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EXECUTIVE SUMMARY

Extracting the characteristic impedance of a low loss PCB interconnect using a TDR
(Time Domain Reflectometer) instrument is relatively easy to accomplish because the
impedance curve as a function of distance along the interconnect remains relatively
constant.

But if the PCB interconnect is lossy, then the characteristic impedance curve will have a
rising slope. This rising slope can make compliance with non-rising (horizontal) limits
difficult, and in extreme cases impossible — even though the interconnect meets the
design specifications.

This white paper explores the basis for this rising slope and proposes an alternative to
the traditional horizontal limit lines that more accurately quantifies the impedance
properties of the interconnect.



Interconnect Impedance in the Time Domain

A TDR (Time Domain Reflect) instrument can measure the amplitude and shape of a pulse
injected into a PCB interconnect (the outbound signal) and the amplitude and shape of any
responses that are reflected back toward the TDR (the reflected signal). The reflected signal
can then be divided by the outbound signal to obtain a T-parameter REFL (reflection) ratio.!

For a single-ended (one trace) interconnect, two T-parameter ratio measurements can be
made: the T, ratio corresponds to the case where the TDR is connected to the “left” P1

interconnect port and the T,, ratio corresponds to the case where the TDR is connected to the
“right” P2 port.?

Figure 1: Definition of Normal Symmetry
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Left and right halves of interconnect are mirror images of each other.

Referring to Figure 1, if the interconnect is symmetrical about the center of the interconnect,
then the left and right halves of the interconnect are mirror images of each otherand T, =T,,.

T-parameter REFL ratios can be converted into an equivalent “impedance looking into the port”
provided the source impedance of the TDR is known. For most cases, the TDR source
impedance is 50 2, in which case the impedance looking into ports P1 and P2 can be computed
using the following two formulas:

z, = 50_1+T11 . Z,,=50. 211z

(1)
_T11 1_T22

These formulas for converting the two T,, values into their corresponding Z,. values, are non-
linear. T,y =0 corresponds to Z,, =50Q, T, =1 corresponds to Z,, =0 Q, while T,, =-1
corresponds to Z,, =0Q. Positive values correspond to impedances greater than the TDR

source impedance, while negative values correspond to impedances less than the TDR source
impedance.?

! For a detailed discussion of the REFL ratio, see the white paper, “Two Domains. Four Kinds of Ratios”.
2 Laboratory grade TDR instruments often have multiple TDR heads, in which case, the two TDR heads can be
connected to both P1 and P2 ports, and both T-parameter ratios can be measured simultaneously.
3 A multi-head TDR can also be configured as a two-trace differential TDR, in which case the TDR source impedance
will be 100 ohms instead of 50 ohms.
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Coupled differential pair interconnects have four ports as shown in Figure 2. Because the two
traces in the differential pair are coupled, part of the energy in the pulse that is injected into
port P1 couples onto the other trace and exits the differential pair at port P3. In an analogous
fashion, a portion of the energy in a pulse injected into port P2 will appear on port P4. One can
also form a similar output/input ratio from these two coupling mechanisms, calling them NEXT
(Near End Cross Talk), and using the same notational format introduced in previous paragraphs,
designate them as T,, and T,, respectively. A similar set of REFL ratios can be defined for

pulses injected into ports P3 and P4 respectively.

Figure 2: Parameters Needed to Compute Differential Pair Impedance
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As with the single ended case, it is possible to connect a 4-head TDR to all 4 ports of a
differential pair interconnects, in which case all 4 REFL and 4 NEXT T-parameter ratios can be
measured simultaneously. An example of such a configuration is shown in Figure 2.

Figure 2: Example of a 4-Head TDR Test Setup

The impedance “looking” into each port can be calculated using equation (1). However, the
differential impedance looking into Ports 1 and 3 simultaneously is not the simple sum of the



impedances looking into ports P1 and P3 using equation (1). The NEXT terms must first be
subtracted from the REFL terms per the following equations:

1+TDD,,

1
Left TDD,, = E-[(T11 —T3)+ (T, _TSI)] Left Z,, =100- 1-TDD,, (2a)
. 1 . 1+TDD
Right TDD,, = E'[(Tzz —Ty) +(Ty, _TAZ)] Right Z :100'ﬁ (2b)

If the diff pair traces are positioned close to each other, they are tightly coupled, and the NEXT
ratios will have a relatively high numerical magnitude. If the differential pair traces are loosely
coupled, then the NEXT ratios will have a relatively small numerical magnitude. As the two

traces are moved closer together, the NEXT terms, T,, T,,, T,, and T,,, increase in magnitude,

and as a result, the corresponding REFL terms, T,,, T,,, T,; and T,,, must also increase (become

more positive) if the desired differential impedance is to remain the same. Anincrease in the
REFL ratios means the individual impedances of the traces must increase. One way to increase
the REFL ratios is to decrease the trace width. However, this results in increased losses. This is
why tightly coupled differential pair interconnects often have higher losses than loosely
coupled differential pair interconnects. One way to get around this problem is to lower the
differential impedance, for example, from 100 ohms to 85 ohmes.

If there is no coupling between the two traces, T, =T,, =T,, =T,, =0, in which case the
differential impedance is only dependent on the sum of the two REFL ratios, T, +T,,or T,, +T,,
respectively. Additional material on the NEXT ratios will be presented later on in this white
paper.

In practical designs, the two traces in a differential pair are constructed to be physically
identical. This can be expressed as the two symmetries as shown in Figure 2.

Figure 3: Differential Pair Symmetries
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boundary that runs along the length of the transmission line. across a boundary that bisects the transmission
line into equal length left and right sections.

Referring to the left panel in Figure 3, if the two traces are mirror images of each other about
the tangential (longitudinal) axis of the interconnect, then

T11 :T33 T22 :T44 (3)



Referring to the right panel in Figure 3, if the left half of the interconnect and the right half of
the interconnect are mirror images of each other they have normal (perpendicular) symmetry,
and

Th=Ty, Tu=T, (4)
If an interconnect exhibits both symmetries, then

Ty =Ty =Tu=T, (5)
These symmetries can be used to quantify the “quality” of the differential pair interconnect -
assuming the two traces in the differential pair are identical. Figures 3 and 4 graphically show
the four REFL T-parameters for two coupled differential pair interconnects, “A” and “B” using
equation 1.
Referring to the right graphs in Figures 4 and 5, one can see that the magnitude of the
tangential symmetry (trace A — trace B) is smaller than the normal symmetry (left half of the
interconnect minus the right half of the interconnect). This is almost always the case for

coupled differential pair interconnects.

Figure 4: Differential Pair “A” Symmetries
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Figure 5: Differential Pair “B” Symmetries



Diff Pair B
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The anisotropic properties of the dielectrics used in the construction of the differential pair
interconnect often show up in the tangential delta data. For example, traces routed parallel to
the warp and fill directions of a coarse glass weave structure will introduce sine-wave shaped

periodicities. Variations across a panel often show up in the normal delta data.

NEXT Ratios in Greater Detail

Referring back to equations (2a) and (2b), the coupled NEXT ratios, T;,, T,,, T,, and T,

subtract from the REFL ratios, T,;, T;;, T,, and T,,. For a tightly coupled differential pair, the

magnitudes of these NEXT ratios are larger than for a loosely coupled differential pair. This in
turn requires larger REFL ratios, which in turn requires higher trace characteristic impedances.

Figure 6: Impact of NEXT on REFL and Individual Trace Impedances
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Referring to Figure 6, one can immediately see that differential pair B (red trace) is more tightly
coupled than differential pair A (blue traces) because the REFL ratios are higher (more positive)
and the NEXT ratios are higher.?

Figure 7 shows in greater detail the beginning of the curves in Figure 6, along with the launch
structure. The references in Figure 7 correspond to the following physical structures:

e A:TDR calibration plane.

e B: Coaxial connector barrel — which has a slightly higher than 50 ohm impedance.

e C: Via stucture — which has a significantly lower impedance (REFL ratio is a large
negative value).

e D:Single ended trace connecting the via to the coupled differential pair transmission
line. Note that the impedance is also greater than 50 ohms. This is often the case when
the width of these single ended traces are kept at the same width of the trace when it
reaches the differential pair.

e E:Beginning of the coupled differential pair transmission line.

As expected, the NEXT coupling ratios remain close to zero before the coupled transmission
line, starting at location E, because the two traces are physically too far apart for significant
coupling to take place.

4 A detailed discussion of why the NEXT curve is horizontal is given in reference [9].



Figure 7: NEXT/REFL Launch Detail
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Impact of Interconnect Losses on Measured Impedance

Figure 8 is a plot of the differential impedances of lossy interconnect “A” as measured from the
left (red curve, ZDD,,) and right (blue curve, ZDD,, ) ends as calculated using equations (2a)
and (2b). The curve for ZDD,, is reversed so it anatomically coincides with the impedance the
TDR measures when connected to the right end of the interconnect. Region Al is the
calculated impedance in the vicinity of the left P1 port as measured by the TDR head connected
to the left P1 port. Region A2 is the calculated impedance in the vicinityof the left P1 port as
measured by the TDR head connected to the right P2 port. Similarly, A2 and B2 are the
calculated impedances in the vicinity of the right P2 port when measured with the TDR heads
connected to ports P1 and P2 respectively.

Figure 8: Differential Impedances for Interconnect “A”
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Comparing the A1/A2 and B1/B2 impedances one can see that they differ by approximately 15
ohms. So which ones are correct? Al and B1? Or A2 and B2? To answer these questions, one

must look at what happens to the outbound pulse as it propagates down a lossy transmission

line.

Referring to the left half of Figure 9, a pulse propagating down a lossless interconnect retains its
shape and amplitude. If this pulse encounters a short at the end of the interconnect, it will
reflect back with an opposite polarity, but keep its amplitude and shape intact. Calculating the

impedance using equation (2), one arrives at an impedance of 0 ohms for the short at the end

of the interconnect.

Figure 9: Propagation of a Pulse down a Lossless and Lossy Interconnect
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However, if the interconnect is lossy, the pulse amplitude will decrease and its shape will distort
(flatten out) as it propagates down towards the short and back towards the port the TDR is
connected to. Calculating the impedance of the short at the end of the interconnect, again
using equation (2), the impedance of the short at the end of the interconnect is now computed
to be 33 ohmes, significantly higher than the 0 ohms measured when a lossless interconnect was
attached to the short. This is the reason why, in Figure 8, the impedances near the left end of
the interconnect when measured from the right end of the interconnect appear to be higher
than when they are measured from the closer left end. Ditto for B1 and B2.

From this example, one can deduce that lossy interconnects raise the apparent impedance of
the interconnect the farther into the interconnect the TDR pulse is allowed to propagate. One
practical outcome of this phenomena is that long lossy interconnects need to be measured
from both ends, not just one end.

The losses also have an impact on the spatial resolution. Comparing A1 with A2 and B1 with B2
in Figure 8, one can readily see that the spatial resolution decreases as the pulse propagates
down a lossy interconnect. This problem is exasperated because the pulse has to propagate
down the interconnect twice — once towards the structure where the impedances are not
constant, and again all the way back.

The Importance of Slope in Characterizing Lossy Interconnects

Figure 10 compares the calculated impedances of the more lossy tightly-coupled differential
pair “A” (the red curve) and the less losssy loosely-coupled differential pair “B” (blue curve).
Notice that in both cases, the impedances near the left end are well within the +/- 10%
tolerance for a nominal 100 ohm characteristic impedance-based interconnect. Near the right
end, however, the lossy “A” interconnect now appears to exceed the + 10% tolerance, while the
less lossy “B” interconnect appears to approach dangerously close to the + 10% tolerance limit.

Figure 9: The Importance of Slope in Characterizing Lossy Interconnects
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One potential way to circumvent this “rising slope” problem, is to extrapolate the logic
presented in the previous section and make the claim that the impedance at the left end of
these two rising sloped waveforms are more accurate indicators of the characteristic
impedance of the interconnect than the right end.

This approach, however, ignores the losses associated with the interconnect. Again, referring
back to Figure 9, the slope of the rising impedance curves is loss dependent. The higher the
losses, the steeper the slope. Ignoring the slope by only concentrating on the left end of the
impedance waveforms is analogous to “sweeping losses under the rug”, something that the
author of this white paper does not believe is a proper approach to characterizing lossy
interconnects using a TDR.”

This rising slope poses a problem as long as commerical TDR instruments used in a
manufacturing environment continue to only offer horizontal limit lines, as opposed to sloping
limit lines. For example, the use of horizontal limit lines often forces the PCB manufacturer to
lower the characteristic impedance of the interconnect so the entire sloping TDR curve fits
inside the horizontal limit lines. This has the effect of artificially tightening the impedance
tolerances.

Conclusions

The T-parameter ratio measurements from a TDR instrument can be used to calculate the
impedance “looking” into one or both ends of single ended and differential pair interconnects.

5 There is a commercially available software package that does exactly this — use a linear curve fit of a rising
impedance curve to extrapolate a lossless impedance from a lossy interconnect.
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If the losses are small, then the impedance as a function of time will be relatively constant, and
hence it is numerically equivalent to the characteristic impedance of the interconnect.

However, if the losses are large, then the impedance curve will have a rising slope whose
magnitude is proportional to losses in the interconnect.
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