
;e3eDX4B6xTo}W.'    SELF-COMPENSATING OUTPUT BUFFER  5 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. 10 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, 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, 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
Zburat output node 104. Integrated circuit 108 is operatively __ coupled to
integrated circuit l02 through transmission line 110 having a -"
characteristic impedance, Zo. 25 FIG. 2 is a graph of the voltage over time
of the voltages at output node 104 and input node 106 with Zbuf greater
than Zo causing the initial step voltage at output node 104 to be less than
Vcc/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 30 node 106
jumps to twice that voltage with the refections between output node 104 and
106 building up until voltages reach Vcc (i.e., stair-stepping behavior).
Once Vcc is reached, the system stabilizes. The problem with this system is
the very long delay between the initial step and the stabilizing point at
Vcc.    ' 1 4 fv~~~ L~~l  WO 00/65788  PCT/1IS00/11167 FIG. 3 is a graph of
the voltage over time of the voltages at output node 104 and input node 106
with Zbuf less than Zo causing the initial step voltage at output node 104
to be greater than Vcc/2. This forces the voltage at input node l06 to
overshoot the desired voltage, Vcc (i.e., overshoot behavior). As shown, 5
the voltages at output node 104 and input node 106 continue to bounce above
and below Vcc until reaching Vcc and thus stabilizing at some later point
in time. These reflection problems have been addressed by controlling '
impedance, Zbuf, at output buffer 104 using driver impedance matching
wherein the output impedance, Zbuf, matches the characteristic impedance,
Zo. This 10 impedance matching forces the initial voltage at node 114 to be
Vcc/2. With this voltage, Vcc/2, being transmitted down transmission line
110, this voltage arrives  at input node l06, where a reflection is
produced. Adding this reflected voltage to the initial voltage at input
node 106, both of which are also approximately %z  of Vcc, the total
voltage at input node 106 is approximately equal to Vcc 15 Moreover, the
reflected voltage at input node 106 (Vcc/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 (Vcc/2) to provide a -
total voltage of Vcc 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 Vcc/2 causes the voltage at input node 106 to
be Vcc. Once Vcc~ 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 wherein the output impedance, Zbuf and the characteristic
impedance, Zo, match through the use of digital logic 25 compensation
circuitry to compensate based on Zo. This circuitry senses the level of the
characteristic impedance and changes the V-I curve by controlling how much
current comes out of the buffer to maintain the voltage at Vcc/2. In
particular, 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 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. -2   ~ 4 ~(!~! ~~~~  WO
00/657$8 , PCT/US00111167 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 (bitl 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 S00 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 a range of A to 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. -3
i WO 00I65788 ~ PCTIUS00/11167 FIG. 3 is a graph of voltage v, time for a
system having overshoot behavior. 



~ 4 ~!~V 2~Di 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. S 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 of a graph of a 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 may 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 -4   i 4 ~~0~~ 2a0? WO 0016S7,88 ~ PCT/US00111167 be
made without departing from the scope of the present 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. 5, the system includes
integrated circuit 502, output buffer 504, integrated circuit 506, input
buffer 508, transmission line 510, output node 5l4 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, 10
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 516, such that 



the output signal reaches a stable voltage after one round trip. In other
words, 20 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 '/z of the source voltage. With this signal having a voltage
of Vcc/2 being transmitted down -transmission line 5l0, a finite time later
at time point 604 this signal arrives at 25 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 %Z of Vcc,
the total voltage at input node 516 at time point 604 is approximately
equal to Vcc. Moreover, the reflected voltage at input node 516 (Vcc/2) 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 (Vcc/2) to provide a total voltage of Vcc 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 Vcc/2 causes the -5   ~r PtO~' ~~QZ  WO 00/65788
PCT/US00/11167 voltage at input node 516 to be Vcc Once Vcc is reached the
system is stabilized. Therefore, at output node 506, no further reflections
are produced (i.e., a single reflection is returned to output node 506). In
one embodiment, transmission line 510 comprises traces on a PCB 5 (printed
circuit board). Transmission line 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 10 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 transmission line 5l0 within a
certain region of interest. The region of interest is the range between A
and B. Therefore, the  voltage of the signal being generated by integrated
circuit 502 at output node 514 15 remains approximately constant over this
range of impedances. In one embodiment, this voltage is one-half of a
source 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
diagram of one embodiment of the self compensating output buffer of the
present invention. In particular, FIG. 7 20 provides one embodiment for
output 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. In one - embodiment,
transistors 704, 706, 708 and 714 are integrated circuit transistors
produced using a standard complementary metal-oxide-semiconductor (CMOS) 25
integrated circuit fabrication process, such as MOS field-effect
transistors (MOSFET), having source and drain 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 708 within current path 732 is coupled
to input node 702. The source of transistor 708 is coupled to upper source
voltage 718, and its drain is coupled to the anode of diode 710. The anode
of diode 710 within current path 732 is -6   



~ 4 PLC'S' 7_002  WO 00I65788 . PCTICIS00/11167 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 7l6. 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-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 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 S04
shown in 20 FIG. 5. FIG. 8 shows the V-I curve, in terms of a positive
current flowing into output buffer S04, 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
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 - 30 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, _7_   ~ 4 5?~~ 20 i~  WO 00/657S8 ~ PCT/C1S00111167 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 (i.e., the "constant voltage" portion) represent
the V-I curve. Additionally, curve point 810 and curve point 812 represent
the knees of 5 the V-I curve representing the range of the maximum and
minimum characteristic impedance and between which an approximately
constant voltage (Vcc/2) is maintained. Describing the operation of output
buffer 504 of FIG. 5 in conjunction 



with the graphs of the pulldown transition shown in FIGS. 8 and 9, input
node 10 702 begins at the lower source voltage. Input node 702 begins
receiving an input signal having a voltage 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, transistors 706 and 714 begin  conducting, even though not fully
turned on. Diode 712, however, acts 15 essentially as an open circuit until
there is a sufficient voltage drop) Vc,(about 0.7 volts (v)) across the
diode. Until this voltage drop point is reached, therefore, the impedance
seen by output node 716 is the 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 node 702 continues to increase, 20 transistor 706
and transistor 714 turn on. This allows lower source voltage 720 to provide
a voltage drop of 0.7 v across diode 712 thereby causing diode 712 to be
forward-biased. The impedance through current path 726 which includes -
transistor 706 is greater than the impedance through current path 728 which
includes transistor 714 and diode 712, as seen in curve portion 808. In one
25 embodiment, the maximum value of the impedance of transistor 706 is
within a range of 200-500 ohms. In another embodiment, the impedance of
transistor 706 is greater than 75 ohms. In comparison, ideally the
impedance of transistor 714 in series with diode 712 is zero. In one
embodiment, this 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. _g_
~ It I'v`: LJOL  WO 00I65788 , PCT/US00/11167 Because of this impedance
differential between current path 726 and current path 728, once diode 712
is forward-biased to provide an increased current flow through current path
728, the impedance seen by output node 716 is essentially the impedance of
transistor 7l4 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 Vcc/2, 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 Vcc/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 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/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 25 to achieve an initial step voltage of the
output signal of Vcc/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 Vcc/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 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   - t; ~~s~2 i~;~ ~ cv  WO
00I65788 ~ PCT/USOO/11167 at voltage point 602 of FIG. 6. Therefore, in
order for the output signal to have a voltage level of Vcc/2, the
intersection of these two lines must occur at approximately Vcc/2. Because
the V-I curve is essentially vertical at Vcc/2 (at line 808), this
logically forces a11 of the intersections between line 806 and line 5 808
to be at this voltage. Therefore regardless of the slope of line 806, the .
intersection of the two lines occurs at Vcc/2. In turn this provides the
required initial voltage step at Vcc/2, as shown in FIG. 6. Because as
explained above for FIG. 6, the voltage of the output signal at input node
516 is twice the initial step voltage at output node 514. Therefore, making
the voltage of the output signal at 10 output node 514 Vcc/2 causes the
voltage at input node 516 to be Vcc. Once V is reached the system is
stabilized (i.e., no stair-stepping or overshoot behavior). _ Using this
self compensating output buffer of FIG. 7, wherein one embodiment it is
comprised of two diodes and two transistors, eliminates the need for more
costly impedance compensation circuitry. Additionally, this self 15
compensating output buffer 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
impedances has been demonstrated by one embodiment shown in FIG. 7. The
invention, however, is not so limited. 20 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
descriptions for FIGS. 8 and 9, FIG. 12 is a flowchart of a method in
accordance with an embodiment of the invention. In 2~ 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 first 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 -10   F f /i ('~(1,f ~ 1  WO
00/657$8 . PCT/US00/11167 to move toward an active state and pullup
circuitry 722 to move toward an inactive state. In particular for pulldown
circuitry 724, transistors 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 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
10 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 7I6
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 path,
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-I 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 Vcc/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   ,~,~, 2~~~2 f ~'r ~~; ..I ~ U "  



WO 0016S788 PCT/U,S00/11167 PULL UP TRANSITION Similarly, 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 S 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 10 represent the characteristic impedance range, A to B, of
transmission line S 10. Curve point l010 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 (Vcc/2) 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. Numbering of the elements between FIG.
10 and FIG. 11 are consistent for those elements which correspond.
Therefore, curve portion 1006 and curve portion l008 (i.e., the "constant
voltage" portion) represent the 20 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 impedance and between
which an approximately constant voltage -" (Vcc/2) is maintained.
Description the operation of output buffer S04 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,
Vc, (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 -12   '' yf i I'c i WO 00I65788 PCTIUS00/11167 transistor 704 through
current 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 7l0 turn on (at about 0.7 volts below
Vcc(source 5 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 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 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 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-I curve in the range of a
minimum and maximum load impedance forces the initial 30 voltage to Vcc/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 Vcc/2 and there
is no unwanted -13  



~ ~', I~: ~ ~:' ~~'v2  WO 00/65788 ~ PCT/US00/11167 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 5 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
Vcc/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
Vcc/2 the output 10 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 Vcc/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. 10, the slope of
line 1006 15 represents the impedance of the output buffer and the slope of
line 1008 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 at voltage point 602 of FIG. 6. Therefore,
in order for the output signal to have a voltage level of Vcc/2, the
intersection of these two lines must occur at 20 approximately Vcc/2.
Because the V-I curve is essentially vertical at Vcc/2 (at line 1008), this
logically forces all of the intersections between line 1006 and line 1008
to be at this voltage. Therefore regardless of the slope of line 1006, the
-intersection of the two lines occurs at Vcc/2. In turn this provides the
required initial voltage step at Vcc/2, as shown in FIG. 6. Because as
explained above for 25 FIG. 6, the voltage at input node 516 is twice the
initial step voltage of the output signal at output node 514. Therefore,
making the voltage at output node 514 Vcc/2 causes the voltage of the
output signal at input node 516 to be Vcc Once Vcc is reached the system is
stabilized. Using this self compensating output buffer of FIG. 6, wherein
one 30 embodiment it is comprised of two diodes and two transistors,
eliminates the need for more costly impedance compensation circuitry.
Additionally, this self compensating output 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   1 ~, i..~~~~f 1,~~2  WO 00I65788 ,
PCT/US00/11167 diodes). Achieving the desired V-I curve by having an
approximately constant voltage over a certain range of characteristic
impedances has 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 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 S04 of FIG. 10 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 causing
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 S04 is so designed to provide a greater impedance for -15   '/1
''tv~:~ G, ~1 i WO 00I65788 ~ PCTIUS00/1116? transistor 704 in comparison
with the impedance of both transistor 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 S 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). 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 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 Vcc/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 purpose 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. -16   f'ir:r ~!'~^~^ ,.,.'a c~~l. What is claimed
is: 1. An integrated circuit comprising: a signal source; and an output
buffer operatively coupled to the signal source to generate 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
at one-half of a source voltage of the output buffer over the range of A to
B, wherein the source voltage is in a range of 1.5 to 1,8_ volts, wherein
the output signal can be transmitted to the circuit such that the output
signal  reaches a stable voltage after one round trip. 2. An integrated
circuit comprising: a signal source; and an output buffer coupled to the
signal source to generate an output signal in response to a voltage
transition at the signal source, the output buffer including a number of
passive circuit elements, wherein the output buffer can be coupled to a
transmission line terminated with a circuit, wherein the passive elements
are capable of holding the output signal constant at one-half of a source
voltage of the output buffer over an impedance range of the transmission
line, wherein the source voltage is in a range of 1.5 to 1.8 volts, 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. 3. The integrated circuit of claim 2, wherein the
number of passive circuit elements comprise a number of diodes. 4. A system
comprising: a signal source; an output buffer coupled to the signal source
to generate an output signal in response to a voltage transition at the
signal source; -17   l rt~i ~L ~ ~ U,~~= ~ a7 a transmission line coupled
to the output buffer, 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; and an input circuit
coupled to the transmission line, wherein the output signal is capable of
being transmitted to the input circuit with an initial voltage of one-half
of a source voltage of the output circuit, wherein the source voltage is in
a range of 1.5 to 1.8 volts such that the output signal reaches a stable
voltage after one round trip. 5. A system comprising: 



a signal source;. _ an output buffet operatively coupled to the signal
source to generate an output signal in response to a voltage transition at
the signal source; a transmission line operatively coupled to the output
buffer; and an input circuit operatively coupled to the transmission line
such that the output signal reaches a stable voltage after one round trip,
independent of active control circuitry, wherein the output buffer includes
a number of passive elements to hold the output signal constant at one-half
of a source voltage of the output buffer over an impedance range of the
transmission line, wherein the source voltage is in a range of 1.5 to 1.8
volts. 6. The system of claim 5, wherein the number of passive circuit
elements comprise a number of diodes. 7. A method comprising: receiving an
input signal having a varying input voltage; selecting a first current path
of a circuit having a voltage-current (V-I) 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 -18   f ~
~; G :~ ?~OZ 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 at one-half of the source voltage over the
range of A to B, wherein the source voltage is in a range of 1.5 to 1.8
volts. 8. The method of claim 7, wherein selecting the first current path
comprising using a value for the first impedance that is greater than a
value for the second impedance. 9. The method of claim 7, 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. -
10. The method of claim 9, 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. 11. A system comprising: an input node to receive an input
voltage; an output node to provide and output voltage; a pullup circuit
connected between the input and output nodes, the pullup circuit including
a passive element; a pulldown circuit connected between the input and
output nodes, the pulldown circuit including a passive element; a
transmission line connected to the output node at one end of the
transmission line, 



the transmission line including an impedance range; and an input circuit
connected to the transmission line at another end of the transmission line,
wherein the passive elements of the pullup and pulldown circuits are
capable of holding an initial voltage value of the output voltage constant
at one-half of a source voltage of the pullup and pulldown circuits,
wherein the source voltage is in a range of 1.5 to 1.8 volts. -19   ~i ~:~~
E 4 I.~; b a ~:~c 12 The system of claim 11, wherein the pullup circuit
further includes: a first transistor connected between the passive element
and the source voltage; and a second transistor connected between the
output node and the source voltage. 13. The system of claim 11, wherein the
pulldown circuit further includes: a first transistor connected between the
passive element and ground; and a second transistor connected between the
output node and ground. 14. The system of claim 11, wherein the passive
element of the pullup circuit is a diode which has its cathode terminal
connected to the output node. 15. The system of claim 11, wherein the
passive element of the pulldown circuit is a diode which has its anode
terminal connected to the output node.  -20
.A3%.A9.A.A@r.A3.A9.A.AL.A9!l.A9.A.A.A.A.A5.Ayr.AF.Ay.A.A&')/v  ;'w W
>|wrmhc^Y]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]caV]ca]caU]ca]ca]c<a]ca]c
a]caU]ca]caU]ca]ca]ca]caU]cTa]cTa]ca]ca >#sbnQ;
BQRYd"#'!"}wrmhc^Y]ca]ca]ca]ca]ca]caU]c4a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!""##&&+&&&2'~'' (p(()g)**8+++
,n,,--.Y...K///|wrmhc^Y]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca!/>0000000`111k24557;
:B:S:T:::;`;
;<==8>>>>>,?y?}xsnhb]X]ca]caU]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!y??@@AKABBB1CCCCCDPDDD1E~E
EE*FFpGGHbHHH@III0J}xsnid_Z]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!0J|JJKVLLLMMMMMMM:M~MM
NiNNO<P
QqQQRiRRR1SS%TxTT~ytoje`[V]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]caV]ca
UV]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!TU&VoVVWW'W1W2WWW=XXX5YYY.Z~ZZd[[\?]]]
&^j^^_C```}xsnid_Z]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!`?aaaaaaabebbcWcccGdddfgfgg;
hhh.ifjjkXkckkkwkk{vqlgb]X]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]caU]ca]ca]ca]ca!kkkkkQlll'n{nnhoooq^q
qqrVrrs:ttttt\ugu~~~~{vqlgb]X]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]caV]ca]ca]ca!dG$7{l7yi=-~}xsnid
_Z]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca!THA$yrYJqztoje`[V]ca]ca]ca]ca]ca]caU]c4aU]c
a]c aU]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!_hp
1&@Z$<MJzupje`[V]ca]ca]ca]caU]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]caV]caU]c
a]ca]ca]ca]ca]ca!n2on(|:EM^L\
Q}xsnid^Y]c]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!rkQ>wR6s|wrlg}xsnid^Y]c]ca]c^a]c]ca]c^
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca&'/fE T %10%!$!&'()-3@510%&'()- l '10%&'()- '10% m  m
&'()-L:10%&'()-Mf10%&'()-/PDy{Z8!# %10%&'()-  %10%c&'()-  



%10%I&'()-'! %10%&'()-   %10%m&'()-  %10%&'()-4v  yZOD9! 10 10
10$=10%&'()-!4'!10%&'()-!4'!10%&'()-!,!10%&'()- ,!10%&'()-;'dEOD9! 10
&10%t&'()-&10%t&'()-l Y10%t&'()-!10%t&'()-L`10%t&'()-F10%t&'()-'w W
dEOD9! 10 y10%t&'()- 10%t&'()- l ,!10%t&'()- 10%t&'()-
'10%tg&'()-FLM10%t&'()- D>aBOD9!
10910%t&'()-10%t&'()-l#10%t&'()-l#10%t&'()-! %10%&'()- %10%tu&'()-#sbaBOD9!
10'#10%t&'()-S&
10%t&'()-$10%t&'()-#"10%t&'()-!h9s!G"10%&'()-10%t&'()-nQaBOD9!
10,8%10%t&'()- s6'10%t&'()-
0%10%tZ&'()-l.10%t&'()-'#10%t&'()-!'#10%``&'()-;?@ABQRbC! 10l
10%O&'()-(10%O&'()- 10t 10t 10t= 10%t&'()-y;10%t&'()-9m10%t&'()- RYZwU4bC
ks'10%r-r&'()-:!!vs'10%}#}#&'()-:!!G%10%OO&'()-!G%10%OO&'()-!@!10%&'()-!%@!
10%OO&'()-ZWz`xV4bC!s'10%OO&'()-:!!s'10%&'()-:!!cs'10%jj&'()-:!!s'10%&'()-:
! {s'10%&'()-:!!{s'10%OO&'()-:!`d aB7C! 10O,Y= 10%O&'()-;
10%O&'()-`910%O&'()-F7z 10%O&'()-&610%O&'()-!s'10%ww&'()-:! !"#'mNC!
10O,Y(l10%&'()- 10%&'()-S "10%&'()-`@10%&'()-F&10%&'()-: 



10O 10O0%   xV4NC!@'10%((&'()- !@'10%CC&'()-  @'10% &'()- !"@'10%&'()- !{l
'10%;;&'()-M!l '10%X.X.&'()-M M!!""""}^<NC!!S'8(10%&'()-a&=
10%&'()-!Ym10%&'()-Ym10%&'()-@'10%&'()- !#@'10%&'()-
"r###$!%%wX6NC!!aS'8(10%!!&'()-S'8(10%t&'()-!DS'8(10%&'()-!0S'8(10%&'()-!S'
8(10%&'()-!,S'8(10%44&'()-%&&&&&+&&&{Y:!!y10%&'()-!=9!10%&'()-!'`6,10%&&&'(
)-Y 10 10 10= 10%&'()-!fS'8(10%&&&'()-&2'~''
(p((dE{Y:!!L`10%&'()-10%&'()-10%&'()-3Y M$10%&'()-Z10%&'()-
10%&'()-()g)T***8+dE{Y:!!310%&'()-
10%&'()-f#10%&'()-f#10%&'()-10%&'()-10%&'()-8+++
,n,,-dE{Y:!!@(S10%&'()-@9'10%&'()-%@10%&'()-,$10%&'()-,l"10%&'()-
10%&'()---.Y...K/dB{Y:!!!l34Z%10%&'()-S2&10%&'()-@010%&'()-@S/10%&'()-&-
10%&'()-@s*#10%&'()-K///>000000}^SH=!! 10 10 10S =
10%&'()-f:10%&'()-f&910%&'()-!l7t$10%&'()-!5`$10%nn&'()- 00000`11aBSH=!! 10
10%`&'()-l10%`&'()-!:10%`&'()-10%`&'()-``,10%`&'()-!)^10%&'()-11k2N33445zX6
SH=!!M!10%``&'()-Z!@%10%~~&'()- !@%10%tt&'()- !@%10%aa&'()- !^
''10%kk&'()-l L10%`&'()-55H66577`8wU6SH=! +&!10%`C&'()-!
+&!10%yy&'()-!,$%10%&'()-`!#$%10%nn&'()-`!$%10%~~&'()-`!M!10%pp&'()-Z`8H9;
:?:@:A:B:S:T:{\=!Y 10%&'()-0(10%&'()- 10` 10` 10`@= 10%`&'()-!@
+&!10%&'()-!6 +&!10%&'()-T:::;`;;<dE{\=!10%&'()-9 10%&'()-10%&'()- 3
&10%&'()-10%&'()-!10%&'()-<==8>>>>aB{\=! 10%&'()-F10%&'()-10%&'()-
m10%&'()-!@#10%&'()-3T10%&'()->,?y??@j@@dE{\=!(f#10%&'()-(f#10%,&'()-L'`10%
&'()-%- 10%&'()-$10%&'()- "M10%&'()-@AKABBB1CdE{\=!9910%&'()-710%&'()-
6$10%&'()-f/ 10%&'()--10%&'()-,,10%&'()-1CCCCCCCCD~_@!
"10%`&'()-9s-10%`&'()-!x`l10%&'()- 



10 10 10S3= 10%&'()-@:10%&'()-DPDDD1E~EEdE~_@!,@10%`&'()- 10%`&'()-
10%`&'()-L10%`&'()-
@10%`&'()-10%`&'()-EE*FFGpGGaB~_@!s10%`&'()-F#10%`&'()-F#10%`&'()-!
%10%kk&'()-y910%`&'()- 10%`&'()-GHbHHH@IIdE~_@!,& 10%`&'()-
$310%`&'()-#10%`&'()-`!10%`&'()-10%`&'()-&L!10%`&'()-
II0J|JJKLdE~_@!/%10%`&'()-F. 10%`&'()-,10%`&'()-+@10%`&'()-f)#10%`&'()-'
10%`&'()-LVLLLMM MMMdYNC! 10` 10` 10`=
10%`&'()-910%`&'()-,8%10%`&'()-Z6'10%`&'()-/%10%`&'()-MMM:M~MMNdEYNC! ,F
10%&'()-,10%&'()- -10%&'()-L,!10%&'()- 10%&'()-(lm10%&'()-NiNNO<P
QqQaBYNC!@ L10%&'()-!@S,#10%88&'()-39z 10%&'()-,&'10%&'()-
10%&'()-,10%&'()-qQQRiRRR1SdEYNC!9%`10%&'()-,&$g10%&'()-S"Y10%&'()-S
10%&'()-@Y10%&'()-LG10%&'()-1SSS%TxTTUdEYNC!yy/:10%&'()-L-z10%&'()-
f@,10%&'()-f)#10%&'()-f)#10%Z&'()-f`'10%&'()-U&VoVVWWWWWdYNC! 10 10 10yF=
10%&'()-:`10%&'()-yL910%&'()-y7`10%&'()-s610%&'()-W'W1W2WWW=Xz[<YNC!
10%:&'()-10%:&'()-!% "10%##&'()-`10%:&'()-!F(m10%==&'()- !F(m10%JJ&'()-
=XXX5YYY.ZdEYNC!Z10%:&'()-10%:&'()-@10%:&'()-10%:&'()-&
'10%:P&'()-FLs10%:&'()-.Z~ZZd[[\?]}^?YNC! 10%:&'()-9
10%:&'()-10%:&'()-!Y#10%::&'()-! Z%10%@@&'()-
Z%10%:&'()-?]]]&^j^^_dEYNC!Y.Z10%:&'()-,&10%:&'()-
+10%:&'()-)y#10%:&'()-'M10%:&'()-S&10%:&'()-_C```?aaaaadE:/ 10:
10:=10%:&'()-y;
10%:&'()-910%:&'()-@8r%10%:Z&'()-6`'10%:&'()-010%:&'()-aaaaabebbuV7/ 10:3
10%\&'()-10%\&'()-!3,!10%\\&'()- 10%\&'()-,)d10% &'()-`,)d10%&'()-
10:bcWcccGdddE7/ 10:3  



10%\&'()-`10%\&'()-10%\&'()-&L10%\&'()-L 10%\&'()-10%\&'()-ddxefgfggdE7/
10:3 % 10%\&'()-Y10%\&'()- 10%\&'()-@#10%\&'()-@#10%&'()-10%\&'()-g;
hhh.ifjjdE7/ 10:3 6
10%\&'()-y/10%\&'()--l10%\&'()-*@#10%\&'()-z(f10%\&'()-`'10%\&'()-jkXkckhki
kjkkkwkxmb@ 10:!,)P10%&'()- 10\ 10\
10\3=10%\&'()-,:10%\&'()-L9310%\&'()-,710%\&'()-wkkkkQlll}^?mb@ 10:@
10%t&'()-10%t&'()- !!10%OO&'()-!
c!10%&'()-L10%t&'()-,)P10%t&'()-l'n{nnhooodEmb@
10:F10%t&'()-10%t&'()-#10%t&'()-310%t&'()-l 10%t&'()-
10%t&'()-oq^qqqrVrdEmb@ 10: -'10%t&'()-l+-10%t&'()-)#10%t&'()-F3(10%t&'()-&
10%t&'()- 10%t&'()-Vrrs:ttttttdE:/ 10t 10t>10%t&'()- :10%t&'()-y810%t&'()-
6
10%t&'()-L010%t&'()-.!10%t&'()-ttt\uguvw"xpN//&%10%M&'()-9!a_&%10%##&'()-9!
a&%10%&'()-9 t&%10%&'()-9&%10%M&'()-9! l(m10%%E%E&'()- 10t"xxyz
{||zX6//!&%10%&'()-9!&%10%&'()-9&%10%M9&'()-9!&%10%&'()-9!p&%10%MaMa&'()-9!
t&%10%&'()-9|}~~~~~~~{\=!s10%:&'()-0(l10%:&'()- 10M 10M
10M=10%M&'()-!&%10%&'()-9!p&%10%MM&'()-9~dGdE{\=! 10%:&'()-f
10%:&'()-s10%:&'()-   10%:&'()-&10%:&'()- "10%:&'()-$s7aB{\=!`10%:&'()-
10%:&'()-#10%:&'()-#10%:&'()-!F%10%@@&'()-F%10%:P&'()-7{ldE{\=!.10%:&'()-,
10%:&'()-)#10%:&'()-(10%:&'()-f&10%:&'()-
m10%:&'()-l7ydE{\=!S810%:&'()-610%:&'()-
510%:&'()-s310%:&'()-1z10%:&'()-&010%:&'()-ibC!l 10%`&'()-`(l10%`&'()- 10:
10: 10:>10%:&'()-;10%:&'()-910%:&'()-=-~dEbC!310%`&'()-l
10%`&'()-@10%`&'()-  10%`&'()-y10%`&'()-!10%`&'()-THdEbC!s#10%`~&'()-, 



10%`&'()- 10%`&'()-s10%`&'()-` 10%`&'()-l m10%`&'()-A$ydEbC!L'M10%`&'()-%f
10%`&'()-F10%`&'()-
10%`&'()-10%`&'()-s#10%`&'()-yrYaBbC!210%`&'()-0-10%`&'()- f/Z10%`&'()-!,
10%``&'()-0*#10%`&'()-Y(10%`&'()-YJdE:/ 10`
10`3=10%`&'()-:310%`&'()-99&10%`&'()-710%`&'()-510%`&'()-F410%`&'()-qZuS1/
!^l `'10%22&'()-!l `'10%(X(X&'()-Yg10%&'()-S
"10%&'()-`&10%&'()-!,)r10%==&'()- 10`/zX91/
!^yY:!10%&'()-!yY:!10%WW&'()-!y%10%&'()-!y%10%&'()-!y%10%rr&'()-Y-10%&'()-p
_hmnaB7/ !
10=10%&'()-*s10%G&'()-'10%&'()-y&!'!10%&'()-!y&!'!10%&'()-10%&'()-nopgH/ !
10fl10%:&'()-:10%:&'()-310%:&'()-!)Fw10%&'()-!)Fw10%&'()- 10 101&dEH/ !
10l10%:&'()-M10%:&'()-10%:&'()-L"10%:&'()-#10%:&'()-  10%:&'()-@Z$<dEH/ !
10s310%:&'()-.g#10%:&'()-Y+10%:&'()-)"10%:&'()-!z#10%:&'()-F@
10%:&'()-<Mxmb@ ! 10!)h10%33&'()-l 10: 10: 10:9<10%:&'()-S810%:&'()-6
10%:&'()-510%:&'()-JndEmb@ ! 10!  10%:&'()-f10%:&'()-z#10%:&'()-#10%:&'()-s
10%:&'()-)h10%:&'()-ln2odEmb@ ! 10!L
10%:&'()-10%:&'()-10%:&'()-10%:&'()-3z#10%:&'()-z#10%:&'()-,n(|aBmb@ !
10!3(10%:&'()-&#10%:&'()-#10%:&'()- 10%:&'()-!%10%((&'()-%10%:&'()-:EdEmb@
! 10!@8z#10%:&'()-6 10%:&'()-&0#10%:&'()-.
10%:&'()--`10%:&'()-Y+@10%:&'()-EJKLM^LbC ! 10!
10%'o&'()-G10%'o&'()-L#10%'o&'()-)10%'o&'()- 10: 10: 



10:&<10%:&'()-L\ QdEbC !
10!310%'o&'()-Fz#10%'o&'()-'10%'o&'()-yz#10%'o&'()-
10%'o&'()-@10%'o&'()-WrdEbC ! 10!@#10%'o&'()-
M10%'o&'()-s#10%'o&'()-z#10%'o&'()-@%10%'o&'()- @%10%'&'()- kdEbC ! 10!,
10%'o&'()-*"10%'b&'()-3) 10%'o&'()-'
10%'o&'()-f&-10%'o&'()-$10%'o&'()-Q>dEbC !
10!s6`!10%'o&'()-4y#10%'o&'()-&3#10%'o&'()-1 10%'o&'()-/:10%'o&'()-Y.
10%'o&'()-w~_@ ! 10410%\&'()-#10%\&'()-sy#10%\&'()-!ky)h10%&'()-l 10'o 10'o
10'o;10%'o&'()-R6sdE~_@ !
10S%10%b&'()-310%\&'()-Yf#10%\&'()-3Y10%\&'()-`10%\&'()-S10%\&'()-6sdE~_@ !
10S%10%b&'()-310%\&'()-Yf#10%\&'()-3Y10%\&'()-`10%\&'()-<10%\&'()- Normal"
"Heading 13]c" "Heading 23]c" "Heading 33]c" "Heading 43]c" "Heading 53]c"
"Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A "Default
Paragraph Font A!#-A7@JT^jhq{oL>"/y?0JT`kopqrstuvwxyz{|/' RZ`
"%&(8+-K/015`8T:<>@1CDEGILMNqQ1SUW=X.Z?]_abdgjwkloVrt"x|~7lyYn<nEL}~6Times
New RomanArialCourier New"h Root EntryWordDocument
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~ 


