
WO 00/65788 PCT/US00/11167 

s 

10 

SELF-COMPENSATING OUTPUT BUFFER 

FIELD 

The present invention relates to printed circuit board interconnects and in 

particular the present invention relates to printed circuit board interconnects with 

limited overshoot variations and refl.ection8. 

BACKGROUND 

One of the design challenges facing the electronics industry is the 

reflection on transmission lines (e.g., traces on a PCB (printed circuit board)). 

Not limiting these reflections can cause problems that can have an impact at the 

digital level, including increased delays, increased overshoot and increased 

15 ringing (i.e., oscillations) in the signal response. FIG. 1 illustrates a typical 

system involving these reflection issues, wherein two integrated circuits are 

operatively coupled by a transmission line. FIG. 1 includes integrated circuit 

102, integi:ated circuit 108, transmission line 110, output node 104 and input 

node 106. In general, a signal travels from output node 104 to input node 106, · 

20 and each time there is a reflection from input node 106 back to output node 104 

or vice versa, causing a doubling of the total voltage. Integrated circuit 102 has 

an impedance of Zi,mat output node 104. Integrated circuit 108 is operatively 

coupled to integrated circuit 102 through transmission line 110 having a 

characteristic impedance, Z
0 • 

25 FIG. 2 is a graph of the voltage over time of the voltages at output node 

104 and input node 106 with Ziiur greater than Z
0 

causing the initial step voltage 

at output node 104 to be less than V cfl.. This in effect causes a sequence of stair 

steps between the voltage at output node 104 and the voltage at input node 106 

wherein the voltage at output node 104 has an initial step and the voltage at input 

30 node 106 jumps to twice that voltage with the refections between output node 
. . 

104 and 106 building up Until ~oltages reach v !'Al {i.e.~ stair-stepping behavior). 

Once V" is reached, the system stabilizes. The problem with this system is the 

very long delay between the initial step and the stabilizing point at V "" 
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FIG. 3 is a graph of the voltage over t4ne of the voltages at output node 

104 and input node 106 with Ziur less than Z0 causing the initial step voltage at 

output node 104 to be greater than V rJ2. This forces the voltage at input node 

106 to overshoot the desired voltage, V r.c (i.e., overshoot behavior). As shown, 

5 the voltages at output node 104 and input node 106 continue to bounce above 

and below V r.c until reaching V cc and thus stabilizing at some later point in time. 

These refl.ectio11 problems have been addressed by controlling 

impedance, Zmi~ at output buffer 104 using driver impedance matching wherein 

the output impedance, ~ matches the characteristic impedance, Z0 • This 

10 impedance matchillg forces the initial voltage at node 114 to be Vc/2. With this 

voltage, V c/2, being µ-ansmitted down transmission line 11 ~. this voltage arrives 

at input node 106, where a reflection is produced. Adding this reflected voltage 

to the initial voltage at input node 106, both of which are also. iii>Proximately Yz 

ofV cct the total voltage at input node 106 is approximately equal to Vee· 

15 Moreover, the reflected voltage at input node 106 (V c/2) is transmitted back 

toward output node I 04 causing the voltage at output node 104 to add this 

voltage to the voltage already residing at output node 104 (V c/2) to provide a 

total voltage ofV cc at output node 104. Thus the voltage at input node 106 is 

twice the initial step voltage at output node 104. In summary, making the 

20 voltage at output node 104 V c/2 causes the voltage at input node 106 to be V r.c· . 

Once V cc is reached the system is stabilized. Therefore, at input node 106, no 

further reflections are produced. 

FIG. 4 is a voltage-current (V-1) curve wherein the output impedance, 

Z,llf' and the characteristic impedance, Z0 , match through the use of digital logic 

25 compensation circuitry to compensate based on z,. This circuitry senses the 

level of the characteristic impedance and changes the V-1 curve by controlling 

how much current comes out of the buffer to maintain the voltage at V c/2. In 

particular, FIG. 4 illustrates three different V-1 curves (curves 406, 408 and 410) 

which are varied by the digital control circuitry in the range between load lines 

30 402 and 404 to match the output impedance to the characteristic impedance. In 

addition to the costs involved with this compensation circuity, this solution also 

requires several clock cycles to program the buffer to the correct configuration to 

match the impedances between the buffer and the transmission line. 
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Elimination of reflections also addresses another design challenge facing 

the electronics industry: an interconnect-related effect called Inter-Symbol 

Interference (ISI). ISI occurs at times when there is ringing (oscillation) on one 

data cycle (bit) which causes a change in the timing of any subsequent bits. ISI 

5 affects signals when the driver does not reach steady state prior to the next 

switching cycle. Additionally, ISI introduces greater skew into the timing of a 

system. Skew is a difference in arrival times (i.e., the difference in flight times) 

between two signals in a system when the two signals are employed to remain 

synchronized within close tolerances. 

1 O Even though using current compensated buffers has been shown to be 

effective in impedance matching, this approach is expensive and limited in its 

perfonnance in that it typically can only achieve interconnect skews of 500 pico­

seconds (psec). For the reasons stated above, and for other reasons stated below 

which will become apparent to those skilled in the art upon reading and 

15 understanding the present specification, there is a need in the art for a low-cost 

circuit which better controls the above-described overshoot and ringing, while 

also providing a reduction of the interconnect skews. 

SUMMARY 

In one embodiment, an integrated circuit includes a signal source. 

20 Additionally, the integrated circuit includes an output buffer operatively coupled 

to the signal source. The output buffer generates an output signal in response to 

a voltage transition at the signal source .. Moreover, the output buffer can be 

coupled to a transmission line terminated with a circuit, wherein the transmission 

line has a characteristic ~pedance which can vary over a range of A to B. The 

25 output buffer bas a voltage-current (V-1) curv~ having a voltage that is 

approximately constant over the range of A to B, wherein the output signal can 

be transmitted to the circuit such that the output signal reaches a stable voltage 

after one round trip. 

30 ·BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a system of integrated circuits. 

FIG. 2 is a graph of voltage v. time for a system having stair-stepping 

behavior. 
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FIG. 3 is a graph of voltage v. time for a system having overshoot 

behavior. 

FIG. 4 is a voltage-current (V-I) curve having impedance matching 

through the use of digital logic compensation circuitry to compensate based on 

5 output impedance. 

FIG. 5 is a block diagram of a system of integrated circuits of the present 

invention. 

FIG. 6 is a graph of voltage v. time for a system which reaches a stable 

condition in one round trip delay of the transmission line. 

10 FIG. 7 is a schematic diagram of one embodiment of the self-

compensating output buffer of the present invention. 

FIG. 8 is one embodiment of a graph of a voltage-current (V-I) curve.of 

one embodiment of the pulldown circuitry of the self".'compensating output buffer 

of the present invention. 

15 FIG. 9 is another embodiment of a graph of a voltage-current (V-I) curve 

of one embodiment of the pulldown circuitry of the self-compensating output 

buffer of the present invention. 

FIG. 10 is one embodiment ofa graph ofa voltage-current (V-I) curve of 

one embodiment of the pullup circuitry of the self-compensating output buffer of 

20 the present invention. 

FIG. 11 is another embodiment of a graph of a voltage-current (V-I) 

curve of one embodiment of the pullup circuitry of the self-compensating output 

buffer of the present invention. 

FIG. 12 is a flowchart of a method according to one embodiment of the 

25 present invention. 

DESCRIPTION OF DETAILED EMBODIMENTS 

In the following detailed description of the invention, reference is made 

to the accompanying drawings which form a part hereof, and in which is shown, 

by way of illustration, specific embodiments in which the invention ~y be 

30 practiced. In the drawings, like numerals describe substantially similar 

components throughout the several views. These embodiments are described in 

sufficient detail to enable those skilled in the art to practice the invention. Other 

embodiments may be utilized and structural, logical, and electrical changes may · 
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be made without departing from the scope of the preseri.t invention. The 

following detailed description is, therefore, not to be taken in a limiting sense, 

and the scope of the present invention is defined only by the appended claims, 

along with the full scope of equivalents to which such claims are entitled. 

5 Referring to FIG. S, the system includes integrated circuit 502, output 

buffer 504, integrated circuit 506, input buffer 508, transmission line 510, output 

node 514 and input node 516. Integrated circuits 502 and 506 can be any type of 

integrated circuit, including, but not limited to, processors, controllers, memory 

devices, and application specific integrated circuits (ASIC). In one embodiment, 

1 O integrated circuit 502 includes a signal source that generates a signal that is 

transmitted through transmission line 510 to integrated circuit 506. In one 

embodiment, output buffer 504 is incorporated into distribution of a system 

clock on a motherboard of a computer, with output buffer 504 used in buffering 

the clock signal prior to its distribution to several· different input buffers. In a 

15 further embodiment, output buffer 504 is incorporated into a system using a 

high-speed graphics bus (e.g., AGP (Accelerated Graphics Port)). 

FIG. 6 is a graph of the voltage over time of the voltages of an output 

signal being transmitted between output node 514 and input node S 16, such that 

the output signal reaches a stable voltage after one round trip. In other words, 

20 the voltage of the output signal bas optimal reflective behavior (i.e., no 

overshoot or stair-stepping). Initially, at voltage point 602 of FIG. 6, the voltage 

of the output signal at output node 514 equals approximately Yz of the source 

voltage. With this signal having a voltage of V c/2 being transmitted down 

transmission line 510, a finite time later at time point 604 this signal arrives at 

25 input node S 16, where a reflection is produced. Adding this reflected voltage to 

the initial voltage at input node 516, both of which are also approximately Yz of 

V cc• the total voltage at input node 516 at time point 604 is approximately equal 

to V cc· Moreover, the reflected voltage at input node 516 (V fl) is transmitted 

back toward output node 514 causing the voltage at output node 514 to add this 

30 voltage to the voltage already residing at output node 514 (V ccf2) to provide a 

total voltage ofV fl': at output node 514 at time point 606. Thus the voltage at 

input node 516 is twice the initial step voltage at output node 514. In summary, 

making the voltage of the output signal at output node 514 V c/2 causes the 
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voltage at input node S 16 to be V cc· Qn.~e V cc is reached the system is stabilized. 

Therefore, at output node 506, n9 fbrther reflections are.produced (i.e., a single 

reflection is retume,dJo output n9dc= 5~). 
'. .. · .. '· •' .. 

In one embodi.Jnent, ~nµs~i0n ilne 510 comprises traces on a PCB 

5 (printed circuit board). Transmissio11..liJle 510 has a characteristic impedance 

which can vary within a c~ :rm,ge of va}ues, A and B. In one embodiment 

wherein output buffer is placed ip a C()lllputer using a high-speed graphics bus 

(e.g., AGP (Accelerated Graphics :port)) or in a clock distribution network, this 

range of values is between apprc;>ximately 40 and 80 ohms. In another 

10 embodiment, this range of value~ is bet\veen approximately 10 and 40 ohms. 

Output buffer ~04 tbrou~ its output node is insensitive to interconnect 

characteristic impedance with transmis~ion µne 510 within a certain region of 

interest. The regio~ of interest is the range between A and B. Therefore, the 

voltage of the signal being gen~ted by integrated circuit 502 at output node 514 

15 remains approximately constant ove]:' this. ~ge of impedances. In one 

embodiment, this voltage is one-half of a source voltage. This source voltage 

can vary, but in one embodim~t, this voltage is in a range of 1.5 to 1.8 volts (v). 

FIG. 7 is a schematic di~~an,:i of one embodiment of the self­

compensating output buffer of th,e present invention. In particular, FIG. 7 

20 provides one embodiment for ou~ut b~ffer 504 of FIG. 5. Output buffer 504 · 

includes pullup circuitry 722 and pulldown circuitry 724. Pullup circuitry 722 . 

and pulldown circuitry 724 include trans~stors 704, 706, 708 and 714. In one 

embodiment, transistors 704, 706, 708 and 714 are integrated circuit transistors 

produced using a standard complemeµtary metal~oxide-semiconductor (CMOS) 

25 integrated circuit fabrication proces~. such as MOS field-effect transistors 

(MOSFET), having source and clrain regions, and a gate electrode. 

In pullup circuitry 722, the gate of transistor 704 within current path 730 

is coupled to input node 702. The source of transistor 704 is coupled to upper 

source voltage 718, and its drain is coupled to output node 716. The gate of 

30 transistor 70~ within current path 732 is coupled to input node 702. The source 

of transistor 708 is coupled to upper source voltage 718, andits drain is coupled 

to the anode of diode 710. The anode of ~ode 710 within current path 732 is 
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coupled to the drain of transistor 708, and its cathode is coupled to output node 
716 ,, ' / :::_::\--~ 

In pulldown circuitry 724, the gate of transistor 706 within current path 

726 is coupled to input node 702. The source of transistor 706 is coupled to 

5 lower source voltage 720, and its drain is coupled to output node 716. The gate 

of transistor 714 within current path 628 is coupled to input node 702. The 

source of transistor 714 is coupled to lower source voltage 720, and its drain is 

coupled to the cathode of diode 712. The cathode of diode 712 within current 

path 728 is coupled to the drain of transistor 714, and its anode is coupled to 

10 output node 716. 

FIGS. 8 through 11 are graphs of the voltage-current (V-1) curves of one 

embodiment of the pulldown and pullup transitions of the self-compensating 

output buffer of the present invention, wherein the voltage is the source voltage 

and the current is the output current for the output buffer. For purposes of 

15 clarity, the V-I curves and the corresponding descriptions for the self­

compensating output buffer were divided into pullup and pulldown transitions. 

PuLLDOWN TRANSITION 

FIGS. 8 and 9 are different embodiments of the graphs of the V-I curve 

during a pulldown transition of the embodiment of output buffer 504 shown in 

20 FIG. S. FIG. 8 shows the V-I curve, in tenns of a positive current flowing into 

output buffer 504, which is comprised of curve portion 806 in conjunction with 

curve portion 808 (i.e., the "constant voltage" portion}, of output buffer 504 

during a pulldown transition. Load lines 802 and 804 are the respective 

maximum and minimum characteristic load line impedances of transmission line 

25 510 between which an approximately constant voltage is maintained. In 

particular, the reciprocal of the slopes oflines 802 and 804 represent the 

characteristic impedance range, A to B, of transmission line 510. Curve point 

810 and curve point 812 are the respective points on the V-I curve where load 

line 802 and load line 804 intersect the V-1 curve (i.e., the range of the maximum 

30 and minimum characteristic impedance) and between which a constant voltage 

<Vcfl) is maintained. 

Correspondingly, FIG. 9 shows the V-I curve in tenns of a positive 

current flowing out of output buffer 504 during the same pulldown transition, 
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absent the load lines. Numbering oflbe eleiµentf~ between FIG. 8 and FIG. 9 are 

consistent for those elements which con-espond .. Therefore, curve portion 806 

and curve portion $08:(i.e., the "constant voltage" portf91l) represent the V-I 
, .. :; . . .. 
. ' . . 

curve. Additionally, ~µrve point 810 and curve point .~12 represent the knees of 

5 the V-1 curve represcmting the range of the maximum and minimum 
• '., : : : : ,: ' • • ~ I 

characteristic imp~ce and ·between which an approJcilnately constant voltage 

(V cJ2) is maintain~.'.: . . . 

Describing ~e operation of output buffer 504 of FIG. 5 in conjunction 

with the graphs of ~e pulldown transition shown in FIGS. 8 and 9, input node 

10 702 begins at the lower source voltage. Input node 702 begins receiving an ~put 

signal having a vo~tage which causes pulldown circuitry 724 of output buffer 504 

to move toward an active state .while moving pullup circuitry 722 to an inactive 

state. In particular.for pulldown circuitry 724, transis~ors 706 and 714 begin 

conducting, even though not fully tumed on. Diode 712, however, acts 

15 essentially as an op~ circuit unµl there is a sufficient voltage drop, v "(about 0.7 

volts (v)) across th~ .diode. Until this voltage drop pofrit is reached, therefore, 

the impedance seen by output node 716 is tlie impedance of transistor 706 

through current path 726, as seen as curve portion 806 in FIGS. 8 and 9. 

As the voltage of the input signal at input nod~ 702 continues to increase, 

20 transistor 706 and .transistor 714 turn on. This allows lower source voltage 720 . 

to provide a volta~e drop of 0.7 v across diode 712 thereby causing diode 712 to 

be forward-biased. The impedance through current pa$ 726 which includes 
. : . . . 

transistor 706 is greater than the impedance through current path 728 which 
; 

includes transistor 714 and diode 712, as seen in curv~ portion 808. In one · 

25 embodiment, the maximum value of the impedance of transistor 706 is within a 

range of 200-500 ~bins. In another embodiment, the impedance of transistor 706 

is greater than 75 9bms. In comparison, ideally the impedance of transistor 714 
; : . 

in series with diode 712 is zero. In one embodiment, tl:tls impedance is less than 

the impedance of transmission line 510 divided by 10~ .In another embodiment, 

30 this impedance is less than 10 ohms. The impedance of transistor 714 and diode 

712, therefore, is less than the impedance of transistor 706 to provide a step-in 

current. 
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Because of this impedance differential between current path 726 and 

current path 728, once diode 712 is forward-biased to prci~e an increased 

current flow through current path 728, the impedance seen by output node 716 is 

essentially the impedance of transistor 7_14 and diode 712, illustrated as curve 

5 portion 808 of FIGS. 8 and 9. The increased pulldown current occurs betWeen 

the range of minimum load impedance line 802 and maximum load impedance 

line 804. Moreover, because the impedance of current path 728 is much less 

than the impedance of current path 726, the slope of curve portion 808 is much 

greater than the slope of curve portion 806 to the point of being essentially 

10 vertical at approximately 0.7 v {the point at which diode 712 is forward-biased). 

Advantageously, this essentially vertical V-I curve in the range of a 

minimum and maximum characteristic impedance forces the initial voltage of the 

output signal at output node 716 to V cJ2, rather than attempting to match the 

buffer impedance to the line impedance. In particular, referring back to FIG. 6, 

15 this graph illustrates the voltages over time at the output buffer and the input 

buffer when the initial voltage is V r.c/2 and there is no unwanted stair-stepping or 

overshoot beha'Vior, as illustrated in FIGS. 2 and 3. In other words, the output 

signal reaches a stable voltage after one round trip. 

The effect of combining the output impedance with the characteristic 

20 impedance is to create a voltage divider. The ratio of the two impedances 

defines, thus, the voltage level at the node between the two. Therefore, the goal 

is to push the initial step voltage of the output signal at the output buffer to V r.c/2 

(voltage point 602 of PIG. 6) to preclude the unwanted stair-stepping or 

overshoot behavior, as illustrated in FIGS. 2 and 3. Under the prior art, in order 

25 to achieve an initial step voltage of the output signal ofV r.c/2 the output 

impedance would be matched to the characteristic impedance. In contrast, 

embodiments of the present invention accomplish the initial step voltage of the 

output signal to V r.c/2 by maintaining an essentially vertical V-I curve in the 

range of a minimum and maximum load impedance. 

30 Explained in terms of the V-I curve of FIG. 8, the slope of line 806 

represents the impedance of the output buffer, and the slope ofline 808 

represents the impedance of the transmission line. The point at which these two 

lines intersect with each other is the voltage of the output signal at the first step 
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at voltage point 602 of FIG. 6 .. Therefore, in order for the output signal to have a 

voltage level of V cc/2, the inter8(:lCtion of these two lin!3s must occur at . 

approximately V "'2::. : '.aecause the. V".I curve is essenti~ly .vertical at V c/2 (at 

line 808), this logi~~ly forces all of the intersections between line 806 and line 

5 808 to be at this voltage. Therefore regardless of the slope of line 806, the ..... ... . . r . . 

intersection of the tWp lines occurs at V c/2. In tum this provides the required 
: ·;"' ; 

initial voltage step at y cJ2, as shown in FIG. 6. Beca~e as explained above for 

FIG. 6, the voltage of the output signal at input node ~ 16 is twice the initial step 

voltage at output n()de 514. Therefore, making the voltage of the output signal at 
. . ' 

10 output node 514 Vee!~ causes the voltage at input node516 to be V cc• Once V cc 

is reached the systC?11 is stabilized (i.e., no stair~stepping or overshoot behavior). 

Using this,se~f-compensating output buffer of FIG. 7, wherein one 

embodiment it is comprised of two diodes and two transistors, eliminates the 

need for more costly ·intpedance compensation circuitry. Additionally, this self-

15 compensating outpu.t ~uffer provides the controlling of the voltage at the output 

node of the output buffer through the use of passive circuit elements (e.g., 

diodes). Achieving.the desired V-I curve by having an approximately constant 

voltage over a certain range of characteristic impedance~ has been demonstrated 

by one embodiment shown in FIG. 7. The invention, however, is not so limited. 

20 It should be appreciated by tho~e skilled in the art that this characteristic V-I 

curve where there _is an approximately constant voltage ()Ver a certain range of 

characteristic impedances can \:le achieved by other embodiments. 

In accordancp with the descriptions for FIGS. 8 and 9, FIG. 12 is a 

flowchart of a method in accordance with an embodiment of the invention. In 

25 particular, corresponding to the descriptions of FIGS; 8 and 9 of a pulldown 

transition, in block 1202, output buffer 504 of FIG. 5 receives an input signal 

having a varying input voltage. In block 1204, a first current path of output 

buffer 504 is selected which has first impedance for the current flow between an 

output node of the self-compensating output buffer and a source voltage based 

30 on the varying input voltage of the input signal. During the pulldown transition, 

this selection of the firi;t current path occurs with the voltage of the input signal 

at the input node being essentially at ground. The input signal at the input node 

begins increases its voltage causing pulldown circuitry 724 of output buffer 504 
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to move toward an active state and pullup circuitry 722 to move toward an 

inactive state. · In particuliir for pulldown circuitry 724, tr~iStors 706 and 714 · 

begin conducting, even though not fully turned on. Because, as previously 

described for FIGS. 8 and 9, diode 712 lacks a sufficient voltage drop (about 0.7 

5 v) across itself initially to be forward-biased, current path 728 is essentially an 

open circuit causing current flow from output node 716 to lower so~e voltage 

720 to be essentially down current path 726 (i.e., the selection of a first current 

path for current flow between output node 716 and lower source voltage 720). 

In block 1206, a second current path of output buffer 504 is selected 

I 0 which has a second different impedance from the first current path to provide 

current flow between the output node and the source voltage based on the 

varying input voltage of the input signal. In particular as previously described 

for FIGS. 8 and 9, once transistor 706 and transistor 714 are turned on due to the 

increase in the input voltage at input node 702, lower source voltage 720 in 

15 conjunction with output node 716 provides the required voltage drop across 

diode 712 causing diode 712 to be forward-biased. In one embodiment, output 

buffer 504 is so designed to provide a greater impedance for transistor 706 in 

comparison with the impedance of both transistor 714 and diode 712. Because 

of this impedance differential, even though both current paths (current path 726 

20 and current path 728) are conducting, the impedance seen by output node 716 is 

essentially the impedance down current path 728. The second current patl4 

therefore, is essentially down current path 728 (i.e., the selection of a second 

current path for current flow between output node 716 and lower source voltage 

720). 

25 As previously described. advantageously, the selection of the second 

current path provides enough current to cause the voltage of the V-I curve of the 

output buffer 504 to be approximately constant over the range of A to B. This 

essentially vertical V-1 curve in the range of a minimum and maximum 

characteristic impedance forces the initial voltage of the output signal at output 

30 node 716 to V fl. In block 1208. the output signal is transmitted down the 

transmission line that is terminated by a circuit. such that the output signal 

reaches a stable voltage after one round trip, as previously described in reference 

to FIG. 6. 
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PULLUP TJl4NSJTION 

Similarly, FiGS. 10and11 are different embodiments of the graphs of 

the V-1 curve during apullup transition. FIGS. 10 shows theV-1 curve in terms 

of a positive current flowing into output buffer 504, which is comprised of curve 

5 portion 1006 in conjunction with curve portion 1008 (i.e., the "constant voltage'" 

portion}, of output puffer 504 during a pullup transition. Load lines 1002 and 

1004 are the respectiye maximum and miirlmum characteristic impedances of 

transmission line 510 between which an approximately constant voltage is 

maintained. In particular, the reciprocal of the slopes of lines 1002 and 1004 

10 represent the characteristic impedance range, A to B, of transmission line 510. 

Curve point 1010 and curve point 1012 are the respective points on theV-I curve 

where load line 1002 and load line 1004 intersect the V-I curve (i.e., the range of 

the maximum and minimum characteristic impedance) and between which a 

constant voltage (V efl.) is maintained. 

15 Correspondingly, FIG. 11 shows the V-I curve in terms of a positive . 

current flowing out of output buffer 504 during the same pullup transition, 

absent the load lines. N~bering of the elements between FIG. 10 and FIG. 11 

are consistent for those elements which correspond. Therefore, curve portion 

1006 and curve portion 1008 (i.e., the "constant voltage" portion) represent the 

20 V-1 curve. Additionally, curve point 1010 and curve point 1012 represent the 

knees of the V-1 curve representing the range of the maximum and minimum 

characteristic impedance and between which an approximately constant voltage 

(V rJ2) is maintained. 

Describing the operation of output buffer 504 of FIG. 5 in conjunction 

25 with the graph of the pulldown transition shown in FIGS. 10 and 11, the voltage 

of the input signal at input node 702 begins approaching zero, causing pullup . 

circuitry 722 of output buffer 504 moves toward an active state while pulldown 

circuitry 724 moves to an inactive state. In particular for pullup circuitry 722, 

transistors 704 and 708 begin conducting, even though not fully turned on. 

30 Diode 710, however, acts essentially as an open circuit until there is a sufficient 

voltage drop, V1 , (about 0. 7 v) across the diode. Until this voltage drop point is 

reached, therefore, the impedance seen by output node 716 is the impedance of 
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transistor 704 through cWTent path 730 as seen as curve portion 1006 in FIGS. 

10 and 11. ·' ·'~ 

As the voltage of the input signal at input node 702 continues to decrease, 

transistor 708 and tranSistor 710 tum on {at about 0.7 volts below vcc{source 

S voltage)) . This allows upper source voltage 718 to provide a voltage drop of 0.7 

v across diode 710 thereby causing diode 710 to be f<?rward-biased. The 

impedance through CUITent path 730 which includes transistor 704 is greater than 

the impedance through current path 732 which includes transistor 708 and diode 

710, as seen as curve portion 1008. In one embodiment, the maximum value of 

10 the impedance of transistor 704 is within a range of 200-500 ohms. In another 

embodiment, the impedance of transistor 704 is greater than 75 ohms. In 

comparison, ideally the impedance of transistor 708 in series with diode 710 is 

zero. In one embodiment, this impedance is less than the impedance of 

transmission line 510 divided by 10. In another embodiment, this impedance is 

15 less than 10 ohms. The impedance of transistor 708 and diode 710, therefore, is 

less than the impedance of transistor 704 to provide a step-in current. 

Because of this impedance differential between cWTent path 730 and 

cUITent path 732, once diode 710 is forward-biased to provide an increased 

cUITent flow through current path 732, the impedance seen by output node 716 is 

20 essentially the impedance of transistor 708 and diode 710, illustrated as curve 

portion 1008 of FIGS. 10 and 11. The increased pulldown current occurs 

between the range of minimum load impedance line 1002 and maximum load 

impedance line 1004. Moreover, because the impedance of current path 732 is 

much less than the impedance of current path 730, the slope of curve portion 

25 1008 is much greater than the slope of curve portion 1006 to the point of being 

essentially vertical at approximately 0.7 v (the point at which diode 710 is 

forward-biased). 

As previously described advantageously. this essentially vertical V-1 

curve in the range of a minimum and maximum load impedance forces the initial 

30 voltage to V ccl2, rather than attempting to match the buffer impedance to the line 

impedance. In particular, referring back to FIG. 6, this graph illustrates the 

voltages over time at the output buffer and the input buffer when the initial 

voltage of the output signal at output node 716 is Vc/2 and there is no unwanted 
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stair-stepping or overshoot behavior, as illustrated in FIGS. 2 and 3. In other 

w~rds, the output s~gnal reaches a stable voltage after one round trip. 

The .effect ~f 9d,mbining the output impedance:~th the characteristic 
. .. . .· 

impedance is to c~ate a voltage divider. The ratio of !Jie two impedances. 

5 defines, thus, the vol~ge level at the node between the two. Therefore, the goal 
• ·' .·.1 . . .·.··· 

is to push the initials~ voltag~ of the output signalai ~e output buffer to V ,)2 

(voltage point 602 ~fFIG. 6) to ~lude the unwanted:st~r-stepping or 

overshoot behavior, ~.illustrated in FIGS. 2 and 3. Uµder the prior art, in order 

to achieve an initial st~ voltage of the output signal ofVc/2 the output 

10 impedance would be ~tched to the characteristic impedance. In contrast, 

embodiments of the present invention accomplish the~nitial step voltage of the 

output signal to V r.12 by maintaining an essentially v~cal V-I curve in the 

range of a minimum and maximum load impedance. 

Explained µtterms ofthe V-1 curve ofFIG. 10,the slope of line 1006 

15 represents the imp~a,nce of the output buffer and the slope ofline 1008 

represents the impedance of the transmission line. The point at which these two 
,· ., . . 

lines intersect wi~ each other is the voltage of the output signal at the first step 

at voltage point 602 ~f FIG. 6. Therefore, in order for the output signal to have a 

voltage level ofV cfl, the intersection of these two lines must occur at 

20 approximately V cc!~'. Because the V-1 curve is essential.ly vertical at V c/2 (at 

line 1008), this lo~c~lyforces all of the intersections between line 1006 and 

line I 008 to be at this .voltage. Therefore regardless of the slope of line 1006, the .. ~ .. . . . 

intersection ofthe:~o lines occurs at V J2. In tum this provides the required 

initial voltage step a~ V c/2, as shown in FIG. 6. Because as explained above for 

25 FIG. 6, the voltage~ input node 516 is twice the initi~ step voltage of the 

output signal at output node 514. Therefore, making the voltage at output node 

514 Vc/2 causes the voltage oftbe output signal at input node 516 to be V ec· 

Once V cc is reached the system is stabilized. 

Using this s~lf-compensating output buffer of.FIG. 6, wherein one 

30 embodiment it is comprised of two diodes and two tran,sistors, eliminates the 

need for more costly impedance compensation circuitry. Additionally, this self­

compensating outp11t buffer provides the controlling of the voltage at the output 

node of the output buffer through the use of passive circuit elements (e.g., 
: :. ' . 

-14-



W000/65788 PCf/US00/11167 

diodes). Achieving the desired V-1 curve by having an approximately constant 

voltage over a certain range of characteristic impedance& ~;been demonstrated 

by one embodiment shown in FIG. 6. The invention, however, is not so limited. 

It should be appreciated by those skilled in the art that this characteristic V-1 

5 curve where there is an approximately constant voltage over a certain range of 

characteristic impedances can be achieved by other embodiments. 

In accordance with the description for FIGS. 10 and 11 of a pullup 

transition for output buffer 504, FIG. 12 is a flowchart of a method in accordance 

with an embodiment of the invention. In block 1202, output buffer 504 of FIG. 

IO 5 receives an input signal having a varying input voltage. In block 1204, output 

buffer 504 selects a first current path which has first impedance for the current 

flow between an output node of the self-compensating output buffer and a source 

voltage based on the varying input voltage of the input signal. During the pullup 

transition, this selection of the first current path occurs with the input signal at 

15 the input node being at a certain voltage. The voltage of the input signal at the 

input node begins approaching zero causing pullup circuitry 722 of output buffer 

504 to move toward an active state and pulldown circuitry 724 to move toward 

an inactive state. In particular for pullup circuitry 722, transistors 704 and 708 

begin conducting, even though not fully turned on. Because, as previously 

20 described for FIGS. 10 and 11, diode 710 lacks a sufficient voltage drop (about 

0.7 v) across itself initially to be forward-biased, current path 732 is essentially 

an open circuit calising current flow from output node 716 to upper source 

voltage 718 to be essentially down current path 730 (i.e., the selection of a first 

current path for current flow between output node 716 and upper source voltage 

25 718). 

During a pullup transition in block 1206, a second current path is selected 

which as a second different impedance from the first current path to provide 

current flow between the output node and the source voltage. In particular as 

previously described for FIGS. 10 and 11, once transistor 704 and transistor 708 

30 are turned on due to the decrease in the input voltage at input node 702, upper 

source voltage 718 in conjunction with output node 716 provides the required 

voltage drop across diode 710 causing diode 710 to be forward-biased. In one 

embodiment, output buffer 504 is so designed to provide a greater impedance for 
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transistor 704 in comparison ~th the impedance of both transistQr 710 and diode 

708. Because of this impedance differential, even though both current paths 

(current path 730 and current path 732} are conducting, the impedance seen by 

output node 716 is essentially the impedance down current path 732. The second 

5 current path, therefore, is essentially down current path 732 (i.e., the selection of 

a second current path for current flow between output node 716 and upper somce 

voltage 718). 

As previously described, advantageously, the selection of the second 

current path provides enough current to cause the voltage of the V-1 curve of the 

10 output buffer 504 to be approximately constant over the range of A to B. This 

essentially vertical V-I curve in the range of a minimum and maximum 

characteristic impedance forces the initial voltage of the output signal at output 

node 716 to V c/2. In block 1208, the output signal is transmitted down the 

transmission line that is terminated by a circuit, such that the output signal 

15 reaches a stable voltage after one round trip, as previously described in reference 

to FIG. 6. 

Although specific embodiments have been illustrated and described 

herein. it will be appreciated by those of ordinary skill in the art that any 

arrangement which is calculated to achieve the same pwpose may be substituted 

20 for the specific embodiment shown. This application is intended to cover any 

adaptations or variations of the present invention. Therefore, it is manifestly 

intended that this invention be limited only by the claims and the equivalents 

thereof. 
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What is claimed is: * C L M S * 

1. An integrated circuit comprising: 

a signal source; and 

.. ::.',·'·:. 

S an output buffer operatively coupled to the signal source, the output 

buffer generating an output signal in response to a voltage transition at the signal 

source, wherein the output buffer can be coupled to a transmission line 

terminated with a circuit, wherein the transmission line has a characteristic 

impedance which can vary over a range of A to B, such that the output buffer has 

10 a voltage-current (V-I) curve having a voltage that is approximately constant 

over the range of A to B, 

wherein the output signal can be transmitted to the circuit such that the 

output signal reaches a stable voltage after one round trip. 

15 2. The integrated circuit of claim 1, wherein the voltage of the V-1 curve is 

20 

approximately constant at one-half of a source voltage. 

3. The integrated circuit of claim 2, wherein the source voltage is in a range 

of 1.5 to 1.8 volts. 

4. An integrated circuit comprising: 

a signal source; and 

an output buffer operatively coupled to the signal source, the output 

buffer including a number of passive circuit elements, wherein the number of 

25 passive circuit elements cause an output signal to be generated in response to a 

voltage transition at the signal source, wherein the output buffer can be coupled 

to a transmission line tenninated with a circuit, 

wherein the output signal can be transmitted to the circuit such that the 

output signal reaches a stable voltage after one round trip, independent of active 

30 control circuitry. 

5. The integrated circuit of claim 4, wherein the number of passive circuit 

elements comprise a number of diodes. 
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6. A system comprising: . 

a signal source; 

1r·:·c.·L MS 

an output buffer operatively coupled to the signal source, the output 

buffer generating an o~4'ut signal in response to a volU,.ge:transition at the signal . . 
5 · source; _;:" ;"·! 

10 

a transmission )µie operatively coupled to the o~tput buffer, wherein the 

transmission line ~' '1 pharacteristic impedance which <;an vary over a range of 

A to B, such that the· o~tput buffer has a voltage-current (V-1) curve having a 

voltage that is appro~mately constant over the range of A to B; and 

an input ~t pperatively coupled to the transm.ission line, wherein the 

output signal is transmitted to the input circuit such that the output signal reaches 

a stable voltage after one round trip. 

7. The system of claim 6, wherein the voltage of the V-I curve is 

15 approximately constant at one-half of a source voltage. 

8. The system of claim 7, wherein the source voltage is in a range of 1.S to 

1.8 volts. 

20 9. A system comprising: 

a signal source; 

an output buffer operatively coupled to the signal source, the output 

buffer including a number of passive circuit elements, wherein the number of 

passive circuit elements cause an output signal to be generated in response to a 

25 voltage transition at the signal SQurce; 

30 

a transmission line operatively coupled to the output buffer; and 

an input circuit operatively coupled to the transi;nission line such that the 

output signal reaches a stable voltage after one round trip, independent of active 

control circuitry. 

10. The system of claim 9, wherein the number of passive circuit elements 

comprise a number of diodes .. 
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11. A method comprising: 

receiving an input signal having a varying input vol~ge; 

selecting a first current path of a circuit having a voltage-current (V-1) 

curve, the V-I curve having a voltage, the first current path having a first 

S impedance for a current flow between an output node of the circuit and a source 

voltage based on the varying input voltage of the input signal, such that the 

output node can be coupled to a transmission line having a characteristic 

impedance that varies over a range of A to B; and 

selecting a second current path of the circui~ the second current path 

IO having a second impedance for the current flow between the output node and the 

source voltage based on the varying 41put voltage of the signal, wherein 

selecting the first current path and selecting the second current path generates an 

output signal; and 

. transmitting the output signal such that the output signal reaches a stable 

15 voltage after one round trip, 

wherein the second current path provide enough current to cause the 

voltage of the (V-1) curve to be approximately constant over the range of A to B. 

12. The method of claim 11, wherein selecting the first current path 

comprising using a value for the first impedance that is greater than a value for 

the second impedance. 

13. The method of claim 11, wherein selecting the first current path 

comprises selecting the first current path when the varying input voltage of the 

input signal is at a first voltage level. 

14. The method of claim 13, wherein selecting the second current path 

comprises selecting the second current path when the varying input voltage of 

the signal is at a second voltage level which is greater than the first voltage level. 

15. The method of claim 11, wherein the voltage of the V-1 curve is 

approximately constant at one-half of a source voltage over the range of A to B. 
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