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LINE IMPEDANCE CALIBRATION USING 
ACTUAL IMPEDANCE DETERMINATION 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to transmis 
sion line impedance matching and, more particularly, to 
actual determination of the line impedance of a transmission 
line for signaling at nontrivial rates. 

BACKGROUND OF THE INVENTION 

[0002] Transmission line impedance matching is an 
important part of virtually every high-frequency circuit 
operation, including both analog and digital signal transmis 
sions. For example, With the transmission of such signals 
over a simple conductor (Which can be virtually any circuit 
bearing a signal-carrying path), the source and load ends (or 
“nodes”) of the conductor should be properly terminated in 
order to prevent intolerable overshoot, undershoot, and 
re?ections. In the presence of impedance mismatch, the 
severity of these undesirable effects increases With the 
length of the conductor, and the rate at Which data can be 
transmitted over the conductor becomes more limited. 

[0003] The impedance of both the source and load ends 
should be matched to the characteristic impedance of the 
conductor. The output impedance of the transmitting node 
and the input impedance of the receiving node typically 
differ from the characteristic impedance of the interconnect 
ing transmission line, or the conductive path, carrying the 
signal. When the transmission line is used for bidirectional 
signal communication, it Will be appreciated that each of the 
terminating nodes acts as a source When the node is sending 
a signal and each acts as a load When the node is receiving 
a signal, and a single impedance alteration does not typically 
provide the correct impedance matching for both transmis 
sion directions. 

[0004] A multitude of techniques have been used to 
address impedance mismatch issues for a variety of appli 
cations including high-quality cable-matched interfaces, 
radio-frequency couplers, and large data netWorks using 
unshielded tWisted pair cable. Many of these applications 
involve the transmission of signals at speeds that are sensi 
tive, or “high” relative to the application’s tolerance for the 
above-mentioned undesirable effects. Reliable signaling for 
these applications requires that the line drivers, the line 
terminators or both, be matched to the transmission line 
impedance. Because of the dif?culty of determining the 
actual line impedance, the prevailing practice has been to 
specify values for the line, the drivers and the terminators 
independently and to trade off the loss of signal integrity 
from mismatches against the cost of reducing them. For 
example, in attempting to effect an impedance match 
betWeen an I/O pin of an IC to a printed-circuit board 
conductor, it is common to approximate the nominal imped 
ance of the conductor based on speci?ed values of operation 
for the conductor and the circuits connected to either end, 
and then to terminate one of these ends With a resistor based 
on the approximated nominal impedance. This practice is 
disadvantageous, hoWever, due to the inaccuracies ensuing 
from both the approximation and the speci?ed values of 
operation. 
[0005] Accordingly, there is a need for an improved trans 
mission line impedance-matching technique that lessens the 
inaccuracies resulting from this trade off. 
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SUMMARY 

[0006] According to various aspects of the present inven 
tion, embodiments thereof are exempli?ed in the form of 
methods and arrangements concerning approaches for line 
impedance matching that involve a more direct manner of 
determining the line impedance for calibration purposes. It 
has been discovered that calibration of such a line can be 
achieved by appropriately adjusting the impedance at the 
signal terminating circuit in response to driving the line to a 
steady-state voltage using a ?rst current, and then releasing 
this current and therein presenting a transient on the line. By 
properly evaluating the voltage level of the line in response 
to the transient, the proper adjustment can be made to the 
impedance at the signal terminating circuit. 

[0007] Another speci?c implementation is directed to a 
process of calibrating impedance of a line connecting ?rst 
and second nodes, comprising: driving the line to a steady 
state voltage using a ?rst current having a magnitude greater 
than Zero; subsequently driving the current to a Zero mag 
nitude from the ?rst node and therein presenting a transient 
voltage on the line; at the ?rst node, indicating a voltage 
level of the line in response to the transient, comparing the 
line voltage level to a reference voltage, and then adjusting 
the impedance at the second node. 

[0008] The above summary is not intended to provide an 
overvieW of all aspects of the present invention. Other 
aspects of the present invention are exempli?ed and 
described in connection With the detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Various aspects and advantages of the present 
invention Will become apparent upon reading the folloWing 
detailed description of various embodiments and upon ref 
erence to the draWings in Which: 

[0010] FIG. 1 is a block diagram of a transmission line 
impedance matching arrangement useful in illustrating a 
speci?c example implementation of the present invention; 

[0011] FIG. 2 is a diagram of another example circuit that 
is an alternative to the arrangement of FIG. 1 and is also in 
accordance With the present invention; 

[0012] While the invention is amenable to various modi 
?cations and alternative forms, speci?cs thereof have been 
shoWn by Way of example in the draWings and Will be 
described in detail. It should be understood, hoWever, that 
the intention is not to limit the invention to any particular 
embodiment described. On the contrary, the intention is to 
cover all modi?cations, equivalents, and alternatives falling 
Within the spirit and scope of the invention as de?ned by the 
appended claims. 

DETAILED DESCRIPTION 

[0013] The present invention has a variety of high-speed 
signaling applications Where realiZing precise matching of 
line impedance is bene?cial. The present invention has been 
found to be advantageously useful for a Wide variety of 
applications including, among many others, cable commu 
nications, various data-bussing arrangements, and the inter 
connection of tWo chips on a printed circuit/Wire board. 
While the present invention is not necessarily limited to such 
applications, various aspects of the invention can be appre 
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ciated through a discussion of a feW example embodiments 
relating to such environments. 

[0014] One example embodiment of the present invention 
includes a signal driving circuit Which is electrically con 
nected to a far end termination circuit through a transmission 
line carrying signals at a relatively high speed. In this 
example application, it is important that the termination 
impedance matches the characteristic impedance (Z0) of the 
line, Which is dependent on the built-in and parasitic 
attributes of the line. Looking at the termination node from 
this perspective, these line attributes can be vieWed as an 
equivalent circuit that includes the distributed series induc 
tance and capacitance along the line length plus the parallel 
shunt capacitance and shunt conductance at the termination 
node. In connection With the present invention, it has been 
discovered that calibration of such a line can be achieved by 
appropriately adjusting the impedance at the termination 
circuit in response to driving the line to a steady-state 
voltage using a ?rst current and then driving the current to 
a Zero magnitude and therein presenting a transient on the 
line. By properly evaluating the voltage level of the line in 
response to the transient, achieved for example by compar 
ing the line voltage level to a reference voltage, the proper 
adjustment can be made to the impedance at the far end 
circuit. 

[0015] FIG. 1 illustrates another speci?c example 
embodiment of the present invention involving a printed 
Wire board (“PWB”) having communication channel 10 and 
termination potential 12 arranged to interconnect a signal 
driving circuit 14 With a terminating circuit 16. 

[0016] The ?rst communication channel 10 corresponds to 
the transmission line, as discussed above, having character 
istic impedance Z0. The termination potential 12 is used to 
return signal current betWeen the signal driving circuit 14 
and the terminating circuit 16. 

[0017] According to another aspect of the present inven 
tion, an optional second communication channel 18 is used 
to pass data for adjusting the impedance at the node inter 
facing the signal driving circuit 14 With the ?rst communi 
cation channel 10. In various applications, the impedance at 
the node interfacing the signal driving circuit 14 is adjusted 
automatically using the third communication channel 18 as 
a feed-back channel. In another approach, this impedance is 
adjusted less directly by further processing calibration data 
before adjusting the impedance either automatically or 
manually. The exact nature of the channel 18 is not signi? 
cant to the invention. 

[0018] In the example embodiment of FIG. 1, the second 
communication channel 18 is used to as an input for a 
control circuit 20 adapted to control a variable-impedance 
device 22 connected to a supply, depicted as V1. The 
variable-impedance device 22 may be of any sort, including 
but not limited to: a MOS transistor With substrate bias; a 
MOS transistor With analog gate-voltage control; a multiple 
MOS transistors With variable-number enablement; or a set 
of sWitchable resistors. An example circuit including a set of 
sWitchable (MOS-based or otherWise) resistors controlled 
by a CPU data bus is disclosed and described in connection 
With US. Pat. No. 6,118,384, entitled “Battery Monitor With 
SoftWare Trim,” to Sheldon et al. Thus, using a set of 
sWitcbable resistors to de?ne the impedance presented by 
the variable-impedance device 22, the control circuit 20 can 
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be implemented using a port controlled by a CPU (internal 
to the block 20), or by discrete logic responding to the data 
fed back along the communication channel 18 and control 
ling a multi-bit state logic circuit such as a set of ?ip-?ops. 
Any of the above approaches, and others, can be used as may 
be dictated by economics, technology availability, conve 
nience, and/or the preference of the designer. 

[0019] Accordingly, in response to certain conditions, the 
variable-impedance device 22 is adjusted to calibrate the 
impedance it presents to the ?rst communication channel 10. 
These conditions are de?ned by analyZing the ?rst commu 
nication channel 10 in response to the signal driving circuit 
14 driving the line ?rst to a steady-state voltage using a ?rst 
current and then to a Zero magnitude current. Releasing this 
drive induces a transient voltage that is evaluated to deter 
mine Whether the impedance presented by the variable 
impedance device 22 should be increased or decreased 
and/or the magnitude of such a change. 

[0020] As shoWn in FIG. 1, the variable-impedance 
device 22 is controlled by using a comparator circuit 30 
coupled to each of the ?rst communication channel 10 and 
termination potential 12 to determine Whether the imped 
ance presented by the variable-impedance device 22 should 
be incremented or decremented by an amount as de?ned by 
the design of the control circuit 20. The voltage level of the 
line in response to the transient voltage is thus fed to the 
positive input port of the comparator circuit 30 and its 
negative input port is fed by the reference voltage V1 via the 
termination potential 12. By comparing the voltage level of 
the line to this reference voltage, the proper incremental 
adjustment can be made to the impedance at the signal 
driving circuit. In the illustrated example, FIG. 1 includes an 
optional interface circuit 24 for translating the voltage level 
at the output of the comparator circuit 30 to the control 
circuit 20. The exact location of the interface circuit is not 
critical nor is the implementation of the interface circuit 24. 
The location and implementation of each is determined by 
such design parameters as the levels presented at the output 
of the comparator circuit 30 and the input levels required by 
the control circuit 20. The comparator circuit 30 need only 
be fast enough to resolve the difference in a time frame that 
is short compared to the line propagation. In one example 
implementation, the comparator circuit 30 is implemented as 
a differential ampli?er in Which the output is in proportion 
to the differences betWeen voltages applied to its tWo inputs. 

[0021] The signal driving circuit 14 can also be imple 
mented in different Ways. As shoWn in FIG. 1, this current 
source for driving the ?rst communications path 10 includes 
a sWitchable driver 32 that is capable of assuming both 
loW-impedance and high-impedance states. The sWitchable 
driver 32 can be implemented, for example, by using: one or 
more MOS transistors con?gured as either common-drain or 
common-source; or one or more bipolar transistors con?g 
ured as either grounded-emitter or grounded-collector. In 
this example illustration, the sWitchable driver 32 is shoWn 
representatively using a PMOS transistor (or as a set of 
common-source transistors) having its source terminal con 
nected to a positive supply V2 and its drain terminal 
connected to the node interconnecting the positive input of 
the voltage comparator circuit 30 and termination potential 
12. 

[0022] In a more speci?c embodiment, the operation of the 
circuit of FIG. 1 commences With variable-impedance 
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device 22 enabled and presenting an initial or default 
impedance value betWeen the ?rst communication path 10 
and the termination potential 12. While not necessary for all 
applications, the initial or default impedance value can be 
approximated using conventional approaches and the incre 
mental level and number of changes effected by the control 
circuit 20 can be minimiZed. The sWitchable driver 32 is also 
placed in a loW-impedance state, thereby presenting an 
effective impedance R2 to the ?rst communication path 10 
and driving it to a steady-state value of 

[0023] and passing a current of 

(V2-v1)/(R1+R2) 

[0024] through the line. Once the current has settled, the 
sWitchable driver 32 is placed in a high-impedance state, 
therein forcing the line current to Zero and inducing a 
transient voltage 

[0025] on the line. This transient voltage Will bring the line 
at the node T1 connecting to the negative input port of the 
comparator 30 to a potential de?ned by 

[0026] Assuming that V2>V1: if R1 equals Z0, the voltage 
of the node T1 Will be equal to V1, Which is the threshold 
point for the comparator circuit 30. If R1 is greater then Z0, 
the comparator circuit 30 Will detect a positive difference, 
and if R1 is less than Z0, the comparator circuit 30 Will 
detect a negative difference. In response to this comparison, 
the interface circuit 24 causes the control circuit 20 to adjust 
the impedance of the variable-impedance device 22 for an 
improved interface betWeen the impedance presented to by 
signal driving circuit 14 and the characteristic impedance of 
the line, or ?rst communication path 10. The process can be 
repeated until an acceptable match is accomplished. 

[0027] Since the devices at either end of the transmission 
line drive both high and loW impedance levels, the variable 
impedance device 22 may have a ?rst complementary device 
(not shoWn) driving to V2 and the sWitchable driver 32 may 
have a second complementary device (not shoWn) driving to 
V1. The process for adjusting the ?rst complementary 
device may be the complement of that discussed above for 
the illustrated variable-impedance device 22 or any of many 
alternative secondary calibration methods. 

[0028] As a variation to the arrangement illustrated in 
FIG. 1, FIG. 2 illustrates an alternative embodiment that is 
useful for accommodating non-linearities in the variable 
impedance device 22. Due to these non-linearities, it is 
helpful that its initial state be as near as possible to its normal 
operating point, Which can be achieved by adjusting the 
strength of the sWitchable driver 32. This adjustment can be 
accomplished using a variety of approaches; as one 
eXample, a second comparator circuit 34 can be added as 
shoWn in FIG. 2. The output of the second comparator 
circuit 34 is used to adjust the initial potential at node T1 to 
VREF through a sWitchable bias circuit (not shoWn). When 
combined With the above-discussed ?rst complementary 
device, this approach has the added bene?t of matching the 
?rst complementary device to the line; the second compara 
tor circuit 34 may also be used (and therefore already 
designed into the circuit) as a line receiver. 
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[0029] The various embodiments described above are pro 
vided by Way of illustration only and are not intended to 
limit the invention. Those skilled in the art Will readily 
recogniZe various modi?cations and changes that may be 
made to the present invention Without strictly folloWing the 
eXample embodiments and applications illustrated and 
described herein. For example, analyZing the line voltage 
relative to the reference voltage can be performed using 
means other than an analog comparator; alternatively, the 
corresponding signals can be translated to precise digital 
values and processing accordingly. These and other varia 
tions are considered to be aspects of the present invention as 
de?ned by the folloWing claims. 

What is claimed is: 
1. Amethod of calibrating impedance of a line connecting 

?rst and second nodes, comprising: 

driving the line to a steady-state voltage using a ?rst 
current having a magnitude greater than Zero; 

subsequently driving the current to a Zero magnitude from 
the ?rst node and therein presenting a transient voltage 
on the line; 

at the ?rst node, indicating a voltage level of the line in 
response to presenting a transient voltage on the line; 

analyZing the line voltage level relative to a reference 
voltage; and 

responsive to this comparison, adjusting the impedance at 
the second node. 

2. The method of claim 1, Wherein driving the line to a 
steady-state voltage includes presenting a relatively high 
conductance to the line, and Wherein driving the current to 
a Zero magnitude includes removing the relatively high 
conductance presented to the line. 

3. The method of claim 2, further including providing a 
current driver circuit coupled to the line, and Wherein 
presenting a relatively high conductance to the line includes 
controlling the current driver circuit. 

4. The method of claim 2, further including providing a 
current driver circuit coupled to the line, and Wherein 
removing the relatively high conductance presented to the 
line includes controlling the current driver circuit. 

5. The method of claim 1, Wherein adjusting the conduc 
tance at the second node further includes automatically 
adjusting the conductance of said at least one of the ?rst and 
second nodes in response to a differential comparison of the 
line voltage level relative to the reference voltage. 

6. The method of claim 5, Wherein automatically adjust 
ing the conductance includes feeding data back from the 
comparison to the second node. 

7. The method of claim 5, further including using a 
conductance controller to adjust the conductance at the 
second node, and Wherein feeding data back from the 
comparison includes feeding the data to the conductance 
controller. 

8. The method of claim 1, further including providing a 
current driver circuit coupled to the line, and using the 
current driver circuit to control the conductance presented to 
the line. 

9. A circuit arrangement including a line connecting ?rst 
and second nodes, the arrangement comprising: 

means for driving the line to a steady-state voltage using 
a ?rst current having a magnitude greater than Zero; 
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means for driving the current to a Zero magnitude from the 
?rst node therein presenting a transient voltage on the 
line; 

means for indicating a voltage level of the line at the ?rst 
node in response to presenting a transient voltage on 
the line; 

means for analyZing the line voltage level relative to a 
reference voltage; and 

means, responsive to the analysis means, for adjusting the 
impedance at the second node. 

10. The circuit arrangement of claim 9, further including 
?rst means for controlling conductance presented to the line. 

11. The circuit arrangement of claim 9, further including 
a comparator circuit. 

12. The circuit arrangement of claim 11, Wherein the 
comparator circuit includes a differential ampli?er. 

13. Acircuit arrangement including a line connecting ?rst 
and second nodes, the arrangement comprising: 

a selectively controllable current source coupled to the 
line and adapted to drive the line to a steady-state 
voltage using a ?rst current having a magnitude greater 
than Zero, the selectively controllable current source 
including a control port adapted to receive a selectively 
provided input, the selectively controllable current 
source further adapted to respond to the selectively 
provided input by driving the current to a Zero magni 
tude from the ?rst node and presenting a transient 
voltage on the line; 

a comparison circuit, responsive to the line current for 
indicating a voltage level of the line at the ?rst node and 
responsive to a reference voltage, the comparison cir 
cuit adapted to indicate magnitude of the line voltage 
level relative to the reference voltage; and 

a selectable impedance circuit adapted to respond to this 
comparison by adjusting the conductance at the second 
node. 

14. The circuit arrangement of claim 13, Wherein the 
selectively controllable current source comprises a transistor 
circuit including the control port, and Wherein the transistor 
circuit is adapted to respond to a bi-level signal by activating 
and deactivating the source according to the state of the 
bi-level signal. 
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15. The circuit arrangement of claim 13, Wherein the 
selectively controllable current source is further adapted to 
control conductance presented to the line. 

16. The circuit arrangement of claim 15, Wherein the 
selectively controllable current source is further adapted to 
remove a high conductance presented to the line. 

17. The circuit arrangement of claim 13, further including 
a feedback path adapted to carry a signal from the compari 
son circuit to the selectable impedance circuit. 

18. The circuit arrangement of claim 17, Wherein the 
feedback path and the comparison circuit are adapted to 
automatically cause the selectable impedance circuit to 
adjust the conductance. 

19. For use in calibrating a transmission line connecting 
?rst and second nodes, a circuit arrangement comprising: 

a selectively controllable current source coupled to the 
line and adapted to drive the line to a steady-state 
voltage using a ?rst current having a magnitude greater 
than Zero, the selectively controllable current source 
including a control port adapted to receive a selectively 
provided input, the selectively controllable current 
source further adapted to respond to the selectively 
provided input by driving the current to a Zero magni 
tude from the ?rst node and presenting a transient 
voltage on the line; 

a comparision circuit, responsive to the line current for 
indicating a voltage level of the line at the ?rst node and 
responsive to a reference voltage, the comparision 
circuit adapted to indicate magnitude of the line voltage 
level relative to the reference voltage; and 

Wherein a conductance at the second node is altered in 
response to the magnitude indication. 

20. The circuit arrangement of claim 19, further compris 
ing a selectively controllable current source coupled to the 
line and adapted to adjust the conductance of the source. 

21. The circuit arrangement of claim 19, Wherein the 
comparison circuit includes a differential ampli?er. 


