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Abstract

A novel method for extraction of dispersive dielectric parameters to 50 GHz is proposed.
The method doesn’t require advanced de-embedding, and is based on correlation of
measured and simulated generalized modal S-parameters of a line segment. First, VNA
measurements for two line segments are made and used to compute generalized S-
parameters of a difference segment. Second, 3D full-wave model of the difference
segment with conductor model with roughness is used to identify the dielectric
properties. We finalize the paper with the derivation of dielectric models for low-cost
FR4-type and for expensive low-loss high-frequency materials. The advanced models can
be used for practical electromagnetic analysis of interconnects for the 6-100 Gb/s realm.
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1. Introduction
Design of interconnects for 6-100 Gb/s applications requires electromagnetic models
validated in the frequency range from DC up to 50 GHz. Characterization of composite
dielectrics from DC to 50 GHz for such analysis is the particularly challenging task — a
review of the recent publications on the subject is available in [1]-[3]. Dielectric models
are the requisite foundation for performing meaningful electromagnetic extraction.

Why are obtaining accurate dielectric models so difficult?

e Manufacturers of dielectrics and PCBs provide measurements for dielectric constant
and loss tangent typically at one frequency point or at 2-3 points in the best cases.
No continuous causal models versus frequency are usually provided. For low-cost
dielectrics the measurement frequency may be even not specified at all, which is
unfortunate since such dielectrics can be still used for high-speed 10Gb/s
interconnects.

e Methods based on TDR and static field solvers do not produce dispersive dielectric
models and may be used only at frequencies below 1-3 GHz.

e PCB dielectrics exhibit strong dependency on frequency with dielectric constant and
loss tangent changing substantially over the frequency band of multi-gigabit signal
spectrum. Only frequency-continuous models can accurately describe such behavior.

Meaningful multi-gigabit interconnect design and compliance analysis must start with
the identification of the dielectric properties over the frequency band of interest.

In our previous paper [1], we demonstrated that S-parameters of accurately de-embedded
transmission line segments or resonant structures can be successfully used to produce
accurate broad-band dielectric modes by comparison with the advanced 3D full-wave
analysis. Good correlation of the simulation results with the measured data was observed
for almost 30 typical structures on PCB up to 20 GHz. The procedure strengths were that
once the dielectric model was obtained correlation was excellent, but in reality it still
requires a great deal of experience in the frequency domain measurements and de-
embedding to obtain high-quality models. In addition, it is very difficult to implement the
complete Trough-Reflect-Line (TRL) de-embedding procedure on production or
prototype PC boards just for the material parameters extraction purpose since it takes up
considerable board real estate and the procedure requires significant metrology skills. The
calibration kit also requires high-quality transitions to coaxial SMA connectors. Other
demands include t-lines maintaining an impedance close to the normalization impedance
of 50-Ohm. This serves to minimize the reflection loss due to de-referencing (may
require a few iterations to reach it). Without much attention to the details, poorly de-
embedded S-parameters may be not suitable for the extraction of the material properties.
There was clear need for simple, practical and yet accurate measurement-assisted
dielectric identification procedure.



2. Project goals
The goal of this project was to simplify the dielectric identification procedure
proposed in [1] and to extend it up to 50 GHz. We also wanted to apply it to low-loss
and high-performance dielectrics in addition to the low-cost FR4-type dielectrics
used in our previous project. As the result, the new procedure proposed in this paper
requires only standard SOLT calibration of VNA to the probes or connectors and uses
just two line segments to identify the dielectric parameters following a simple procedure
that can be implemented even in a spread-sheet application. The proposed method is
based on comparison of the measured generalized modal S-parameters with the
computed generalized modal S-parameters of a line segment. Transitions to probes or
to connectors are de-embedded following only some elements of the Trough-Reflect-Line
(TRL) calibration procedure [5], [6]. In particular, we use T-matrix diagonalization to
compute generalized modal S-matrix, but the error boxes are not extracted explicitly and
do not have to be known. No 3D full-wave analysis of the transitions is required either. In
addition the propagation constant is also not extracted explicitly. The extractions of the
error boxes, propagation constant (Gamma) are error-prone and very sensitive to
calibration errors, to manufacturing tolerances, and to the in-homogeneities of the
composite dielectrics used in PCBs. The number of structures for the extraction is two.
No short or open standards are required that saves space on the board. Transmission lines
can be of any type — strip, micro-strip, single-ended or differential. The impedance of the
lines can be arbitrary and do not have to be close to 50 Ohm or known in advance.
Transitions from the probes or connectors to t-lines may be not optimal, though the
reflection should be limited to some level to have the transmission parameters above the
measurement noise floor over the frequency band of interest. 3D full-wave analysis of
only one line segment without transitions is required for the identification of the
dielectric model. Conductor effects such as roughness, skin and proximity effects as well
as high-frequency dispersion have to be appropriately accounted for in the
electromagnetic model for accurate identification. Dielectric model is constructed by
simple comparison of only modal transmission parameters — the modal reflections and
transformations in both simulated and measured generalized modal S-parameters are
exact zeros. Dielectric model that produces modal transmission close to the measured one
over a wide frequency band is considered the final model. The technique presented is
the simplest possible comparing to the existing methods, yet it provides accurate,
calibration quality dielectric models over a wide frequency band.
Appendix A provides a background of prior work addressing the dielectric properties
identification and explains in details advantages of the suggested techniques.



3. Generalized modal S-parameters

We start with the theoretical definition of the generalized modal scattering parameters. It
is based on the theory of multi-conductor transmission lines or multi-modal waveguides
[7]-[10] and works for any dispersive multi-modal wave-guiding structure (no quasi-
TEM restrictions). In general, voltages and currents at the multi-conductor transmission
line ports can be expressed in the terminal (spatial) or in the modal spaces or domains.
For generalized N-conductor line port we can define currents and voltages in the modal

space Ve CM*, TeCM* through the currents and voltages in the terminal space
VeC™, 1eC™ asfollows (see [8]-[10] for details):
V=M,V,1=M, T, (1)
where M, is voltage modal transformation matrix with the line modal voltages column-
wise, M, is current modal transformation matrix with the line modal currents column-
wise. In general elements of both matrices are frequency-dependent. Because of
reciprocity, matrices M,, and M, have to satisfy the following reciprocity condition:
MEM, =ME-M, =W, (2
where W is the diagonal reciprocity matrix.
To perform the transformation to and from the modal space we need just one matrix, M,
for instance, and the vector of the diagonal elements of W. Matrix M, can be expressed
in that case as:
M, =(M;) W 3)
For symmetrical two-conductor lines (symmetrical differential strip or micro-strip) the
modal reciprocity matrix is the unit matrix, and matrices M,, and M, are frequency-

independent and can be expressed as:
171 1
M, =M, :ﬁ[_l ]] 4)
The first modal port corresponds to the odd mode and the second to the even mode. For
each multi-conductor port of a multiport we can define transformation matrix F, as

F. =M, for transmission line port number k. All matrices can be united on the diagonal
of the final transformation matrix F as F =diag {F,l =1,...,L} . Here L is the total

number of t-line ports in the multiport (two in case of t-line segment). All diagonal
reciprocity matrices W for t-line ports can be united at the diagonal of a matrix Wm.
Transformation of admittance matrix to and from the modal space can be expressed as
follows:

Ym=wm.F.Y-F', Y =F"wm-Ym-(F*) ()

where Y is the admittance matrix in the terminal space and Ymis the admittance matrix
with the transmission line ports in the modal space. Transmission line ports in the modal
space can be normalized to the characteristic impedances of the corresponding modes
(frequency dependent in general). Normalization matrix can be formed as:

z, =diag{Z,i=1...N}eC"™ ()



where Z, are the frequency-dependent characteristic impedances of the transmission line

modes.
Normalized admittance descriptor is:

Yg=2.%-Ym.Z}”? (7)
Such normalization to the characteristic impedances of the t-line modes can be called

generalized normalization. It gives us generalized modal S-parameters after the Cayley
transformation:

Sg=(U-Yg)-(U+Yg)" (8)
where U is the unit matrix. Such matrix can be constructed directly from solution of the
Maxwell’s equations or from the measured S-parameters of two line segments as shown
below
Generalized normalization can be used to eliminate completely mode reflection at
the ports to investigate pure discontinuity or for the material parameters extraction
as in this paper without artificial reflection introduced by the common constant
impedance normalization.
In case of one conductor or single-ended transmission line, the modal and terminal spaces
are the same and corresponding transformation and reciprocity matrices are units. In this
case only the normalization to the characteristic impedance (7) is required to compute the
generalized S-parameters (8).

4. 3D full-wave extraction of generalized modal S-

parameters
Transmission lines constitute major part of any data channel, thus the high-precision
analysis and parameters extraction that accounts for all kinds of losses and dispersions is
important both for the modeling of t-line segments and for the dielectric parameters
identification. To do such analysis we combined the method of lines [11] that provides
advantages for the multilayered dielectrics with the Trefftz finite elements for the
conductor interior to simulate skin-effect, roughness and multi-layer conductor plating
[12]. Wideband, multi-pole Debye models and hybrid dielectric mixture models are used
to simulate dispersive properties of the dielectric. Method of simultaneous
diagonalization [13] is used to extract the modal parameters such as modal propagation
constant and characteristic impedance as well as the transformation matrices M,, and

M, (1) in addition to the RLGC per unit length (p.u.l.) parameters. 3D analysis of a small

line segment is used to extract the modal and p.u.l. parameters. These parameters are then
used to compute either regular terminal S-parameters normalized to some frequency-
independent constant impedance or modal generalized S-parameters defined by (8) of a
line segment with a given length for the comparison with the measured generalized
modal S-parameters. The generalized modal S-parameters of a line segment do not have
reflection terms and negligible mode transformation terms (due to slight non-
orthogonality of the modes in the lossy lines). This greatly reduces the number of the
parameters for the comparison and for the matching with the measured generalized modal
S-parameters to build the dielectric model. In particular, for single-ended lines
generalized modal S-matrix has only one unique element S12 and for differential
two-conductor lines there are only two unique elements to match.



5. Measurement of generalized modal S-parameters

The measurement of the generalized modal S-parameters is actually easier than the
computation outlined above — it is an element of the standard TRL de-embedding
procedure applied for the multi-conductor lines [6]. First, we measure scattering
parameters S1 of the short line segment with length L1 and S2 of a longer line segment
with length L2 and convert them into the transfer scattering parameters T1 and T2 as
described in [6]. Only the standard Short-Open-Load-Through (SOLT) calibration is
required to perform this measurement and both S-matrices are normalized to common
impedance (50 Ohm for instance). The T-matrices characterizing two line segments can
be factored into two matrices TA and TB for the shorter line and into three matrices TA,
TG and TB for the longer line as illustrated in Fig. 1.

Segment L1: 1o TA.TE

1 |y [ 2 B o1 [TA] [TB] | 2

Segment L2: T3 TA.Trt. TR

1| [T2] :2|:> 1 | ma1 [ | me1 [ | me1 | 2

Fig. 1. Factorization of T-matrices for two line segments.

It is assumed that the structures under investigation have nearly identical transitions on
the left sides and on the right sides. Matrix TA describes the left transition with possible
segment of line for both structures and TB describes the right transition. Matrices TA and
TB are the transformers from the terminal space of the coaxial connectors to the modal
space of the transmission line in the middle. Matrix TG is the T-matrix of the line
segment in the modal space normalized to the characteristic impedance by definition [4].
TG is the diagonal matrix and can be expressed as follows:

_|exp(—T"-dL 0
TG_{ (0 ) exp(F-dL)] ©)

where I'" = diag (1"i Jd=1N ) - complex propagation constants of N transmission line

modes, and dL = L2— L1 is the line segment difference. Because of

T2.-T1"=TA-TG-TA™, we can find the TG matrix by diagonalization of the product of
T2 and inversed T1 as follows:

TG =eigenvals(T2-T1%)  (10)
Converting TG to the scattering matrix following [6], we obtain generalized modal S-

matrix SG of the central line segment. Matrix SG is anti-diagonal in case of single-ended
line and can be expressed as follows:

B 0 exp(-I,-dL
56 _{exp(—l"l-dL) : 0 )} (1)

where T, is the complex propagation constant of the dominant mode in the single-ended
line.



Matrix SG is block-diagonal in case of two-conductor or differential lines and can be
expressed as follows:

0 0 exp(-T,-dL) 0
3 0 0 0 exp(-T,-dL)
SG = exp(-T,-dL) 0 0 0 (12)
0 exp(-T,-dL) 0 0

where T",and I", are the complex propagation constants of the odd (differential) and even

(common) modes in the differential line.

Computation of generalized modal S-matrices (11) or (12) with the computed
generalized modal S-parameters (8) is all we need for the extraction of dielectric
constant with the proposed method. It requires only the diagonalization of the product
of two matrices (10) — no eigenvectors are required because of we do not need to
construct matrices TA or TB. The eigenvalues are much more sensitive to the
measurement noise and computation of TA and TB is the most difficult part of the multi-
line TRL procedure (multiple lines or statistical approach may be required to compute
them with acceptable accuracy). In addition, we do not need to solve the hyperbolic
equations to extract the propagation constants from (11) or (12). Solution of such
equations may require multiple line segments because of sensitivity to measurement
noise around frequencies where dL is close to half wavelength and to resolve the
uncertainties with the phase.

As a proof of concept we can illustrate the extraction with a simple numerical
experiment for single-ended and differential transmission lines. We use 3D full-wave
analysis of two line segments together with the transitions to emulate the measured data
and to extract the generalized modal S-parameters of the difference. The first test is for
the 7-mil wide strip-line in layer L2 of the stackup shown in Fig. 2 (only relevant part of
the stackup is shown).

& Solution: "SE Skrip"

=-{8# L2 Strip
=50 Materials: T=20[°C], RF=2,...
~JER "Copper”, RR=1, SR=0.5
~JHA "R0O4350B Core", Dk=3.66, LT=0.0037, PLM=WD
----- £ "RO4350B Prepreg”, Dk=3.66, LT=0,0037, PLM=WD

- 1| Plane: "L1", Cond="Copper", T=2, Ins="R043508 Core"

. 2| Medium: T=6.6, Ins="R043508 Core"

- 3| Signal "Lz", T=0.6, Ins="RO4350E Prepreg”

. 4| Medium: T=8, Ins="R043506 Prepreq”

- 5| Plane: "L3", Cond="Copper", T=0.6, Ins="R043508 Care"

Fig. 2. Stackup for dielectric parameters identification with strip-lines (only relevant part

of the stackup is shown).

The structures are 6 inch and 8 inch strip-line segments with identical transitions to
coaxial connectors at both sides. Magnitudes of the S-parameters for both structures are
plotted in Fig. 3.
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Fig. 3. Magnitudes of the transmission and reflection parameters for two 50-Ohm strip-
line segments with transitions from coaxial cable (6-inch segment — stars, 8-inch segment

- circles).

As we can see, the reflection loss is very small at low frequencies because of
characteristic impedance of t-line is close to 50 Ohm, but it grows with frequency
because of the reflection from the launches. In addition we have small oscillations due to
mismatch of the characteristic impedance and 50-Ohm ports. All that make these S-
parameters inconvenient for the dielectric parameters identification — we need to fit two
complex functions (S11 and S12) simultaneously (real and imaginary or magnitude and
phase). Conversion of two sets of S-parameters into generalized modal S-parameters (11)

gives us just one smooth and easy to fit complex function on the graph in Fig. 4.
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Fig. 4. Generalized modal transmission parameter magnitude (left graph) and phase

(right graph) of 2-inch 50-Ohm strip line segment extracted from S-parameters of two

line segments (blue circles) and computed directly (red stars).

Generalized modal S-parameters computed directly are also plotted on the same graph in
Fig. 4 for the benchmarking purpose. As we can see the benchmark corresponds exactly

to the S-parameters extracted from 2 segments as expected. The reflection is exactly zero
for both datasets.



The approach works well in the case of the strip-line impedance not close 50 Ohm.
Let’s use 6-inch and 8-inch of strip line with 12 mil strip in the same stackup and with the
same transitions. 50-Ohm normalized S-parameters of two structures are shown in Fig. 5.
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Fig. 5. Magnitudes of the transmission and reflection parameters for two wide 38-Ohm
strip-line segments with transitions from coaxial cable (6-inch segment — stars, 8-inch
segment - circles).

Now in addition to large reflection at high frequencies, we have relatively large reflection
at lower frequencies. The oscillations at all frequencies make it difficult to use these data

for the identification. Though, conversion to the generalized modal S-parameters
produces smooth S12 again as shown in Fig.6.
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The extracted S-parameters correspond exactly to the generalized modal S-parameters of
2-inch line segment as expected (plotted for the benchmarking in Fig. 6).

The approach works well for the differential transmission lines as well. Let’s
investigate 6-inch and 8-inch differential strip-line segments with the connectors on both
sides. The strips are 6.5 mil wide separated by 10.5 mils in layer L2 of the same stackup.
Differential parameters of S-matrix are plotted in Fig. 7.
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Fig. 7. Magnitudes of the differential transmission and reflection parameters for two
differential strip-line segments with transitions from coaxial cable (6-inch segment —
stars, 8-inch segment - circles).

As in the case of single-ended lines we can observe oscillations and reflections due to the
launches at high frequencies. Similar dependencies can be observed for common mode
block. The mode transformation block is zero due to mirror symmetry over the plane
along the propagation direction. We have four independent complex oscillating functions
(SD1D1, SD1D2, SD1C2 and SC1C2]) for each structure — difficult to use directly for
dielectric identification by matching with the measured data. Single-ended parameters
have even more complicated behavior. Though, we can use two S-matrices and convert
them into the S-parameters of 2-inch segment in the modal space. The result is only two
non-zero smooth complex functions as shown in Fig 8 (see matrix (12) for definitions).
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Fig. 8. Generalized modal transmission parameter magnitude (left axes) and phase (right
axes) of odd mode (left graph) and even mode (right graph) for 2-inch differential strip
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The result matches exactly the generalized modal S-parameters of 2-inch differential line
segment computed directly for benchmarking purpose. For the dielectric identification we
actually need just one function — odd mode transmission coefficient for instance. Two
complex functions can be used to identify properties of two dielectrics simultaneously —
glass and resin mixture, or resin in strip layer and mixture for layers between strips and
planes.

6. Selection of dielectric model
The goal in the selection of dielectric model is to describe complex dielectric constant as
causal and continuous function of frequency and not by just a set of points measured at
different frequencies. Tabulated data with 2-3 frequency points cannot be considered
as a final model because of it still needs an approximation by a causal function of
frequency for the analysis from DC to 50 GHz for instance.
Multiple researches, investigated composite PCB and packaging materials, observed
decline of dielectric constant (DK) and relatively small growth of the loss tangent (LT)
over a wide frequency band in the low-cost and high-loss dielectrics (see overview in
[1]). A simple wideband Debye model with infinite number of poles [14] (sometime
called Djordjevic-Sarkar model) can be used for description of such dielectrics. The
model captures the physics of the composite dielectrics, it is causal and requires just
two coefficient to describe it and to correlate it with the measurements. Frequency-
dependent complex dielectric constant of the wideband Debye model [14] is defined as:
m2 H
1 _In{lo +.|f} 13)
(m,—m,)-In(10) | 10™ +if
Complete description of the wideband Debye model may be provided by DK and LT
values at one frequency point and by the first and last pole frequencies, or by m1 and m2
in (13). Authors of [14] suggested to set m, =4 and m, =12 for the laminate materials

gwd(f):‘c“r(oo)—'—grd Fd(f)' Fd(f):

12

1]
Frequency, [GHz]



and it seems like it does not need any adjustments in practical applications from 10 KHz
to 1 THz.

The wideband Debye model is the simplest broad-band model for composite dielectrics
and it would be great if it would be useful for all dielectric types. Unfortunately, there is
evidence that it is not suitable for the low-loss dielectrics with loss tangent below
0.01. The loss tangent for some high-performance dielectrics may grow from 0.001 to
0.01 from 1 MHz to 50 GHz and this growth cannot be captured by the wideband Debye
model (13). Such growth rate does not correspond to the increase of the conductor loss
due to the roughness as was pointed our earlier. The only possible explanation for this
growth is smaller content of the epoxy or resin in the high-performance dielectrics. The
mixture of molecules in the epoxy may produce multiple Debye poles and be
approximated by the continuous poles of equation (13). Higher content of glass (or glass
type dielectric) causes the growth of the loss tangent similar to the one-pole Debye model
that is the best for the description of pure glass. In reality the mixture may be best
described by a mixture models that combines models of the resin and glass. It is easy to
construct such dielectric mixture models following the analysis provided in [15]. Though,
such models may be difficult to construct without extensive knowledge about the
dielectric mixture components. A good alternative to the mixture model may be multi-
pole Debye model with finite number of poles. Such model can be used to fit an
effective DK and LT of a dielectric mixture. Multi-pole Debye model is a simple
superposition of multiple one-pole Debye models [14]. It assumes that a material has
multiple relaxation or polarization frequencies f,, (real poles). Formula for the relative

dielectric constant of such material can be expressed as follows:
Y Ag,
8(f)—€(oo)+nz_;l — (14)
+i—
m
Multi-pole Debye model with N real poles can be built with N measurements of the
dielectric constant and loss tangent by fitting the measurement data with real poles at the

measurement frequencies. The final model can be described by a set of the poles f_and

corresponding them residues Ae,, and the value at infinite frequency g(oo). Multi-pole

Debye model is more flexible, but at least 4-5 poles have to be used for the interconnects
analysis (sometimes much more). It makes it more difficult to correlate results of
transmission line segment or resonator analysis to experimental data — some numerical
optimization procedure has to be used to fit the computed and measured S-parameters
and smooth dependency of S-parameters is a big advantage for such optimization fit.

In this project, we use the wideband Debye model for the identification of dielectric
properties of low-cost dielectrics and multi-pole Debye models for the low-loss or
high-frequency dielectrics.

7. ldentification of dielectric parameters
Before identification of the dielectric properties, it is important to verify all dimensions of
the structures on the board and to define the surface roughness of the conductors. In
particular, cross-sections of the transmission lines and length difference between two line
pairs have to be accurately measured before the identification. The roughness can be
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physically measured and characterized by two parameters — RMS peak to valley distance
and roughness factor. The dimensions of t-line cross-section with the impedance-
controlled process may vary a little from sample to sample. Thus, just a few samples may
be cross-sectioned and measured with a micrometer. With the Rdc of just strip and the
known dimensions, the resistivity of the conductor can be computed. Conductor
resistivity and RMS measurements of roughness and roughness factor make it
possible to separate all metal losses with high confidence — it is impossible to identify
the dielectric properties without such separation in the model. Note, that 2-3 um
roughness gives large error in loss tangent (up to 50% or more in cases of low loss
dielectrics) if not accounted for properly. The only unknown in the identification process
must be the dielectric parameters. The weave effect may also have the impact on the
results [16]. Considering that, the two segments of t-line have to be positioned at the
distance multiple of the distance between the glass fiber (to have two lines in the pair
over or off the fiber simultaneously). Another two t-line segments can be shifted by half
of distance between the fibers to identify the range of the dielectric constant.

Overall, the dielectric identification procedure is as follows:

1) Measure S-parameters for two line segments S1 and S2 - only SOLT calibration
to the probe tips or to the coaxial connector is required

2) Estimate quality of the S-parameters — reciprocity, passivity, causality, symmetry.
Either enforce the quality in case of small violations or re-measure

3) Transform S1 and S2 to the T-matrices T1 and T2, diagonalize the product of T1
and inversed T2 and extract generalized modal S-parameters of the line difference

4) Select dielectric model and guess values of the model parameters

5) Simulate segment of line with the length equal to difference and extract generalize
modal S-parameters of the segment (only modal propagation constants are
required to do that as follows from the definitions (11) and (12))

6) Adjust dielectric model parameters and re-simulate the line segment to match
phase and magnitude of the measured and simulated modal transmission
coefficients (optionally use numerical optimization of the dielectric model)

The only tricky part of the procedure is the reliable model that allows extraction of the
generalized modal S-parameters with all important dispersion and loss effects included
into the complex propagation constant. Frequency-domain solver such as Simbeor [17]
may be used to do it. The rest of the procedure can be easily implemented in Matlab or
Mathcad and is also available as a standard feature in Simbeor 2008.01 software.

8. Practical examples
To illustrate the simplified dielectric properties identification procedure, we will use
PLRD-1 benchmark board [1] shown in Fig. 9. The board has multiple micro-strip
transmission line segments and two strip line segments with transitions to coaxial
connectors on low-cost high-loss FR4 dielectric. We can use 1.75 inch and 3.5 inch
micro-strip through standards marked as L1 and L2 in the bottom part in Fig. 9. Stack-up
of the board with preliminary defined dielectric parameters is shown in Fig. 10. Micro-
strip trace width is 17 mil for all through and line standards.
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Fig. 9. Physical layer reference design (PLRD-1) board with multiple micro-strip and
two strip-line segments used to identify dielectric properties. Two through line standards
for the identification are marked L1 and L2.
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Fig. 10. Stackup of the PLRD-1 board — all initial material properties are defined
according to the manufacturer specifications. Micro-strip lines have 17-mil wide strips in
layer Signall.

Measured S-parameters for two through line segments L1 and L2 are shown in Fig. 10
(only SOLT calibration is used). Both lines have 3 independent S-parameters: S21=S12
due to the reciprocity and S11, S22. Despite on the input-to-output symmetry, S11 is not
equal to S22 that is typical for FR-4 boards due to the weave effect. There is actual
physical un-symmetry in the structure, but it does not prevent the identification of some
effective dielectric parameters due to some consistency of the asymmetry between the
samples. Note that the coaxial to micro-strip launches are optimized on this board to
implement the complete TRL de-embedding procedure [1] — the reflection parameters is
below -20 dB. Though, the use of optimal launches is not important for the proposed
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identification method, but it is still an advantage that reduces the effect of the
manufacturing tolerances and increases the accuracy of the identification procedure.
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Fig. 10. Magnitudes (left graph) and phases (right graph) of the reflection and
transmission parameters of 1.75 inch micro-strip line segment (stars) and 3.5 inch micro-
strip line segment (circles).

Before doing any identification it is useful to estimate quality of the measured S-
parameters. The measured data had minor violation of passivity and reciprocity (that can
be easily corrected) and substantial violations of causality in the reflection coefficients
S11 due to the measurement noise below -20 dB. Fortunately, the noise in S11 does not
have much effect on the extraction because of the smallness of the reflection at all
frequencies (optimal launches). Note that to use the measured S-parameters directly for
the material parameters identification, we need to model transitions from/to the
connectors or de-embed the transitions with the TRL procedure as we did in [1] — it is
doable, but more difficult and introduces more uncertainties in the process. Instead, we
convert two sets of S-parameters into the generalized modal S-parameters of 1.75 inch
line segment (difference between two lines) as described in section 5 of this paper. The
reflection coefficient becomes exactly zero and the transmission coefficient is plotted on
the graphs shown in Fig. 11. Due to the noise in the original dataset, we can observe
small noise in the magnitude of the generalized modal transmission parameter. Note that
the phase is less susceptible to the noise. This noise is the major problem in case if we
use S12 to extract Gamma (complex propagation constant) and then use it to identify the
dielectric parameters. Instead, we build numerical model of the line segment with
guessed dielectric parameters, compute generalized S-parameters of 1.75 inch line
segment and compare it with the measured generalized transmission. We use wide-band
Debye dielectric model and after adjustment of DK to 4.05 and LT to 0.0195 at 1 GHz
we get excellent correspondence between the measured and simulated generalized modal
transmission parameters as shown in Fig. 12. The final ultra-broadband dielectric model
in this case is the wideband Debye model with the frequency dependency of the DK and
LT shown on the graph in Fig. 13.
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Fig. 11. Magnitude (left graph) and phase (left graph) of the generalized modal
transmission parameter of 1.75-inch micro-strip line segment extracted from the
measured S-parameters shown in Fig. 10. The reflection is exactly zero.
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Fig. 12. Magnitude (left graph) and phase (right graph) of the measured (stars) and
simulated (circles) generalized modal S-parameters of 1.75-inch segment of micro-strip
line.
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Fig. 13. The final ultra-broadband dielectric model extracted from measured S-
parameters for two micro-strip line segments.

As we can see from Fig. 13, DK changes about 15% from 1 MHz to 50 GHz. At the same
time, the loss tangent changes only about 8%. This is typical for high-loss FR4-type
dielectric case. If use a different line pair, for instance 1.75 inch through and 4.1 inch
delay line standard, the extracted DK is 4.1 and LT is 0.0195 at 1 GHz, that is in good
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agreement with the first experiment. After the identification of dielectric in the topmost
substrate of the stackup shown in Fig. 10, we use two strip line segments shown in light
green in Fig. 9, to identify the properties of the core dielectric. The transitions to the
strips are more complicated and reflective, but it does not matter for this type of
extraction. The result of the identification for core dielectric is DK=4.4 and LT=0.014 at
1 GHz.

Investigation of a board with low dielectric loss (high-frequency or high-
performance dielectrics) revealed that the dielectric constant does not changes as much
as in the case of the high-loss FR4 dielectric, but the loss tangent may change more than
4 times over the frequency band of interest even if the roughness is accounted for.
Wideband Debye model is not suitable in this case. Instead, multi-pole Debye model can
be used. Some optimization of the poles locations and residue values may be required in
that case. In addition, it is very important to characterize the roughness in this case. Let’s
investigate strip line in high-frequency dielectric with specifications DK=3.7 and
LT=0.002 at 1 MHz (data from the manufacturer).

Frojectl. 12 inch segment. SimulationT, Sm{ln1[k1].1n02[M1]]
—+8— PFroject?2 12 inch seament. Simulation, Smlla1 k711028 1]]
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Magnitude(S). [dB]
0 TG
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Fig. 14. Effect of roughness and dielectric model on the attenuation in 12-inch strip line
in a high-frequency low-loss dielectric. Wideband Debye dielectric model with DK=3.7
and LT=0.002 @ 1 MHz and no conductor roughness - green curve (crosses), same
dielectric model and rough conductor — blue curve (squares), wideband Debye model
with DK=3.7, LT=0.008 @ 1 MHz and conductor roughness — black curve (pluses),
multi-pole Debye dielectric model and rough conductor — red curve (circles, the best fit
to the experimental data).

If we assume that the dielectric can be modeled with the wideband Debye model and the

conductor is not rough, the magnitude of the modal transmission for 12-inch line is
shown by green line or crosses in Fig. 14. The attenuation is about -10 dB at 40 GHz -
not bad at all. Though, if we use the same dielectric model and add conductor roughness
with RMS peak-to-valley 0.5 um and roughness factor 2.5 (see definition of the
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roughness parameters in [1]), the attenuation in 12-inch strip segment increases about
25% at 3 GHz to 65% at 40 GHz (-16.5 dB) as shown by blue curve with squares in Fig.
14. 1f we simply increase the loss tangent in the wideband Debye model from 0.002 to
0.008 and keep conductor rough, the attenuation at 40 GHz will be close to the
experimental, but the attenuation at low and medium frequencies will be over-estimated
as shown by black curve with pluses in Fig. 14. In addition the phases of the transmission
parameters will not be matched with such adjustment. The final dielectric identification
result with the rough conductors was 10-pole dielectric model that produced about -
30 dB attenuation at 40 GHz as shown by red curve with circles in Fig. 14. The
model with 10-pole dielectric matched very well to the actual measured attenuation (not
shown on the graph due to the confidentiality of the research materials).
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Fig. 15. Effect of roughness and dielectric model on 10 Gb/s signal in 12-inch strip line
in a high-frequency low-loss dielectric(PRBS7 with 20 ps rise and fall time, ideal 50-
Ohm driver and reciever). Wideband Debye dielectric model with DK=3.7 and LT=0.002
@ 1 MHz and no conductor roughness — left top eye (green), same dielectric model and
rough conductor — right top eye (blue), wideband Debye model with DK=3.7, LT=0.008
@ 1 MHz and conductor roughness — left bottom eye (black), multi-pole Debye dielectric
model and rough conductor — right bottom eye (red).
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Fig. 16. Effect of roughness and dielectric model on 20 Gb/s signal in 12-inch strip line
in a high-frequency low-loss dielectric(PRBS7 with 10 ps rise and fall time, ideal 50-
Ohm driver and reciever). Wideband Debye dielectric model with DK=3.7 and LT=0.002
@ 1 MHz and no conductor roughness — left top eye (green), same dielectric model and
rough conductor — right top eye (blue), wideband Debye model with DK=3.7, LT=0.008
@ 1 MHz and conductor roughness — left bottom eye (black), multi-pole Debye dielectric
model and rough conductor — right bottom eye (red).

Note that the computed and measured modal phases was in good agreement with the
measured data for multi-pole model and wide-band Debye models with LT=0.002,
though the attenuation was dramatically different starting from 3-5 GHz.

Fig. 15 and 16 illustrate the effect of the differences in magnitude and phase of the
transmission parameter on the eye diagram for 10 Gb/s (Fig. 15) and for 20 Gb/s (Fig. 16)
signals. Wide-band Debye model with DK=3.7 and LT=0.002 at 1 MHz is too optimistic
without the roughness (left top green eyes). Accounting for the roughness makes this
model practically usable for 10 Gb/s signals — the right top blue eye in Fig. 15 is
practically the same as the right bottom red eye generated with the final dielectric model.
Though the difference between two eyes increases for 20 Gb/s as shown in Fig. 16.
Wideband dielectric model with DK=3.7 and LT=0.008 at 1 MHz and rough conductor
produces too pessimistic eye for both 10 Gb/s and 20 Gb/s signals.

The final 10-pole dielectric model has dependency of the dielectric constant and loss

tangent shown in Fig. 17. This model was used to compute attenuation shown by red
curve (circles) in Fig. 14 and right bottom red eyes in Fig. 15 and Fig. 16.

20



38

0.012

Dielectric Constant (DK) Loss Tangent (LT)

3.75 0.01

37 0.008 /
3.65 0.006 f/

i6 0.004 /
355 0.002 A/_/
35 0

1.00E+06 2 50E+10 5.00E+10 1.00E+06 2 50E+10 5.00E+10
Frequency, Hz Frequency, Hz

Fig. 17. Frequency dependencies of dielectric constant (left graph) and loss tangent
identified for a low-loss dielectric. DK is relatively flat, while loss tangent is growing
almost linearly from 1 MHz to 50 GHz.

Note that the almost linear growth of the loss tangent in this case is not due to the
roughness — the roughness was measured and appropriately accounted for in this
example. The growth of the loss tangent may be explained by greater effect of glass in
this particular dielectric with some presence of the epoxy. A mixed dielectric model [15]
composed of wideband Debye and one-pole Debye also captures the physics of this
dielectric. Though, the multi-pole Debye model is also acceptable in this case.

9. Conclusion

The outcome of the paper is the simple practical procedure for extraction of
dielectric parameters that can be used on prototype and production boards and
does not require multiple structures for complete TRL calibration and expensive 3D
full-wave modeling. Just two segments of line of any type and with practically any
characteristic impedance can be used to identify dielectric properties with high accuracy.
No optimization or modeling of the transitions from probes or coaxial lines is required.
The method is based on comparison of the generalized modal S-parameters extracted
from the measured data with the same parameters computed for a line segment without
transitions. It was shown, that accounting for the conductor roughness is very important
for extraction of the dielectric properties for low-loss and high-performance dielectrics.
Popular wideband (also known as Djordjevic-Sarkar model) provide very good match for
low-cost high-loss dielectrics (with loss tangent about 0.02), but are not suitable for the
low-loss dielectrics (with the loss tangent below 0.01), especially for signals with 10 Gb/s
and higher data rates. Higher content of glass or the type of epoxy in such dielectric
produces loss tangent that grows with the frequency faster than predicted by the
wideband Debye model. Multi-pole Debye model is more flexible and suitable for the
low-loss dielectrics. The practical dielectric parameters identification procedure
proposed in this paper makes it possible for designers to characterize dielectrics on
both experimental and production boards for 6-100 Gb/s applications.
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10. Appendix A: Alternative approaches for

identification of PCB dielectric properties
As an alternative to the suggested technique, de-embedded transmission line segments or
resonators can be used to identify the dielectric parameters by comparison of the S-
parameters — see [1] and reference there. In reality such procedure requires a great deal of
experience in the frequency domain measurements and de-embedding to obtain high-
quality models. In addition, it is very difficult to implement the complete Trough-
Reflect-Line (TRL) de-embedding procedure on production or prototype PC boards
just for the material parameters extraction purpose.
Another possibility is to reduce the number of line segments or resonators for the
dielectric parameters extraction to just one. It seems like a simplification at first, but it
increases the complexity of the extraction procedure. The transitions from the probes or
connectors have to be reliably characterized with a 3D full-wave analysis - it may require
separate validation and may be even not possible due to non-localizability of the problem.
In addition, magnitude and phase have to be matched both for the reflection and
transmission coefficients. Such matching may be not trivial due to the resonances from
the transitions — simple optimization may fail. The identification with one line segment
is possible, but requires high skills both in measurements and in 3D full-wave
analysis and expensive electromagnetic software.
Another alternative is the multi-line technique with the diagonalization of T-matrices that
was recently used by many authors [2]-[6] to extract complex propagation constants
(Gamma) for transmission lines. Though, it looks like that such technique with the T-
matrix diagonalization was first proposed in late 70-s by Nikol’skiy and Lavrova in [7].
The basis of the methods with Gamma is the fact that the diagonal T-matrix in the
multi-line TRL de-embedding contains only elements defined by the complex
propagation constant and independent of the characteristic impedance [4]. The
diagonal T-matrix of central segment (with the length equal to the difference of lines) is
normalized to the characteristic impedance of the strip/micro-strip, differential or
coplanar line modes. This is the result of the diagonalization of the scattering transfer
matrix (T-matrix) of the central segment. The diagonal T-matrix corresponds to the
block-diagonal S-matrix with only diagonal elements in blocks S12 and S21 not equal to
zero and zero reflection and transformation elements (S-matrix is anti-diagonal in case of
single-ended line). S-matrix of a line segment without reflection is normalized to the
characteristic impedance of the line modes by definition (no actual knowledge of the
impedance is required at this stage). Paper [4] uses slightly different explanation of the
effect - but the idea of the reflection-less segment is the same. The fact that the diagonal
T-matrix of TRL de-embedding provides generalized modal S-parameters was also
noticed in [6] for multi-conductor line cases. Unfortunately, all techniques with Gamma
extraction are very sensitive to the imperfections in the test structures and in addition they
still require a model to compute complex dielectric constant from the complex
propagation constant [2], [3]. The most difficult part of all approaches based on
Gamma is the solution of the hyperbolic equations with the measurement noise and
large errors when the length difference between the line segments is half of
wavelength. Identification of the propagation constant over a wide frequency band
requires more than two line segments and additional short and open structures as in [2].
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In addition, even strip-line configurations do not provide an easy way to extract the
propagation constant because of the dependency of Gamma on the conductor loss and
dispersion, conductor roughness and high-frequency dispersion due to in-homogeneity of
the dielectric layers adjacent to the strip in the PCB applications (the effect of FR-4
dielectric in-homogeneity in strip-line configurations is interpreted in [18] as the uniaxial
anisotropy of the effective dielectric constant and loss tangent). The high-frequency
dispersion is even more critical in cases if micro-strip structures are used for the
identification (micro-strip structures may have advantage due to simpler transitions from
probes or coaxial lines). Approximate formulas used to convert Gamma into dielectric
constant may lead to different types of defects — such as overestimated loss tangent due to
not accounting for the conductor roughness or plating. It means that simplified formula-
based models or static and quasi-static solutions are practically useless above 3-5 GHz
both for the dielectric parameters identification and for the compliance analysis. In this
paper we use 3D full-wave electromagnetic analysis to compute generalized modal
S-parameters of a line segment with all types of conductor and dielectric losses and
dispersion included. The dielectric model is derived by comparison of the measured
and computed generalized modal S-parameters.
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