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Background of the Invention Field of the Invention The present
invention rehagd fgsgnerally to integrated circuits, and nmorgpBalobhdy arly
to integrated, 1 npedance matching, termnation circuits. Background

Advances in sem conductor nmanufacturing technol ogies have allowed circuit
designers to integrate trenmendous nunbers of transistors on a single die.
For exanple, nodern integrated circuits (1Cs) comonly include several
mllion transistors interconnected on a single, small substrate. Typically,

these are field effect transist Qflfdlﬁg%kﬁih{&fﬁ); ame time, conputer

architecture, and nore particul arly processor architecture, has gone in the
di rection of enphasi zi ng short eBackztdowldaf tlerIngantioa ti nes. These advances in

sem CO“dUCtFPJ;dmRéJ{n@g&%B' ng and processor architecture have led to the

producti on =speed integrated circuits. Many el ectronic
systens, incl udTimgprizeht ingentibn relates gedealiyooriptezeedsitatianmd nidrepifdfaryo of a
nunber of int e%r(gted dci r cui ths teac:h of whi.ch operates at high speed. The
various i nt"SEF A RIReG R IB CFYBMIPRISIS S ect ri cal |y i nterconnected by
means of one or nore buses. These buses are typically collections of

physi cal ingt racon(qect ion signal |ines  that provide comunication pat hways -
bet ween an%—ggﬁ‘rg#@—the various integrated circuits. As is known in this

}c In'?lagr a: 23 z: ?g.g%ifagge%g@se?lﬁgoptgtrécg?rﬁfrf\agxerj@ﬁtgﬁggvtgghng{ggiesbﬁa%g%l!cpw?ctdvc\?rggt écrs]i%ncrs to
integrate tremendous numbers of transistors on a single die. For example, modern integrated
circuits (ICs) commonly include several million transistors interconnected on a single, small
substrate. Typically, these are field effect transistors (FET). At the same time, computer
architecture, and more particularly processor architecture, has gone in the direction of
emphasizing shorter and shorter cycle times. These advances in semiconductor manufacturing

and processor architecture have led to the production of very high-speed integrated circuits.

Many electronic systems, including but not limited to computer systems, are made up of a
number of integrated circuits, each of which operates at high speed. The various integrated
circuits are typically electrically interconnected by means of one or more buses. These buses are
typically collections of physical interconnection signal lines that provide communication
pathways between and among the various integrated circuits. As is known in this field, the
signals that are transferred over the buses between the integrated circuits may represent such
things as data, instructions, or control information. In order to obtain the most benefit from the
high-speed operational capabilities of these integrated circuits, it is generally desirable to

communicate over the buses at a high data transfer rate,

Various techniques have been developed for facilitating high-speed electrical
communication over buses. For example, reducing the voltage swing that is required to
distinguish between a logical one and a logical zero, also reduces the amount of time that is

required for a signal transition and therefore provides for faster operation. Another technique
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PCTSu 59913@&957 useful ror enablin Pligh-speed communication %ver buses is the use of termina%i n 2 t hat
is useful tor enabling h|% -speed comuni cation over buses I's e use of

t er m nat i odevigeviRreper tePnippiean of eigndl liagsireducesfor limginates the prebleme duswidbyignal
el i m nat es . ' [ ' ' ,
i rehilof %@g@ﬁ%mﬁqum SOl BLUEH b M far Mfs%g}phecg befveen

term nation device I'ement e a resistor tha S cou

si gnal | i resignatllize godwepwenspprly nodede. What is needed are circuits
and nethods for providing | owcost, area-efficient, inpedance-matched
term nati on forWkat isriseded arecirciisigad methods for providing low-cost, area-efficient,

SuMary ofirdeesnk ¥ eRhddABmination for trBlskfikdof 1in@N- chi p, i npedance- control | ed

term nation devices are provided to termnate transm ssion |ines, and
substantially reduce reflections.

Summary of the Invention

Briefly, on-chip, impedance-controlled termination devices are provided to terminate
transmission lines, and substantially reduce reflections.

In one particular embodiment of the present invention, an impedance-controlled termination
device includes a digitally controlled combination of NFETs and PFETs coupled between a power
supply node and an input node, wherein the number of NFETs and PFETS that are tumed on
determines the impedance of the termination device.

In an alternative embodiment of the present invention, an impedance-controlled termination
device includes a p-channel field effect transistor coupled between a power supply node and an
input node, and having a gate terminal coupled to a control circuit that provides an analog bias

voltage to set the impedance of the termination device,

Brief Description of the Drawings

Fig. 1 is a schematic diagram illustrating a conventional arrangement of bus driver, bus
receiver, and termination device.

Fig. 2 is a schematic diagram illustrating an integrated circuit having an on-chip,
impedance-controlled, termination device, in accordance with the present invention.

Fig. 3 is a schematic diagram illustrating a system, in accordance with the present
invention, having a first integrated circuit with a bus driver, a second integrated circuit having an
on-chip, impedance-controlled termination device, and a signal line coupled between the first and

second integrated circuits.



In one particul ar enbodi nent of the present invention, an

| npedance-controlled term nation device includes a digitally controlled
conbi nati on of NETs and PFETs coupl ed between a power supply node and an
I nput node, WBRtARIsHe t he nunber of NFETs and PFETs that areppyt5R806R
determ nes the inpedance of the term nation device. In an

al ternative enbodi nent of the present invention, an inpedance-controlled
term nation device includes a p-channel field effect transistor coupl ed
bet ween a power supply node and an inpuﬁ node, and having a gate term nal
coupled to a control circuit that provides an anal og bias voltage to set

the i npedance g Uhea sBERMRMAgRIt TBMHaBiRg an integrated circuit having an on-chip,.
Brief Description of the Drawn | is a schematic di agram

. awi ngs Fig. .
i | | ust r at i FgedaneteRAERedIpEINaspR gﬁ@én@ﬁ?%ﬁf‘ﬂﬂ%lﬂﬁh@ piEsent iprentiowcei ver, and
termnation dewg£8.is a transistor-fevél scienlafic ZaSeREABNihE the b@gﬁi?,% EdadSd-LRlbAG an
integrated circuit having an on-chip, inpedance-controll eg, termnation
devi ce, i feraieasiondevies ¢fifis4¢ he present invention. Fig. 3is a
schematic diagramillustrating a system in accordance with the present
i nvention, having a first integrated circuit with a bus driver, a second
integrated circuit having an on- Chikfjled mgﬁﬁ&e-cont rolled term nation

device, and a sjignal |ine coupled between the first and second integrated
circuits. Dustratiygemyodimentp of the present invention are described below. In the interest of

PCTI U59_9/ ?C%Qy, not all aspects of an actua) implementation are described in this specification, It wilBof
Fig. 4 is a schematic diagramillustrating an integrated circuit having an
on-chi p, course be appreciated that in the development of any such actual embodiment, numerous
implementation-specific decisions must be made to achieve the developer’s specific goals, such
as compliance with system-related, and business-related constraints, which will vary from one
implementation to another. Moreover, it will be appreciated that such a development effort
might be complex and time-consuming, but would nevertheless be a routine undertaking for

those of ordinary skill in the art having the benefit of this disclosure.

Overview

Embodiments of the present invention provide circuits and methods to terminate off-chip
transmission lines without requiring an external resistor on each signal line, thereby reducing the

amount of wiring required, as well as reducing system cost.

Exemplary circuits in accordance with the present invention include an impedance
control circuit having an output terminal coupled to a reference p-channel field effect transistor
(PFET) in order to control the output impedance of the reference PFET such that it substantially
matches that of a single external resistor. The impedance control circuit output terminal is also
coupled to drive the gate terminals of termination PFETS coupled to each of the external
transmission lines to be terminated. In this way, a single reference resistor allows many
transmission lines to be properly terminated, notwithstanding process, voltage, and temperature

variations on the receiver chip. It will be recognized by those skilled in the art that a field effect



i npedance-controlled term nation device, in accordance with the present

i nventi on. Fig. 5is a transistor-level schematic diagran show ng
the on-chip, i rrpedance-cont rolled term nation device of Fig. 4.
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be term natmdstibe. this way, a single reference resistor allows many _
transm ssion lines to be properly term nated, notw thstandi ng process,

vol tage, and tenperature variations on the receiver chip. It will be
recogni ze@edmindlpse skilled in the art that a field effect

The terms, chip, integrated circuit, monolithic device, semiconductor device, and
microelectronic device, are often used interchangeably in this field. The present invention is

applicable to all the above as they are generally understood in the field.

The terms metal line, trace, wire, conductor, signal path and signaling medium are all
related. The related terms listed above, are generally interchangeable, and appear in order from
specific to general. Various conductive elements on printed circuit boards have been referred to

as lands, vias, and plated through holes, as well as conductors.

The term “gate” is context sensitive and can be used in two ways when describing
integrated circuits. As used herein, gate refers to a cirenit for realizing an arbitrary logical
function when used in the context of a logic gate. Gate refers to the insulated gate terminal of a
three terminal FET when used in the context of transistor circuit configuration. Although a FET
can be viewed as a four terminal device when the semiconductor substrate is considered, for the
purpose of describing illustrative embodiments of the present invention, the FET will be

described using the traditional gate-drain-source, three terminal model.
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4 transi stor can be viewed as a variabl e i npedance devi ce wherein the
i npedance between source and drain terminals of the transistor are a

function of W&ot age applied to the gate termnal. crudbhsfpnative
enbodi ments of the invention nmay use conbi nations of NFETs and PFETs as

both a reference term nation device, and as an i npedance-controll ed signal
line term nation device. By replacing external termnation
resistors with on-chip, inpedance-contrélled, termnation devices, the
circuit board area required for external resistors is saved. Additionally,

the wiring st Uﬂ%o%ﬁprg eﬁl@%ﬁﬁkla{f‘ﬁm@&%% Ia.it’)s%'s?én%r efeQrd :P%Jnl;bgpefl ver
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In a number of modemn electronic systems, buses are used to interconnect verious
integrated circuits. Buses typically refer to a logical collection of interconnection signal lines.
Often, each of the interconnection signal lines of a bus may have more than one signal source,
and/or more than one signal receiver coupled to it. In some high performance systems, such as,
but not limited to, computers, buses are used to interconnect microprocessors to chip sets, or to
other microprocessors. A key characteristic of such interconnections is that very high-speed
operation is desired. It has become common to use Gunning Transceiver Logic (GTL) or other
similar circuit configurations for drivers and receivers in systems with such high-speed
operation. These open drain drivers require that the transmission lines, which conrnect the
varicus intcgrz;tcd circuits together, be terminated through a resistor to a termination power
supply node. The termination power supply node is often referred to in this field as Vit In
operation, a typical value for Vit is approximately 1.5 volts. Those skilled in the art and having
the banefit of this disclosure will recognize that other values may be chosen for the termination
power supply. The present invention is not limited to any particular value for the termination
power supply.

Termination is commonly accomplished by co-locating external resistors on a board, or
substrate along with the integrated circuits. In a computer system, these external termination
resistors are often placed on the motherboard, or in the case of a microprocessor, such as a
Penticm® II processor available from Intet Corp., of Santa Clara, California, on a single edge
connection cartridge. One or more external resistors are used for each interconnection signal

line. An external resistor coupled to an interconnection signal line of a bus generally serves two
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I ogi cal col leg'ﬁt Ic(r)c 0% rcf]@cth (t:b%g rltecotu CP c%ntsnlmg to travel up and down the transmission line,
and consequently interfere with subsequent signal edges. Those skilled in the art will recognize
that although impedance is a complex value including resistance and reactance, it is common to
select a resistor having a particular resistance value when terminating a transmission line. As is
common in this field, and as used herein, impedance-matching may refer to providing a
resistance which acts to make the impedance of a load substantially equal to the internal

impedance of a source of power.

Although the use of externat resistors provides a termination that is well matched to the
transmission line, this configuration has several disadvantages. The discrete external resistors
are expensive. Furthermore, these external resistors consume valuable real estate on the board or
cax’tric-ige substrate on which they are mounted. Additionally, there is a stub on the transmission
line where the input buffer is connected. This stub tends to reflect some portion of the signals

that are traveling on the transmission line.

In an illustrative embodiment of the present invention, termination for the transmission
lines is provided for by PFETs that are integrated on-chip with the receivers that are coupled to
bus lines driven by open drain drivers. In this illustrative embodiment, the bus lines are driven

by GTL+ drivers. In altemative embodiments, termination for the transmission lines is provided



O ten, each of the interconnection signal |ines of a bus may have nore than
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m croprocessors. A key characteristic of such interconnections is that very
hi gh- speed operation is desired. It has becone comon to use Gunni ng
Transcei ver Logic (GIL) or other simlar circuit configurations for drivers
and receivers in systems with such hi gh-4peed operation. These open drain
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t he case oferfprmpeopr ocessor, such as a Pentium || processor avallable from
Intel Corp., of Santa Clara, California, on a single edge connection
cartridge. One or nore external resistors are used for each interconnection
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PCT/ US99/ 30607 Fig. 2 shows a schematic representation of an embodiment of the present invention. In6
this case, a portion of an integrated circuit is shown, and more particularly a portion of an input
buffer with an on-chip, impedance-contrelled termination device, and an impedance control
circuit with reference devices is illustrated. Those skilled in the art, and having the benefit of
this disclosure, will recognize that the present invention is not limited by the functionality of any
particular integrated circuit. That is, the on-chip, impedance-controlled termination devices of
the present invention may be implemented on integrated circuits that function as
microprocessors, chip sets, memories, graphics controllers, or any other type of integrated circuit
that may be coupled to a high speed bus. Similarly, it will be recognized that although one
termination device is illustrated to explain the invention, a plurality of termination devices may
all have their impedance controlled by a single impedance control circuit. That is, a single

external reference resistor may be used to substantially set the impedance of a plurality of

termination devices.

As referred to herein, an impedance control circuit is a feedback loop that controls the
impedance of a reference on-chip driver by operating the reference on-chip driver in conjunction
with an off-chip resistor. In one implementation, the impedance-controlled on-chip driver is
implemented as a field effect transistor. In alternative implementations the impedance-controlled

on-chip driver is implemented as a combination of NFETs and PFETs, wherein the number of
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fully below, a plurality of NFETs and PFETs are used in combination to form both the reference

device and the termination devices. In such an implementation, the gates of the FETs typically

receive digital control signals rather than an analog bias voltage.

As shown in Fig. 2, an integrated circuit includes a first PFET 202 coupled source-to-
drain between a power supply node 206 and an input node 204. Input node 204 is adapted for

coupling to an interconnection signal line such as a bus line.

An input buffer circuit 218 has an input terminal coupled to input node 204. Those
skilled in the art, and having the benefit of this disclosure, will recognize that there are many
input buffer circuit configurations suitable for both receiving signals from a bus line, and
coupling to an on-chip, impedance-controlled termination device. Any suitable input buffer
circuit configuration may be used in conjunction with termination devices in accordance with the

present invention. The input buffer may be as simple as 2 logic gate, or may be very complex
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by i npedance-controlled term nation devices that include conbinations of
NFETs and PFGASa0/41300 Note that if there are nultiple igdea$ked:

circuits functioning in a systemas receivers or drivers, only the devices
at the far ends of the transm ssion lines need to incorporate term nations.
Al so, because the term nation resistance does not need to match the
transm ssion line perfectly, less ideal But sinpler tracking circuits may
be used w thout unduly sacrificing perfornmance. Circuit Configuration
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o ot i PRy ek EREh R RRLEe, Wid ot R3R0D BRI bl e BB S et et ¢
That is, tbhentohciohit@14.i Apesiiton@d6 sonuplal Heewken sodei2i atndgrodtel iResiston21gtihe
present in | I | nt .at e jrcuits t . fypction
as micropr %%égggké%%ﬁ?%cé@%‘%g@n%ﬁggl @2{16 'E[F '§%h‘|’cc_°§_mdbc°o’r?fern ETCF’ trog,gla‘itolf' agﬂy ot her
type of i nblgratsead wiithraguicisidnivd t/-rigy bisshcinupitienistnot imiedgh asypeedcud Salue of

Simlarly, it wll.be recogniz al ugh one.term nation device is
i |l ustrat effsbts%méexglhgi"%te?ﬁ%g%\?gg‘fﬁrﬂsﬁmgﬁ)ﬁra& Soppiedin et PeFE 98y ABes
may al | hawepith@ininal ahiegadme: @anblrcatdiezlidayals @upigh & rodpegirnce contr ol

circuit. That is, a single
PFET 210 together with resistor 216 and impedance control circuit 214 are used in

operation to produce a bias voltage at node 208. The bias voltage at node 208 determines the

effective impedance of the path between input node 204 and power supply node 206,

Fig. 3 illustrates a system, in accordance with the present invention, having, a first
integrated circuit with an on-chip, impedance-controlled, termination device, a second integrated
circuit with a bus driver, and a signal line coupled between the first and second integrated
circuits. More particularly, first integrated circuit 201 is as shown in Fig. 2. As shown in Fig. 3,
second integrated circuit 301 has an open drain driver circuit. In this illustrative system, the open
drain driver of integrated circuit 301 is implemented by an n-channel field effect transistor
(NFET) 302. NFET 302 is coupled drain-to-source between an output node 304 and ground. A
bus line 306 is coupled to output node 304 of integrated circuit 301, and is further coupled to
input node 204 of integrated circuit 201. In this way, an interconnection signal line is provided

between the two integrated circuits.

Fig. 4 shows a schematic representation of an alternative embodiment of the present
invention. In this case, a portion of an integrated circuit 401 is shown, and more particularly a
portion of an input buffer with an on-chip, impedance-controlled termination device, and an
impedance control circuit with reference devices is iliustrated. In overview, as can be seen in Fig. 4,

a reference termination device is configured in series with an external precision resistor to form a



external reference resistor may be used to substantially set the inpedance
of a plurality of term nation devices. As referred to herein, an

i npedance control circuit is a feedback |oop that controls the inpedance of
a reference gn-chip driver by operating the reference on-c ari in
conj unction WA of £ - chip resistor. In one |nplenentat|ghﬂmg%@M&

| npedance-controlled on-chip driver is inplenented as a field effect
transistor. In alternative inplenentations the inpedance-controlled on-chip
driver is inplenented as a conbi nati on ab NFETs and PFETs, wherein the
nunber of WO 0/ 41300

PCT/ t US99/ 30607 . . . . . . 8
NFET/ PFET palfagedividat TheouiptiriodtioGhis yeltase Aiviesis conpladip aveiness tesminehef adr i ver .
Gener al | y, cédhi@rdi&@f TheBRPuBdLITiaRedhit V8l agh SivREL EbFEAR dn%hrpou%@ﬁed B aSEHhES
to an external, precision resistor, thereby form ng a voltage divider with

the resi st BPut tyrrinal of e grppagtor Tae ehtpys &F the cemparatonineoupled foasstale machincdhat o

field effeghcddndRSichbmrke coftfol fn'ﬁ&m‘ﬁfxcfrﬁfé&d me&ee &eﬁdr@afs@ms nftliarRe BE tHE ?Jfér&ﬁ of
field effect tranS|stors or the nunber of field effect transistors that

are t ur nedimssiancecommllsdiavics upt] tat iagedanse drspbsiantiplly uthed ipthgiof hearietaby t he
vol tage di Mkid@f. THR dAGuBIEE S inddhing, mepn%g th?JucB Q@xgﬂ&W p§§§@ﬂ[‘.xy sefpéhL age.

Under these conditions the inpedance of the on- driver

ref erence ¥psfancepf apimpedgacesapistlishtarminpijonedsis. Subst ant i aI ly

| dent i cal coples of the on-chip driver are used as inpedance-controlled
drivers (i. Sirefering itoRsdb ¢ irdfergyce tyminatipndegise ALY s qouplpdda 2 pede 412. A

substanti aJe&lYtomtﬁqchuBﬁd,@éR@c'&ﬁ‘ Abde 412 and ground. Resistor 416 is typically a precision resistor
(e.g., +/- 1%) external to integrated circuit 401. A resistor 422 is coupled between node 412 and
node 432. A capacitor 424 is coupled between node 432 and ground. Resistor 422 and capacitor
424, taken together, form a low-pass filter. The low-pass filter acts to reduce high frequency noise
injection. Capacitor 424 also acts to block power supply noise injection. The RC time constant of
the resistor and capacitor is discussed further below in connection with the rate at which the output
of a comparator is sampled. In this illustrative embodiment, resistor 422 is formed as an n-well
resistor, and capacitor 424 is formed as an n-channel field effzect transistor (NFET) with its source
and drain terrninals electrically tied together. It will be appreciated that other structures can be used
to form both resistors and capacitors, and the present inventicn is not limited to n-well resistors, or

NFET capacitors.

Resistors 418 and 420 are coupled in series between a power supply node 406 and ground, so
as to form a voltage divider. More particularly, resistor 418 is coupled between power supply node
406 and a node 434; and resistor 420 is coupled between node 434 and ground. Each resistor has an
impedance that is equal to, or snbstantially equal to, the impedance of the other. In this way the
voltage at node 434 is substantially equal to one half the voltage at node 406. In this illustrative
embodiment, each of resistors 418 and 420 is implemented as a PFET with its gate terminal coupled
to its drain terminal, and its body terminal coupled to its source terminal. Each of resistors 418 and
420 is preferably formed on integrated circuit 401 so as to have substantially identical physical

layout. Bach of resistors 418 and 420 has a resistance substantially equal to twice the resistance of



re5|stor I n one |nplenentat|on a field effect transistor is configured to
receive a voltage at its respective gate termnal that is substantially the
sane voltage as that applied to the gate termnal of the reference on-chip
driver. In suwby/asoenbodi nent ot her parameters, such as powerusuBshY

vol tage and substrate voltage are al so nai ntai ned at val ues substantially

I dentical to those used in connection with the reference on-chip driver. In
an alternative inplenentation, dlscussq nore fully below, a plurality of
NFETs and PFETs are used in conbination to formboth the reference device
and the term nation devices. In such an inplenentation, the gates of the

FETs typi @akdowzzeaetapemd;r Qldx&Em@QﬂU:E@Jechrhc@i@&B@arfd%&ﬁﬂ tls&?aeuﬁflzégﬁé 8%13% as
vol t age. own in_Fi an |ntegrated circuit inclu i rst

PFET 202 RV Pléa’lys%%@e@an G?Pégﬁlpfﬁ%‘é {tdened ahysFhageg Hiekd °Ff6%!éramrdﬁﬁﬁ'é)n

i nput  nodwit? 1ésoukddRHE dRRCEmAAMs dl&trﬁ‘dﬁ@ﬁ&qo%&fcr crupl l')é"zQ;pltegla@H that other
i nterconnection signal |Iine such as a bus Tine. An i nput %

circuit 2PHCIERS cahbs wigdito ot bath isisBARr edpaitprs, Apslihe progsat lzmlwﬂ'ha@ehrskcrd | ed

in the ar prendediadk s NFRE cRBRdtt of this disclosure, will recognize that
there are many input buffer circuit configurations suitable for both

recei ving si grsfiseferMg@FRUS il aiBe seemdmp@ébmplaﬂ%rm R t@8inphy zpm% als and an
i npedance-control |l ed term nation device. z suitabl e 1 nput ? circuit

conf i gur aQUtBHA terEKpabeA fisb BpPpticEviy arompamitoistthis raipitdianeds 438 oni 6 wonmlnput
accor dancgrmyhiihy E&ﬁpmtaaﬁaﬁs aoeyi@&lio'ngae 43408n lhwgyv\%l!g%l/?{ﬁ gtg%dpgﬁf@hﬁh Pl e as

a logic gate, or be verx conpl ex
PcM US99 /lggfp@ss f xltered function of the ratio of impedance between reference termination device 410 gnd

resistor 416, is compared to the voltage at node 434, which is substantially equal to one half the

voltage at node 406.

A state machine 430 is coupled to the output terminal of comparator 428. State machine
430 is also coupled to receive a clock signal CLK. The preferred period of clock signal CLK is
equal to or less than one half the RC time constant of resistor 422 and capacitor 424. The output
of comparator 428 is sampled by state machine 430 in accordance with the period of clock signal
CLK. State machine 430 generates an output that is coupled to reference termination device 410
through digital low-pass filter 436, If the output of comparator 428 indicates thal the voltage at
node 432 is higher than the voltage at node 434, then state machine 430 generates an output that
causes the impedance of reference termination device 410 to increase. Similarly, if the output of
comparator 428 indicates that the voltage at node 432 is lower than the voltage at node 434, then
state machine 430 generates an output that causes the impedance of reference termination device
410 to decrease. Implementation of such state machines is well known in this field, and such
blacks are often synthesized by computer software. Those skilled in the art will appreciate that
actual gate leve! implementations may vary based on such factors as, for example, whether the
state machine is to be constructed from gate arrays, standards cells, or full custom designed

integrated circuit layout.

Still referring to Fig. 4, it can be seen that the output 408 of state machine 430 is coupled



and include | evel shifters, latches, differential anplifiers, and/or

mul tiple stages of buffering. The present inventionis not limted to any
particul ar i nput buffer configuration. Still referring to Fig. 2.
a second PF s coupl ed source-to-drain between pomerc§ﬁg9 ode 206
and a node E%E%%%gge 212 is also coupled to an input termn %yﬁ&

i npedance control circuit 214. A resistor 216 is coupled between node 212
and ground. Resistor 216 is typically external to the integrated circuit.
In the illustrative enbodi nent resiston2216 is a 50 ohmresistor with a
precision of +/- 1% but the invention.is not |limted to any particul ar

val ue of S ce. term nals of, PEETs 202 an Q.are coupled in
conmon totroa dﬁ%&e 0 Plﬁer g?ﬁé e{]}c PEPE H%ﬁ“e%PV fh (B‘hvh%”élgﬁt‘égl‘s ©Ppiedior 214
is also szjpipedi\ntdacdmﬁdﬂcﬁ%manon device 4OPFﬁIcﬁﬂQv&@Q£bhﬂddeN3jhrﬂﬂ§4 alg@f 216
and i npedance_cantr ci.rcuit. 214 are used in operation to produce a bias

vol t age atc¥Fiduye lyTﬁés possille gt yrafgmachine 430 avi ‘léﬁ‘@“ﬂ'éat“ér‘?ﬁrﬁ‘é§effq%ceef fective

i mpedanc ete@finitioe d@ﬁ&mm\ﬁd&\&@@aﬂd%&émﬂQd@np%@ﬂxc@r!ﬂxgmw{v-p%d[Pil&l:r>’43'80de 206.
Fig. 3 |IaJJuustrat es a s%/{ @ in accordance with the present inventi-on,

havi ng, a“f{'¥°8t S34itRFFEt el EHPEGPRerHiFh Y St BrEEKi430 21dip diarrueraidnt r of | ed,

term nat | Rt A8 sGR theDduGPBCSTREhtel rAdcREE aﬁ(ﬁ(inﬂ’hf &4, im dﬁ@dﬁrﬂe@orﬂ%ﬁlcc@(e"%ﬂﬁnonand a
signal Iinpe, cougol ed between the first- and second integrated circuits. Mre

parti cul vige 49 ProYidest e s etotls impadance e vithaghiahhg whminters pnsmissigs s hown
in Fig. 3jresecond integrated circuit 301 has an open drain driver circuit.
In this illustrative system the open drain driver of integrated circuit

301 is inpl enpyMepehitayy, Atidr 16N ARG ecf m@&&t&e&&:%&%&g&% JEEEJ}méOZ NFET -
302 is coupl ed drai n-to-source between an out put node ground. A bus

li ne 306 Tahwsdd-cthit BabEsytio tidmacdcs contrel sigags. apdderfoe e imsgance ghd i s
further cRuRhRHaloR dePalt odMEEng2Pdin bin 1&351%95&&&%% r:@:uu%d%%m daed NI S vay,

an i nterconnection si gnal [ine is pr ovid between tegra e
ci rcui t s.conditions. Sugij ggcillatiagn piggldge éeéh@h'hw% Wroeﬁgrbegéwpta@ i"bihC'Gf"t witheyitther nat i ve

embodi nengigi@f lo(vtk%sspﬁl?e?eﬁ%wb\@y Q! a%nﬁéu'?atiton Ry %@§&an@2&9§ il th%flov@g?ss an

integrated circuit 401 is shown, and nore pafrticularTy a portion
|nput bufffler iswimmher 4o irereragat phen ‘h?)@éé#i'demeﬂ%qecﬂoh‘é@kti&mmém &#0 bveiace, and

an i rrpedava%emaxtgmmsa o@wr&mw,ctnfan msét;erw@@m#oeaég,@ﬁw esk hh&}%& BltGn | N

overview, as can be seen In 2 a reference termhation device is
confi gur Eamperaopdd8eand siatermashing 430 priz ongyinpetisigna s preesissed By thedow prsmfidter,

i.e., the output of comparator 428. Whereas by placing digital low-pass filter 436 as shown in
Fig. 4, it must process all the control signals generated by state machine 430, i.e., the wider

datapath must be accommodated in the physical design of the integrated circuit.

In a further alternative embodiment of the present invention, the digital control signals
sent to impedance-controlled devices 402, 410 may be passed through a series of latches between
the source and destination of the control signals. Such a series of latches may be referred to in
this field as pipeline latches. Although such pipelining introduces additional latency, this is not
typically considered to be a disadvantage. Those skilled in the art will recognize the logical
equivalence of coupling the impedance-controlled devices either directly to the source of their

control signals, or through a series of latches.

Impedance-controlled termination device 402 is coupled to a node 404. An input buffer
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vol tage divider. The output node of this voltage divider is coupled to one
i nput term nao @f41mwe conparator. The out put node of a secongbwedobasker

di vider, fabricated on-chip, is coupled to a second input term nal of the
conparator. The output of the conparator is coupled to a state machi ne that
functions to generate control information used to reduce or increase the

| npedance of the reference irrpedance-con‘?r ol l ed device until that inpedance
IS substantially matched to that of the external resistor. The output of

the state FEGREREcoulcdes ndRABE.NAs AREMA QnflicHbt Bl HRWRESShehd shbh 1n HELS.
t he i npedance of an inpedance controlled term nation device. =Still

referring BAnkEFylable inpyt puffes pisyitcontigupmting miap e ded irceonjingtianswithotaptieiono a
node 412. Avie$ inSkQrd4hlOwitR the QHRLE %vcgﬁgwgingﬁ%%ifé a)%das g{ﬂ‘%lﬂ@%g 155? I stor
- 0

416 is typically a precision resistor . g., exter

i nt egr at ed8¥%: OEWRY beleery complexsind insluds Jevel shiftwopiches, Bidferatsi amplifiers bd/and node
432. A capagidhRlstdedorbrrGHiP Hﬁgg#ré,?c%)f"@%hn&? %of‘l%%it&ﬂ? afy ga?{i‘c% ReRt 1§Jf%g5322

and capacitor 424, taken t 6get rma [ ow pass el ow
filter actepnfiguraieiuce hi gh frequency noise injection. Capacitor 424 al so
acts to bl ock power supply noise injection. The RC tinme constant of the

resi stor and cdpadishews insillgitgivesiptinientatioresf theettmvindtion donrremsddomthai t h t he
rate at whi put sk A 1S this ill Ive
ebod et HRdiEy SR, his ANCAR AbBhhel iR PR 3 dna el shepver o3 V54
i s forned ascaupledimpranliebbetiveealacpowkrf spply npdamid st outptieEEl) Thai NFETstasd BPETsC €

other ot gy eanpRrEha<ohEA ipkul Lt PRSI, ol N PR ey (e
present i rapdwffiabsubstentivdly theisame gutet Bore paeticularle,si REEAY 304 iotoupleEdocapadirdior S.

between a power supply node 502 and a node 516, and a PFET 506 is coupled source-to-drain

between power supply node 502 and node 516. Similarly, an NFET 508 is coupled drain-to-

source between power supply node 502 and node 516, and an NFET 510 is coupled drain-to-

source between power supply node 502 and node 516. Two control signal nodes 518, 520 are

coupled to the gate terminals of PFETs 504 and 506 respectively. Caontrol signal nodes 518, 520

are also coupled to the input terminals of inverters 512, 514 respectively. The output terminals

of inverters 512, 514 are coupled to the gates of NFETs 508, 510 respectively. The termination

device shown in Fig. 5, can be used as the both the reference termination device 410 and the

impedance-controlled termination device 402, in the embodiment shown in Fig. 4.

Those skilled in the art and having the benefit of this disclosure will recognize that a
larger number of transistor pairs can be used to provide for a finer granularity of impedance
matching. For example, if five binary weighted pairs were used in the termination device of Fig.
5, then a selection of 31 different driving impedances would be available. The present invention

is not limited in any way to a particular number, or type, of transistor.

In order to control, or reduce, power consumption, portions of the circuitry of the present

invention may be shut down. More particularly, during a low power state, in an integrated circuit



Resistors 418 and 420 are coupled in series between a power supply node 406
and ground, so as to forma voltage divider. Mre particularly, resistor
418 i s coupl ed between power supply node 406 and a node 434; and resistor
420 is couphgsledpgigpeen node 434 and ground. Each resistor fgasossdspedance
that is equal to, or substantially equal to, the inpedance of the other. In
this way the voltage at node 434 is substantially equal to one half the
voltage at node 406. In this illustrative enbodi nent, each of resistors 418
“and 420 is inplemented as a PFET with it gate terninal coupled to its
drain termnal, and its body term nal coupled to its source termnal. Each

of resi st .8 ] ' 1 circuit . 401 so
as to haverDtiafi BROiadidEnRhThElASlchel CBBofls bk BALEL S RbELMRIE )1 5
and 420 hasllanairesinipg deoe deuttratization. aTHeyteraomeagibn ticuttny vol thus stop @sdkidgance of
\éuc).r?glsgé‘z’%ggﬁxfms in voltage and temperature, but will continue to terminate (somewhat less effectivewa_

resi stor 42trandmizsipatindsoSind@énly s re¢oivelly estalb edimbeeof cooukd sib3ds,apd tigisouded to
Capacitor 42 cts to block power supply npoise injectiaqn.. acjtor 424 is
Formed. as 4 O 16k 2akeh e aF PP TEetE Puaing I B rpehle. B SRS bdr o and
drai n t er neadableatadebffi Thdsk ykillédd tHeagtaihd Biving the benkfit o ehiadiplReicatigd t hat

ot her strugctures canhb§(¥s§%lto forgrg%th resi stors and capacitors, and the
present i HVERDFOH] AR SR TR P MPOpREREIREPRYSF S or  NFET capacitors.
Still referring to Fig. 4, it can be seen that a conparator 428 has two

input termnals and an output termnal. A first input term nal of
conparato;-e—oﬁggﬂ% coupl ed to node 432, and a second input term nal of

conpar at or 428_i oupl ed to node 434. In this way, fhe voltage at node
o oh 12 BBt 6 ht P BRUR AL PR Bt pedhire- Bl Gaainaon
bet ween r et Bt&F6AeAEAdling Ghistisse VihesisddlOr M@hlspeed signaling between integrated

circuits,

An advantage of embodiments of the present invention is that a single external reference

resistor can be used to set the impedance of a plurality of on-chip termination devices.

A further advantage of embodiments of the present invention is that, external termination

resistors are not required for each bus line.

The present invention may be implemented with various changes and substitutions to the
illustrated embodiments. For example, the present invention may be implemented with register
programmable impedance control parameters. Another alternative, is where active devices other
than PFETs, e.g., NFETS, are used as termination devices. A still further alternative uses an

active circuit rather than a resistor to provide the reference impedance.

It will be readily understood by those skilled in the art that various other changes in the
details, materials, and arrangements of the parts and steps which have been described and
illustrated in order to explain the nature of this invention may be made without departing from

the principles and scope of the invention as expressed in the subjoined Claims.



resistor 416, is conpared to the-voltage at node 434, which is

substantially equal to one half th _ 406. A state
machi ne 430 is coupled to the out pztm ﬂmiiﬂﬂmﬂﬁ nparator 428. State
machi ne 430 4% ¢sl4sy@o coupl ed to recelVe: s al CLK. pdeudasedser r ed

period of clock signal CLKis equal to or |less than one half the RC tine
constant of resistor 422 and capacitor 424. The output of conparator 428 is
sanpl ed by state machine 430 in accordance with the period of clock signal
CLK. State machi ne 430 generates an out dﬁt that is coupled to reference
term nation device 410 through digital |owpass filter 436. If the output
of conpar afvas: i¢<d8imeadqd:cates that the voltage at node 432 is higher than the
vol tage at node 434, then state machine 430 generates an output that causes
t he i npedahce d¥fCiF@ftEPBAGYNE er ni nati on device 410 to increase. Simlarly,

I f the output qf Snfpe gl 432 is

| ower than theqvfgft?g}g?gﬁat n%aﬁé@%%i}?b?ﬁa&eﬁ%g%ﬁga%g%i ne&%g)g’ 'S‘}é‘ﬁg‘?&;?é'*??an

out put t haitodedhessst vasiable imredanse devige havipg pidpastonespntrel sarinbnal:devi ce 410 to

decrease. Inpl g ath MO hnSdinl £LAL ' hS L this
field, and suchrggfbg\cks aree B?dt%en sylgt Eoélg%ggb b?”@%ﬁ e“r’égréé%\%or%g.anéfﬁose
ski | | ed i reeednd nade, thei se¢ond ypriablei impedandeadevige bavirlg ag leaes ohesaitrol lephieatent at i ons
may vary based : ri e I ) . Lhe state machine
is to be constrag%'tlgg‘ggP?tg‘?n%cg?éeg?erué%g,mes%an é’?%f’swgé‘Hag?’ a(‘)‘? full custom
desi gned i nt egraimpkdgicecontto! Figopgbaving an input terBinal 4ndragfeest ohargutpwa tdringnal,4he i t

S%n Ogi 4?_2 8p\1tt I?e%ix;[apgf tRéJxlh%%anélg (,80718& c?r%\?i& gougﬁeﬁ P& tgee se%g’r())d rilo%e,ca(le'dl %eeagj least one

PCTi US99/ 36t terminal coupled to the corresponding control terminals of the first and second variable2

impedance devices,

2. The circuit of Claim 1, further comprising an input buffer coupled ta the first node.

3. The circuit of Claim 1, wherein the first variable impedance device comprises at least one
PFET.

4. The circuit of Claim 1, the second variable impedance device comprises at least one
PFET.

S. The circuit of Claim 1, whercin_thc first and second variable impedance devices both

comprise field effect transistors.

6. The circuit of Claim 1, wherein the resistive pathway comprises a resistor.
7. The circuit of Claim 1, wherein the resistive pathway comprises an active circuit,
8. The circuit of Claim 1, wherein the impedance control circuit comprises:

a comparator having at least two input terminals;
a first voltage divider coupled to a first one of the comparator input terminals; and

a state machine coupled to an output terminal of the comparator.

9. The circuit of Claim 8 wherein the impedance control circuit comprisas:
a comparator having at Jeast two input terminals;

a first voltage divider coupled to a first one of the comparator input terminals;
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to a digital lowpass filter 436. The output generated by digital |ow pass
filter 436 is coupled to an i npedance-controtted term nati on devi ce 402.
Since the voltages at nodes 432 rml ' snQeer match exactly, it is
possible th machi ne 430 a “ﬁm:“mmmnmrnstruct !
terninationa%83@%%5210 i ncrease amd decrease §ts |npedance?8%?gﬁgg@7

| ow- pass filter 436 functions so as to receive the output generated by
state machine 430 and to filter out rapid fluctuations in the output of
state machine 430. In this way, inpedanée-controlled term nation device 402
provides a relatively stable inpedance value with which to termnate a
transm ssion_ L.in . Al'ternativel digital |owpass filter may be
coupl ed bet wedha (1)°r’Y¥)'88rSéltﬁtl)tFr Cﬂ?@“ﬁ‘ﬁ&"&“ﬁ?ﬁ%ﬁ?‘n‘é‘a ar i@dmay result in

t he i npedarseae washine@bugedoah sutpaneniidabsahodigitd hev-papadance of the

term nati 3{6 deg_hces, . oga L g# ng around an .i.dﬁ‘al operating poi nt even under
steady state coRUPIHREa8pErfugErrPRisIgAigiBlicy nass LS soupiedibetisen théoul d be
expect ed istatedmaching Whd theifirdd @ariableh@pébagietdalicd. on- pass filter. However, such a -
configurat.ion be advantageous in that the |ow pass filter is sinpler to
inplenent}Jhen23%§m8ﬂ§WW5PP§ i npedance-control | ed devices 402, 410 have a
rel atively | ar ggeddtisreante @hite€ Sirtul: Qhvisg HFatalitypdtiput dByemd hﬁg&s@&m‘ékm;t al

| ow- pass filter 436 between conparator 428 and state nachine 430, only one
i nput si gnal i & PPHFYERYEHGTISH ORBICIOFNERSHEY 19 the pidpast pnedntegrpted cighyitouplsy

conpar at orespeSivelyWeihe asphyurRbaci ng digital |ow pass filter 436 as shown in
Fig. 4, it nmust process _all the control_signals generated by state machi ne

430, i.e., thetngsratdarayEAInRIRlurEy alvpRbledRREance ierpHatiidryicesgounledi gn

of the i ntagtALad Sk plakdlity of electrical chifttudiofsUfht REfabRLIBENALd MenipRRdENRAt Of
the present invention, the digital control signals sent to
i npedanc e £&HARYIHE B EePUEPLPBR 402, 410 may be passed through a series of

| at ches bet weep, {hRdMeLEmE PR duit 8RirdgHa bl ARt fmifd) SolpRAts He 4 Such a
series of Iatchelyyréra be rgf érlrned t(‘% in ?htits f'i el%l as tpiﬁ‘:gecl ::n%bg pglttches.

Al t hough $u@InalsiohEIeiPHIMYY Phtarighleriteredansa rarmisadan dedicency, this is not
typi cal l'y jgonstgleradmle? REma 1 At YaRi-R08 2 rddies Coxtdthd Lol infegtdi AE i | |
recogni ze the |ogical equival ence of ‘coupling t he | npedance-control [ ed
devi ces ereyriad teihedmpedpneesoptid c8@iitr ce of their control signals, or through

a series @ | afgh&Sem of Claim 11 \RRIPOERvE£2BleliRbl Rt BHTABEh 1O EMhHRet02 1S
coupled to a node 404. An 1 nput buffer
at least one field effect transistor.

14.  The system of Claim 11, wherein at least one variable-impedance termination device
comprises a PFET.
15. A system, comprising:
a first integrated circuit having a plurality of open drain drivers;
a plurality of bus lines coupled to the plurality of open drain drivers;
a second integrated circuit having a plurality of receiver circuits, the receiver circuits
coupled to the plurality of bus lines; and a plurality of impedance-controlled termination devices;
wherein at least one impedance-controlled termination device is coupled to each of the

bus lines.
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is also coupled to node 404. As desc*!ﬂwﬂmw&)&waulon wi th the enbodi nent
shown in Fi gWO®413y suitable input BU L Cly sconfi gupcr/igma3emy be
used in conjunction with termnation devices in accordance with the
present invention. The input buffer may be as sinple as a logic gate, or
may be very conplex and include level shifters, latches, differential
anplifiers, and/or multiple stages of buffering. The present invention is
not limted to any particular input buffer configuration. Fig. 5
shows an i I16ust Fh¢ sysem ofiillemelst whdrein thefimpédandeevntdlat teomird@M ARt SRthish t he
enbodi nment é.o]‘dﬁlﬂ %I’—'Ah .Itn this illustrative inplenmentation, PFETs and "an
equal nunb P RFETESSPe coupled in parallel between a power supply node
and an out gar nTHesysttheof WREThS 5 plkrdir BhE Smp&iafde\eOntEDRP te@RBRL GH dévﬁ:@ﬁoﬁ'rﬁjr‘se
signal s at t.heitr .q(%ate .ter&ﬁ%[és 0 _rl1at NFET/ PFET pairs switch on a dl of f
at subst anPPE Y\PifREv e ghe an barticularly, a PFET 504 is coupl ed
sour ce- t 0- dgai NALRdtNRIT provRIREmShEBh Yor AN &R 1ARY cémpigey. 516, and a PFET
506 is couple%,sour%e:to-drai bet ween power supply node 502 and node 516.
Similarly, A8 B npedance gt RlralyHf Manable-imperapes traninatien dpvices on 8 il y
node 502 afleginelecihfi, basddcht REst IN?EJ: cnlife mumupés@dvéiﬁaﬂi%vwfenﬁ%&ﬁeeﬁg@t ween
power supply node 502 and node 516. Two control signal hodes 518, é 0 are
coupl ed t o HREAEAFEUAT nal s of PFETs 504 and 506 respectively. Contro

si gnal nodes a38tinaROindeBand i t } I rters
512,514 res pec%hi&\ﬂ/e,g;iy, he ottgﬁay@@‘?gtr&?r’?Hgﬁgkgﬁp?dg%r[%%ﬁaggqg%ﬁﬁgn grﬁ\e{&

coupl ed t o'egEateinskiLdpsedmbrast Bamrt onvaristiospiddeReediyre, MRmafacwring teddritoes, devi ce
shown i n Fhli power &BIyRRIAREd as the both the reference termnation device

410 and the inpedance-controlled termnation device 402, in the enbodi nent
shown in F,l% 4The method of Claim 18, wherein the resistive pathway comprises a resistor.

20. A method of communicating information between at least two integrated circuits coupled
by a bus, the method comprising:

adjusting the impedance of a plurality of variable-impedance termination devices on a
first integrated circuit, based at least in part on the value of a resistive pathway external to the
first integrated circuit; and

transmitting information from a second integrated circuit to the first integrated circuit
over the bus,

21, The method of Claim 20, wherein the resistive pathway comprises a resistor.
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Those skilled in the art and having the benefit of this disclosure wll
recogni ze that a larger nunber of transistor pairs can be used to provide
for a finer granularity of inpedance matching. For exanple, if five binary
wei ght ed pai rsowesieooused in the term nation device of Fig. perh§BRoR7
selection of 31 different driving inpedances woul d be avail able. The
present invention is not limted in any way to a particul ar nunber, or
type, of transistor. In ordeﬁly control, or reduce, power
consunption, portions of the circuitry’of the present invention may be shut
down. More particularly, during a | ow power state, in an integrated circuit
WO 00141300

PCTMUS99/ 30607 14
enbodyi ng the present invention, the inpedance control loop is shut down to
save power, = _Sti4q| maintaining the on die term nation. The term nation
circuitry will lﬁgs op tracking variations in voltage and tenperature,

but wll co }$€ﬂ1nate (sonmewhat |ess effectively) the transm ssion
l i nes. Sinc onIy a‘relatively small nunber of ntrol signals, e.g., those
used to exitfTThe Tow power—Stlate, are typicallylactifve—dorrng—tire—t+oy power
state, thisfis believed to bg a reasonable trade-off. Those skilled {n the
art, and haJjing the benefit_df this di'sclosure wll |recoqnize that ofher
trade-of fs fay be nade [UTEHD : ﬁéﬁ%étﬁhr
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. Enbodi nents of the present invention provide on-chip, inpedance-controlled
termnation devices for termnating transm ssion |lines used for high speed
signaling between integrated circuits. An advant age of enbodi nents
of the presentOi% 4B ion is that a single external referencecrasbsioss; can
be used to set the inpedance of a plurality of on-chip term nation devices.
A further advantage of enbodinents of the present invention is that,
external termination resistors are nof f/8quired for each bus line.

The present invention may be inplenmented with various changes and
substitutions to the illustrated enbodi nents. For exanple, the present

i nvention may be inplenented with register progranmabl e | npedance contr ol
paramnmeters. Another alternative, is where active devices other than PFETs,
e.g., NFETs, f@s? as termnation devices. A still further alternative
uses an activ CUrt rather than a resistor 20rfovi de the reference

i npedance. It will be readily understgod by those skilled in the
art that various other changes in the detaills, materials, and ajrangenents
of the parts and/s whi ch have been descrlibed and illustratell in order

to explain the-datuwe.of . this invention may jbe nade w t hout departing from
t he principl qs and scope of lthe invention ag expressed in the spbj oi ned

Cl ai ns. I V\DSBZ41 00 204
REPLACENENT $HEET | /305 \ Mhat is
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1. Acircuit conmprising: a first variable inpedance device coupl ed between
a first power supply node and a first node, the first variabl e inpedance

devi ce having at |east one control termnal: a second variabl e inpedance
devi ce coupl gfp hglvpen the first power supply node and a sephgss9a6lg; t he
second vari abl e i npedance device having at | east one control termnal. a

resistive pathway coupl ed between the second node and ground; and an

i npedance control circuit having an Qg i term nal and at | east one output
terminal the input termnal of the ingedance control circuit coupled to

t he second node, and the at |east one output term nal coupled to the
corresponding control termnals of the first and second vari abl e | npedance
devi ces and wherein the inpedance control cirguit conprises a conparator
having at least two input termnals; a fir w0l t age divider coupled to a
first one of the conparator input termn ~_and state machine coupled to
an output termnal of the conparator. |2. e circuit of claiml1, further
conprising an input buffer coupled to tthe first node. 3. The circuit of
claiml1, wherein the J++st—vai-d-able-i dewi-ce-<coapH-ses—gt | east one
PFET. 4. The circuit of claiml1l, the Fecond vari abl e i npedance ldevi ce
conprises at |east ohe PFE[o 5. ut of claim1, whereirf the first

and second variabl e ¥npedan&g devi -otHEbonpr{se field effect
transi stors. 6. Thejcircuilt of cl , whergi n Ehe Fesi §ive pat hnay
conprises a resistor 7. The cirduit 9qf cleﬂgp 1, ¥whetei nTt he rgsistive
pat hway conprises anlactive cifcuit. . The gircinNt wf cl)im1lHurther
conprising a digital | ow pass|filter gouplgd ijnal of the
conparat or; and an oWt put term nalﬁof g
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the digital |ow pass filter fuaner couplred to the state rracmwcgmmmﬁgﬂ

circuit of claiml, further | ow- pass filter coupled
bet ween t he swas gy 3ghi ne and {ﬂmn"ﬂgmu Irﬂiune i npedance dev. .
(Amended) A system conprising: * at | east cne*integrated ci rcu#{;lelﬂgl”;:’n‘sgo a
plurality of output drivers disposed therein; a plurdlpg : SCLT |
conductors, external to the at | east one integrated cir yw%%@gkofsé‘g%m
respecti vel y to the output drivers; 15 WO 00/ 41300
16 an integrated circuit having a plurality of variabl ¢- i FRER ¢807

t erm nati ogyersictase&RUP! ed respectively to the plurafify of electridal
conductors, the variabl e-i npedance term nati on devi ceg €acn maviTyg
control |npuAmraHpCO isifgpedance control circuit havifng an output termjnal
coupl ed to the control input termnals of the plurality of

vari abl ecgm?sﬁi@a?a%xél 2Rk L i@oﬁb&ﬁ%emeﬁﬁ'g@ét Eomesug g?%&né;ﬁg‘i h&de. the
first vol t?’;lyqié}eb%%1 eg\m&) J(i:%gé ?&3& to a’f%?%eg tooggéﬁ p%é‘ cOnparat or i nput

termnals; and i ne _cou

conpar at or; ,
P the second variable impedance device having at least one control terminal;

a resistive pathway coupled between the second node and ground; and

an impedance control circuit having an input terminal and at least one output terminal. the input
terminal of the impedance control circuit coupled to the second node, and the at least one output
terminal coupled to the corresponding control terminals of the first and second variable impedance
devices and wherein the impedance control circuit comprises a comparator having at least two input
terminals; a first voltage divider coupled to a first one of the comparator input terminals; and a state
machine coupled to an output terminal of the comparator.

2. The circuit of claim 1, further comprising an input buffer coupled to the first node.

3. The circuit of claim 1, wherein the first variable impedance device comprises at least one PFET.

4. The circuit of claim 1, the second variable impedance device comprises at least one PFET.

5. The circuit of claim 1, wherein the first and second variable impedance devices both comprise
field effect transistors.

6. The circuit of claim 1, wherein the resistive pathway comprises a resistor.
7. The circuit of claim 1, wherein the resistive pathway comprises an active circuit.
8. The circuit of claim 1 further comprising

a digital low-pass filter coupled to an output terminal of the comparator; and an output terminal of
the digital low-pass filter further coupled to the state machine.

9. The circuit of claim 1, further comprising a digital low-pass filter coupled between the state
machine and the first variable impedance device.

10. (Amended) A system, comprising:
at least one integrated circuit having a plurality of output drivers disposed therein;

a plurality of electrical conductors, external to the at least one integrated circuit, coupled respectively
to the output drivers;

a secong1 \ ana%&e 1mpe ance evice oupl%d i)gtwaegn %%tﬂ?ﬂtpogwgrr s”x?pr% no%e aﬁcﬁ] g second node,
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1 1. The.system of cl.aim X0, further conprisi fig reSistof-
integrated circuits. coupl e(‘i- l]mmml“mrim; c%é MENT: SHEET | 12. The
system of cl a\}v@@?,s wherein u edpnce termnatig g‘f%éb?&%-;
conprises at lea he field*effect tYarsi&tof. 23 rEhex: ystlem o claim
10, wherein at |east one variabl e-i npedance tpryn nati on devi ge|conprises a
PFET. 14. A system conprising: a first intggratet—e++~esi+dhaving a
plurality of open drain drivers; a pluralityl_ of bus |lines coupled to the
plurality of open drain drivers; a seconé i ntegrated cirtcurt™having a
plurality of receiver circuits, the receiver circuits coupled.to th
plurality odnibtegratédroirsnit haninga plucalisy of yarighle impelaner-SITRIGAY qVH:GS,F‘E’}Pﬁ‘?dnat i on
devi ces;  wespeetivelnto thephsralionef lertraashernduetors: the Varable-Brpedanae; EFFIBRIAN d5Vices
coupl ed t o &akhawhg & benthlifnpht;aed and the at | east one inpedance-controlled
termnation device is coupled to an inpedance control circuit conprising a
conpar at or 4ipinipagandt comas tirduithavinglah ougutrierming} coupleil tasthe wontrel grpud fayminals of the
coupl ed to Rufaiifysdf vafishleimpdianeaemiinaionrdevicgyt termnals; and a state

machi ne coupled to an output term nal of the conparator. 15. The system of

clai m 14, vWhgLeinind feheliaiRe dames cRaui dopprises 4 eomparasr mavingey leastwo dmput fesminals; 2
pairs of binary weighted PFETs and NFETs. 16. A nmethod of providing

term nati ongf@koldg@ Al Tb@led 1oeffrst GHRIBFteSdoRfparatcrdhpis tdrMehald énd Apedancginef

a_pl ural ity gfMahhaRLeu RRAEANTShd &ifaRaéd on devices on a first integrated

circuit, basec? at least in part on the value of a resistive pathway

external to li.hﬂlefsg/gtéﬁ] of @ﬁﬁgﬁﬁtﬁﬂh&icﬁﬁxﬂﬁgihg Q?&istor, external to the integrated circuits. coupled

to the impedance control circuit.

{

-

(D (D

12. The system of claim 10, wherein each variable-impedance termination devices comprises at least
one field effect transistor.

13. The system of claim 10, wherein at least one variable-impedance termination device comprises a
PFET.

14, A system, comprising:
a first integrated circuit having a plurality of open drain drivers;
a plurality of bus lines coupled to the plurality of open drain drivers;

a second integrated circuit having a plurality of receiver circuits, the receiver circuits coupled to the
plurality of bus lines; and a plurality of impedance-controlled termination devices;

wherein at least one impedance-controlled termination device is coupled to each of the bus lines and
the at least one impedance-controlled termination device is coupled to an impedance contro] circuit
comprising a comparator having at least two input terminals; a first voltage divider coupled to a first
one of the comparator input terminals; and a.state machine coupled to an output terminal of the
comparator.

15. The system of claim 14, wherein the impedance-controlled termination devices comprise pairs of
binary weighted PFETs and NFETs.

16. A method of providing termination for transmission lines, comprising:
adjusting the impedance of a plurality of variable-impedance termination devices on a first integrated

circuit, based at least in part on the value of a resistive pathway external to the first integrated circuit;
and
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voltage. 17. The net hod of claim 16. V\,herel n t1e2r$$E8t§i’ﬂ@ﬁ pat hway
conprises a resistor. 18. A nethod of providjnp term nation r
transm ssion |lines, conprising: operati ng a ptate machi g™ Onja first
integrated circuit, to produce at |east one cbntrol signal jndilcative of
whet her to increase or decrease the inpedance of a reference inpedance

term nation. dev {?1 cf‘thgft luraF b dea %lé impe %aﬁc{z%%%aﬁ Lﬁ%n%fen"é { &SA ﬁxts }ﬁ?eora

h sty e 3PP
Pty o TS A e AR b, Ao At ind LGRS s e
communi catﬁ ﬁ yvﬁF?ﬁerratlon bet ween at | east two integrated circuits coupl ed
by a bus,

onpr peratin stat-e nmachine, on a first
i nt egr at ed] P?:{Hef Ogtogdg’l%b&léég’%é‘?m ﬁ’éé%st‘méﬁg tg&m( FIPPTSeEE A Hgsistor:

18. A method of providing termination for transmission lines, comprising:

operating a state machine, on a first integrated circuit, to produce at least one contro! signal
indicative of whether to increase or decrease the impedance of a reference impedance termination
device based, at least in part, on the value of a resistive pathway; and

adjusting the impedance of a plurality of variable-impedance termination devices on the first
integrated circuit,

19. A method of communicating information between at least two integrated circuits coupled by a
bus, the method comprising:

operating a state machine, on a first integrated circuit, to produce at least one control signal

indicative of whether to increase or decrease the impedance of a reference impedance termination-

device based, at least in part. on the value of a resistive pathway external to the first integrated
circuit; and

adjusting the impedance of a plurality of variable-impedance termination devices on the first
integrated circuit; and

transmitung information from a second integrated circuit to the first integrated circuit over the bus.

20. The method of claim 18, wherein the resistive pathway comprises a resistor.



i ndi cative of whet ¥#8%'0 i ncrease or decrease the i npedance of a edkaigtde-4-
| npedance term nation device based, at |least in part, on -_, 2
resistive pathway external to the first integrated circuit; j'
the i rrpedance BCH ' plurali tvsplm*\rﬁalrﬁggrmmlgm amgaTIeer i nat (s
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(57) Abstract

Intcgrat d circuits include an impedance control circuit hav:ng at Jeast one output terminal coupled to an on—chip reference termination
device in order to control output impedance of the reference termination device such that it matches that of an extemal resistance. The
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