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Abstract

A comparison of modeled to measured results suggests that vias introduce dissipative loss
beyond that predicted by modeling tools, especially at frequencies above 10 GHz. This
paper presents such a comparison based on measured results from several different test
boards using different materials and layout approaches. It evaluates several hypotheses
that might explain the additional loss, including leakage from radial TEM waves and inter-
actions with ground vias. The conclusions are used to extend existing analytic via models
and improve high frequency behavior. The results of system correlations are presented,
demonstrating signal path correlation up to 20 GHz.
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1.0 Introduction

This paper reports on a continuing effort to improve electrical channel models at higher
frequencies. Previous papers [1-4] reported on improvements that collimated in electrical
channel models which accurately reproduced measured data beyond 5 GHz. These models
have been well suited for estimating the performance of high speed serial channels up to 6
Gb/s. As the data rate doubles to 12 Gb/s and then more than doubles to 28 Gb/s, however,
these models will need to be improved.

Within this modeling effort, via modeling has become increasingly important, and via
models have become increasing complex. [1] presented a via model in the form of closed
form equations which were derived directly from Maxwell’s equations and reproduced
measured data extremely well. This model represented the via barrels as multiconductor
transmission lines whose characteristic impedances were derived directly from the physi-
cal properties of the via. [4] extended the via barrel model to include the printed circuit
board pads and entry/exit traces at the ends of the via. Since all of these models repre-
sented the via using an equivalent circuit, they have been computationally efficient as well
as accurate.
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FIGURE 1. Example of model correlation reported in 2012 [4]
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Every comparison of model to measurement has compared time domain reflectometry
(TDR) waveforms as well as loss vs. frequency curves. The TDR waveforms directly
address the accuracy of the impedances in the model and also help to make sure that the
elements of the model correspond directly to physical structures. TDR is not, however, a
sensitive indicator of transmission loss, and so the loss vs. frequency curves are the other
essential element in any model comparison.

Figure 1 is an example of both the TDR and insertion loss model correlation reported in
2012.

To further improve electrical channel models, we approached the problem as an exercise
in experimental Physics. That is, we examined the discrepancies between model and mea-
sured data across a range of conditions, looked for hypotheses that could explain these dis-
crepancies, tested these hypotheses by empirically modifying the models, and then looked
for theoretical explanations for the empirical models. The reference data has always been
data measured directly on physical structures, and computational results have always been
treated as models. This work continues; however, we believe that what we have learned
has engineering value.

When comparing model to measured data, we observed two discrepancies that seemed to
be of primary importance:

1. At higher frequencies, the models seem to consistently under-estimate the insertion
loss.

2. Whereas the models accurately reproduce the characteristic impedance for longer vias,
they consistently predict a lower impedance than was measured for shorter vias.

From the various conversations and meetings we’ve been involved in, we believe that the
first of these two discrepancies, under prediction of insertion loss at higher frequencies,
has been widely observed across existing tools, published equations, and correlation
attempts published within standards bodies. We do not have any publicly available refer-
ences that we can refer to, however.

In this paper, we offer two hypotheses to explain the discrepancies stated above:

1. At higher frequencies, vias fail to completely contain their fields, resulting in energy
leakage and subsequent dissipation as radial TEM waves between the ground (and vir-
tual ground) planes in the PC board.

In short, vias directly generate a substantial amount of high frequency loss.

2. The transition from between via propagation (perpendicular to the plane of the PC
board) to trace propagation (parallel to the plane of the PC board) generates higher
order radial TEM waves that introduce a substantial amount of high frequency loss and
increase the impedance near the transition.

In short, transitions between vias and traces directly generate a substantial
amount of high frequency loss and increase the impedance near the transition.

Furthermore, the theoretical evaluation of these hypotheses suggests that use of racetrack-
type antipads should minimize high frequency loss.
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2.0 Baseline Data and Model

The baseline for this study was data measured on eight transmission paths with a wide
range of trace lengths and via lengths. The device under test was the bare board for a pro-
duction backplane, and the measurements were made between pads associated with con-
nector pins.

As shown in Figure 2, the circuit model consisted of a differential trace between two vias
on a circuit board fabricated using Megtron 6 dielectric. Lossless transmission lines were
placed at the input and output to compensate for anticausal numerical artifacts in the TDR
calculation [5].
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FIGURE 2. Model of baseline configuration

Physical dimensions were taken directly from the circuit board that was measured. Trans-
mission line trace lengths were derived from post-layout extraction of the artwork while
dielectric and conductor thicknesses were measured directly from a cross section of the
board taken after the electrical measurements were made.

The baseline via model was that described in [4]. It consisted of a top layer pad, a via bar-
rel modeled as a lossless transmission line, a routing layer pad and an exit trace.

The transmission line model was a SPICE RLGC W line model which included closed
form equations for the following effects:

e Dielectric loss: Dielectric loss tangent was assumed to be constant with frequency and
used the formulation in [6] to model the variation of dielectric constant with frequency.
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One set of values was used for the stripline routing layers while a separate set of values
was used for a dual stripline layer at the bottom of the board.

TABLE 1. Transmission line dielectric modeling parameters

Stripline Dual stripline Published
Parameter routing layers | layer range of values
Dielectric constant Dk 3.55 3.67 34-3.6
at | GHz
Dielectric loss tangent Df 0.005 0.006 0.004 - 0.006
Differential impedance Z,, 90.3Q2 88.6Q2

e Conductor roughness: The conductor roughness model was the one provided in [7].
The conductor roughness value used was 0.15 purms, which is typical for a circuit board
with high quality copper conductors.

e Conductor internal impedance: The modeling of skin effect and the penetration of mag-
netic fields into the transmission line center conductor are described in [8], which in
turn refers to [9], [10], and [11].

To simplify preliminary data analysis, the loss discrepancy was quantified as the differ-
ence, in dB, between the modeled loss and the measured loss at 20 GHz.

2.1 Transmission Line Hypothesis

To explain the remaining loss discrepancy, one of the hypotheses we evaluated was the
possibility that there were losses in the transmission lines that were not included in the
model. We were aware that some EDA tools had implemented models that use tables of
dielectric loss tangent vs. frequency, and that some system developers were attempting to
use this form of modeling to explain the loss discrepancies. We are still not aware of any
published results.

If this hypothesis is correct, then the loss discrepancy should be a linear function of trace
length.

Figure 3 is a scatter plot of loss discrepancy at 20 GHz in dB vs. trace length in inches.
This scatter plot demonstrates that our measured data does not support the excess trace
loss hypothesis, in that short traces seem to have the same range of loss discrepancies as
long traces.
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FIGURE 3. Loss discrepancy vs. trace length

We have therefore concluded that our current modeling of transmission line loss is much
more accurate than other parts of our model. There is data from materials suppliers that
indicates that the dielectric loss tangent can vary by as much as perhaps 20% from 1 GHz
to 20 GHz, and we believe that data is accurate and reliable. It appears, however, that one
can produce a sufficiently accurate model of transmission line loss by choosing the dielec-
tric loss tangent at a frequency which is approximately half the data rate, and assuming
that that dielectric loss tangent applies to all frequencies of interest.

2.2 Via Hypothesis

Since the loss discrepancy appears to be independent of trace length, we looked for some
other structure in the measured circuits that might be the location of the excess high fre-
quency loss. Since the only other structures in the measured circuits were vias, we consid-
ered the possibility that the excess loss was in the vias. Each measured circuit had two and
only two differential vias, independent of trace length; however, the length of the vias var-
ied between the circuits measured, thus providing a means for evaluating this hypothesis.

If the excess loss is in the vias, then the loss discrepancy should be a linear function of via
length.

Figure 4 is a scatter plot of loss discrepancy at 20 GHz, in dB, vs. via length in inches. As
demonstrated by the dashed line in Figure 4, the measured data suggests that the excess
via loss hypothesis is plausible.
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FIGURE 4. Loss discrepancy vs. via length

3.0 Empirical Model of Via Loss

To further evaluate the excess via loss hypothesis, we created an empirical model of via
loss. The purpose of this model was to determine whether additional loss in the vias could
minimize the discrepancy between modeled and measured insertion loss, and not neces-
sarily to address the Physics associated with any specific loss mechanism.

Since the excess loss appears to be a function of via length, the empirical model adds loss
to the via barrel while keeping the pad and exit trace models constant. Furthermore, on the
supposition that the excess loss is somehow associated with the series impedance of the
ground return path, the empirical model adds resistance to the ground conductor and, to
maintain causality, adds an inductive reactance equal to the series resistance.

The resulting excess series impedance per unit length is
_ p
z(f) = ( +J)rv(f10) (EQ1)

This impedance was added to the RLGC W line model of the via barrel. The initial imple-
mentation was a stand-alone table driven model and, once the equation was well estab-
lished, incorporated as an additional frequency dependent component into the W line
model in the channel simulator (QCD from SiSoft).

The parameters in Equation 1 were adjusted to optimize the match between modeled and
measured loss for the cases described above. We found that the excess loss required for the
shorter vias was greater than that for the longer ones. This is consistent with the fact that
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the fit line (dotted line) in Figure 4 intercepts the Y axis at a positive value. The values
chosen are reported in the following table:

TABLE 2. Empirical model parameters for Equation 1

Via Length ry p fo
0.298” 6002 3 5.0 GHz
0.293» 6002 3 5.0 GHz
0.280” 6002 3 5.0 GHz
0.181» 6002 3 5.0 GHz
0.125» 6002 3 5.0 GHz
0.083” 6002 3 3.5 GHz
0.068” 6002 3 3.5 GHz

As can be seen in this table, the parameters for all of the via lengths are identical except
that the corner frequency shifts from 5.0 GHz to 3.5 GHz for the shortest via lengths.
Given that the frequency is taken to the third power, this corresponds to a factor of 2.9 in
the excess via loss.

3.1 Comparison to Baseline Data

The following figures compare the measured insertion loss (RED) to the baseline model
loss (BLUE) and empirical model insertion loss (YELLOW) for each of the cases in the
baseline data set. While the correlation to measured data still isn’t perfect, it is very much
improved for the empirical model. This tends to confirm the hypothesis that the excess
loss is in the vias.
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FIGURE 12. Modeled vs. measured insertion loss for 28.3” path length and 0.083” via length

3.2 Stitch Board Data

To further test the excess via loss hypothesis, we applied the same empirical via model
(Equation 1, Table 2) to measured data from a via stitch board. This board had been spe-
cifically designed to evaluate PC board structures such as vias. For example, one configu-
ration (1.6) contained eight vias while another configuration (4.3) had almost exactly the
same length, but only two vias. The material was FR4 rather than the Megtron 6 used in
the baseline board, thus requiring a different dielectric constant and dielectric loss tangent.
In all other respects, the modeling of the stitch board was exactly the same as the modeling
for the baseline data.

TABLE 3. Stitch board configurations

Configuration | Total Length Vias
1.1 1.34” 2
1.6 11.9” 8
4.1 2.2 2
4.2 8.17 2
4.3 12.0” 2

The equipment used to measure the stitch board does not measure the S parameters at low
frequency quite as accurately as the the equipment used to measure the baseline data, and
this inaccuracy shows up as a baseline shift in the TDR traces calculated from the S
parameters.
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Also, the bulkhead SMA connectors used on the stitch board start supporting multimode

propagation (as opposed to pure TEM mode) at about 14 GHz, making the data above that
frequency invalid.

The following figures compare model TDR and insertion loss (RED) to measured results
(BLUE) for each of the five stitch board configurations.
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FIGURE 13. Model vs. measurement for stitch board configuration 1.1

0 5iSof

- SiSofy

TDR

\% M*\ 7

Insertion Loss

FIGURE 14. Model vs. measurement for stitch board configuration 1.6

0 5iSof

|

/f
(\\W\J‘*\’W‘WTW\\( ’/ /
/ If

TDR

Insertion Loss

FIGURE 15. Model vs. measurement for stitch board configuration 4.1

Fast, efficient and accurate: via models that correlate to 20 GHz

November 21, 2012

14



5 SiSof ;8 SiSof

1
\\T\\

i -

AT 0/

W/

TDR Insertion Loss

FIGURE 16. Model vs. measurement for stitch board configuration 4.2

5 SiSof

TDR Insertion Loss

FIGURE 17. Model vs. measurement for stitch board configuration 4.3

As was the case with the baseline data, the results obtained using the empirical model are
very encouraging, and particularly the fact that good correlation was obtained for approxi-
mately the same trace length (12”) and two very different numbers of vias (8 for configu-
ration 1.6, Figure 14, vs. 2 for configuration 4.3, Figure 17).

3.3 Empirical Model Conclusion

Results obtained using the empirical model for both the baseline data and the stitch board
consistently support the hypothesis that vias produce direct, resistive loss at high frequen-
cies in addition to the reflective losses they produce through impedance discontinuities.
The support for this hypothesis appears to be strong enough to warrant a theoretical study
into the Physics of possible loss mechanisms.

4.0 Electromagnetic Description

This section attempts to gain further insight into via loss by examining the electromag-
netic modes associated with vias. Three separate sets of modes are considered: the electro-
magnetic modes associated with common mode electrical excitation, the electromagnetic
modes associated with differential mode electrical excitation, and the electromagnetic
modes associated with the transition from vias to stripline transmission lines.
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The discussion of common mode excitation is intended to provide a link back to earlier
work [1], and to establish a context for the discussion of differential mode excitation. The
treatment of differential excitation is the primary concern of this paper. The discussion of
the via to trace transition is more complex than can be presented in this paper, and the dis-
cussion is therefore qualitative rather than quantitative.

For the common mode and differential mode excitations, the approach is to use magnetic
contours to determine the current driven into the various electromagnetic modes. Losses
will then be calculated for the electromagnetic modes. It will be seen that although in com-
mon mode, all current must be returned through the ground path, in differential mode the
currents in the ground path are a function of the via design. Therefore, whereas the losses
in common mode can only be avoided through the use of ground vias, the losses in differ-
ential mode can be reduced by the use of racetrack-type antipads as well.

4.1 Radial TEM Waves

As demonstrated in [1], the fields associated with a via antipad can be described using
radial TEM modes. The electric field for these modes is perpendicular to the ground
planes and thus develops a voltage between the ground planes. The dominant magnetic
fields for the common and differential modes are illustrated in Figure 18. The magnetic
fields exist between the ground planes and are parallel to them. Note that for the differen-
tial mode, the magnetic fields rotate in opposite directions around the two signal conduc-
tors because the current is flowing in opposite directions in the two conductors.

The corresponding currents flowing in the ground planes and perpendicular to the mag-
netic fields are illustrated in Figure 19.
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FIGURE 18. Radial TEM mode magnetic fields
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While the discussion below treats the common mode and differential mode electromag-
netic fields in the most detail, other, higher order modes can exist, and are important in the
transition from via to trace. While the common mode has no circumferential variation and
the differential mode varies through one full cycle in one circle around the via, and is
therefore called the first circumferential mode. The higher modes can vary by any integer
number of cycles in one circle around the via.

4.2 Common Mode

This section presents an analysis of the insertion loss of a via when driven in common
mode. This provides a link back to earlier work [1] and establishes a format which will
then be used to analyze the insertion loss of a via in differential mode.

The analysis of common mode starts with the recognition that the current flowing around
the edges of the antipad is equal and opposite to the current flowing in the via barrel.
Figure 20 shows a magnetic contour defined to be entirely in the metal of a ground plane.
Assuming that the metal is more than a few skin depths thick, the magnetic field along this
contour is zero. Therefore, the integral of all the current crossing the contour is zero. Since
current can cross the contour by flowing along the via barrel, there has to be another cur-
rent path for an equal and opposite return current. This path is along the edges of the anti-
pad.
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The current flowing across the edges of the antipad generate radial TEM waves between
the ground planes. Although in general there can be both outgoing and incoming waves,
this analysis will assume that the incoming waves are negligible. The equations for these
waves as a function of radius r are

E, = A(Jy(kr)—iNy(kr)) (EQ2)
Hy = <L A(J, (kr)=iN, (k) (EQ3)
J
where
k= oJie = 27“ (EQ4)

Given dielectric thickness d, the impedance presented at the edge of the antipad is

—d E,
Ziotal = 2nrH, (EQ5)
This is an impedance inserted into the ground current return path, and introduces both and
impedance discontinuity and an insertion loss. Combining Equation 2 through Equation 5
gives
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_jd LLJo(kr)—jNO(laf)
total 2y gJ,(kr)—jN,(kr)

Z (EQ6)

Figure 21 shows the real and imaginary parts of the antipad common mode impedance for
an antipad diameter of 0.04”, a dielectric thickness of 0.1 and a dielectric constant of 3.4.
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FIGURE 21. Antipad common mode impedance for a 0.04” antipad diameter, 0.1 board thickness
and dielectric constant of 3.4

It is interesting to note in Figure 21 that the common mode ground impedance is a linear
function of frequency, and that it would introduce an insertion loss of 2.7 dB in a 502
path. As described in [1], the insertion loss will be much lower if there are ground vias
within a quarter wavelength radius of the signal via.

4.3 Differential Mode

For differential mode, the voltage at the edge of the antipad is not constant. Therefore one
cannot define a single impedance for the ground current path the way we did in the previ-
ous section for common mode. Instead, we must calculate the current and voltage at the
edge of the antipad as a function of angle and then estimate the loss due to ground currents
by integrating over that angle. Dividing by the square of the signal current will then pro-
duce an equivalent loss resistance, in the sense that the loss is the same as if the signal cur-
rent had passed directly through a resistor with that value.

Figure 22 illustrates the magnetic contour for analyzing differential mode. In this case, the
contour only surrounds one of the two signal conductors, and it does not lie entirely inside
the ground plane metal. Instead, there is a segment of the contour that crosses the antipad
between the two signal conductors.
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Because the currents in the signal conductors have equal magnitude but opposite sign, the
magnetic fields they generate add constructively along that portion of the magnetic con-
tour that crosses the antipad. Thus, there is a net current flowing through the surface of the
contour, and the currents at the edge of the antipad do not completely offset the currents in
the signal conductor. Therefore, the magnitude of the first circumferential TEM mode is
smaller, reducing the losses suffered by the differential mode transmission.

1]

FIGURE 22. Magnetic contour for differential mode

To calculate the total amount of current penetrating the magnetic contour, we will focus
our attention on that portion of the contour that crosses the antipad. Given signal conduc-
tor current /;, the magnetic field at a radius  from one signal conductor is

o
0" Snr (EQ7)
Supposing that the signal conductors are separated by a distance s, and recognizing that

the magnetic field varies as one over the distance from the signal conductor, the magni-
tude of the magnetic field at a distance x from the center of the contour section crossing

S

the antipad is of which the fraction which is parallel to the contour line is

Fast, efficient and accurate: via models that correlate to 20 GHz 20
November 21, 2012



S

2
2 (%) +x2

pad) as b. Then to calculate the ground path current /, and accounting for the magnetic

. Define the height of the antipad (length of the contour line crossing the anti-

fields from both signal conductors, the integral of the magnetic field along the contour line
from one antipad is

= 2;s atan (9 (EQ )

Therefore, the ground current on one half of the antipad when driven by a differential sig-
nal is

]g = [S(l —%atan(g)) (EQ9)

For example, if the antipad height is equal to the signal conductor spacing, then the ground
path current will be exactly half the signal conductor current. Conversely, if there is
ground metal separating the two signal conductors, then the ground current will exactly
equal the signal conductor current.

This equation has direct practical implications in that it implies that the losses of vias
in differential mode can be minimized by using racetrack shaped antipads and keep-
ing the via barrels as close together as practical.

Knowing the current in the first circumferential radial TEM mode, we can calculate its
effective impedance and therefore the losses introduced to differential mode transmission.
From [12], and substituting derivatives of Bessel functions as needed, the pertinent fields
are

E, = A(J,(kr)—jN,(kr))sin(¢) (EQ 10)
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H, = JMA((JO(kr) — Jl(kr)) (No(kr) - Nl(kr))) sin(¢) (EQ 11)
I
The current flowing on one side of the first circumferential mode is found by integrating
Equation 11 from 0 to pi.

I, = 2A]TM((JO(kr)—J1(kr)) (No(kr)— Nl(kr))) (FQ 12)
€

Combining Equation 9 and Equation 12, we get an equation for the amplitude of the fields

in terms of the signal current
Iq(l — 2atan(lz)) JE
‘ T s g

A = (EQ 13)
2]((J0(kl")— Jl(kr)) (No(kr)— l(kr)D

Recognizing that the voltage is the layer thickness times £, the energy flow for each angle
(integral of Poynting’s vector across the dielectric thickness) is

P(¢) = —dE_(¢)Hy(P) (EQ 14)

The equivalent ground resistance for one of the two signal conductors is then obtained by
integrating over the angle ¢ from 0 to pi and dividing by the mean square of the signal
conductor current. The result, comparable to Equation 6, is

w2 (B T, (k)N (kr)
s ]4(1 natan(SD d[(JO(kr) Jl(kr)) (No(kr)_ lNl(kr)) e

Figure 23 is an example calculation of the equivalent ground resistance for a 0.04” antipad
diameter, 0.08” via barrel separation, 0.1” board thickness and dielectric constant of 3.4.
This resistance would result in an insertion loss of 0.4 dB at 20 GHz, which is perhaps a
quarter of the value predicted by the measured data. Also, the computed ground resistance
does not increase as rapidly with frequency as the measured data suggests. As was the case
with the common mode calculations, ground vias may significantly reduce the insertion
loss at lower frequencies, but will be more than a quarter wavelength away at the higher
frequencies. More study is needed in this area.
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FIGURE 23. Equivalent ground impedance for a 0.04” antipad diameter, 0.08” via barrel
separation, 0.1” board thickness and dielectric constant of 3.4

4.4 Transition from Via to Trace

Whenever a via connects to a signal trace, the ground currents associated with signal prop-
agation in the via must somehow find their way to the regions of the ground planes above
and below the signal trace. In particular, the current must be continuous at the edge of the
antipad, where the radial TEM waves of the via barrel meet the TEM waves from the sig-
nal trace.

In the case of differential vias and differential traces, this process can become even more
complex because even if the odd mode impedances of the via and signal trace happen to
be equal, making their differential impedances equal, their even mode impedances need

not be equal. Thus, additional ground currents could be induced at the interface.

Archambeau et. al. [13] have demonstrated that at least for a via through a single ground
plane and attached to traces on both sides, the angle between the entry and exit traces can
significantly affect the insertion loss at 15 GHz and higher frequencies. This suggests that
the current could become crowded toward the side of the via where the trace enters or
exits.

All of this reasoning suggests that there will be higher circumferential mode radial TEM
waves at the interface between a via and a signal trace, and that these higher order modes
will concentrate the current in the direction of the signal trace. By concentrating the cur-
rent, these higher order modes will also increase the impedance and loss of the via in that
region. This is all consistent with our measured data, in that the measured data indicates
that shorter vias have higher impedance and higher loss per unit length than predicted by a
transmission line model of the via barrel.
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Our measured data also indicates, however, that for longer vias, the impedance does match
that predicted by a transmission line model of the via barrel. We therefore hypothesize that
the higher order circumferential modes exist in the ground plane layers near the signal
trace, but that they somehow decay for ground plane layers further from that interface. For
every radial TEM mode, however, the currents at the top of the ground plane layer are
exactly opposite to those at the bottom of the layer; suggesting that the radial TEM modes
should be exactly the same for every ground plane layer a via barrel passes through. So we
currently have no physical description for how this decay of higher order modes could
occur.

5.0 Conclusions

This paper has demonstrated that discrepancies between the modeled and measured inser-
tion loss of electrical interconnects at high frequencies could be due to dissipative losses
in vias due to the generation and subsequent dissipation of radial TEM waves by the via
ground return currents.

Analysis of the magnetic fields in the via suggests that for differential vias driven in differ-
ential mode, these losses can be minimized by using racetrack shaped antipads and bring-
ing the via barrels in the differential via as close together as practical.

There are a number of areas for future study:

1. Although Section 4.3 on page 19 offers equations for via differential mode insertion
loss based on physical modeling, we have not yet correlated results from these equa-
tions to measured data.

2. Interactions with ground vias will affect the insertion loss, especially if they are within
a quarter wavelength of the signal via. However, especially for differential mode, these
interactions will depend on the exact placement of the ground vias, and the effect could
be complex.

3. We have hypothesized that higher order circumferential radial TEM waves generated at
the interface to signal traces increases the impedance of the via barrel near that inter-
face, but that these modes decay for ground plane layers further away from that inter-
face. This hypothesis has not been tested.
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