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"'l TLE OF' | NVERTI ON METHOD AND APPARATUS FOR A LOAD ADAPTI VE PACRDRIRIBRCOPY
-DESCRI PTI ON BACKGROUND OF THE | NVENTI ON 1. Field of the Invention The
‘present invention generallyirelates to integrated-circuit (1C) output pad
driving circuitry and, nore; spemflcally, to a nethod and apparatus for a

| oad adaptive pad drlver for integrated ci rcuits. 2. Description of the
Rel ated Art Digital logic integrated cirlcuits - also known as "die" and
"chips" -- such as m croprocessors and nmenories, generate output signals as

either a HHGH logic state, sonetines referred to as a "1," or a LOWVIogic

state, sonetines referred to as a "0." Each logic state output signal is a
predeterm ned, steady-state, signal level, for exanple, five volts DC for

H GH and zero volts for LON Typjcall out put driver stage includes
field effect transistors (FET) ’Eiﬂ nm%(i{%mésj +es through a resistor to a
selected IC output termnal, referred to as the "pad." This prior art is

shown in FILGURE 1. The |l ogi cal signal to be output, "DATA " is applied to
the gates of the FETs and, al ong ' '

METHOD AND APPARATUS FOR A LOAD ADAPTIVE PAD DRIVER
DESCRIPTION
BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to ihtegrated ;:ircuit (IC)- output pad driving
circuitry and, more specifically, to a method and apparatus for a load adaptive pad driver
for integrated circuits.
2. Description of the Related Art

Digital logic integrated circuits' — also known as “die” and “chips” -- such as
microprocessors and memories, generate output signals as either a HIGH logic state,
sometimes referred to as a “1,” or a LOW logic state, sometimes referred to as a “0.”
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Each logic state output sngnal isa predetermmed steady-state, signal level, for example,

five volts DC for HIGH at:d zero volts for LOW Typically, an IC output driver stage
includes field effect transistors (FET) connected in series through a resistor to a selected
IC output terminal, referred to as the “pad.” This prior art is shown in FIGURE 1.
The logical signal to be output, “DATA," is applied to the gates of the FETs and, along
with an OUTPUT ENABLE sighal for the specified pad, drive the output pad. That is,

it is the function of the output driver to switch the pad between data output signal levels.



“with an OUTPUT ENABLE si gnal for the specified pad, drive the output pad. -
That it is the function of the output driver to switch the pad bet ween
»dat a out put signal |evels.. 2 This basic output driver circuit is
desi gned to have an output resistance of 10 to 100 ohnms and to have driver
FETs that are relatively small. In this case, this circuit is designed to
drive a mninum | oad capacitance at or gear to the design specification
speed. Wiile the task seens sinple enough, in state-of-the-art of
i nt egr at eThisibasiwioutygut drivemdirauit is desigmiaghavéren eutpataresisanays ofgkl ©sl 08rohms
measured in a fraction of a m cron, many factors affect operations,
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m cron vsaﬁmoﬁ)Sngﬁqgrﬁ’%B éﬁ ‘?r‘i‘éé fé?i‘iw VO tagnegx(ﬁ]d?B %uﬁr‘%ﬁl{c to‘é S edto
el ectrost E D) .. sur. era res
capaci tang} bgﬁn -m-ﬂgmﬁ%ﬂé Rf&f %’ZPE qeg"g’@\ﬁr‘& ﬁg#lqnapee i/dt, ina
chip, electromg I c i nductive noise (EM). is generated Wien there are a
| arge nunber ofvgg‘iﬁj dhey fa h@eﬂﬁlﬁimﬂ%éﬁ‘é‘&!‘aﬁnb@a‘&‘q dhearti ofy integrated ciFcuithe
ch| p's ground bus. VWWen the signal on a nunber of pads

fabrication technology where transistor gates are measured in a fraction of a micron,

many factors affect operations, including the process used for fabrication (e.g., bipolar
vs. CMOS, 0.5 micron vs. 0.35 micron, and the like), voltage and current loads,
‘electrostatic discharge (ESD) surges, operating temperatures, load capacitance, and the

- like. When there is a current transition, di/dt, in a chip, electromagnetic inductive noise.
(EMI) is generated. When there are a large humber of pads on the chip, there can be a
large inductance in the chip’s ground bus. When the signal on a number of pads
switches state simultaneously, a large noise spike in the ground line occurs. Therefore,
the system architecture designer must account for such contingencies in constructing
output drivers.

For example, noise on chip pads is addressed by U.S. Patent No. 5,039,874
(Anderson; assigned to the common assignee of the present invention) by selectively
adding a second driver to increase signal transition speed on the output pad. Current
surge problems are addressed by | U.S. Patent No. 4,825,099 (Barton) by using a
controllably switched current mirror circuit. Prevention of load current peaks is
addressed in EP 591750 (DE4233850) in which the pad is driven as a current controlled
element during a first range of the output transistor output voltage and as a voltage
controlled element during a second voltage range. However, none of these methodologies

provide an active feedback with respect to determining whether output load conditions
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'swi t ches- state sinultaneousl y, a large noise spike in the ground l'i ne
occurs. Therefore, the system architecture designer must account for such

scontingencies in constructing output drivers. For exanple, noise on chip

pads is addressed by U S. Patent No. 5,039,874 (Anderson; assigned to the

common assi gnee of the present invention) by selectively adding a second

driver to increase signal transition speed on the output pad. Current surge
probl ens are addressed by U. S. Patent No. 4,825,099 (Barton) by using a
cont r ol | alseyuistuxiiary padrdriving daningoan outputpad. sigrid erassitiombetofeen ad#iGHiandnt
peaks is addressed in EP 591750 (DE4233850) in which the pad is driven as a

current cq_,r(gv\puﬁtgqmqi@rg@hm Ryel.ng a first range of the output transistor
out put voltage and as a voltage controlled el ement during a second vol tage

e, e TRAGE! ykhERE S VR OHF ¢ B i B 2 B
Ty erate 'a” subbtantially Sonstant output Signal”transition ‘Specd at an IC ouiput pad @
regardless of the load attached to any specific pad on the chip.
SUMMARY OF THE INVENTION

In its basic aspects, the present invention provides an apparatus for driving an
integrated circuit output pad in response to a data output signal that switches between a
first data signal having a first predetermined value and second data signal having a second
predetermined value, the pad having a load connected thereto. The apparatus includes,
a first driver, having an input connected for receiving the data signals, and an output for
transmittinlg;.the data signals to the pad of such that the pad switches from the first data
signal to the second data signal and from the second data signal to the first data signal
at a rate of transition at the pad that is dependent upon the load; signal generator for
generating a predetermined reference signal having a slope such that the slope is positive-
going when the data signal transition is positive-going and is negative-going when the data
signal transition is negative-going; comparator, having a first input connected to the
signal generator and a second input coupled to the first driver, for comparing the slope
of the predetermined reference signal to the rate of transition of a switching data signal
at the pad; and second driver, having an input coupled to the comparator and an output
coupled to the pad, for driving the pad at a rate dependent upon the reference signal when
the rate of transition is slower than the slope of the reference signal.

Further, the invention includes a method for driving an integrated circuit output



+ LOW data output signal level. Therefore, there is a need for a | oad
adaptive pad driver apparatus that will generate a substantially constant

, output signal transition speed at an |IC output pad regardl ess of the |oad
attached to any specific pad on the chip. SUMVARY OF THE INVENTION In its

- basi.c aspects, the present invention provides an apparatus for driving an
integrated circuit output pad in response to a data output signal that
switches between a first data signal having a first predeterm ned val ue and

second dgfad resppnsive hadn igegratedadrtditiiaeredtparsiged wiich switéhies betweehavfing a
| oad connected thereto. The apparatus includes, a first driver, having an

' t 6t f . t | | ;
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the first data siagnal .to the gsecond data signal and .frqgmthe second. data
signal b (e Piclding, e, stept, ok comparing' 8" tata quipel signal I, a, pradiermingd
dependent upon the | oad; signal generator for generating a predeternined
r ef er encekirencs) signal haying adredatermined rate of traesition; pdriviagsaid eutpet pagowith when
the data signal transition is positive-going and is negative-goi ng when the
dat a si grsaid dataostput signabwhen sdid dataguitpuy; signahfevebtate of transitign bettveess said nput
connected to the signal generator and a second input coupled to the first
driver, fiagicCeieaéveldist fieatet f1aR or equal to said predetermined reference signal rate of
transition; and driving said output pad with said predetermined reference signal when
said data output signal level rate of transition between said logic state levels is less than
said predetermined reference signal rate of transition.
It is an advantage of the present invention that it will provide a substantially
constant output speed as a pad driver for a large range of capacitive loads.
It is another advantage of the present invention that it will reduce EMI
conductance when the pad is in a steady state.
It is another advantage of the present invention that output speed will be
substantially compensated for process, voltage, and temperature variations.
It is yet another advantage of the present invention that at a point where the pad
voltage is near the supply limit values, namely the chips bias voltage, Vi, and ground,
the output will be resistive and the current will be low, resulﬁng in a reduction of ringing
at the finish of the transition.
It is still another advantage of the present invention that di/dt will be less than
other designs, leading to less EMI.

Other objects, features and advantages of the present invention will become

apparent upon consideration of the following detailed description and accompanying

N



tiof the predeterm ned reference signal to the rate of transition of a
swtt chi ng data signal at the pad; and second driver, having an: input

, coupled to the conparator and an output coupled to the pad, for driving the
pad at a .rate dependent upon the reference signal when the rate of _
transition is slower than the slope of .the reference signal. Further, the
I nvention includes a nethod for drivingsan integrated circuit output 4
pad responsive to an integrated circuit data output signal which swtches
between alrawirgs, limgviicis tlikeereferemle desiznations pdprasenoiiké féakiires throughGROMe
| ogic state | evel representative of a "0," including the steps of:
conpar i NgpR;gRES. out put signal to a predeterm ned reference signal having a
predetermned rate of transition; driving said output pad with said data

out put signal when said d . i I of transition between
said logic state levels i ?@lelgﬁmgﬂpg’hgeéﬁwiﬁ&&l d predeterm ned
reference signal rate of transition; and driving said output pad with said
predet er mi ned FEFHRENEEPHOGARY) isvadypisali eutputdriver cirquit Soyamintegrated qirguis of
transition between said logic state levels is less than -

pad.

FIGURE 2 is a schematic diagram of the apparatus of the present invention.

FIGURE 3 is a schematic diagram of an alternative embodiment of the present
invention as shown in FIGURE 2.

FIGURES 4A-D are waveform diagrams for comparison of a typical output driver-
circuit output transition against the load adaptive pad driver circuit of the present
invention as shown in FIGURE 2 in which:

FIGﬁRE 4A is the pad voitage transition for a typical output driver circuit as
shown in FIGURE 1 for three different capacitive loads,

FIGURE 4B is the ground current wavéform for the transitions shown in FIGURE
4A,

FIGURE 4C is the pad voltage transition for an load adaptive pad driver of the
present invention as shown in FIGURE 3, and

FIGURE 4D is the ground current waveform for the transitions shown in FIGURE
4C.

The drawings provided with this description should be understood as not being

drawn to scale except if specifically noted.



sai d predeternmined reference signal rate of transition. It is an advantage
of the present invention that it-will provide a substantially constant
*out put speed as a pad. driver for a large range of capacitive |oads. It
anot her advantage of the present invention that it will reduce EM
conduct ance when the pad is in a steady state. It is another advantage of
the present invention that output speed. wll be substantially conpensated
for process, voltage, and tenperature riations. It-is yet another -
advant age of the pres N N, | 'ﬂg he pad voltage is
near the supply Iinitsggﬁﬁgéﬁ §§§§F§pfﬁgegﬂﬁagﬂ%u ¥%®@ﬁ gge, [err], and
ground, the output will be resjstive and the current will be I ow, resulting

in a reducti onREETENCH i Mydenow inadeailipaspesitic gmbediment pf g prosent 1avention,
anot her advantage of the present invention that di/dt will be | ess than

ot her deswhich,illisteatiisrthe tbestl made priebentit doatempiated by, thé émientoes) dordpradticing ages
of the present invention will beconme apparent upon consideration of the
fol I owi ngheehvntiod. deRérnatilel @Rbcifems QPETRIBH Briefly described where applicable.

is

FIGURE 2 depicts a load adaptive integrated circuit output pad driver apparatus
201 in accordance with the present invention. On a chip, a number of integrated circuit
output pads 203 will be coupled to specific loads. The loads may have a range of
capacitive values, e.g., 10 to 140 picofﬁrads (pF). A resistive-based output driver circuit
205 includes an output resistor R, (see FIGURE 1 for detail of the output driver circuit
205, where R; = Royr). Because the loads connected to each pad may vary, an output
driver circuit 205 is designed to drive the pad 203 for the minimum capacitive load and
at the slowest speed. That is, when a DATA transition and OUTPUT ENABLE signals
are input to the output driver circuit 205, the output driver circuit 205 will tend to drive
the pad 203 in accordance with its design for the minimum load of the range. When the
load capacitance is larger, the output driver circuit 205 will still drive at the same
strength; that is, it will not adapt each pad in accordance with the specific load attached
to that pad. The apparatus 201 of the present invention includes the needed adaptive
capability by providing a reference slope signal generator, used to provide a signal having
a predetermined reference signal output to compare to the rate of transition of the DATA
output signal at the pad 203 (which will be dependent upon the load) to the slope of the
reference signal.

In the embodiment shown in FIGURE 2, the signal to the gates of each of the

FETs of the output driver circuit 205 are respectively coupled to a positive-going,



5 drawi ngs, in which like reference designations represent |ike features :
t hroughout the FI GURES. DESCRI PTION OF THE DRAWNGS FIGURE 1 (Prior Art) is
‘a typical output driver circuit for an integrated circuit pad. FIGURE 2 is
a schematic diagram of the apparatus of the present invention. FIGURE 3 is-
a schematic diagramof an alternative enbodi mrent of the present invention
as' shown in FI-GURE 2. FI GURES 4A-D are faveform di agrans for conparison of

a typical output driver circuit output transition against the | oad adaptive
pad dri veefecgnce sldpeofigndh egeperaser207i (to dhgate) amd asdegativeé-goih Cedferedce slopli ch:
FIGURE 4A is the pad voltage transition for a typical output driver circuit

o oung i el EEhEeoh 2001 (b N Rae) | TR R BE R OUTPU L EIABEL MFDRTAS (he
transition event, one of the slope signal generators 207, 209 receives a START signal;
namely the positive-going, feference slope signal generator 207 is triggered when it
receives the START signal when the pad 203 is to transit from a LOW to a HIGH output
state and the negative-going, reference slope signal generator 209 receives the START
sigﬂal when the pad 203 is to transit from a HIGH to a LOW output state. It has been
found that the output at the pad 203 can be substantially normalized if each slope signal
generator 207, 209 is provided with a process, voltage, and temperature (PVT) bias
signal. The purpose of the PVT bias inputs is so that the reference slope signal that is
generated will have the same slope, or “speed” of transition, regardless of the process
and voltage in.which the chip was designed and for environmental operating temperature
changes. That is, the PVT bias is predetermined such that the signal generator will give
a flat response regardless of the process of fabrication, the voltage levels employed, and
the operational temperature. While, as it will be recognized by a person skilled in the art,
there are many possible iniplementations for generating the PVT bias, it is suggested that
this reference slope signal be generated by having the PVT bias generate a constant
current to discharge a fairly large gate capacitance. Thus, the reference slope sfgnal will
generate a standard slope voltage, starting.at Vdd or ground and ending at the other
supply voltage in a predetermined time from the start signal.

The output PAD 203 signal and the output of the appropriately selected slope
signal generator 207 or 209 are routed to a comparator 211 (fof generator 207), 213 (for

generator 209), respectively. That is, for a LOW to HIGH transition, comparator 211



" 'FIGURE 4C is the pad voltage transition for an | oad adaptive pad driver of
the present invention as shown in FIGURE 3, ‘and FIGJRE 4D is the ground

-current waveformfor the transitions shown in FI GURE 4C. The draw ngs
provided with this description should be understood as not being drawn to

scal e except if specifically noted. 6 DETAI LED DESCRI PTI ON OF THE
| NVENTI ON Reference is made now in detai8l to a specitic enbodi nrent of the
present invention, which illustrates the best node presently contenpl ated

by the i ngempases sl)e fefgrepreasiogecsigmal fioen positive-gaing slope signalt generatort 20T totinet s
are also briefly described where applicable. FIGURE 2 depicts a | oad

adapti ve isignaDtravisttbrcodcatidg a%@phm@z@swmvsm@paf BOW trafisition) (dpffarsiarnce
with the present invention. On a chip, a nunber of integrated circuit
Canpa! o 2913 bphd iheYerérehi! e il Hoch ngdtRAbing Wopé SR SEREAISY S0F

to the signal transition occurring at PAD.

The comparators are tied to an auxiliary output driver that is connected to the pad

. 203. The output of comparator 211 is fed to the gate of a FET P,. The source of FET
P, is connected to the circuit bias voltage, Voo and the drain of the FET P; is connected -
to the input of pad 203. The output of comparator 213 is fed to the gate of a FET N,.
The source of FET N, is connected to the circuit ground and the drain of the FET N, is
connected to the input of pad 203. FETs P, and N; are relatively lmée in comparison to
the FETs P, and N, of the output driver circuit 205 (see also FIGURE 1), for example,
by a factof.of 3 or 10 times. Thus, note that because FETs P, and N, are much larger,
and therefore require more input to turn on, when the pad 203 is pulling through resistor
R, and transiting between digital output levels at the same rate as the signal output of a
signal generator 207, 209 as determined by a comparator 211, 213, the FETs P, or N,
will not turn on.

When the load capacitance is larger than the minimum for which the output driver
circuit 205 is designed, namely, where the output driver circuit 205 will not drive the pad
transition fast enough -- namely, as fast as it would with the minimum design loads - the
comparatolls 211, 213 .will drive their respeétive FETs P,, N, to assure that the slope of
the pad 203 transition matches the slope of the reference slop generated by the applicable
slope generator 207, 209, respectively. The comparators 211, 213 can be P-type

transistors having a source and substrate tied to the most positive of the two signals to be



" ‘capacitive-values, e.g., 10 to 140 picofarads (pF). A resistive-based
output driver circuit 205 includes an output resistor [err] (see FIGURE 1
+ for detail of the output driver circuit 205, where [err] = [err]). Because
t he | oads connected to each pad nmay vary, an output driver circuit 205 is
designed to drive the pad 203 for the m nimum capacitive |oad and at the
sl owest speed. That is, when a DATA traf¥sition and OUTPUT ENABLE signal s
are input to the output driver circuit 205, the output driver circuit 205
wi | |t end comparedy i wilhaltbw 0 dompacator Wansistontp ttérni answhiersthg pad voltagedags
m ni mrum | oad of the range. Wien the | oad capacitance is |larger, the output
driver ci tigaitdferdi€e Slopé; eis ¢dn bl ampliféd tharis@ MR Sipreptd FETNR] of N, iTheM | |
not adapt each pad in accordance wth the specific |load attached to that
pad. The : r (9 t| '
adapti ve ?g%g{l)?’}t ﬁeyg%ép%%%)ﬁ }?fgﬁ?e{rgespg‘?ggagéﬁ gfé eﬁéwgﬁgl&%@%@?g?g&m%% ed
to provide. a signal having a predeterm ned reference signal oytput to
conpare td® '1'%0%:5’1'@ 6?“’.‘1’%}?&#@% VB& fram, A’PRP’JL}E‘Bﬁngﬁ rﬁi?“‘?és’ t‘H%OHEHt 203
(which wi |l _be dependent upon the IoagL to the slope of the reference
si gnal . | rwillistartieuen offithe T P, pr Numed at appreximatgha. 6 volt fremdbe supphyf
each of the FETs of the output driver circuit 205 are respectively coupl ed
to a posi tlimie; ¢eilagge FET will be completely off, leaving the task of pulling the pad voltage

the lrest of the way to the supply limit to the output driver 205. In addition to adapting
the pad transition speed to match the load, this feature allows the current required to
switch the pad 203 to reach a very small value before the pad is at zero volts, thereby
greatly reducing ringing at the end of the transition.

It will be recognized by a person skilled in the art that the present invention as just
described can be implemented in a variety of circuit designs. While the embodiment as
shown in FIGURE 2 is designed in P/N-type logic, an alternative embodiment, shown in
FIGURE 3 is designed in N-type logic.

A typical output driver (e.g., FIGURE 1), of comparable speed pad LOW to
HIGH transition (at t = 50.0) and HIGH to LOW transition (at t = 100.0) is shown in
FIGURE 4A where waveforms 1, 2, and 3 are pad signal transition waveforms for loads
of 20pF, 75pF, and 150pF, respectively, and waveform 4 is the DATA output signal
transition at pad . Ground current is shown in FIGURE 4B. Output waveforms in
accordance with the present invention are shown in FIGURES 4C and 4D.

In FIGURE 4A, note that for different loads at t = 50 when the DATA signal 4
goes from LOW to HIGH, the pad voltage 1, 2, 3 lags in transition and that the pad

transition is slower with each increasing load capacitance, where pad 3 has the highest



7 reference slope signal generator 207 (to [err] gate) and a '
negati ve-goi ng, .reference sl ope signal generator 209 (to [err] gate). Thus,
. during an OQUTPUT ENABLE and DATA transition event, one of the slope signal
generators 207, 209 receives a START signal; nanely the positive-going,
reference slope signal generator 207 is triggered when it receives the
START signal when the pad 203 is to trapgit froma LONto a H GH out put
state and the negative-going, reference slope signal generator 209 receives-

t he STARTcapagitivie loidkn Athte=pHl) ®Aén the DATA sigral ¢ goeo filom HIGH (woLOW féreut put
state. It has been found that the output at the pad 203 can be

substant i @ got oAy FBiffefg l{l/éo r(ﬁ'%ﬁEh ﬁx’gn tng il&ﬂ?bu@eﬁ@% g%%rﬁc%l?prin fdrgtoweﬁ]e

provi ded with a “process t age, nper at ur e as ‘signal .

f ' ' ' h h f ' | th
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of the process and voltage i.n which the chip was designed and for :
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predeterm ned such that the signal generator will give a flat response
regar dl essdn grrenteis @ar souecesofoéledtedmagnatic dnterferences(EMBge | evel s enpl oyed, and

Now compare FIGURE 4C and 4D for the present invention. While in FIGURE
4A the typical output driver showed three disparate rise times from LOW to HIGH,
FIGURE 4C shows that each of the pads reach a HIGH at approximately t = 60.0, or
about ten nanoseconds following the DATA signal switch. Similarly, in a HIGH to LOW
transition, FIGURE 4A shows a different fall time for each pad dependent upon the load.
It should also be noted that with the present invention, there is no ringing at t = 100+
whereas the prior art driver exhibits significant settling difficulty.

Moreover, in comparing the ground current waveforms, note that where the prior
art device shows a rapid di/dt from zero to a peak of three hundred milliamps (FIGURE
4B att = 100.1 to 100.25) which leads to undesirable EMI, the pr_esent in?ention exhibits
a changing slope over a longer time (FIGURE 4D at t = 100.1 to 100.7) and peaks at
only two hundred seventeen milliamps.

Thus, a load adaptive pad driver has been demonstrated which not only
compensates for varying loads on the output pads of a particular chip, but also decreases
EMI and inductive bouncing of the pad signal at the transition time. The foregoing
description of the preferred embodiment of the present invention has been presented for
purposes of illﬁstration and description. It is not inteﬁded to be exhaustive or to limit the

invention to the precise form disclosed. Obviously, many modifications and variations



“the operational tenperature. Wiile, as it will be recognized by a person
ski-lled in the art, there are many possi bl e inplenentations for generating
. the PVT bias, it is suggested that this reference slope signal be generated
by having the PVT bias generate a constant current to discharge a fairly

| arge gate capacitance. Thus, the reference slope signal wll generate a
standard sl ope voltage, starting.at Vdff or ground and ending at-the other

- supply voltage in a predetermned tine fromthe start signal. The output
PAD 203 wilj belapparentt tb @rantitipnérs akilted én thiparop Similally, anglpeodessistepodescebghal
generator 207 or 209 are routed to a conparator 211 (for generator 207),

213 (for pfighepeé iterchifieable R ith thetCitdps Wﬁi‘de'rsto afcﬂfevéstrzé)‘%hﬁ feséf!  The

transition;, conmparator 211 conpares the reference ope signal from
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conpare the reference sl ope signal from negative- gm ng sl ope. si.gnal
gener at oiAnvegtion and s best mode Pﬁ‘%ﬁ al; appligatiandn therely enablepshersiskilledip et

are tied to an auxiliary out put driver that is connected to the pad
to understand the invention for various embodiments and with various modifications as

are suited to the particular use contemplated. It is intended that the scope of the invention
be defined by the claims appended hereto and their equivalents.
What is claimed is:



" "203. The output of conmparator 211 is fed to the gate of a FET [err]. The
source of FET [err] is connected to the circuit bias voltage, VDD and the
»drain of the FET [err] is connected to the input of pad 203. The output of
conparator 213 is fed to the gate of a FET [err]. The source of FET [err]
is connected to the circuit ground and,the drain of the FET [err] is

. connected to the input of pad 203. FETs [err] and-[err] are relatively

| arge in conparison to the FETs [err] and [err] of the output driver
circuit 205 (see also FIGURE 1), for exanmple, by a factor of 3 or 10 tines.
Thus, note that because FETs [err] andé&err] are nmuch larger, and therefore
require more input to turn on, when ERAIMEI 203 is pulling through resistor
[err[ and transiting between digital output |levels at the sane rate as the

si gnal output Apparatus (20 feredrbving ai infépfated CRcuit outpitepadi (D83) ihyresponsaad at or
211, 213, the FETs P2 or N2 wll not turn on. Wen the | oad capacitance is

dest qned, 2 Rl S TOIATAY 8 e Witn A, (6 Sl 1eting 8 Bt
el L g BB et i T
[err], [err] to assure that the slope of the pad 203 transition matches the
sl ope of €208) having ®lved coinspted theesta (EQA LOADY, compriding:abl e sl ope gener at or
207, 209, respectively. The conparators 211, 213 can be P-type
first driver means (205), having an input connected for receiving said data signals,
and an output for transmitting said data signals to said pad (203) such that said pad (203)
switches from said first data signal to said second data signal and from said second data
signal to said first data signal at a rate of transition at said pad (203) that is dependent upon
said load; ‘
signal generator means (207, 209) for generating a predetermined reference signal
having a slope such that said slope is positive-going when said data signal transition is
positive-going and is negative-going when said data signal transition is negative-going;
comparator means (211, 213), having a first input connected to said signal generator
means (207, 209) and a second input coupled to said first driver means (205), for comparing
said slope of said predetermined reference signal to said rate of transition of a switching data
signal at said pad (203); and |
second driver means (P2, N2), having an input coupled to said comparator means
(211, 213) and an output coupled to said pad (203), for dnvmg said pad (203) at a rate
dependent upon said reference signal when said rate of transition is slower than said slope of

said reference signal.
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" “transistors having a source and substrate tied to the nost positive of the
two signals to be 9 conpared. This will allow the conparator transistor

. to turn on when the pad voltage |ags the reference sl ope; this can be
anplified to drive the appropriate FET [err] or [err]. The design of the
conparators 211, 213.is such that .at the point where the pad 205 voltage is
approaching a dlfference of one volt fromthe supply imt ([err] or.
ground), the output will start to turn off the large FET [err] or [err] and
at approximately 0.6 volt fromthe supply limt, the large FET will be

conpl etelr% of f, | eaving the task of, pul.ling the pad,vyoltage the rest of the
way to t supHe,appasaus (2Q1) s et dorthy [|4!F1| OMPSMEIdi ti on to adapti ng

the pad transition speed to rratch the | oad, this feature allows the current

requi red to swvdaid bighlleggerhtitOficars (263 R0%) gme;atiaga;hid pretieterniinéd refetehee pad
is at zero volts, thereby greatly reducing ringing at the end of the

ransi ti gl Suchichdt sB sk ¥ fro eégsmnagéqah  BperitfrgEiptdifk, ¢ he
pr esent |nventl|mon ag jSS descr?‘goed can be | % a varlg{:y of
circuit dESé ableso{'saui ?egraqb&) lrcma(nt as

3. The apparatus (201) as set forth in claim 1, further comprising:
said first driver means (205) controlling said rate of transition when said data signal
at said pad (203) is within a predetermined tolerance of said first and second predetermined

values, respectively.

4, A method for driving an integrated circuit output pad (203) responsive to an
integrated circuit data output signal (DATA) which switches between a first logic state level
representative of a “1” and a second logic state level represent#tive of a “0,” comprising:

comparing (211, 213) a data output signal (205, R1) to a predetermined reference
signal (207, 209) having a predetermined rate of transition;

driving said output pad (203) with said data output signal when said data output
signal level rate of trahsition between said logic state levels is greater than or equal to said
predetermined reference signal rate of transition; and

driving said output pad (203) with said predetermined reference signal when said
data output signal level rate of transition between said logic state levels is less than said

predetermined reference signal rate of transition.
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"“shown in FIGURE 2 is designed in P/N-type logic, an al ternative embodi nent,
shown in FIGURE 3 is designed in NNtype logic. At

(e.g., FIGURE 1), of conparable speed pad LONtO E(@t

50.0) and HHGH to LOWtransition (at t = 100.0) i

waveforms 1, 2, and 3 are pad signal transition’

20pF, 75pF, and 150pF, respectively, and waveform 4 is the DATA out put

si gnal t ABSTRACE OKt THEdDISGF-9§HBEcurrent i s shown |n FI GURE 4B. Qut put

waveforns in accordance with the present inven |o ? f_BRWn in Fl GURES 4C

and 4D. PATEEGOREINKENFION: tHE-ifHP AHPf ﬁ@gﬁ&g g 50 when the DATA

signal 4 goes fromLOWtoO HI &RAP pE&D 1, 2, 3 lags in transition

and that the pad transition is slower W th each i ncreasing | oad

capaci t ang toaduitaptveopsll RU1pdrivéctn ighgated circlits pRIMeS o substutitly Mnstene= 100

when the DATA signal 4 goes fromH GHto LON there is not only a differing

lag for %ﬁ&é& duldfidt P e 'Hd (B3 regittiesd of thedoat! Bhidi&AB thd bdd205). TR terbANE

slope signal (207, 209), based on variables such as fabrication process, and operational
voltage and temperature ranges and biased to give a substantially flat response, is compared
(211, 213) to the signal output pf é resistive-based pad driver circuit (205). When a
transition between output signal levels provided by thé pad driver circuit (205) is slower
than the reference signal slope, an auxiliary driver circuit (P2, N2) is used to compensate.

Electromagnetic interference is also reduced via said load adaptive pad driver (201).

This Sheet Has Been Reﬂlaced




-capaci tance | oads when the pad reaches the supply limt. In FIGURE 4B, note
that a very sharp current transition, di/dt, occurs at t = 100+ (see arrow
400). This quick change in current is a source of electromagnetic
interference (EM). Now conpare FI GURE 4C and 4D for the present invention.
- While in FIGURE 4A the typical output driver showed three disparate rise
times fromLOWto H GH FI GURE 4C shows that each of the pads reach a H GH
at approximately t = 60.0, or about t eh/Ranoseconds foll owi ng t he DATA
signal switeh. Simlarly, in a HGHd to LOWNtransition, FlIGJRE 4A shows a
different fall tinme for each pad dependent upon the load. It should al so be
noted that wth the present invention, there is no ringing at t = 100+
whereas the prior art driver exhibits significant settling difficulty.

Mor eover, in conparing the ground current waveforns, note that where the
prior art device shows a rapid di/dt fromzero to a peak of three hundred
mllianps (FIGURE 4B at t = 100.1 to 100.25) which | eads to undesirable
EM, the present invention exhibits a changing sl ope over a |onger tine
(FIGURE 4D at t = 100.1 to 100.7) and peaks at only two hundred seventeen
mllianps. Thus, a |ogffdaptive pad driver has been denonstrated which not
only conpensat esZf or vargi ng | oadsgon the output pads of a particular chip,
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"EM ‘and i nductive bounci ng-of the pad signal at the transition tine. The
foregoi ng description of the preferred enbodi nent of the present invention

. has been presented for purposes of illustration and description. It is not
"~ intended to be exhaustive or to limt the invention to the precise form
di scl osed. Obvi ously, many nodifications and vari ations wi || be apparent

to practitioners skilled in this art. Simlarly, any process steps

descri bed night be .i nterchangeabl e wi 250t her steps in order to achieve the
- same result: The enbodi mnent was chosen and described in_order_to_best

explain the principles of the invention and i PsOl&slSLng@Ep@ENi_caI"

application to thereby enabl e others skkQ7ad in the art tq,understand the

i nvention for various enbodinents and wi th vari ous nodifi ciDilbns as are

suited to the particul ar use contenplatedf*lt is intend a Iscope of

the invention be defined by the clains appe,ndedpger et 5) and tHerr
equi valents. What is clained is: ‘
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" 12 CLAIMB 1. Apparatus (201) for driving an integrated circuit out put

pad (203) in response to a data output signal (DATA). that sw tches between
-a first data signal having a first predeterm ned val ue and second data
signal having a second predeterm ned val ue, said pad (203) having a | oad
connected thereto (TO LOAD), conprising: first driver neans (205), having
an input connected for receiving said _data signals, and an output for
transmitting said data signals to saié/ﬁad (203) such that said pad (203)
switches fromsaid first data signal to said second data signal and from-
said second data signal to said first data signal at a rate of transition
at said pad (203) that is dependent upon said | oad; signal generator neans
(207, 209) for generating a predeterm ned reference signal having a sl ope
such that said slope is positive-going when said data signal transition is
positive-going and is negative-going when said data signal transition is
negati ve- goi ng; conparator neans (211, 213), havi 20fti rst i nput connected
to said signal generator means (207, 209) and a Second input coupled to
said first driver neans (205), for conparing
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sai d sl ope of said predeterm ned reference signal to said rate of
transition of a swtching data signal at said pad (203); and second driver
mmeans (P2, N2), having an input coupled to said conparator nmeans (211, 213)
and an out put coupled to said pad (203), for driving said pad (203) at ‘a
rate dependent upon said reference signal when said rate of transition is
sl ower than said slope of said reference, signal. 13 2. The appar at us
(201) as set forth in claiml1, further 4/ rising. said signal generator
means (207, 209) generating said predeterm ned reference signal such that
said slope is a function of process, voltage range, and operating
tenperature range variables of said integrated circuit. 3. The appar at us
(201) as set forth in claim1, further conprising: said f&J t driver means
(205) controlling said rate of transition when said data S|3ﬁaw’éf sai d pad
(203) is within a predeterm ned tolerance of said first agd-gegong
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’

val ues, respectively. 4.

ref erence signa

out put si-gnal | evel

greater than or equal

transition;
ref erence signa

~ A net hod f or driving an integrated circuit
output pad (203) responsive to an integrated circuit data output signal

%

*(DATA) which switches between a first logic state |evel
"1" and a second |logic state |evel
conparing (211, 213) a data output signa
(207, 209) having a pr
driving said output pad (203) with sai

representative of a

representative of- a "0," conprising:
(205, Rl) to a predeterm ned
determned rate of transition;
%ata-output signal when said data

rate of transition between said | ogi g ¥hale Levels is

signal rate of transition.

av-8i4

0°09

o°o8

JNIL

0°00l

to said predeternined reference signa
and driving said output pad (203) with said edeTermi ned
when sai d data out put signal

| evel

rate of

r at ePofPtPad®ition

between said logic state levels is less than said predetg P ned Pef erence
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ABSTRACT OF THE DISCLOSURE

TITLE OF INVENTION: METHOD AND APPARATUS FOR A LOAD
ADAPTIVE PAD DRIVER

A load adaptive pad (201) driver for integrated circuits provides a substantially constant
speed output at the pad (203) regardless of the load connected to the pad (203). A reference
slope signal (207, 209), based on variables such as fabrication process, and operational.
voltage and femperature ranges and biased to give a substantially flat response, is compared
(211, 213) to the signal output of a resistive-based pad driver circuit (205). When a
transition between output signal levels provided by the pad driver circuit (205) is slower
than the reference signal slope, an auxiliary driver circuit (P2, N2) is used to compensate.

Electromagnetic interference is also reduced via said load adaptive pad driver (201).

(Please note that Figure 2 should accompany the abstract when published)




