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VOLTAGE BUS BACKGROUND Field This disclosure is related to an out put MAR 2004
buf fer and, m)re particularly, to an output buffer for an integrated
circuit YP&1®p capable of interfacing to either one of PaTHiSHIRZAM a | ow
vol tage bus or both. Background Information One problemthat presents
Itself when coupling integrated circuit chips or ICs together is

el ectrical conpatibility. Typically, the integrated circuit chips are
designed to operate at a particular input/output (1/0) voltage |evel or
substantially within a particular restricted range of voltage |evels.
However, with advances in technol ogy, the voltage |evels at which
integrated circuit chips operate, including for 1/0, -has been generally
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for core logic, e.g., logic which does not interface to circuits outside the chip, than for I/O,

€.g., circuits which primarily interface between chips. Consequently, recent ICs typically

support I/O voltage levels which are higher than the core logic voltage levels. This allows

for improved performance of the core independent of the support of legacy /O voltage

levels.

This general trend in the reduction of the /O voltage levels may be an issue when

designing or producing an integrated circuit chip. For example, an integrated circuit chip

may be designed to operate with relatively high voltage signal levels. In this situation, the

integrated circuit chip may not reach state-of-the-art performance levels, as measured by

speed, power, and or both, for example, if designed to utilize high voltage tolerant

transistors exclusively, although it will likely be compatible with legacy integrated circuit

chips. Altematively, the integrated circuit chip may operate at relatively low voltage levels

and, therefore, be compatible with the voltage levels for state-of-the art integrated circuit

chips, but may not be amenabie to interfacing with legacy integrated circuit chips. For

example, currently, but with no loss of generality, voltage levels of approximately 1.8

volts to approximately 3.3 volts may be considered relatively high, while voltage levels up

to approximately 1 volt may be considered relatively low. It would be desirable if an



to approximately I volt may be considered relatively low It would be
desirable if an 1 - 2 MAR 2004 WO 01/18957 PCT/ US00/ 22794 approach o 7 MAR 7004
techni que for producing or designing an integrated circuit chip provided
the cap¥Oi0liig%7to address this issue. SUMVARY Briefly, paragegsdance with
one enbodi nent of the invention, an integrated circuit includes: an output
buffer. The output buffer includes sem conductor devices coupled to

provide alternately activateable circuit configurations. The output buffer
is adapted to couple to separate voltage supply voltage | evel ports and is
further adapted to switch between the alternately activateable circuit
configurations. The respective alternately activateable circuit
configurations are respectively specifically adapted for interoperating

w th other inteqgrated circuit chips, the respective threshold voltage
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the invention, an output buffer includes: a plurality of thick gate
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confi gur SUIMIMARGhe plurality includes, as pull-up transistors, at |least a
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includes: a plurality of thick gate metal-oxide semiconductor (MOS) transistors coupled in

a circuit configuration. The plurality includes, as pull-up transistors, at least a thick gate

PMOS transistor and a thick gate NMOS transistor, both respectively being coupled

between separate voitage supply voltage level ports and an output port of the output buffer.

The plurality further includes, as pull-down transistors, at least two more thick gate

NMOS transistors, both respectively being coupled between ground and the output port.

At least one of the pull-up transistors and one of the pull-down transistors is coupled in the

circuit configuration to be driven on hard and to deliver a high voltage swing.

Furthermore, at least one of the pull-up transistors and one of the pull-down transistors is

coupled in the circuit configuration to be driven on less hard and to deliver a reduced
voltage swing.

BRIEF DESCRIPTION OF THE PRAWINGS

The subject matter regarded as the invention is particularly pointed out and
distinctly claimed in the concluding portion of the specification. The invention, however,
both as to organization and method of operation, together with objects, features, and
advantages thereof, may best be understood by reference to the following detailed
description when read with the accompanying drawings in which:

Fig.1 is a circuit diagram illustrating one embodiment of an output buffer in



both as to organi zati on and nmet hod of operation, together with objects,
features, and advantages thereof, nmay best be understood by referencg MM 2004
the follow ng detailed description when read with the acconpanying

dr awi ngsWPPIABYCh: Fig.1 is a circuit diagramillustrati ngcagsoentmdi ment

of an output buffer in 2 - 2 MAR 2004 WO 01/18967 PCT/ US00/ 22794 accor dance
with the present invention; Fig. 2 is a first and a second circuit diagram
illustrating the enbodinment of Fig. 1 as inplenented on a | ow core voltage
device and a high core voltage device, respectively;, Fig. 3 is acircuit
diagramillustrating an enbodi nent of a prior art output buffer, Fig. 41is
a plot of waveforns that nmay be produced by an enbodi nent of an out put
buffer in accordance with the present invention, such as the one shown in
Fig. 1, b A sinulati.on of the operation of the circuitry in both
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|

NUITET OUS onas epealionof thercieyitry in a “source-termination™ scheme
supported in low voltage mode;

Figs. 6-10 are circuit diagrams illustrated the embodiment of Fig. 1 in various
operating modes;

Fig. 11 is a schematic diagram illustrating an embodiment of system that may
employ an embodiment of an output buffer in accordance with the invention: and

Fig. 12 is a circuit diagram illustrating an embodiment of a level-shifting buffer that
may be employed, for example, in conjunction with an embodiment of an output buffer in
accordance with the invention, such as illustrated, for example, in Fig. 2.



order to provide a thorough understanding of the invention. However, it
w Il be understood by those skilled in the art that the present i nvent M0
may be practiced without these specific details. In other instances,

wel | - knowo gRighgyds, procedures, conmponents and circuits h t en
described in detail so as not to obscure the present inven?¥'gwgg(ﬁ19§4

previ ously di scussed, an issue in connection with designing and/or
producing an integrated circuit chip is the input/output (1/0 voltage

| evel, or range of levels, at which the integrated circuit chip is
designed or intended to operate. As one particular exanple, not intended
tolimt the scope of the present invention in any way, an integrated
circuit chip nay be designed to operate at an input/output voltage |evel
that falls within the range of from approximtely 1.8 volts to
approximately 3.3 volts. In this situation, wthout sone form of

adaptatiog@%@Wt likely the integrated circuit chip wll also
be conpa o satisfactorily interoperate with another
integrated cir éuthe folvwingdesilgt descaption hendashsispeneBahds Ak siTolth @ Vol t age
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are rel afpdegpiteaye na beepgrseribécoin deilesoas noow-dbsEire itteptt éent invntidiey
typically onl yA‘gW4msq::§;\g,- sl i stors .on an integrated
circuit. However, transi s?%‘fsgé%g]gilgﬁggﬁlo%{ ?i}g%lson ‘ﬁ‘ltﬁfi%sr'g’f’% a?f%/f"?@'f’gﬁ‘f’“gypes
of chips PRIMCEEIS] eifFuidND isxtherimputoutpet (/6)) valyagel leved) & ringe afjenats, at whiahdom
access netfiefintefiRAMirchid Biptid 8Vl | agi cufbedSaL N
part, to tk:ecd S| rgi&go sBécForstﬁfe?gﬁ%ﬁgki?%ﬁ%‘%hg‘?ggc _gl\q;lé:}lfs%fcﬁm é?r
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b ol e o el M
processes, e VoiR 9] APRIINMALLES P yiplts. brothis situpbieny witiouhges t han
the af or syenformmd ddamarmmyat deewi, tesnotilikblyht fledr@ll chEROHH Wil alsber f ace.
consumpt | SPESROTR OBl BB Rrore Wi oSS MB U | ofi
devi ces stgsigned ogintergled R0 a4 1A N2BSE e vel failing within the range of from
approximately less than 1.0 volts to approximately 1.0 volt.
Specifically, as transistor geometries are scaled by approximately 0.7 linearly each
process generation, lower supply voltages are desired to support substantially constantr
electric field scaling employed for transistor reliability. These lower supply voltages are
relatively easy to support for core or non-I/O circuits, as they typically only communicate
among like transistors on an integrated circuit. However, transistor scaling roadmap$
differ for different types of chips in a system. For example, the voltage levels for dynamic
random access memory (DRAM) lags the voltage levels for logic due, at least in part, to
the desire to support relatively high charge levels. Flash memories lag logic due, at least in
part, to the desire to support very high (>10V) programming levels. However, logic, such
as microprocessors and SRAM, typically benefit fully from voltage scaling. Thus, logic
and SRAM processes, for example, typically have lower core supply voltages than the
aforementioned memory devices with which they frequently interface.

This may introduce a power consumption issue for systems in which low power
consumption is desirable, such as hand-held devices. Typically, the logic devices support



PCT/ USOO122794 hi gher voltage 1/0 through additional |arger geonetry_2
transistors specifically added to support |egacy 110, as illustrated iMﬁRZ%ﬂ
Fig. 3 and described in nore detail herein after. This in general

addr esseWOH88%3| t age conpatibility problem however, drivicaguonaRR! Yi ng
hi gher voltages to the greater off-chip capacitances may introduce greater
power consunption than is desired. For exanple, on a device using a core

| ogic voltage level of IV and an 1/0 voltage of 3.3V, the 1/0 uses
approximately 10x the power that would be enployed if the 110 was at the
core voltage level of IV. Therefore, it may be desirable to allow the use
of a lower voltage on a bus to reduce power consunption. However, it would
al so be desirable to do so in a nanner that is anmenable to inplenentation
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electromagnetic interference (EMI) produced by the board.
At present, a method of producing an integrated circuit chip intended to operate
under various operating scenarios or at various /O voltages is to simply allow the chip
specifications to degrade. More specifically, such devices or mtegrated circuit chips are
typically limited to one I/O voltage level or to an /O voltage level falling with one specific
or restricted range. Therefore, the output buffer is normally designed to operate with a
defined performance for one sct or range of operating conditions while it may support
lower voltages at degraded speeds. This may be done, for example, by: (1) designing the
buffer so that it operates successfully under worst case silicon or semiconductor
processing extremes and taking steps to ensure that the external embodiment varies only
over a specified or restricted range; (2) applying the previous techniques and then
operating the output buffer within specifications by employing compensating techniques -
on the silicon or semiconductor die; or (3) allowing the output buffer to operate over a less
restricted or specified range, but accepting some degradation in the performance level to



restricted or specified range, but accepting sone degradation in the
performance level to 5 - 2 MAR 2004 WO 01/ 18967 PCTM500122794 whi ch t_hpMAR 2004
chip or output buffer was specifically designed. Unfortunately, as wll

appr eci aixgfoilageogane of ordinary skill in the art, a given #&’ﬁéﬂ capn be

utilized in this fashion only to a limt. Li kewise, It w Dézﬁﬁgr" ci ated
that this limt wll typically restrict the fornmer approaches to all ow ng
only a mnor or nodest increase in the range of voltages over which such a
buffer may be enpl oyed satisfactorily. In contrast, an enbodi nent of an

out put buffer in accordance with the present invention would permt the
out put buffer to operate effectively over a wi de range of potenti al
external environnents and/or within a variety of different voltage |evel

ranges, including voltages which are below the transistor fabrication
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that has ox1 de or
devices, to approximately 3.3 volts, which is typical of legacy interfaces. As shall be

described in more detail hereinafter, in this particular embodiment, an approach is
employed in which a pull-up transistor or semiconductor device is included in the output
buffer, where the pull-up transistor is designed to provide improved performance for an
I/O voltage level falling within a particular range of low voltage levels. However, a
different pull-up transistor also may operate with satisfactory performance in the output
buffer even at /O voltage levels falling within a particular range of higher voltage levels,
either solely or.in conjunction with the first pull-up transistor. More specifically, for this
particular embodiment, such as the embodiment illustrated in Fig. 1, for example, an N-
channel thick gate transistor pull-up 110 with an over driven gate is utilized. In this
context, a thick gate transistor refers to a transistor that has an oxide or other insulating
material for its gate that can withstand a higher electric field from source or drain to gate
and vice-versa, than is typically employed for a transistor fabricated substantially in
accordance with the particular transistor fabrication process. More specifically, as
fabrication process scaling is employed to improve transistor speeds, for example, the
voltages applied and, likewise, the thickness of the transistor gates are reduced.



material for its gate that can withstand a higher electric field from
source or drain to gate and vice-versa, than is typically enployed fdrMiR 2004
transi stor fabricated substantially in accordance with the particul ar
transi st\¥P Wia8licati on process. Mre specifically, as fatprci-lﬁgastﬂhlgﬂgpr ocess
scaling is enployed to inprove transistor speeds, for exanple, the
vol tages applied and, |ikew se, the thickness of the transistor gates are
reduced. 6 - 2 MAR 2004 WD 01/18967 PCT/ US0022794 Therefore, for such a
scal ed process, for exanple, for a transistor to withstand the application
of a higher voltage and, therefore, withstand the application of a higher
electric field, athick gate is enployed. Likewise, in this context, a
gate having a normal or typical thickness for the particular process my
be referrgd to as a thin gate. The approach enpl oyed, such as, for exanple,
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“A 5-Volt Tolerant 3-Volt Drive Push-Pull Buffer/Driver,” by L. Clark, filed on March 18,

1999, (attorney docket: 042390.P6723), and assigned to the assignee of the present
mvention.

As previously indicated, Fig. 1 is a circuit diagram illustrating an embodiment 100
of an output buffer in accordance with the present invention. Fig. 1 illustrates embodiment
100 as implemented on an integrated circuit chip, although the invention is not limited in
scope in this respect, such as a multiple drive voltage level output buffer. It wiil, of
course, be appreciated that the other circuitry on the integrated circuit chip coupled to the
output buffer may take any one of a2 number or variety of forms and the invention is not
limited in scope to any particular circuitry. For example, the other circuitry of the
integrated circuit chip may comprise a microprocessor, a2 microcontroller, a digital signal
processor, or any one of a number of devices that are typically implemented on an
integrated circuit chip.

As illustrated in Fig.1, output buffer 100 includes semiconductor devices, such as
transistors 110, 120, 130, and 140. Likewise, it will be noted that, although these
semiconductor devices are illustrated schematically as a single transistor, when



course, be appreciated that the other circuitry on the integrated circuit
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As shall also be explained in more detail hereinafter, output buffer 100 includes the
previously described plurality of sericonductor devices, 110 to 140, coupled to in a circuit
configuration. In this embodiment, these devices are coupled 5o as to provide alternatively
activateable circuit configurations between which the output buffer may switch depending
upon the situation or environment. In this particular embodiment, the output buffer may
switch between two altematively activateable circuit configurations, as shall be described
in more detail hereinafter, although the invention is not limited in scope to providing only
two such altematively activateable circuit configurations. Likewise, as shall be described
in more detail hereinafter, the respective alternately activateable circuit configurations are
respectively specifically adapted for interoperating with other integrated circuit chips, the
respective threshold voltages of the semiconductor devices of different other integrated
circuit chips being different.

As illustrated in Fig. 1, in this particular embodiment, transistor 110 comprises an
N-channel transistor, transistor 120 comprises a P-channel transistor, and transistors 130
and 140 cach comprise N-channel transistors. Furthermore, the transistors in this



activateable circuit configurations between which the output buffer may
swi tch depending upon the situation or environment. In this particukarMAR 200
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alternately activateable circuit configurations are respectively
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different other integrated circuit chips being different. As illustrated
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this embodiment may comprise an /O voltage level that falls within the range of from

approximately 0.7 volts to approximately 1.0 volt, aithough, again, the invention is not

limited in scope in this respect. Therefore, for the output buffer embodiment illustrated in

Fig. 1, operation in the high voltage mode occurs via PMOS pull-up transistor 120 driven

by pre-driver 160. It is noted, in this particular embodiment, that when pre-driver 160 is

asserted “low,” transistor 120 is active or on and operating in its saturated or linear region

of operation. For example, it may be saturated through most of the pad signal transition.

Furthermore, transistor 120 is turned off or deactivated by driving pre-driver 160 to a

“high” logic level, which, for this particular embodiment, is the voltage level supplied by

the high voltage supply illustrated in Fig. 1, although, of course, the invention is not

limited in scope in this respect. Likewise, for high voltage mode operation, NMOS pull-

down transistor 130 is activated by asserting pre-driver 180 “high” and, again, in this

particular embodiment, driving to a voltage level coresponding to the voltage level of the

high voltage supply. Although the invention is not limited in scope in this respect, it is

noted that pre-driver 190 may, likewise, be asserted “high” when applied to the gate of

transistor 140 to successfully activate the pull-down operation of the output buffer in high




approximately 0.7 volts to approximately 1.0 volt, although, again, ?MARZ%L
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impedance. In low voltage mode operation pre-drivers 170 and 190 drive their respective
transistors on “less hard,” :g., “simulating” an output impedance which approximates the
board transmission line impedance. Additionally, in low voltage mode the pre-driver
overdrives both the pull-down and pull-up NMOS devices, providing better drive than
otherwise and keeping these devices in the linear mode of operation for a greater range of
pad signal swing, which improves the matching with the board transmission line as will be
described later in detail. In this particular embodiment, this is due, at least in part, to the
respective sizes of the transistors. The transistors driven by pre-drivers 160 and 180 are
relatively larger than the transistors driven by pre-drivers 170 and 190. Likewise, it is
noted that when a high logic signal is applied to NMOS transistor 110, pre-driver 160 is
“de-asserted” at a high logic level, therefore, leaving PMOS transistor 120 activated. It is
further noted that regardless of high voltage mode operation or low voltage mode
operation, a full swing from the particular voltage supply level for a logic high to ground is
provided by the output buffer. However, the voltage swing in low voltage mode is
reduced relative to the swing in high voltage mode. As shall be described in more detail
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vol tage supply rather than the high voltage supply. Mre specifically, for
this enbodi nent, whereas in high voltage node operation pre-dri vers_]zq%R 004
and 180 drive their respective transistors on "hard," eg., "simulating” an
out put iwpedaswe of 20 ohns or bel ow, considerably |ess tf"&ﬁ'?UﬁtDBEZ‘Bgi nt ed
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circuit board transm ssion line characteristic inpedance. OW Vol t age
node operation pre-drivers 170 and 190 drive their respective transistors
on "less hard,"” :g., "sinmulating" an output inpedance which approxi nates
the board transm ssion |line inpedance. Additionally, in |ow voltage node
the pre-driver overdrives both the pull-down and pull-up NMOS devi ces,
providing better drive than otherw se and keeping these devices in the

| i near node of operation for a greater range of pad signal sw ng, which

i nproves the matching with the board transm ssion line as will be
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Enbodi menth F2g.@.i | | ustrates an approach that may be
Although the invention is not limited in scape in this respect, one embodiment of a

level-shifter/buffer that may be employed is illustrated in Fig. 12. This particular

embodiment of a level-shifter/buffer is described in more detail in the aforementioned US

Patent Application Serial No. 09/272,766, titled “A. 5-Volt Tolerant 3-Volt Drive Push-Pull

Buffer/Driver,” by L. Clark, and, therefore, shall not be described in detail here.

However, any circuitry that provides-the desired level shifting operation will suffice and

this is just one example of a possible implementation. One advantage of using this

embodirment, although other embodiments may also provide a similar advantage, is that the

tevel shifter have a greater output voltage swing than the output voltage swing of the

output buffer being driven, at least when the output buffer operates in low voltage mode,

This allows the gates of the output buffer transistors to be overdriven permitting use of

transistors having a relatively high thresheld voltage with a low voltage bus. Likewise,

although, again, the invention is not limited in scope in this respect, where appropriate, a

vertical drain NMOS (VDNMOS), such as described in US Patent Application Serial No.

06/109,231, titled “Transistor Device Configurations for High Voltage Applications and

Improved Device Performance,” by Adam Brand, filed on June 30, 1998, (attorney
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enpl oyed for a |l ow core voltage device. Therefore, this enbodi nent supports
both high and | ow voltage nodes, such as those previously descri bed- JHAR004
enbodi ment of an output buffer includes transistors 110, 120, 130, and
140, as welot/1gs7 pad 150. Likewise, these transistors arepgihkg &2%34

| evel -shifter/buffers 270, 260, 280, and 290, respectively. The digital

| ogi c that couples to these |level-shifter/buffers, such as NAND gates 230,
240, 250, and 260, for exanple, operate at the core voltage | evel, which
is lower than Vccpad in Fig. 2. Although the invention is not limted in
scope in this respect, one enbodinment of a |evel-shifter/buffer that my
be enployed is illustrated in Fig. 12. This particular enbodi nent of a

| evel -shifter/buffer is described in nore detail in the aforenentioned US
Pat ent Appllcatlon Serial No. 09/272,766, titled "A 5-Volt Tol erant 3-Volt
Drive PusHealgt 0423P5391) mnd\assignedyp the &'@lmkpfmdaxcstnteneémma mafakl not be
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enbodi ne uﬁh@VWb QH%Q 12, transistors 1210, 1220, 1230, and 1240
[ transistors, whereas transistors 1250 and 1260

BRI o YU T M TG TR IO i

embodi mendcc@itiandd With theadrésenbin v 86dh 4sHRd ofiPhoR& in Fig. 1, based on a
simulation of the operation of the circuitry in both high and low voltage mode. For this
simulation, the core voliage level employed was 1.1 volts, the voltage level of the low
voltage bus was 0.8 volts and the voltage level of the high voltage bus was 3.0 volts. The
plot illustrates the data input waveform and both output waveforms produced for high
voltage mode and low voltage mode. ,

Based on computer simulation results, the pull-up transistor operates in the linear

region of operation for the entire voltage range in the low voltage mode. Conversely, the
pull-down transistor operates linearly or in its linear region of operation up toone V., .
above Vi or, in this particular embodiment, ground, in low voltage mode. Because the
transistors operate in their linear region of operation, this provides the capability for the
output buffer, at least in low voltage mode operation, to be "source terminated” and,
therefore, effectively absorb, or at least partially absorb, voltage reflections returming from
the far end of an effective transmission line that is created or produced when the integrated
circuit chip is coupled to another integrated circuit chip via a bus. Therefore, the use of a

source terminated bus scheme may be employed to dampen overshoot voltages and
reflections, for example,
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enpl oyed for a high core voltage device, that is, one in which the bui

vol tage | evel and the <core voltage |level are equal are at | east MAR 2004
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pl ot of waveforns that may be produced by an enbodinment in accordance with
the present invention, such as the one shown in Fig. 1, based on a
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vol t age ra{rjllgxeknclgﬁ&\tgﬁced I?% lqu ge ml{fﬂ% n&é}}l F{ﬁé ‘%l ﬁown Ji uIne wit 1S

transi st oMNEAsEsipRY 4$lﬁlé]aff3§m@ﬂ Fig. § isa Hliﬁrmaduqeé@bf@rwufpumemlmmn up to one
VDSAT abﬂ&\&ld{)’%& t@fnamcﬂnahbélﬁr Raad| 'M;ﬁhﬁ%‘?mc”ﬁ{ﬂéut bgf‘fgxu rl*'jur thil sinfifans! tage

node. Because t transi stors operate in their |inear g)aon o oper ati on,
this provHfe¥da\e é’ﬁ%‘&"‘fqr‘t%ﬂ‘?H‘I‘:btuﬁé‘caﬂﬁf‘b%ft“%fﬂlcéwﬂ ‘éttlhla 5 volt swingw

v ]9 :c t age m).dﬁg e;gar\mnm@mmtsmche Aaﬁwghamlz @hmdga&@b"mﬁseffecp f heddef | Bh@1E10 keep
erfectt velat AR oy Gl bl oL I SIRCLR Bl Lol LETTCEE B0
creat ed otolgrabld fieradostfapplidatiens. riftegamst aellocated eguitisehi ﬂoh@a ¢0dRl StoHr® anot her
e A g L e
reflecti ohge lmﬁﬂdﬂé@@ar{blseo opre, MXE@ 2R0WhOcDploy8d 67 aPTT/ HERONAPASIbEi g. 5
L o DA B S O 3t B U e IR
t er m nat eﬂ‘sﬁﬂ , in order to successfully employ a soun:c terminated scheme that matches the

impedance of the environment in which an embodiment of an output buffer in accordance

with the invention is to be employed. Actual component placement on the circuit board

may differ and may affect the reflection magnitude.

Again, although the invention is not limited in its scope in this respect, output

buffer 100 includes a plurality of thick gate MOS transistors coupled in a circuit

configuration, such as illustrated in Fig. 1. As noted above, this particular circuit

configuration provides two alternate or altematively activateable circuit configurations,

although the invention is not limited in scope in this respect. Nonetheless, the plurality

includes, as pull-up transistors, at least a thick gate PMOS transistor and a thick gate

NMOS transistor, such as transistors 110 and 120, both respectively being coupled

between the separate voltage supply ports and an output port of the buffer, such as output

pad 150 illustrated in Fig. 1. Likewise, as illustrated in Fig. 1, the separate voltage supply

ports are intended to provide supply voltages that have different voitage levels, such as a

high voltage level and a low voltage level, as previously described. The plurality of

transistors, further includes, as puli-down transistors, at least two more thick gate NMOS

transistors, such as transistors 130 and 140, both respectively being coupled between
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schene is enployed. Here, the board transm ssion |ine characteristic
| npedance is 50 ohns and the pull-up is matched to 50 ohns by tuni n’gZM&mm
ef f ecti vayaipgliidysait the gate voltage provided, as previously described
herein, while the pull-down is tuned over its |inear regi S8RT{USOQ2IFP4i | ar
fashion. Fig. 5 is a plot produced by a conputer simulation developed to
mat hemati cally nodel the operation of the output buffer. For this
simul ation, the wavefornms are driven onto the bus nmeasured at each
receiver with a 0.7 volt swing wusing high voltage transistors. Although
the termnation is inperfect, it is adequate to keep the signals well
behaved at a 100 MHz rate. Thus, the anmount of ringing illustrated will be
tol erabl e for ctm)st applications. The taps are | ocated equidistant along a
10 cm 50 @vewnd anartbeospuoport bNtie obfift bifie: | i rpp.an. end and th
transi st onge iﬁuéi&ﬁﬁgstto lrjrl?atthch the.ﬂﬂll [ ng&ﬁg%r?\ég%?t Elms?:m‘cbcf a&B‘Eﬁ‘QQ‘} 0Eot ed
t hat when errg{‘o_y on-an PEN HEReIsi L 28) adl ane of shmpull-down eghsistors, such
conpensat i38 Hrapsistor & is¢amplediid tiis cirablCdbnBiuratioh (GBI S a8y LOVS! ar:
a?eégscoh%r%c‘i hat

descri bed,; H; sfully enploy a source term na
nat ches tﬁeﬂ@i] ertlrale cn\f:ogmg#’&tﬁﬁg, gﬁel g%‘?f:l&ﬁ peohthe eull-4n tapsisiersyenthisof  an

out put buF;@OdiWF"éé‘mibmm’éLumﬂrmngelIionm&mdcod’f th?pﬁlﬂd&gn%gﬂii %&d,wﬁ\ﬁ] ual
conponent eR{cAERKERR (o ' ar ma i ffer.and may affec e
reflection nagn tuah%g’ﬁﬂfd%ﬁ%&‘gsﬁ%‘%@- i ﬁé&fﬂ?é Bﬁ[’isyfﬁm configurasionitn i t s
scope in PA9E Feep st ,hﬂféwmé@FilVdmfrf:éwccﬂiGﬁnhgu:deg,SasEprdlﬂi:blfsﬁ) ddsvriBdg. tdi ck
gate MOS to6@B8s,ias bRivGolzRHY | hrcui copf.iguration, 'such as
illustrated i.n Flbg 1. %Hﬁg’fgghg’t??\'é", M%%P%a%dg??'%‘gﬁﬁifflpé{“ﬁ pyilydown

confi gur a%f’% SR 4U AlEmat Vi rapadimets € Asiprediowsiynddstnisddy theeiutpabaghy i Ci rcui t
conf i gur atowupiad to salitch @d@ech RRe AL SIRMILO ] ot limited in scope.in this
respect . %Eﬂ]z%ﬂ?ltg 1s, t he c(gl ural i 'ﬁgm .ilnc|§§d@§(§mléﬂs%nﬁlsgqrfjﬁ“cf’fcé%scf‘gaéfrs, at

| east a thick gate PRILES FAARYSYE TaBsizios in Hicokspgative altivid® drraktagiativedy, such
as transi stthrialitGimmidcd@Rurdiohin aRRARILE L ¥bB&LRY, coupl ed  between the

separate voltage,.s I ts.and an output port of the buffer, such as
out put pad 158%51?1'8?#%@% :ticham'sﬂiu.s iR sEbodignent p{Eigr hireveriousFi g. 1,

the separ @G3R Mades. sughmsiprevioust s dascabéd)t @NERAsd, thehd 4SS SURBYMey R, 20€S

t hat hav ' : . such as.a, . high voltage~|'evel and a | ow
vol t age F%ﬂgf)i,cgggn%rs g@’i&%ﬁ%ﬁy‘}'ﬁ}é‘%‘?‘f%"e’a Po‘rﬁ‘@”‘b‘f ﬁ‘rsﬁgﬁ"’c‘? thise Pastighiar Bodes,

further i McIRFERION- d4ep 01 Ulneiwic highnoltagomsde and Figa.sd-10 MusHREdol Wofikeedat €
yﬁl A g;gz%g% 152? a.ﬂ%ﬁ%:ﬁ:é% %ﬁgé Eﬁ?p‘iy 589 VB af st B2 Nk 2RSS YET Y Pei ng
, and, , Ing up” the voltage of pad 150 to 3 volts in this

embodiment. Transistors 110, 130, and 140 are off for this pull up case. Fig. 7 illustrates

an alternative approach in which pad 150 is pulled up in high voltage mode. In this

approach, both transistors 120 and 110 are active. Therefore, 3 volts, in this embodiment,

are applied to the gate of transistor 110, whereas in Fig. 6, zero volts had been applied to

the gate. Fig. 8 illustrates the high voltage pull down situation. Therefore, transistors 130

and 140 are active, whereas transistors 110 and 120 are off or inactive. In this situation,

pad 150 is pulled to ground. It is also noted that for this situation and embodiment,

applying 3 volts to the gate of transistor 120 tums it off.

. Figs. 9 and 10 illustrate low voltage mode for this particular embodiment. In Fig.

9. only transistor 110 is active, and, therefore, pad 150 is pulled up to 0.7 volts, which, in

this embodiment, is the voltage level of a Jow voltage bus. In contrast, in Fig. 10, only

transistor 130 is active, pulling pad 150 to ground. As previously described, these

transistors are designed so that improved performance may be obtained in a low voltage
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WO 01/ 18967 PCT/ US00/ 22794 ground and the output port of the out put bid@ﬁr
such as pad 150. Likew se, at l|least one of the pull-up transistors, 100k
as transistor 120, and one of the pull-down transistors, such as

transi st O ®MWABISTi s coupled in this circuit configuration tgrhesddkiign on
hard and to deliver a high or large voltage swi ng, whereas at |east one of
the pull-up transistors, in this enbodinent the other pull-up transistor
130, and one of the pull-down transistors, in this enbodinment the other
pul | -down transistor 140, is coupled in this circuit configuration to be
driven on |l ess hard and deliver a reduced voltage swi ng, as previously
described. O course, as previously indicated, there also may be

additional pull-up and pull-down transistors in alternative enbodi nents.

As previousl Qescrlbed the output buffer is coupled to switch between
aIternate'ﬁﬁrﬁ’ﬁﬁmﬁﬁanpulI-domn transistors and respectively apply

different vol t &ygsl Itie adetentatichitagrim Mhlsth @k Sar é}nB&ﬁn{eﬁtStPfef gslé‘?n f‘idﬂefd?:ﬂt e or
alternati \églféT g ctivat eabl circuit configurations In particul ar

embodi ment Ric, fd?Og}Pél |5V§fﬁ‘flt°rB?EBWH}&PI?‘F'WUS@FT&WPYIQWM asnbodi nent of
Fig. | i newdbodinent obqneompmutg:ffmdeﬁczoﬁﬂaﬁdt With (e és@HﬁthrﬂﬁﬁxC A48 Gstratdd,

t d f [lu t t dt
Covent: on 1 ots B6od RSl HoREPULRAC | Y ipgi B RE fr’emésr Yilcueh ag. Sggér:*at on,
Fi gs. 6-8 velts.gad ladO‘ef violtgie lewth supd anbeiovand vEIthIn Bisldnthddimsht, aéBedsow
vol t age rI‘?ﬁI@ 1188 aﬁﬂgitl@&l&g&ﬁﬂmo%tﬁth\é% ! 1 gfp\plléég%Ler *%’fo%lpplyplﬂip,l

illustrated, 'transistor active
the vol t ads ifnopaaususbior such & eystesn.i Bevibe $12Qemtbmh inelnties [Bginmidst or s 110,

130, and M&oﬁf&.cﬁ%f‘ mf tﬁfs &T{Boﬂlrﬂéﬂ magd&aa?ugzrﬁx@d%ncx?t of al'u %ﬁé‘wﬂ}&?ﬁr&&e nmode. In

al ternative approach 150 1s
this app?f nce, B ‘f“? %{W§ﬁ‘%‘¥br'§‘cl‘°f@faﬁhﬂ iov goligas la‘@tl uwphméoreinmm 3

vol ts, i nldgic,sviende didleph wolt:i:grcﬂcﬁl)i%'d fled for e lg?strﬁ)l&f thhf @W 551& %&9
whereas in F|l ]%,0 W@ aq.l &/ﬂ“ %Ilertg q 2
i 11ustrat &2 Q%e dR sjvim! & hpygysroth: b?ﬁé? B'rgel Pr“am%ors
130 and 14bdevieesaunchaga dwpmeaqzﬂoamwsncstmnryamlﬁgh abagk2f? I&w&onﬁéc Ol'he
7t 12 0 L R A 3 PG e 20
transi st oforthglow reltage tbust It wibli ofscousse aledappedidtédigiar ariyeoreont amirhtrgef node for
her ef or o g B e) BRPloy ghibaltbimendof A bipd ARRL B ELotitee B monc,
is the vofi¥ggeon- eﬁ@cxamplf L& v'@vfoag@lmg byISR AMInSDRAM, t1a. mg:wls;o,l 14| y

may be replaced by any non-volatile memory, such as, for example, EEPROM. Likewise,

many other system architectures may be employed other than the one illustrated.

As previously alluded to, although the invention is not limited in the scope tn this

respect, in another embodiment, the same pre-driver circuitry, or at least portions of the

same pre-driver circuitry, may be employed for both the transistors to be driven on hard

and the transistors to be driven on less hard by employing pre-drivers that have the

capability to shift voltage levels from a relatively low voltage level, such as in the range of

from approximately 0.7 to approximately 1.0 volts, to a relatively high voltage level, such

as in the range of from approximately 1.8 to approximately 3.3 volts. Thus, the same or

essentially the same pre-drivers circuitry may be used in a level shifted mode for the

interfaces for both the transistors intended to provide the low voltage mode operation and

the transistors intended to provide high voltage mode operation. This provides an

advantage in terms of utilizing less silicon.or semiconductor area of the chip.

Although the invention is not limited in scope in this respect, one advantage of this
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transistor 130 is active, pulling pad 150 to ground- As previously 2004

descri bed, these transistors are designed so that inproved perfornanceM%‘a

be obt m@ q’,l ?% | ow voltage 14 - 2 MAR 2904 WO 01/18967 PCTI USOQt 22794
odaded,

nmode of Fig. | 1is a schematic diagramill ust F&AT/PPORATI4

enbodi mrent of a system 1100, such as, for exanple, a conputer system or
conputing platformthat may enploy an enbodi nent of an output buffer in
accordance with the present invention. As illustrated, in this enbodinent,
power supply 1110 includes a high voltage |evel, such as 1.8 to 3.3 volts,
and a | ow voltage | evel, such as below 1.5 volts. In this enbodi nent,
devices 1120, 1130 and 1140 all couple to both the high and | ow vol t age

| evel of supply 1110, but this is not unusual for such a system Device

1120, whi gdhi¢ulad et O@iicthaiielps dE!;ﬁfQ:B Ptgan @Qﬂi@mm

I ncl udes anw‘ﬁg‘o éjl ment ofl an ut w i ﬁé%?l??%%u tdgh Wt

i nvent i on®> WHEFRIGIVAUVE ﬂ’é“\o ct“’a'ﬁ‘é F‘%%’F hyogoupbRAdd @BWHJ@Q’W@C | ogi c,
vvh|e{ eas t&@ahﬂlmo\sﬂbﬁﬁmuﬂmﬁﬂolﬁlla 1e|v€»|§1fcfrﬁ eﬂaﬁ@ri drgnthﬁ)peﬂhﬁg \D{ﬂﬁt g | ow
vol t age es as owever e bus
coupl i ng ‘%‘f Saba%ﬁ\‘ci B iﬁw \é‘gmggi}aﬁlsé@@a I@ﬁpéﬁhmm’fﬁﬁéf‘ﬁmt@tc
may be glq;fmthmt%e)fonteg-nwd\micha:geuchﬁneforlchtnFSQ:L fr@cgsgﬂoemgrsadhﬂ!dredl to DRAM
1130 an nent . 1s e or, t ow vol t age
bus. It w ‘?é&n&ggrﬁr s@é“’ﬂ%@ 33?855 ctvé’a‘aﬁeﬂﬁ?aﬁ V8H8 bgde %f"?ﬂ:&%er of ot her
syst ens niaierepesiting with ﬁaﬁmicmem ajpliough, apatpuiie inudiftien is notdomiedianespevint h t he
i nvent i ong: Rk gf(arrpl e, 1130 may be replaced by SRAM SDRAM etc. Likew se,

1140 may be rep aced by any non-volatile nenory, such as, for exanple,
EEPROM Li kewi A8ain, aithepzhthednvesjion emmatlistitedan seape $0 theypriaowsip lesgsbedbt her

than the @ﬁ&minkh@héx@éuﬁaessﬁ%h&rﬂﬁrﬁyéldf g@{chuﬁl%vsrﬁ rF°§| %@%;ﬁvgggbﬁe' nvention

is not limted.in the scope in.th pect, 1n andther t he

same pre- igficater. wansister i), WB‘Fh a &I’Se%?é?c%%'rwttﬂ‘i‘@“@'f‘ CPW@“W}W@WI i ver
Ci r cui t r yran3isyorpgroeigel emeedu bﬂfpch&k lhd: be rhér%@.ﬁdb&i tﬁﬁﬁcrh@lo?&gq{ PXRihen hard

Pave. t he SRR PIE): RPeRPRY GEierss ShResied s e g iePhl BIotth, 91 t age
| evel , sus Iduasat least ingartatroghe Bifchafind nraagipoospdrming iy alinéart xegﬁ:lﬂmf@perﬁﬁéxel y 1.0
oo et EAARE Sl 9 il o gl
and i ustratcd, th:s near region of operation also allows source termination to be
employed in Jow voltage mode for an embodiment of an output buffer in accordance with
the invention, which addresses some of the impedance matching issues that may typically
anse for integrated circuit chips coupled via a bus. Yet another advantage of employing an
N-channel transistor, such as 110, instead of a P-channel transistor, such as illustrated in
Fig. 3, for example, is that N-channel transistors typically do not suffer from drain current
saturation degradation at low voliages, as may typically occur for a P-channel transistor.
Specifically, use of an NMOS device allows the gate to be overdriven. Accomplishing
similar overdrive with a PMOS pull-up would be problematic as it may entail the use and
generation of negative voltages on chip. This effectively means that, by employing an N-
channel transistor instead of a P-channel transistor, the need for a larger transistor has been
avoided while accomplishing the same or substantially the same level of performance.
Another advantage of employing an N-channe! transistor rather than a P-channel transistor
is that, due to the availability of a relatively high voltage supply to drive the transistors,
this approach is amenable to implementation on a much broader variety of silicon or

semiconductor fabrication processes. More specifically, for silicon or semiconductor
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essentially the same pre-drivers circuitry may be used in a |evel Shlftm
node for the interfaces for both the transistors intended to provi de 2004
| ow vol tage mode operation and the transistors intended to provide high

vol t age "WOOK!18¥er ation. This provides an advantage in tepasusioaatsd i zi ng

| ess silicon. or sem conductor area of the chip. Al though the invention is
not limted in scope in this respect, one advantage of this 15 - 2 MAR 2004
WO 01/ 18967 PCT/ USQQ 22794 particul ar enbodinment is that it provides the
capability to support dynam c RAM (DRAM as well as derivative nmenory

devi ces, such as synchronous DRAM (SDRAM and/or the capability to support
multiple I/O voltage | evels for operation, or interoperation, wth devices
t hat have not achieved the | ow voltage | evel s that have been achi eved for a

nunber r d.circuits, suc for exanpl e,
ni cropr oggel?srgfa)tr}gﬁ g‘toﬁ?ﬁés &n% %rrgglg%nﬁngisfoﬁ aving 3 felafive h'%’hﬁﬁe%ﬁ‘i"%‘@ﬂm% it age
| evel s mi§Puld bpdificulegiemploy aP-clianvelitupsisat nmgsuppbﬂ‘n dfds&@h;c&ﬁﬁprcme i¢dhhough,

agai n, thghoe¥e e Ct Agai n,
algt hough thggrbl BM%BIQgina'il\.de}ndot%é (FESHQQI d'p ?‘?118%%0 tubcﬁﬁéa r&l?éqr “E@t"érl bed

enbodi mefModen 9Y&T. dsGause an hzghapnalimnsistas hqym@mpola:htyaxj:pameﬂgea As

previ ous lckannen 64 &ﬁbl@?ed &ﬁ@&%t%@'héﬂ%l%gﬁé‘plg entsmglr%%%le(rzg: @ré nbod;;rgnt

conpri ses_an N chan transi stor
nore st airf %E e éPPBY BRiTg O4age EIISH an the dsaig FCBQG@FCC (whpohswiag) ymegs.ous| y
descri bed cammbmdrlaumrwgead that &ctﬂ&ﬁalw %rbh%@lm%‘ﬁﬂh?mr cﬁ%ﬁe of é:pegalﬁ%

| east in nnel tor Operating in a l1nea regfgon of
operat i OHPE]Sa% “fqﬁigs %n Héeir%cf?)ﬁ prgvy HEF “f‘ %W“E?lof ke ‘@H@&Pr lav¢lsempadbibivy, for

Furt her rrb‘hécmb@dlp?ce&lnmkzltwclgiam}t Pdare sﬁdﬁtﬁiﬁct:i]l'yuﬁkraﬁ{oﬁﬁil oftshic%n|o'r near region
of opera m.nation to enpl.oyed in | ow vol tage
nmode for%‘ﬁﬁgﬁ%%%r%én%?'ﬁg%ﬁ %ﬁ%hcqf‘m e’g WF%E%W:TM?% tendp g0 be

i nvent i oRoMiRRiebyahelrarsisier fsznseobf: Etriph)yndrfmdmmrestmmidlkuﬁa@d ESDgs t hat may
typi cal | yhfflg[d SEodQr d via a bus

anot her }zrdge of ﬁe[%ﬁggoﬁlggrg%bﬁi#gﬁ[ ﬁﬂi Pafi]r n5|a f%!? lar§ﬁgﬂ“5é5§°ri10

i nst ead 6‘F¥’6F5 RaioRe! 2 Ogndiig. ke A carventipua butfer the Itargd:RMOS&ndf or

exanpl e, NMOBlandind poaierials fuidlivhi BA0HEy HYREEAThorCAR ’&9&.{%{ fohot F drain

gulrDt -e(r:]thanne t"ﬁ%ﬁl?gqnaé‘gg r a‘g”%{i@cﬁ"fla‘%‘%qlq%vo)\’/qg’s(g‘%woa %;mg?@élvmeuml thows t he

gate to banoaea)df owiynhe Rocoajdgeshoddof operation were provided. Thus, the area
penalty of supporting both modes is relatively small. In contrast, the additional silicon or
semiconductor area employed to provide transistors 110 and 140, which provide the
flexibility to have two modes of operation for the output buffer, is relatively small.
Likewise, as previously described, although the invention is not limited in scope in this
respect, the output buffer may, in an altemative embodiment, also share pre-driver
circuitry, so that effectively two separate buffers are provided in a single circuit
configuration, where the separate or alternative buffers are enabled or disabled depending
upon the voltage environment in which they are to be used. Furthermore, providing the
capability to have an output buffer operating in alternative voltage modes, one voltage
mode being high relative to the other voltage mode, results in an integrated circuit
amenable to implementation on nearly any commonly used complementary metal-oxide
semiconductor (MOS) fabrication process, including processes employed to produce
DRAM, flash memory, and logic circuits.

While certain features of the invention have been iustrated and described herein,

many modifications, substitutions, changes, and equivalents will now occur to those
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simlar overdrive with a PMOS pul | -up woul d be problematic as it nmay entai
the use and generation of negative voltages on chip. This effectivel MAR 2004
means that, by enploying an N- channel transistor instead of a P-channel
transi stWP0liek need for a | arger transi stor has been aveiciatsoohbise
acconplishing the same or substantially the sanme | evel of performance.

Anot her advant age of enploying an N-channel transistor rather than a
P-channel transistor is that, due to the availability of a relatively high
vol tage supply to drive the transistors, this approach is anenable to

i npl ementation on a nuch broader variety of silicon or sem conductor
fabrication processes. Mre specifically, for silicon or sem conductor 16 -
2 MAR 2006 WD 01/18967 PCT/ US00122794 fabrication processes that produce
transi st or.s,,havi % a EE|3%%%§%¥ hj gh threshold voltage, it would be

di fficul t Sghe WﬂP’ grta Itps, 19 pe Hadesytond hiatiths @ppended elaimeansriniendagds, due
to the rengeabbuchombdifieRidndand WRdHgds Reral R iR Mearletpfft @2 theliRvéliione t he
P-channel transistor in active node. However, because an N channel

transi stor, having a polarity opposite the P channel, is enployed, the
relatively high voltage supply may be utilized, e.g., providing the
ability to apply a gate voltage higher than the drain to source (out put

swi ng) voltage. Yet another advantage is that the penalty of providing an
out put buffer capable of operating in dual nodes and, therefore, providing
a wde range of 1/0 voltage |level conpatibility, for this enbodinent, is
relatively small. More specifically, the amount of silicon or

sem conductor area consumnmed by the transistors for this particul ar

enbodi ment tends to be dom nated by the transistor sizes to be enpl oyed
for electrostatic discharge (ESD) diffusion diodes, as these considerations
result in providing relatively large transistors, such as transistors 120
and 130 in Fig. 1. In a conventional buffer, the |arge PMOS and NMOS
drains provide this function, and they do here. Therefore, where this
function is desired, these transistors would still be enployed (and woul d
substantially occupy the sane area) if only the | owvoltage node of
operation were provided. Thus, the area penalty of supporting both nodes
is relatively small. In contrast, the additional silicon or sem conductor
area enployed to provide transistors 110 and 140, which provide the
flexibility to have two nodes of operation for the output buffer, is
relatively small.
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Li kew se, as previously described, although the invention is not limted in
scope in this respect, the output buffer may, in an alternative -2 MAR 7004
enbodi ment, al so share pre-driver <circuitry, so that effectively two
separate buffers are provided in a single circuit configuration, where the
separate or alternative buffers are enabl ed or disabl ed depending upon the
vol tage environnment in which they are to be used. Furthernore, providing
the capability to have an output buffer operating in alternative voltage
nodes, one Wbittisdemedisde bei ng high relative to the other voltage node,
results in an integrated circuit anenable to inplenentation on nearly any
commonl y used conpl enentary netal -oxi de sem conductor (MOS) fabrication
process, i ncl udihqupipbobkise esltanjivdyegput toiffor adhprisingDRAM f | ash nmenory, and
logic circuits. ile certain f res, of the.invent.ion:have been

| Pust rated and ol BERRaReO8 HelRir™eshinfs RS EAGERN b ot 1 ons,
changes, and equaidalhestitg intluding aopu] Bctknsiktorst Mdet altffick gite RAARNAGIMOBDO

under st ood (PR PAE s get G et 1o ohlies s 95t Fuf Eprei ol

nodi f i cat i alaspledsktwdeangmsatasolibgd supply viitage tehe porssmdapiontpit it dflsed bwpent | on.
18 - 2 MAR 2? 4 What is clainmed is: 1. Anultiple drive voltage |evel

out put buf f8 % onmprising: a plurality of thick gate MOS transistors coupl ed

in a circuit conhidglurality efithesiadlodipd asrpallidown trgsistds, agleds twalhbre thck gate

transi stor | east t hi ck e P-channel MOS, (,PM transi stor and a

t hi ck gat eW@héﬁﬂséﬁtor T 33‘5’?8‘##’4? cGieen groupd ?'&§%{?é%'fpﬂéﬂ(§/'t’ coupl ed

bet ween separ at evhepdit &deassang pF said/nilitpgeantiaue andeeto sdid pul Bdovaliqusistosdeing of -

sai d out put uffer; said pLurality further including as pull-down

Crans: st or covalfd inSale TR Ratation Hlhe GBS R Sl ags e and

res pe;:t [ veljy Cf)Llﬂie@dn hekhse ensairpalag tafsiktaail o bpiaid dirdownwhaasiabm beihg | east

one of sai -up, .transistors. and ope of said pull-down transistors being
Bl s E bt

coupled in <% GIEUIORRSHRIPALT R IVE Bkl heTeand rpviisAde 8% de a
hi gh vol t agevisgm ng; and wherein another of said pull-up transistors and
one of said pull-down transistors being

2. The multiple drive voltage level output buffer of claim 1, wherein at least one of the pull-

up and pull-down transistors comprise a plurality of transistors coupled so as to emulate a

transistor having approximately a particular transistor width.

3. The multiple drive voltage level output buffer of claim 2, wherein a first of said pull-up
transistors and a first of said pull-down transistors are specifically adapted to provide better
electrical performance than a second of said pull-up transistors and a second of said pull-down
transistors for a specific mode of operation that depends, at least in part, voltage supply voltage

level.

4. The multiple drive voltage level output buffer of claim 3, wherein the thick gate PMOS
pull-up transistor is coupled to be driven on hard during high voltage mode circuit operation and
the thick gate NMOS pull-up transistor is coupled to driven on less hard during low voltage mode

circuit operation.

5. The multiple drive voltage level output buffer of claim 3, wherein the thick gate PMOS
pull-up transistor and the thick gate NMOS pull-up transistor are coupled to be driven on during
19



coupled in said circuit configuration to be driven on |ess hard and provide
a reduced voltage swing. 2. The multiple drive voltage |evel output_ *@@2%&
of claim1l, wherein at |east one of the pull- up and pull-down transist
conprise a plurality of transistors coupled so as to enulate a transistor
havi ng approximately a particular transistor wwdth. 3. The nmultiple drive
vol tage | evel output buffer of claim2, wherein a first of said pull-up
transistors and a first of said pull-down transistors are specifically
adapt ed t o pphOMItER nRb tRduit pb@Gdn. i cal performance than a second of said
pul | -up transistors and a second of said pull-down transistors for a
specific node of operation that depends, at |least in part, voltage supply
voltage |gqvel. the mliiidBilebioR] Rl1EEd ¥R Mﬁt;ﬁt%gﬁgrlc@\fﬁim SUiHRin btk ik gade cl ai m
3, wherein the thick gate PMOS pull-up transistor is coupled to be driven
on hard dumiMgs buliHowniransigersastieoupled Euberdrizpepnduriag high goltags @ode pRegatight e NMOS
pul |l -up transistor is coupled to driven on |ess hard during | ow voltage
node «circuit operation. 5. The nmultiple drive voltage | evel output buffer

of cl ai m 3,7. wherkbe muitiple thisshold yitees IPrabstpybufferpf claimhsvheredt atdengt aopaf i ck
gate NMOS : his KRb&fed 6 b §riHh ok B d M riflRib R o ltagOmede VAR
1004 hi gh Eﬂéil:%%agegﬁr?roc%gﬁ'@??%i“t%%gggati%ff’ 6. The multi pl rif fipD GottafOméde t age
| evel out pwpetbtidof er of claim 3, wherein both thick gate NMOS pull-down
transi stors are coupled to be driven on during high voltage node operation.
7. The multiple threshold voltage |evel output buffer of claim3, wherein
at | east orfe of Thhenultiph thtestypdd ©ltpdi6veh avtputdufler of clains 7.svhsrein dtdeasiqumprbidiet o be
driven on hard #lrag. [ J A 1 Rb R

t hreshol d 3@1 lf%ageg& evﬁhl%&?éﬁaﬁﬁ% [eg;%ggqle&(}lgglg ?nmfg%\'/\'k%%? }éigﬁgggﬂq east &ne of

t he thick nysitepdidioB. pul | - down transistors is coupled to be driven on |ess
hard during | ow vol tage node operation. 20
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