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SELF-COMPENSATING QUTPUT 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 reflections. '

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
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, integrated 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,
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 Z, cat output node 104. Integrated circuit 108 is operatively
coupled to integrated circuit 102 through transmission line 110 having a
characteristic impedance, Z .

FIG. 2 is a graph of the voltage over time of the voltages at output node
104 and input node 106 with Z,,l,f greater than Z, causing the initial step voltage
at output node 104 to be less than V_ /2. 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
node 106 jumps to twice that voltage with the refections between output node
104 and 106 building up until yoltagés reach V_(i.c., 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 time of the voltages at output node
104 and input node 106 with Z, . less than Z, causing the initial step voltage at
output node 104 to be greater than V,/2. This forces the voltage at input node
106 to overshoot the desired voltage, V., (i.e., overshoot behavior). As shown,
the voltages at output node 104 and input node 106 continue to bounce above
and below V,, until reaching V., and thus stabilizing at some later point in time.
_ These reflection problems have been addressed by controlling
impedance, Z,,, at output buffer 104 using driver impedance matching wherein
the output impedance, Z,,,, matches the characteristic impedance, Z,. This
impedance matching forces the initial voltage at node 114 to be V/2. With this
voltage, V,/2, being transmitted down transmission line 1 10, 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 approxlmately Y
of V., the total voltage at input node 106 is approximately equal to V.
Moreover, the reflected voltage at input node 106 (V. /2) is transmitted back .
toward output node 104 causing the voltage at output node 104 to add this
voltage to the voltage already residing at output node 104 (V./2) to provide a
total voltage of V., at output node 104. Thus the voltage at input node 106 is
twice the initial step vbltage at output node 104. In summary,.making the
voltage at output node 104 V,./2 causes the voltage at input node 106 tobe V..
Once V., is reached the system is stabilized. Therefore, at input node 106, no
further reflections are produced. _ _

FIG. 4 is a voltage-current (V-I) curve wherem the output impedance,
Z,, and the characteristic impedance, Z, match through the use of digital logic
compensation circuitry to compensate based on Z,. This circuitry senses the
level of the characteristic impedance and changes the V-] curve by controlling
how much current comes out of the buffer to maintain the .voltage atV 2, In
particu_lar, FIG. 4 illustrates three different V-I curves (curves 406, 408 and 410)
which are varied by the digital control circuitry in the range between load lines
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 reﬂéctions also addresses another dés’ign 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.

10 Even though using current compensated buffers has been shown to be
effective in impedance matching, this approach is expensive and limited in its
performance 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 impedance which can vary over arange of Ato B. The

25 output buffer has 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.

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. o o -
FIG. 4 is a voltage-current (V-I) curve havmg 1mpedance matching .
through the use of digital logic compensation circuitry. to-compensate based on - .
output impedance.

FIG. 5 is a block dmgram 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.

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 pulidown circuitry of the selfeéompensating output buffer
of the present invention.

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 of a graph of a voltage-current (V-D curve of
one embodnnent of the pullup circuitry of the self-compensating output buffer of
the present invention. _ :

FIG. 11 is another embodJment of a graph of a voltage-current V-D .
curve of one embodiment of the pullup circuitry of the self-compensating output
buffer of the present invention.

FIG.12isa ﬂowchart of a method according to one embodiment of the
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 illusﬁ'aﬁon, specific embodiments in which the invention may be
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 preserit 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.

Referring to FIG. 5, 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,
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. Ina
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 516, such that
the output signal reaches a stable voltage after one round trip. In other words,
the voltage of the output signal has 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 % of the source
voltage. With this signal having a voltage of V /2 being transmitted down
transmission line 510, a finite time later at time point 604 this signal arrives at
input node 516, where a reflection is produced. Adding this reflected voltage to
the initial voltage at input node 516, both of which are also approximately % of
V., the total voltage at input node 516 at time point 604 is approximately equal
to V.. Moreover, the reflected voltage at input node 516 (V/2) is transmitted
back toward output node 514 causing the voltage at output node 514 to add this
voltage to the voltage already residing at output node 514 (V/2) to provide a
total voltage of V,, 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_/2 causes the

-5
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voltage at input node 516 to be V.. Once V. is reached the system is stabilized.
Therefore, at output node 506, no further reflections are produced (i.c., a single
reflection is retumed to output node 506) _

In one embodnnent transmxssmn line 510 comprises traces on a PCB
(printed circuit boar_d_). Transnnssxon.hne 510 has a characteristic impedance
which can vary within a certain range of values, A and B. In one embodiment

- wherein output buffer is placed in a computer using a high-speed graphics bus

(e-g., AGP (Accelerated Graphics Port)) or in a clock distribution network, this
range of values is between approximately 40 and 80 ohms. In another _
embodiment, this range of values is between approximately 10 and 40 ohms.

Output buffer 504 through its output node is insensitive to interconnect
characteristic impedance with t:gnémis;ion line 510 within a certain region of
interest. The region of interest is _the_ rzing_e between A and B. Therefore, the
voltage of the signal being genoratod by integrated circuit 502 at output node 514
remains approximately constant over ﬂﬁs range of impedances. In one
embodiment, this voltage is one-half of a ,soorce voltage. This source voltage -
can vary, but in one embodiment, this voltage is in a range of 1.5 to 1.8 volts (v).

FIG. 7 is a schematic dia_gr_am of one embodiment of the self- .
compensating output buffer of the present invention. In particular, FIG. 7
provides one embodiment for ou_fput buffer 504 of FIG. 5. Output buffer 504 -
includes pullup circuitry 722 and pulldown circuitry 724. Pullup circuitry 722 .
and pulldown circuitry 724 include transistors 704, 706, 708 and 714. Inone .
embodiment, transistors 704, 706, 708 and 714 are integrated circuit transistors
produced using a standard complementary metal-oxide-semiconductor (CMOS)
integrated circuit fabrication process, such as MOS field-effect transistors
(MOSFET), having source anc_l'draih_r,egions, and a gate electrode.

In pullup circuitry 722, the gate of transistor 704 within current path 730
is cou_pl_ed to input node 702. 'I‘he sou_rc_é of transistor 704 is coupled to upper
source voltage 718, and its drain is oouple_d'to output node 716. The gate of
transistor 708 within current path 732 is coupled to input node 702. The source
of transistor 708 is coupled to upper sou;co voltage 718, and its drain is coupled
to the anode of diode 710. The anode of djode 710 within current path 732 is
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coupled to the drain of transistor 708, and its cathode is co_uﬁled to output node
716. ' . RN

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
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
output node 716. '

FIGS. 8 through 11 are graphs of the voltage-current (V-I) 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 buffér. For purposes of
clarity, the V-I curves and the corresponding descriptions for the self-
compensating output buffer were divided into pullup and pulldown transitions.

PULLBOWN TRANSITION

FIGS. 8 and 9 are different embodiments of the graphs of the V-Icurve
during a pulldown transition of the embodiment of output buffer 504 shown in
FIG. 5. FIG. 8 shows the V-I curve, in terms 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 respeétive
maximum and minimum characteristic load line impedances of transmission line
510 between which an approximately constant voltage is maintained. In
particular, the reciprocal of the slopes of lines 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-I curve (i.e., the range of the maximum
and minimum characteristic impedance) and between which a constant voltage
(V./2) is maintained. | |

Correspondingly, FIG. 9 shows the V-I curve in terms of a positive
current flowing out of output buffer 504 during the same pulldown transition,
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absent the load lines. Numbering of the elements between FIG. 8 and FIG. 9 are
consistent for those elements which correspond. Therefore, curve portion 806
and curve portion 808 (1 e., the “constant voltage portlon) represent the V-I
curve. Addmonally, curve pomt 810 and curve point 812 represent the knees of
the V-1 curve representmg the range of the maxxmum and minimum
characteristic nnpedance and between which an approx1mately constant voltage
(V./2)is mamtamed

Descnbmg the operatlon of output buffer 504 of FIG. 5 in conjunction
with the graphs of the:pulldown transition shown in FIGS. 8 and 9, input node
702 begins at the lovver source voltage Input node 702 begins receiving an input
signal having a voltage which causes pulldown clrcultry 724 of output buffer 504
to move toward an acuve state wlule moving pullup clrcmtry 722 to an inactive
state, In particular ] for pulldown circuitry 724, trans1stors 706 and 714 begin
conducting, even though not fully turned on. Diode 712 however, acts

essentially as an open circuit untll thereis a sufﬁclent voltage drop, V,,(about 0.7
volts (v)) across the drode Until this voltage drop point is reached, therefore,
the impedance seen by output node 716 is the lmpedance of transistor 706
through current path 726 as seen as curve portion 806 in FIGS. 8 and 9.

As the voltage of the input s1gnal at input node 702 continues to increase,
transistor 706 and transrstor 714 turn on. Th1s allows lower source voltage 720
to provxde a voltage drop of 0.7 v across dlode 712 thereby causing diode 712 to
be forward-biased.._. 'l‘he impedance through current path 726 which includes .
transistor 706 is greater than the impedance through ctu_'rent path 728 which
includes transistor 714 and diocle 712, as seen in curve portion 808. Inone -
embodiment, the maxlmnm value of the unpedance of transistor 706 is within a

‘range of 200-500 ohms In another embodiment, the nnpedance of transistor 706

is greater than 75 ohms In companson, 1dea11y the 1mpedance of transistor 714
in series with dlocle__ 712 is zero. In one embodlment,__t_lns impedance is less than
the impedance of t_r_arl_smission.line 510 divided by 10... In another embodiment,
this impedance is less than 10 ohms. The hnpedance-of transistor 714 and diode
712, therefore, is less than the impedance of transistor 706 to provide a step-in

current.



WO 00/65788 | PCT/US00/11167

10

15

20

25

30

Because of this impedance differential between current path 726 and
current path 728, once dibde 712 is forward-biased to prévide an increased
current flow through current path 728, the impedance seen by output node 716 is
essentially the impedance of transistor 714 and diode 712, illustrated as curve
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
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_/2, 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 is V_/2 and there is no unwanted stair-stepping or
overshoot behavior, 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
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_ /2
(voltage point 602 of FIG. 6) to preclude the unwanted stair-stepping or
overshoot behavior, as illustrated in FIGS. 2 and 3. Under the prior art, in order
to achieve an initial step voltage of the output signal of V_/2 the output
impedance would be matched to the characteristic impedance. In confrast,
embodiments of the present invention accomplish the initial step voltage of the
output signal to V /2 by maintaining an essentially vertical V-I curve in the
range of a minimum and maximum load impedance.

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 of line 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

9.
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at voltage point 602 of FIG. 6. Therefore, in order for the output signal to have a
voltage level of Vu/2 the intersection of these two lmes must occur at .
approximately Vu/2 Because the V-I curve is essentlally vertical at V_/2 (at ..
line 808), this logle__a_ll_y forces all of the intersections bet__ween line 806 and line
808 to be at this voltage Therefore regardless of the élope of line 806, the
intersection of the two lines occurs at V/2. In turn th1s provides the required
initial voltage step at Vu/2 as shown in FIG. 6. Because as explained above for
FIG. 6, the voltage of the output signal at input node 5 1 6 is twice the initial step
voltage at output node 514. Therefore, making the voltage of the output signal at

output node 514 Vulz causes the voltage at input node 516 tobe V.. Once V,

is reached the _systein is stabilized (i.e., no st_air.-steppi,ng or overshoot behavior).

Using ﬂxis,s§_ljt}mmpens_ating output buffer of FIG. 7, wherein one
embodiment it is c_:_oniprised of two diodes and two transistors, eliminates the
need for more cos_t}fimpedance_ compensation clrclutry Additionally, this self-
compensating outpnt buffer provides the controlling of the voltage at the output
node of the output h_uffer through the use of passive circuit elements (e.g.,
diodes). Achi_eving ;t.he desired V-I curve by having an approximately constant
voltage over a certam range of characteristic impedances has been demonstrated
by one embodiment _ehown inFIG. 7. The invention, however, is not so limited.
It should be appreeiated_by those skilled in the art that this characteristic V-I
curve where there 1s an approximately constant voltage over a certain range of
characteristic impedances can be achieved by other_en;bodiments.

In accordance_with the descriptions for FIGS. 8 and 9,FIG. 12isa
flowchart of a method in accordance with an embodir_n_ent of the invention. In
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 imped_ance for the current flow between an
output node of the eelf-compensaﬁng output buffer and a source voltage based
on the varying input voltage of the input signal. During the pulldown transition,
this selection of the first current path occurs with the'vo_ltage 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

~-10-
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to move toward an active state and pullup circuitry 722 to move toward an
inactive state.’ In particiilir for pulldown circuitry 724, trahsistors 706 and 714
begin éonducting, 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
v) across itself initiaily to be forward-biased, current path 728 is essentially an
open circuit causing current flow from output node 716 to lower source 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
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
conjunction with output node 716 pmﬁdes 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
and current path 728) are conducting, the impedance seen by output node 716 is
essentially the impedance down current path 728. The second current path,
therefore, is essentially down current path 728 (i.c., the selection of a second
current path for current flow between output node 716 and lower source voltage
720). |

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-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/2. 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.

<11-
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. PULLUP TRANSITION S

Sxmﬂarly, FIGS 10 and 11 are different embodiments of the graphs of .
the V-I curve during a pullup transition. FIGS. 10 shows the V-I curve in terms
of a positive current flowing into output buffer 504, which is comprised of curve
portion 1006 in conjunction with curve portion 1008 (i.e., the “constant voltage”
portion), of output buffer 504 during a pullup transition. Load lines 1002 and
1004 are the respective maximum and minimum 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
represent the characteristic impedance range, A to B, of transmission line 510.
Curve point 1010 and curve point 1012 are the respective points on the. V-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/2) is maintained. _

Correspondmgly, 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. Numbering 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.
V-I curve. Additionally, curve point 1010 and curve point 1012 represent the .
knees of the V-I curve representing the range of the maximum and minimum
characteristic lmpedance and between which an approximately constant voltage

(V./2) is maintained.

Describing the operation of output buffer 504 of FIG 5 in conjunction
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.
Diode 710, however, acts essentially as an open circuit until there is a sufficient
voltage drop, V,, (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 current path 730 as seen as curve portion 1006 in FIGS.
10 and 11. S gt '

As the voltage of the input signal at input node 702 continues to decrease,
transistor 708 and transistor 710 turn on (at about 0.7 volts below V. (source
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 forward-biased. The
impedance through current 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
the impedance of transistor 704 is within a range of 200-500 chms. In another
embodiment, the impedance of transistor 704 is greater than 75 chms. In
comparison, ideally the impedance of transistor 708 in series with diodé 710is
zero. In one embodiment, this impedance is less than the impedance of
transmission line 510 divided by 10. In another embodiment, this impedance is
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 current path 730 and
current path 732, once diode 710 is forward-biased to provide an increased
current flow through current path 732, the impedance seen by output node 716 is
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
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-I
curve in the range of a minimum and maximum load impedance forces the initial
voltage to V /2, 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 V_/2 and there is no unwanted
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stair-stepping or overshoot behavior, as illustrated in FIGS. 2 and 3. In other
words, the output s1gnal reaches a stable voltage after one round trip.

. The effect of combmmg the output nnpedance thh the characteristic
impedance is to c_:rqatg: a voltage divider. The ratio of ghe two impedances .
defines, thus, the v@;tggg level at the node between the two. . Therefore, the goal
isto push the initial step vdltage of the output signal afthe output buffer fo V. /2
(voltage point 602 of FIG 6) to preclude the unwanted stan'-steppmg or
overshoot behawor, as illustrated in FIGS. 2 and 3. Under the prior art, in order
to achieve an initial s_;gp_ voltage of the output signal of V./2 the output
impedance would be ::'_xllatched to the characteristic im;::_:edance. In contrast,
embodiments of the b_résent invention accomplish thejnitial step voltage of the
output signal to V. /2 by maintaining an essentially vertical V-I curve in the
range of a mmunum and maximum load impedance. |

Explained in terms of the V-I curve of FIG. 10, the slope of line 1006
represents the nnpgdg._nce of the output buffer and the s_lope of line 1008
represents the impg:dagce of the transmission line. The point at which these two
lines intersect w1th each other is the voltage of the outi:_ut signal at the first step
at voltage point 6020f FIG. 6. Therefore, in order fof. the output signal to have a
voltage level of V‘;J_Z_,_.thg intersection of these two lines must occur at-
approximately V,,/2 Because the V-1 curve is essenﬁally veftical atV, /2 (at
line 1008), this logiggily_forces all of the intersections between line 1006 and
line 1008 to be at thls voltage. Therefore regardless of the slope of line 1006, the
intersection of the t\a}:o lines occurs at V.. /2. In turn this provides the required
initial voltage step at V,/2, as shown in FIG. 6. Because as explained above for
FIG. 6, the voltage at _iqput node 516 is twice the initial step voltage of the
output signal at output node 514. Therefore, making the voltage at output node
514 V /2 causes th§ 'voltage of the output signal at input node 516 tobe V..
Once V,, is reachéd'the system is stabilized. L

Using th1s sglf-gomp_e_nsating output buffer of.FIG. 6, wherein one
embodiment it is poinprised of two diodes and two transistors, eliminates the
need for more costly_ .imp_edance compensation circuitry. Additionally, this self-
compensating outpyf buffer provides the controlling of the voltage at the output
node of the outpuf buffer through the use of passive g.firpuit elements (e.g.,
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diodes). Achieving the desired V-I curve by having an aj)proximately constant
voltage over a certain range of characteristic impedances is: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-I
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.
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
the input node being at a certain voltage. The voltage of the input signai 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 |
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 dpen circuit cau'sihg current flow from outbut node 716 to upper source
voltage 718 to be essentially down current path 730 (i.e., the selection of a first
carrent path for current flow between output node 716 and upper source voltage
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
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 with the impedance of both transistor 710 and diode
708. Because of this impedanég 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
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 source
voltage 718). S _ o

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 éppmximately constant over the range of A to B. This
essentially vertical V-I curve in the range 6f a minimum and maximum
characteristic impedance forces the initial voltage of the output signal at output
node 716 to V_/2. 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. o _ _ o

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 purpose may be substituted
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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1. An integrated circuit compﬁsing:

a signal source; and

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
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.

2. The integrated circuit of claim 1, wherein the voltage of the V-I curve is
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
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 terminated 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
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; _

an output buffer operatlvely coupled to the s1gna1 source, the output
buffer generating an output signal in response to a voltage transition at the signal

- source;

a transmis_sioiq hne operatiyely coupled to the Qt;tpi;t buffer, wherein the
transmission line has a cha.ractenstlc impedance which can vary over a range of
A to B, such that the output buffer has a voltage-current (V -I) curve havinga -
voltage that is apprommately constant over the range of A to B; and

_an input cucuxt opetatlvely coupled to the transmission line, wherein the
output signal is transrmtted to the input circuit such that the output signal reaches
a stable voltage after otw round trip.

7. The system of t:laim 6, wherein the voltage of the V-I curve is

approximately cons__ta:_lt_ at one-half of a source voltage._'

8. The system of claim 7, wherein the source voltage is in a range of 1.5 to
1.8 volts.
9. A system comprising:

a signal source;

an output buffer operatlvely coupled to the s1gnal source, the output
buffer including a numbe_r of passive circuit elements, wherein the number of
passive circuit elements cause an output signal to be generated in response to a
voltage transition at the signal source;

a transmssmn line operatively coupled to the output buffer; and -

an input circuit operatlvely coupled to the transmission line such that the
output signal reaches a stable voltage after one round t_rip, independent of active

control circuitry.

10. The system'bf 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 voltage;

selecting a first current path of a circuit having a vdlfage-current V-
curve, the V-I curve having a voltage, the first current path having a first
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 circuit, the second current path
having a second impedance for the current flow between the output node and the
source voltage based on the varying input 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
voltage after one round trip, |

wherein the second current path provide enough current to cause the

voltage of the (V-I) 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-I curve is
approximately constant at one-half of a source voltage over the range of A to B.
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