106 (i.e. an NFET) to be turned off.

During an ESD event, a high voltage spike having a rise time of between 1.0
nanosecond (ns) and 10.0 ns can be present on power bus 110. In the first mode, the RC time
constant provided by timing circuit 102, which is set by the values of resistor 112 and

capacitor 114, causes node 122 to remain approximately equal to Vcc during the duration of
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the high voltage spike. However, node 128 will be pulled high (i.e. charged up to Vec)
through transistor 124 in inverter stage 116, node 130 will be pulled down to ground potential
(i.e. ground 108) by inverter stage 118, and node 132 will be pulled high by inverter stage
120, thereby turning on clamping transistor 106 so as to provide a conductive path for
discharging ESD charge from power bus 110 to ground 108. The turn-on time of clamping
transistor 106 is set by the RC time constant provided by timing circuit 102, which is typically
set at between 1.0 microseconds (us) and 2.0 ps to keep clamping transistor 106 turned on for
a sufficient duration so as to completely discharge the ESD charge on power bus 110.

In the second mode, the RC time constant provided by timing circuit 102 causes node
122 to remain approximately equal to approximately 0.0 volts during the duration of the high
voltage spike. Similar to the first mode of operation, inverter stages 116, 118, and 120 in
conventional power clamp 110 pull node 132 high to turn on clamping transistor 106 so as to
discharge the ESD charge from power bus 110 to ground 108.

Although conventional power clamp 100 can provide adequate ESD protection, it
requires a very large capacitor (i.e. capacitor 114) and resistor (i.e. resistor 112) to provide a
required RC time constant of between 1.0 ps and 2.0 pus. As a result, capacitor 114 and
resistor 112 can require an undesirably large amount of layout area on the die (i.e. the IC
chip). For example, capacitor 114 and resistor 112 can occupy between 25.0 and 30.0 percent
of the total layout area in conventional power clamp 100 even though clamping transistor 106
is the actual ESD discharge component.

Figure 2 shows a schematic diagram of conventional power clamp 200. In Figure 2,
inverter circuit 204, clamping transistor 206, ground 208, power bus 210, inverter stages 216,
218, and 220, transistors 224 and 226, and nodes 222, 228, 230, and 232 correspond,
respectively, to inverter circuit 104, clamping transistor 106, ground 108, power bus 110,

inverter stages 116, 118, and 120, transistors 124 and 126, and nodes 122, 128, 130, and 132
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in Figure 1. In Figure 2, conventional power clamp 200 includes timing circuit 203, inverter
circuit 204, clamping transistor 206, and feedback transistor 234. Timing circuit 203 includes
resistor 213 and capacitor 215 and inverter circuit 204 includes inverter stages 216, 218, and
220, which are coupled in series between timing circuit 203 and clamping transistor 206.

During an ESD event on power bus 210, conventional power clamp 200 operates in a
first mode, i.e., when a normal operating voltage is present on power bus 210, and in a second
mode, i.e., when no voltage is present on power bus 210, in a similar manner as conventional
power clamp 100 to turn on clamping transistor 206 so as to discharge an ESD charge from
power bus 210 to ground 208. However, in contrast to conventional power clamp 100,
conventional power clamp 200 includes feedback transistor 234, which is coupled between
inverter stage 218 and power bus 210. The gate of feedback transistor 234, which can be a
PFET, is coupled to the gate of clamping transistor 206 and the output of inverter circuit 204
at node 232. Thus, when clamping transistor 206 is turned on as a result of node 232 being
pulled high by inverter stage 220, transistor 234 (i.e. a PFET) is turned off. As a result, node
230 is prevented from being pulled up to a sufficiently high voltage (i.e. pulled high) to cause
inverter stage 220 to pull node 232 low and, thereby, turn off clamping transistor 206.

As aresult of feedback transistor 234, conventional power clamp 200 requires a
significantly reduced time constant of between 50.0 ns and 100 ns compared to the RC time
constant required by conventional power clamp 100. As a result, capacitor 215 and resistor
213 in conventional power clamp 200 can be advantageously reduced in size by a factor of
approximately 10 compared to respective capacitor 114 and resistor 112 in conventional
power clamp 200. However, as discussed below, feedback transistor 234 can cause a
mistrigger problem in conventional power clamp 200.

Because of feedback transistor 234, conventional power clamp 200 has two stable

states: an off-state and an on-state. In the off-state, node 230 is high while node 232 is low,
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which turns off clamping transistor 206. In the on-state, node 230 is low while node 232 is
high, which turns on clamping transistor 206. During normal IC operation, node 232 should
be low (i.e. at ground potential) to cause clamping transistor 206 to be in the off-state.
However, a mistrigger event, such as a noise spike on power bus 210 or ground 208, can alter
the voltages at nodes 230 and 232 so as to cause clamping transistor 206 to switch to an on-
state (i.e. to mistrigger). Once clamping transistor 206 mistriggers into the on-state, feedback
transistor 234 is turned off, thereby providing an open circuit between the PFET in inverter
stage 218 and power bus 210, which prevents clamping transistor 206 from turning off. Asa
result, clamping transistor 206 can consume a large amount of power while being unable to
automatically turn off after the mistrigger event, which is undesirable.

Figure 3 shows a schematic diagram of an exemplary power clamp in accordance with
one embodiment of the present invention. In Figure 3, power clamp 300, which is an active
power clamp, includes timing circuit 302, inverter circuit 304, clamping transistor 306,
feedback transistor 308, and turn-off resistor 310. Timing circuit 302 includes resistor 312
and capacitor 314 and inverter circuit 304 includes inverter stages 316, 318, and 320, which
are coupled in series between timing circuit 302 and clamping transistor 306. Inverter stage
316 includes transistors 322 and 324, inverter stage 318 includes transistors 326 and 328, and
inverter stage 320 includes transistors 330 and 332. In the present embodiment, transistors
322, 326, and 328 can be PFETs and transistors 324, 328, and 332 can be NFETs. However,
in other embodiments, inverters stages 316, 318, and 320 might be implemented with
different types of transistors. In one embodiment, inverter circuit 304 might include more
than three inverter stages.

Power clamp 300 can be situated in an IC chip (also referred to as a “semiconductor
die” or simply as an “IC”) to provide on-chip ESD protection. Power clamp 300 is coupled

between ground 334, which can be coupled to the semiconductor substrate in the IC chip, and
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power bus 336, which can be a Vcc power supply bus, or Vce bus, in the IC in the present
embodiment. The supply voltage (i.e. Vcc) on power bus 336 can be equal to approximately
3.3 volts in the present embodiment. In other embodiments, the supply voltage on power bus
336 can be between 1.0 volt and 5.0 volts. In one embodiment, power bus 336 can be a Vdd
power supply bus.

As shown in Figure 3, resistor 312 is coupled between node 338, which is the input
of inverter stage 316, and power bus 336 and capacitor 314 is coupled between node 338 and
ground 334. The value of resistor 312, which can be referred to as “R,” and the value of
capacitor 314, which can be referred to as “C,” determine time constant “Trc,” which is equal
to R*C. In the present embodiment, Trc can be equal to approximately 100.0 ns. However,
in other embodiments, Trc might be less than or greater than 100.0 ns. Also shown in Figure
3, the gates of transistors 322 and 324 are coupled to node 338, the source of transistor 322 is
coupled to power bus 336, the drains of transistors 322 and 324 are coupled to node 340,
which provides the output of inverter stage 316 and the input of inverter stage 318, and the
source of transistor 324 is coupled to ground 334.

Further shown in Figure 3, the gates of transistors 326 and 328 are coupled to node
340, the source of transistor 328 is coupled to ground 334, the drains of transistors 326 and
328 are coupled to node 342, which provides the output of inverter stage 318 and the input of
inverter stage 320, the source of transistor 326 is coupled to the drain of transistor 308, and
the source of transistor 308 is coupled to power bus 336. Also shown in Figure 3, turn-off
resistor 310 is coupled between node 342 and power bus 336. In the present embodiment,
turn-off resistor 310 can comprise a long channel PMOSFET having a bulk terminal and
source coupled to power bus 336 and drain and gate coupled to node 342. In other
embodiments, turn-off resistor 310 can be a different type of resistor. The resistance of turn-

off resistor 310 can be optimized for a particular technology that is being utilized in the IC
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chip, such as, for example, 0.13 micron technology. In the present embodiment, turn-off
resistor can have a resistance equal to or greater than 1.0 mega ohm.

Also shown in Figure 3, the gates of transistors 330 and 332 are coupled to node 342,
the sources of transistor 332 and clamping transistor 306 are coupled to ground 334, the
drains of transistors 330 and 332 and the gate of clamping transistor 306 are coupled to node
344, and the source of transistor 330 and the drain of clamping transistor 306 are coupled to
power bus 336. Clamping transistor 306 can comprise a large array of FETs, such as NFETSs,
coupled together in parallel, which enables it (i.e. clamping transistor 306) to discharge a
large amount of current during an ESD event, such as a high voltage spike on power bus 336.

The operation of power clamp 300 will now be discussed. Power clamp 300 can
operate in a first mode, where a steady power supply voltage, such as Vcc, is present on
power bus 336, or in a second mode, where no power is applied to power clamp 300. Power
clamp 300 can operate in the second mode, for example, when the IC chip comprising power
clamp 300 receives an ESD charge while being handled by a human or machine handler.
When power clamp 300 is operating in the first mode, node 338 can be charged up to voltage
approximately equal to Vcc, i.e., the power supply voltage on power bus 336, which causes
the input of inverter state 316 to be pulled high. As a result, node 340 will be pulled down to
ground potential (i.e. pulled low) by inverter stage 316, node 342 will be pulled high by
inverter stage 318, and node 344 will be pulled low by inverter stage 320, thereby causing
clamping transistor 306 (e.g. an NFET) to be turned off.

During an ESD event, a high voltage spike having a fast rise time of between 1.0 ns
and 10.0 ns can be present on power bus 336, for example. When power clamp 300 is
operating in the first mode when the ESD event occurs on power bus 336, the RC time
constant set by the values of resistor 312 and capacitor 314 (i.e. Trc) prevents the voltage at

node 338 from increasing due to the high voltage spike. The high voltage spike causes node
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340 to be pulled high (i.e. charged up) through transistor 322, which causes node 342 to be
pulled low (i.e. pulled down to the potential of ground 334, which can be approximately 0.0
volts) by inverter stage 318. As a result, node 344 will be pulled high by inverter stage 320 to
turn on clamping transistor 306 so as to discharge the ESD charge from power bus 336 to
ground 334. When node 344 is pulled high, feedback transistor 308, which is coupled in
series with transistor 326 of inverter stage 318, is turned off, which prevents node 342 from
being pulled high and causing node 344 to be pulled low by inverter 320. As a result,
clamping transistor 306 remains turned on during the entire duration of the ESD event.

After the ESD charge has been discharged through clamping transistor 306, turn-off
resistor 310 can charge up node 342 at the input of inverter 320 to a voltage approximately
equal Vcc (i.e. the supply voltage on power bus 336), which causes node 344 to be pulled low
by inverter stage 320 so as to turn off clamping transistor 306. Thus, turn-off resistor 310 can
determine the turn-on time of clamping transistor 306, i.e., the period of time that clamping
transistor 306 remains turned on after an ESD event has occurred on power bus 336. By
appropriately adjusting the resistance of turn-off resistor 310, power clamp 300 can be
designed to have a desired turn-on time, which corresponds to the turn-on time of clamping
transistor 306.

When power clamp 300 is operating in the second mode when an ESD event, such as
a high voltage spike, occurs on power bus 336, node 338 will remain at a voltage of
approximately 0.0 volts (i.e. ground potential) for a period of time determined by Trc, which
can be approximately 100.0 ns in the present embodiment. The high voltage spike on power
bus 336 causes node 340, which is at the input of inverter 318, to charge up to a high voltage
through transistor 322. As a result, node 342 is pulled down to ground potential by inverter
stage 318 and node 344 is pulled high by inverter stage 320, thereby turning clamping

transistor on so as to discharge the ESD charge on power bus 336 to ground 334.
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Moreover, during the first mode, when a mistrigger event, such as a noise spike
having a very fast rise time, occurs on power bus 336 during normal operation of the IC chip,
the RC time constant provided by timing circuit 302 (i.e. Trc) causes node 338 at the input of
inverter 316 to remain at a voltage approximately equal to Vcc (i.e. the supply voltage on
power bus 336). Node 340 will be pulled high (i.e. charged up to a high voltage) through
transistor 322, which causes node 342 to be pulled low (i.e. pulled down to approximately 0.0
volts) by inverter stage 318. As a result, the output of inverter stage 320 at node 344 will be
pulled high, thereby turning on clamping transistor 306. When the mistrigger event occurs,
turn-off resistor 310 can charge up node 342 to a voltage approximately equal to Vcc within a
designated period of time, which can be between approximately 1.0 ps and 2.0 ps in one
embodiment. When node 342 has been charged up to Vcc by turn-off resistor 310, node 344
is pulled low by inverter stage 320, thereby turning off clamping transistor 306. Thus, turn-
off resistor 310 can be configured to automatically turn off clamping transistor 306 after a
predetermined period of time after it (i.e. clamping transistor 306) has been turned on by a
mistrigger event, which can be, for example, a noise spike on power bus 336. Turn-off
resistor 310 can also operate in a similar manner as discussed above to turn off clamping
transistor 306 after a mistrigger event such as a noise spike on ground 334 has caused it (i.e.
clamping transistor 306) to be turned on.

Thus, in contrast to conventional power clamp 200, the invention’s power clamp can
automatically turn off the clamping transistor after it has been turned on by a mistrigger
event, such as a noise spike on the power bus or on ground. Also, the invention’s power
clamp 300 requires an RC time constant (i.e. Trc) of only approximately 100.0 ns. In
contrast, conventional power clamp 100 requires an RC time constant of between 1.0 us and
2.0 ps. Thus, the invention’s power clamp can achieve a significant reduction in the RC

layout area, e.g., the layout area required by resistor 312 and capacitor 314, compared to the
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RC layout area required by resistor 112 and capacitor 114 in conventional power clamp 100.
As a result, the invention’s power clamp can achieve a significant reduction in total required
layout area on the die compared to conventional power clamp 100.

Figure 4 shows graph 400 including a conventional exemplary conduction curve of
clamping transistor 206 in conventional power clamp 200 during and after an emulated
mistrigger event. Graph 400 includes voltage axis 402, time axis 404, current axis 406,
conventional conduction curve 408, and step signal 410. In graph 400, conventional
conduction curve 408 corresponds to the conduction of clamping transistor 206 in
conventional power clamp 200 during and after step signal 410, which is used to emulate a
mistrigger event on power bus 210 in Figure 2.

In the example shown in graph 400, prior to the addition of step signal 410 to emulate
a mistrigger event, such as noise, on power bus 210, clamping transistor 206 was turned off
and a stable power supply voltage of approximately 3.3 volts was provided on power bus 210.

In the example shown in graph 400, step signal 410 having a fast rise time of 1.0 ns was
added on power bus 210 at approximately 1.0 pus and removed at approximately 3.0 us. As a
result of the fast rise time of step signal 410, clamping transistor 206 was turned on and began
conducting current at approximately 1.0 ps, as indicated by conventional conduction curve
408. However, as shown in the example in graph 400, since conventional power clamp 300
does not have a mechanism to automatically turn off clamping transistor 206 after a
mistrigger event, clamping transistor 206 continued to conduct current after step signal 410
was removed at approximately 3.0 ps.

Figure 5 shows graph 500 including an exemplary conduction curve of clamping
transistor 306 in power clamp 300 during and after an emulated mistrigger event, in
accordance with one embodiment of the present invention. Graph 500 includes voltage axis

502, time axis 504, current axis 506, conduction curve 509, and step signal 510. In graph
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500, conduction curve 509 corresponds to the conduction of clamping transistor 306 in an
embodiment of the invention’s power clamp 300 during and after step signal 510, which is
used to emulate a mistrigger event on power bus 336 in Figure 3.

In the example shown in graph 500, prior to the addition of step signal 510 to emulate
a mistrigger event, such as noise, on power bus 336, clamping transistor 306 was turned off
and a stable power supply voltage of approximately 3.3 volts was provided on power bus 336.
In the example shown in graph 500, step signal 510 having a fast rise time of 1.0 ns was
added on power bus 336 at approximately 1.0 us and removed at approximately 3.0 ps. As a
result of the fast rise time of step signal 510, clamping transistor 306 was turned on and began
conducting current at approximately 1.0 ps, as indicated by conduction curve 509. As shown
in the example in graph 500, clamping transistor 306 continued to conduct current for
approximately 2.0 ps after step signal 510 was removed at approximately 3.0 ps. Thus, as a
result of turn-off resistor 310, clamping transistor 306 in an embodiment of the invention’s
power clamp 300 automatically turned off after step signal 510 (i.e. the emulated mistrigger
event) was removed.

Thus, as discussed above, the invention advantageously provides an active power
clamp with a turn-off resistor that can be configured to automatically turn off a clamping
transistor in the power clamp after the clamping transistor has been turned on by an ESD
event or a mistrigger event. Thus, the invention’s active power clamp can provide effective
on-chip ESD protection while advantageously reducing power consumption by automatically
turning off after an ESD event or a mistrigger event.

From the above description of the invention it is manifest that various techniques can
be used for implementing the concepts of the present invention without departing from its
scope. Moreover, while the invention has been described with specific reference to certain

embodiments, a person of ordinary skill in the art would appreciate that changes can be made
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in form and detail without departing from the spirit and the scope of the invention. Thus, the
described embodiments are to be considered in all respects as illustrative and not restrictive.
It should also be understood that the invention is not limited to the particular embodiments
described herein but is capable of many rearrangements, modifications, and substitutions

without departing from the scope of the invention.
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CLAIMS

1. A power clamp for providing ESD and mistrigger event protection in a power
bus, said power clamp comprising:

a clamping transistor coupled between said power bus and a ground,

a plurality of inverter stages driving said clamping transistor;

a turn-off resistor coupled to at least one inverter stage in said plurality of inverter
stages, said turn-off resistor configured to cause said clamping transistor to automatically turn

off after having been turned on.

2. The power clamp of claim 1, wherein said turn-off resistor is coupled between

an input of said at least one inverter stage and said power bus.

3. The power clamp of claim 1, wherein said turn-off resistor determines a period
of time that said clamping transistor remains turned on after an ESD event has occurred on

said power bus.

4. The power clamp of claim 1, wherein said turn-off resistor determines a period
of time that said clamping transistor remains turned on after a mistrigger event has occurred

on said power bus.

5. The power clamp of claim 1 further comprising a timing circuit coupled to

said plurality of inverter stages.

6. The power clamp of claim 1 further comprising a feedback transistor coupled

between a selected inverter stage of said plurality of inverter stages and said power bus.
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7. The power clamp of claim 6, wherein said feedback transistor has a gate

coupled to a gate of said clamping transistor.

8. The power clamp of claim 1, wherein said turn-off resistor has a resistance

equal to or greater than 1.0 mega ohm.

9. A power clamp for providing ESD and mistrigger event protection in a power
bus, said power clamp comprising:

a clamping transistor coupled between said power bus and a ground;

a plurality of inverter stages coupled in series, a first inverter stage of said plurality of
inverter stages having an output coupled to said clamping transistor;

a turn-off resistor coupled between said power bus and an input of said first inverter
stage;

said turn-off resistor configured to cause said clamping transistor to automatically turn

off after having been turned on.

10. The power clamp of claim 9, wherein said turn-off resistor determines a period
of time that said clamping transistor remains turned on after an ESD event has occurred on

said power bus.

11.  The power clamp of claim 9, wherein said turn-off resistor determines a period

of time that said clamping transistor remains turned on after a mistrigger event has occurred

on said power bus.
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12.  The power clamp of claim 9 further comprising a timing circuit coupled to

said plurality of inverter stages.

13. The power clamp of claim 9 further comprising a feedback transistor coupled
between a second inverter stage of said plurality of inverter stages and said power bus, said

second inverter stage having an output coupled to said input of said first inverter stage.

14.  The power clamp of claim 13, wherein said feedback transistor has a gate

coupled to said output of said first inverter stage.

15.  The power clamp of claim 9, wherein said turn-off resistor has a resistance

equal to or greater than 1.0 mega ohm.

16. A semiconductor die comprising a power clamp for providing ESD and
mistrigger event protection in a power bus, said power clamp comprising:

a clamping transistor coupled between said power bus and a ground;

a plurality of inverter stages driving said clamping transistor;

a turn-off resistor coupled to at least one inverter stage in said plurality of inverter
stages, said turn-off resistor configured to cause said clamping transistor to automatically turn

off after having been turned on.

17.  The semiconductor die of claim 16, wherein said turn-off resistor is coupled

between an input of said at least one inverter stage and said power bus.

18. The semiconductor die of claim 16, wherein said turn-off resistor determines a

19
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period of time that said clamping transistor remains turned on after an ESD event or a

mistrigger event has occurred on said power bus.

19. The semiconductor die of claim 16 further comprising a feedback transistor

coupled between a selected inverter stage of said plurality of inverter stages and said power

bus.
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