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Frequency-Dependent Substrate Characterization
via an Iterative Pole Search Algorithm

Thomas Demeester, Maarten Cauwe and Daniël De Zutter

Abstract—The characterization of frequency-dependent mate-
rial properties is an important issue in nowadays high-speed
interconnect design. This paper presents a practical method to
determine the complex permittivity of a substrate material, by
combining measurements with simulations. A rational permittiv-
ity model is determined by searching for its poles and residues
using an iterative optimization method. Its accuracy is verified by
comparing coplanar waveguide measurements with simulations
based on the new material model.

Index Terms—dielectric, permittivity, substrate, characteriza-
tion.

I. I NTRODUCTION

For a correct design of high-speed metallic interconnects,
an accurate circuit model is indispensable if the traces aretoo
long for being modeled as lumped resistance-capacitance ele-
ments. In this case however, a two-dimensional transmission
line model [1] is often sufficient to predict the correct prop-
agation characteristics. The characterization of such a model
requires a simulation tool that is able to take into account all
relevant phenomena, including low and high frequency losses
in the conductors [2], [3], and general losses in the dielectric or
semiconductor environment [4], [5]. In order to yield realistic
results, these tools need the correct material parameters,that
may over the considered frequency range deviate considerably
from an often constant data sheet value. The characterization
of packaging materials in general has been the topic of many
contributions. A good overview of the existing techniques is
given in [6] and the references therein. One possible technique
is the characterization of substrate materials by means of
scattering (S-) parameter measurements. In [7], it is shown
how these measurements are used to calculate the propagation
factor and attenuation of the fundamental mode, which in turn
allows to determine the material parameters, e.g., based onthe
well-known microstrip design formulas of [8] (which are only
approximate in nature).

Section II describes how the problem of determining the
dielectric permittivity and loss tangent is cast into a non-
linear optimization problem in which the parameters of a
rational fit are obtained using an advanced electromagnetic
(EM) simulator. In Section III the resulting material modelis
verified by using it in a coplanar waveguide (CPW) simulation,
comparing the CPW output with measured results.
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Fig. 1: Inset: simulated microstrip structure, withσCu =
5.98 × 107 S/m, andw1 = 131.8, w2 = 156.4, hs = 21.6,
hd = 93.4, andhg = 17 (all in micrometers). Upper and lower
graph:εr, respectively,tan δ of the substrate, shown for the
data obtained by approximate inversion of the measured data,
its 5-pole approximation, and the final optimization.

II. D IELECTRIC MATERIAL CHARACTERIZATION

Consider the microstrip, shown in the inset of Fig. 1 and
assume anejωt time dependence of the fields, such that the
complex permittivityεc of the substrate can be written

εc = ε0εr (1− j tan δ) (1)

with ε0 the permittivity of free space,εr the real relative
permittivity of the dielectric, andtan δ its loss tangent. The
metrics used to verify our model forεc, are the attenuation
coefficientα and the effective relative permittivityεr,eff of the
fundamental propagation mode (for which the phase velocity
v is given byv = c/

√
εr,eff , with c the speed of light in the

vacuum). These parameters can be extracted from S-parameter
measurements, as part of the multi-line through-reflect-line
calibration [7]. The measurements used in this paper were
performed using a vector network analyzer in a frequency
range from 100 MHz up to 20 GHz. The test structures are
contacted using coplanar microwave probes on a dedicated
printed circuit board probing station. A planar line-reflect-
match (LRM) calibration using a commercial calibration sub-
strate is performed to compensate for internal errors of the
network analyzer and the cables, shifting the reference plane
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to the probe tips. A further discussion, concerning the accuracy
of these measurements, is outside the scope of this paper (See
ref. [7].), and we will hence takeεr,eff andα obtained from
the measurements as a reference for our optimization method.

The permittivity model that we will use consists of a discrete
sum of dipole moments,

εc(s) = ε∞ +

N
∑

n=1

cn
s− an

(2)

with ε∞ a real constant, with the polesan and residuescn
being real, or occurring in complex conjugate pairs, and for
stability Re(an) < 0. This model, fors = j2πf , automat-
ically satisfies the Kramers-Kronig relations, which impose
a necessary condition for a physically correct model, due to
causality requirements [9]. The proposed procedure consists
of the following steps:

1) Using the vector fitting technique [10], initial values of
ε∞, cn and an are determined based on the measured
data and the design formulas of [8] (eq. 3, pp. 1611) and
[7] (eq. 5-9, pp. 652). These formulas only approximate
the actual EM behavior, e.g., conductor losses are not
taken into account. The numberN of poles can be kept
low (e.g., 3 to 5), in view of the limited variation ofεc
in the considered frequency range (Fig. 1).

2) The initial values are refined using the aforementioned
EM tool. This tool does account for conductor losses
and all relevant high frequency EM phenomena. Feeding
the EM simulator withεc (2), using the initial guess
of step 1, will lead to simulated results forεr,eff and
α that differ from the measured ones. Hence, better
guesses are needed. To obtain these guesses, we use
a Particle Swarm Optimization (PSO) algorithm [11].
Other approaches are of course possible [12].

Remark that the used EM simulator, from [5], does account
for conductor losses as the copper lines have a finite cross-
section with a large but finite conductivityσ. However,σ is
kept constant whileεc varies until the measured and simulated
εr,eff and attenuationα coincide.

The PSO algorithm needs a cost functionF , to be min-
imized iteratively. To this end, we introduce the complex
wave numberβ with Reβ = ω

√
εr,eff/c and Imβ =

−1000α/(20 log10 e) (the proportionality factor is merely to
expressα in dB/mm, as used in this paper). Withβsim the
simulation result,βref the measurement value, and

∆β
def
= |βsim − βref |, (3)

F is defined as

F def
=

√

〈

(Re∆β)
2
〉

〈

|Reβref |
〉 +

√

〈

(Im∆β)
2
〉

〈

|Imβref |
〉 . (4)

The angular brackets〈 . 〉 denote the average over the consid-
ered frequency band. The denominators in (4) normalize the
real and imaginary part of∆β, to give a comparable weight
to Reβ (and henceεr,eff) and to Imβ (related toα). With
the limits of the search space ranging in each dimension over
a hundred percent of the initial values (always taking into

account the limitations for a causal model), a good result is
found within about 10 minutes (for each simulation taking
around 5 seconds) on a standard office pc.

In Fig. 1, the substrate material parameters are shown
as obtained by using the procedure outline above for the
microstrip structure. A first dataset is obtained by inversion of
the measured dataεr,eff andα, using the mentioned formulas
of [8] and [7]. The figure also shows the 5-pole model fit to
this first dataset, and the final optimized material parameters.

III. VALIDATION

Although the optimizedεr andtan δ values shown in Fig. 1
lead to an excellent agreement between measured and simu-
lated data for theεr,eff and attenuationα of the signal propa-
gated along the microstrip line, this is after all not surprising as
our optimization procedure enforces this fit. In order to verify
if the obtained material parameters are indeed real physical
parameters, the following independent validation is performed.
We manufacture a completely different waveguide structure, in
casu a coplanar waveguide (CPW), on the very same substrate
as the microstrip line, i.e., using exactly the same material.
The propagation characteristics of this CPW (εr,eff and at-
tenuationα) are determined by S-parameter measurements
and also simulated using the advanced EM-tool used before.
No optimization takes place. If measured and simulated data
coincide, this can be considered a strong indication that the
method we propose to determine the material parameters is
valid. Let us first look at some details of the test board. The
test board was manufactured in-house using standard printed
circuit board processing: lamination, via drilling, plating and
structuring, on an Isofoil 160i substrate from CircuitFoil. The
patterning of the test structures was done by wet etching of
the copper. A picture of the board, containing the microstrip
lines and the CPW’s, is shown in Fig. 2. The cross-section
of such a CPW structure is shown in Fig. 3, displaying the
simulated geometry on top of a photographed cross-section.
Note that the reference planes are the conductors on both sides
of the signal line, and the plane underneath the substrate is
standing free. The triangles at the conductor sides are used
to ensure a good modeling of the non-rectangular conductors,
that are a result of the wet etching procedure. The dimensions
indicated in Fig. 3, are an average of three to five cross-section
measurements on five different lines that were used for the S-
parameter measurements (see Fig. 2). In Fig. 4,εr,eff and
α are shown from the measurements, and compared to the
simulation results, with a very good correspondence.

Despite these promising results, the authors are aware of a
few factors, which are not obvious to control, but that might
have influenced the results. First, as already mentioned, the
accuracy of the determined material parameters is limited by
the accuracy of the S-parameter measurements of the inter-
connects. However, as all measurements were performed on
the same board, with the same setup and the same calibration
procedures, one can assume that any remaining systematical
measurement inaccuracies have little or no influence on the
final results shown in Fig. 4. Furthermore, results are sen-
sitive to geometry uncertainties in both structures, as these
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Fig. 2: Test board containing the microstrip lines used for ma-
terial characterization and the CPW test lines. Upper picture,
entire board; lower picture, detail.

Fig. 3: Coplanar waveguide, with the simulated geometry
on top of a cross-section photograph. The dimensions (all
in micrometers) areg1 = 81.0, g2 = 81.3, wS = 94.3,
wR = 870, t1 = 17.0, t2 = 20.3, h = 92.7. All conductors
are copper (σCu = 5.98× 107 S/m).
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Fig. 4: Effective relative permittivity and attenuation constant
for the coplanar waveguide of Fig. 3.

influence the effective permittivity. The conductor width of

the microstrip, and the gaps and conductor shape of the
CPW are the most important factors. A detailed sensitivity
analysis remains however a topic of further research. Finally,
the better the simulation software, the better the results will
be. The authors believe their software is state-of-the-artin
high-frequency conductor modeling, but the influence of, for
example, the conductor roughness (clearly visible in Fig. 3)
is not accounted for, and might also influence the accuracy of
the results.

IV. CONCLUSION

The technique proposed in this paper can be used to esti-
mate frequency-dependent material parameters in interconnect
structures. The optimal values are those that allow matching
carefully simulated characteristics with measurements. In the
described experiment, the parameters of a rational fit for the
dielectric constant of a microstrip substrate were optimized
iteratively. The resulting material model was used in a coplanar
waveguide simulation, and comparing the resulting propaga-
tion characteristics with measurements allowed to verify the
validity of the method.

Although the results are promising, some drawbacks are
mentioned. The accuracy of the result is limited by the
correctness of the simulations, the measurements, and the
sensitivity of the permittivity to small geometry variations.
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