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Dielectric Loss Tangent Extraction Using Modal
Measurements and 2-D Cross-Sectional
Analysis for Multilayer PCBs

Shaohui Yong
Yuanzhuo Liu

Abstract—Frequency-dependent electrical properties of dielec-
tric materials are one of the most important factors for high-speed
signal integrity design. To accurately characterize material’s di-
electric loss tangent (tand) after multilayer printed circuit board
fabrication a novel method was proposed recently to extract tand
using coupled striplines’ measured S-parameters and cross-section
geometry. By relating modal attenuation factors to the ratio be-
tween the differential and common mode per-unit-length resis-
tances, the surface roughness contribution is eliminated and the
contributions of dielectric and conductor loss are separated. Here,
we specifically decided to avoid using any physical dielectric model
in the extraction algorithm in order to eliminate a need for any a
priori information about dielectric behavior. Further analysis and
improvement of the tand extraction approach is presented in this
article. To evaluate the accuracy of the extraction, the impact of er-
rors due to de-embedding, vector network analyzer measurement,
and two-dimensional solver’s calculation are taken into account by
a statistical error model. A confidence interval of extracted tand
is provided. To describe the frequency dependence of tand, a two-
term Djordjevic model is proposed to fit the extracted tand curve,
which guarantees causality and gives better agreement with mea-
sured insertion loss compared to the traditional Djordjevic model.

Index Terms—Conductor surface roughness, confidence
interval, de-embedding method, error analysis, fabricated printed
circuit board (PCB), frequency-dependent dielectric behavior,
stripline.

I. INTRODUCTION

DEQUATE wideband characterization of printed circuit
board (PCB) dielectric substrates is critical in high-speed
signal and power integrity design. Traditional approximations
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using frequency-independent dielectric constant (£,.) and loss
tangent (tand) may be applicable for low-speed transmission
lines, but do not properly account for the extra attenuation
caused by energy consumption due to dielectrics polarization
at higher frequencies and cannot model phase-delay responses
correctly, producing underestimated dielectric loss and non-
causality. Nowadays, as serializer/deserializer channels having
pulse rise time reduced to only several pico-seconds, availability
of frequency-dependent dielectric material parameters up to
40+ GHz play an important role in predicting signal degra-
dation. Inaccurate frequency-dependence will cause significant
uncertainty for modern high-speed PCB design, leading to fail-
ure to meet required specifications or costly overdesign.

A traditional dielectric material properties extraction method
using a split post dielectric resonator (SPDR) [1]-[3] is widely
adopted by material vendors to provide nominal ;- and tand val-
ues at certain frequency points. A dielectric material sample of
the required size and shape should be provided for the resonator
measurement. €, and tand are calculated using measured res-
onance frequency shift and decrease of the Q-factor. However,
the SPDR measurement is an inherently narrow-band method.
To cover a certain frequency band, multiple SPDRs are needed.
Also, the required dielectric sample cannot contain any metal-
lization layers, which often requires the fabrication of dedicated
samples with potentially different properties compared to the
multilayer PCB fabrication process [4]-[6].

The “Root-Omega” transmission-line-based extraction
method [7]-[9] was developed to overcome drawback of the
SPDR method. It assumes that the frequency dependencies
of conductor (a¢) and dielectric (p) attenuation factors
obey different laws, approximated by power functions, such
that they can be separated from the total attenuation (ar)
directly obtained from measured S-parameters. However, as
demonstrated in [10], “Root-Omega” method cannot separate
the conductor attenuation factor (o) influenced by unknown
surface roughness very well. Relatively accurate results can
only be achieved for very smooth copper surfaces. Besides that,
the power functions adopted to fit attenuation factors do not
take into account possible loss dispersion of the dielectric. In
addition, the values of ¢, and tand obtained by the SPDR or
“Root-Omega” methods are routinely approximated by using
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a Djordjevic model [11] assuming PCB dielectrics with very
low dispersion, which provides causality but may not be able
to model extra insertion loss (S21) above tens of gigahertz due
to practically constant tand in the frequency band of interest
[11]-[13].

Recently, a new dielectric characterization method using the
physics-based principle to exclude the influence of foil surface
roughness is proposed in [10]. It does not require any a priori
assumptions about the tand frequency-dependent behavior. As
a follow-up work on the new method, this paper offers a more
comprehensive analysis of the extraction procedure along with
the error analysis.

This article is arranged as follows. In Section II, the core
algorithm of the extraction method is introduced. Section III
investigates the influence of potential inhomogeneity of the
PCB dielectric on the extraction performance. In Section IV,
analysis on the impact of errors due to de-embedding, vector
network analyzer (VNA) measurement, and two-dimensional
(2-D) solver on the extracted tand accuracy is presented. The
confidence interval of the extracted tand curve is calculated.
Section V provides a discussion about the frequency behavior
of tand. A two-term Djordjevic model is proposed to fit the
extraction results within the confidence interval. A comparison
between the proposed approach and a conventional one-term
Djordjevic model is given.

II. LosS TANGENT EXTRACTION METHODOLOGY

Before describing the extraction method, we would like to de-
fine the necessary parameters. Let us assume a three-conductor
transmission line. One of the conductors is treated as a refer-
ence, and the nodal voltages are defined as the voltages in two
remaining conductors relative to the reference

Similarly, the nodal currents are defined as the currents in the
two conductors (the return currents are flowing in the reference

conductor):
I= [’:1] :
12

The nodal parameters (V and I) can be related to the modal
ones (V,, and I,,) through the following transformations [ 14]:

Um1
V=T, [ } =T,V,,
Um?2
tm1
I:Ti |: :l :TiIT)'L (1)
Tm?2

where T, and T; are transformation matrices. If the matrices

are defined as
1 —-0.5
T, =
1 0.5

o _[05 -1 5
l_[o.s 1} @
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the modal parameters will correspond to the common and dif-
ferential modes

Vee
Voo [

v {0.5 (01 + vzq

Vdd V2 — V1

|:7fcc:| :T;lI: |: Z1"_12 :l
Tdd 0.5 (ig — i1)

The nodal voltages and currents in the transmission lines are
described by the telegrapher’s equations [15]

[a—
3
I

dV

Y - 7.1

dz

g:—Y-V 3)
dz

where Z=R + jwL and Y = G + jwC are nodal PUL
impedance and admittance matrices of the transmission line.
Equation (3) can be generalized for modal cases as

dV .,
= —dm Im
dz
dl,,
% - _Ym . Vm “4)

By plugging (1) into (3), the equations for the modes can be
written as follows:

dv,

=—Z, T;'1 5
o O (%)
dl,,
=Y, -T,'V. (6)
dz
Multiplying both sides of (5) by T, and (6) by T; gives
A%
—=-T,%,T;'T (7
dz
dl
—=-T;Y,T,'L (8)
dz

And finally, by comparing (3) with (7) and (8) the modal PUL
matrices are obtained

Z,, =T, 'ZT;
Y, =T,'YT,. )

It is easy to see that the transformation matrices defined as
(2) diagonalize the impedance and admittance matrices (9) such
that

Z 0
Z., =R, +jwL,, =|"°%
ot =57 7]
. RCC + jWLcc O
N 0 Rgq + jwLgq
. Y, 0
Y,, =G, +jwC,, =| ¢
o= 5 1,
o Gcc + jwccc 0
a |: 0 Gaa —|—jw0dd:| ' (10)

The transformation matrices (2) together with (9) will be used
henceforth to convert the nodal PUL matrices to the modal ones
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(10). The propagation constant for each mode is related to the
modal PUL parameters as

Yee,dd = \/(Rcc,dd + jWLcc,dd) (Gcc,dd + jwccc,dd)~ (11)

The real part of the propagation constant, i.e., the modal at-
tenuation factor can be approximately (but with a high degree of
accuracy for practical low-loss transmission lines with R < wL
and G < w() calculated as [16]

Lcc,dd

. 12
Occ,dd) ( )

Information about the dielectric loss in (12) is contained in
the PUL conductance G [see below, (24)], so the extraction
of the dielectric loss from the attenuation factors (12) would
require to determine all other parameters in the formula. The
attenuation factors (c... or aq) of striplines can be relatively
easily determined in the measurement, and the PUL capacitances
and inductances can be calculated if the geometry of the stripline
and the permittivity of the dielectric are known. However, it
is very difficult to determine the PUL resistance R because it
is affected by the surface roughness of the transmission line
conductors. Existing roughness models have limited accuracy
and rely on numerous roughness parameters that are usually not
known and need to be tuned. Thus, the per-unit-length (PUL)
resistance of a transmission line (R) can never be calculated
accurately. To exclude the impact of foil roughness on the loss
tangent extraction accuracy, direct usage of the PUL R of the
transmission line should be avoided. The new approach proposed
here turns to use a pair of coupled traces allowing to relate the
tand to the ratio of modal PUL resistances (K), which is (as
will be shown later) largely independent from foil roughness.
Coefficient K is defined here as the ratio between differential
and common mode PUL R

Ccc,dd
Lcc,dd

1
Olee,dd = 5 Rcc,dd + Gcc,dd

R
RCC
Let us analyze the parameter K. For translationally uniform

weakly coupled striplines (i.e., in the case when the proximity
effect [17]-[19] is negligible), the matrix R is given as [15]

R - {Rn R12} _ [7‘1+T0 o }
Ris Ry To 1+ 1o

where 7 is the resistance of the ground planes, and r; is the
resistances of traces (this assumes a symmetrical line). In this
case, the modal resistance matrix calculated according to (9) is

7’0—‘1‘%7’1 0 o Rcc 0
0 27’1 B 0 Rdd ’

Let us assume that the resistances 7 and 7; correspond to
perfectly smooth conductors. Therefore, the parameter K for a
smooth transmission line can be calculated as
Raq
RCC

K (13)

(14)

Rm = |: (15)

27’1

Ksmooth = (16)

ro + % oy

The effect of foil roughness on resistance is usually modeled
by applying a correction coefficient to the PUL resistance [20]—
[22]. The correction coefficients for the traces K 7, and ground
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Fig. 1. Resistance ratio K for coupled striplines with different conductor
surface roughness (obtained by Ansys Q2D). The cross-section geometry of
the coupled striplines is illustrated in Fig. 3. The dielectric constant €, = 3.4.

planes K74 can be added to (16) to obtain the value of K for a
rough transmission line as follows

Raa _
RCC

27"1'KHt
ro-Kug+3-m1- Ko

Krough = (17)

It is obvious that when the roughness of trace and ground con-
ductors is equal, i.e., when K, = K, the correction coeffi-
cients in (17) are eliminated and Kg;00th = Krough- Therefore,
the ratio K in this case (i.e., when all conductors have equal
roughness) is independent of roughness.

It should be noted here that the roughness of traces and
ground planes is not always equal. In that case, the ratio K
can still be estimated using (17) with the correction coefficients
calculated according to Huray (or other) model. However, in
this study, the tand extraction was performed on the PCBs
with comparable roughness in ground and trace conductors.
Feasibility of extracting tand in lines with different trace/ground
plane roughness requires additional investigation.

The analysis above assumed no proximity effect in the trans-
mission line. In strongly coupled lines, which are ultimately
needed for the tand extraction (see below), the proximity effect
cannot be neglected. A general formulation of the resistance
matrix with proximity effect in the form similar to (13) is
difficult, so to demonstrate the roughness independence of K, a
numerical simulation was performed using Ansys Q2D. During
the simulation, the roughness of the conductors of the strongly
coupled stripline was varied, and the value of K was calculated
for each roughness value. As can be seen from Fig. 1, the value of
K changes very insignificantly when the foil roughness changes
in a wide range —1i.e., from a smooth (0.0 zzm rms roughness) to a
relatively rough case (0.8 pm rms roughness), and the condition
Kimooth = Krough can still be used.

The modal attenuation factors a.,qq are related to the modal
transmission coefficients by a simple formula

—In [|Seco1,da21]]

Qee,dd = ] (18)

where S..01 and Sggo1 are the de-embedded modal transmis-
sion coefficients (i.e., normalized to the modal characteristic
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impedances), and [ is the length of the transmission line after
de-embedding.

Any suitable de-embedding procedure can be used to obtain
the modal transmission coefficients (for example a TRL cal-
ibration). In the presented implementation, we used a variant
of the 2x thru de-embedding technique known as “eigenvalue
de-embedding” [23]-[26]. The choice was made primarily be-
cause it is a precise de-embedding technique for translation-
ally uniform transmission lines and uses a minimal number of
standards (just two lines of different length). The procedure is
designed for single-ended lines; therefore, it is necessary to
explain here how it can be applied to coupled striplines. To
apply the de-embedding, the VNA is calibrated first to remove
all asymmetries between the ports, and hence additional mode
conversion. Then the single-ended S-parameters (S’) of the
four-port standards are measured and converted to the modal
ones (S'5r) by the following transformation:

" =MSM! (19)

where M is the transformation matrix (the prime symbols in
the formula indicate raw, non-de-embedded S-parameters). To
obtain common and differential S-parameters, the transforma-
tion matrix is defined as [14] (the definition reflects the port
numbering convention)

1 -1 0 0

1 |0 0 1 -1
M= — 20
Sl 10 0 0)

0 1 1

The structure of S', in general, is the following:
Suarr Saarz Saerr Saciz

Sy = Staz1 Saaze Sacor Sacze @1)

! ! ! !
Scdll Scd12 ccll cel2

! ! ! !
Scd21 Scd22 cc2l cc22

Assuming that the transmission line is perfectly symmetrical,
i.e., all conversion terms are zero (see Fig. 11 below as a practical
illustration of this condition), the modal S-parameter matrix can
be separated into two modal submatrices as

/
_ S, O
0 St

(22)

Since there is no energy exchange between the modes in (22),

they can be treated as separate (uncoupled) transmission lines
with S-parameter matrices

St/idl 1 Sélde 0 0
Séld21 S(lid22 0 0
0 0 Sécl 1 Sécl2
0 0 52521 52022

S'n =

cc T / !

! !
S,dd _ dell de12
cc2l

r_ [Sécll Séle‘| ) (23)

! !
deQl de22 cc22

After matrices (23) are calculated (for two standards needed
for de-embedding), the eigenvalue de-embedding procedure is
applied as described in [23] to obtain de-embedded modal
transmission coefficients S..o; and Sgg01 to be used in (18).
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The PUL modal conductances (G) are related to the modal
dielectric loss tangents as

Gcc,dd = tanécc,dd CW e Occ,dd- (24)

If the stripline dielectric is uniform (a nonuniform case is
discussed in Section III), the common and differential loss
tangents are equal, such that tand.. = tand,;q = tand. Taking
this into account and by combining (12), (13), and (24), the
following system of equations can be written:

Qdd = 3 (Rdd Gt 4 Gy %)
Qe = 3 (Rcc Te=+ G\/éi)
Ggqg = w - Cyq - tand

Gee = w - Oy - tand

K = Baa

ce

(25)

Finally, by solving (25) with respect to tand, the following
expression can be obtained [10]:

/Ce
Qdd ch — Qe

V& VCaTas — /94 Ol K

c Laa

Caa .
Laa K

(26)

2
tand = —
w

This formula relates the dielectric dissipation factor to the
modal attenuation factors, modal PUL inductances (L), capaci-
tances (C), and the ratio of modal resistances (K).

The PUL capacitances and inductances, as well as K are
calculated using a 2-D cross-sectional solver for a known ge-
ometry of the transmission line. The real part of the dielectric
permittivity needed to perform the 2-D analysis is extracted from
the phase constant of the transmission line, which is calculated
using the de-embedded transmission coefficients as follows:

argSoq
i .

p= 27

The phase constant depends on the PUL capacitance and
inductance of a transmission line. Besides the transmission line
geometry, the PUL capacitance depends on the permittivity of
the medium, while the PUL inductance depends on the per-
meability. Since the PCB conductors and dielectric materials
usually are nonmagnetic, the permeability is known (equal to
the permeability of vacuum) and the PUL inductance of the
TL can be calculated before the permittivity extraction. The
PUL inductance is the superposition of internal inductance due
to lossy conductors’ skin effect (L;y;) and external inductance
(Lext) and the total phase constant 5 can be expressed as

B =wVLC = w\/(Lint + Lext) - C.

By introducing a phase constant depending on the external
inductance only (i.e., the phase constant due to the TL dielectric)

(28)

Bdiel = wy Lext -C (29)
the total phase constant can be rewritten as
L
= Biel\| ————. 30
B =pa NI (30)
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[Geometry of the differential pair ] S-parameters obtained from
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& =— - W/
T Wk, L

A 4

Rgq A
|4L| L & K=—— Ej
Cecdd e Rec Xecdd

[

[ Solve equations and extract tand ]

Fig.2. Flow chart of the proposed tand extraction method [10].

The constant 34;e1, in turn, is related to the relative permittivity
of the dielectric

Bdiel = wy/Er€oflo-
By combining (29) with (30) and (31), the relative permittivity
can be found as
Bl _ 1 B (L — Lint)
w?-go-po  w?-eo - pio L '

€19}

Ep = (32)
Accordingto [22, Ch. 5], the internal inductance L;, is related
to the PUL resistance of the TL

R

Ling = —. (33)
w

By combining (32) and (33), the permittivity is finally ex-
tracted as

w

1 (L=

Ep =

= 34
w? - € - fio L G

where L and R are calculated by using a 2-D cross-sectional
analysis, and [ is obtained from the measurement using (27).

The entire dielectric loss tangent extraction procedure is il-
lustrated in the flow chart in Fig. 2.

III. NUMERICAL VALIDATION OF THE PROPOSED
EXTRACTION METHOD

To illustrate the feasibility of the proposed method, it is first
applied to the simulated transmission line. Two aspects are in-
vestigated primarily in this section: the accuracy of €, extraction
(34) and the influence of possible dielectric inhomogeneity on
the tand extraction accuracy.

A 2-D model of the coupled stripline with the cross-sectional
dimensions indicated in Fig. 3 was created. The nodal PUL
matrices of the model were calculated by solving a 2-D cross-
sectional problem using Ansys Q2D. The PUL matrices are
converted to modal form by using (9). The modal attenuation
coefficients are calculated according to (18) and the parameter
K —according to (13). Finally, the loss tangent is calculated by
(26) and compared to the actual value.

To illustrate the extraction accuracy, the model in Fig. 3
was filled with the uniform dielectric material with frequency-
independent parameters ¢, = 3.4 and tané = 0.003.
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Fig. 3. Cross-section of the stripline model used for loss tangent extraction.
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0.4
3.42 —_
=
W B4F 5 of
3.38 t
-0.4
3.36
3.34 -0.8
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Fig. 4. Extracted dielectric permittivity (a) and the extraction error (b).
-3
x 10 20
3.6 —Actual
~ Extracted using actual & 15 «Extracted using actual &,
24 = =Extracted using extracted ¢, — =Extracted using extracted &,
© S
S - 10
S 32 | =
\, 511
3 — \
e
0 .
2.8
0 5 10 15 20 0 5 10 15 20
Frequency [GHz] Frequency [GHz]
(@) (b)
Fig. 5. Extracted loss tangent value using actual and extracted value of

permittivity (a) and the corresponding extraction errors (b).

The ¢, extracted using (34) is shown in Fig. 4 along with the
actual value as well as the permittivity extraction error. The
extraction results are practically overlapping with the actual
value, validating the permittivity extraction method.

Next, the loss tangent was extracted according to (26) using
actual and extracted [according to (34)] values of the dielectric
permittivity. The results are presented in Fig. 5 in comparison
to the actual value of loss tangent. The extraction errors are also
shown.

As can be seen by comparing curves in Fig. 5(b), the error in
permittivity has a minimal impact on the loss tangent extraction.
The extracted tand curve is overlapping with the extraction
result obtained using the actual €,., which illustrates the insignif-
icance of the observed permittivity extraction error. At the same
time both curves diverge from the actual value below 5 GHz,
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4 ) ) i ) . 32 %10 §
3.8 { 31
A
36 Q 3N
& 5
34 1" 29
Erprepreg = 345, Er.core = 345 &r.prepreg = 345, r,cors = 345
3.2 5 . i 28 . 4
=+ =& prepreg = 345, £r.core = 3.74 = = Epprepreg = 345, &r.core = 3.74
3 2.7
0 10 20 30 40 50 0 10 20 30 40 50
Frequency [GHz] Frequency [GHz]
() (b)
Fig. 6. Extracted &, and tand curves for homogeneous and slightly inhomo-

geneous cases. For both cases, tanépreg = tandcore = 0.003; for the homo-
geneous case (black curve) €, prepreg = €r,core = 3.45; the inhomogeneous
case (red curve) is set with 10% differences between €, prepreg and €r core
(er,prepreg = 3.45, and &, core = 3.74).

which indicates other sources of errors (besides the error in €,.)
affecting the accuracy of the tand extraction at low frequencies
(see Section V for details and analysis. A two-term Djordjevich
model is proposed in Section VI, which essentially extrapolates
the permittivity onto the low frequencies).

For striplines in manufactured PCB, the slightly inhomoge-
neous dielectric material is almost unavoidable because of the
fabrication process, glass fiber effect, etc. [4]-[6]. Up to 10%
differences in ¢, or tand between prepreg and core dielectric
material may happen in multilayer PCBs [27]. The proposed
material extraction method assumes ideally homogeneous di-
electric material, which potentially might lead to errors in the
extracted tand.

To find the impact of nonideal dielectric material on the extrac-
tion procedure, the model in Fig. 3 is filled with inhomogeneous
dielectric with the boundary between the regions shown as a hor-
izontal line. The S-parameters are calculated by the 2-D model
using different frequency-independent €, and tand for core and
prepreg layers, while the extraction is carried out assuming
homogeneous dielectric material. The impact of different ¢,
in prepreg and core is illustrated in Fig. 6. The extracted e,
is about 3.6 when €, prepreg = 3.45 and €, core = 3.74, which
is approximately the mean value of €, prepreg and €, core. It is
reasonable to treat the extracted ¢, as the effective value. The
influence of a 10% difference between &, prepreg and &€, core
on the extracted tand is illustrated in Fig. 6(b). The value of
extracted tand is less than 1% off from the actual value of the
tand, which illustrates low sensitivity of the proposed extraction
method to the differences in the dielectric constant of PCB
layers.

The situation is different when layers have different tand
values. To illustrate this, the €, of both layers was set to 3.45,
while the tand values were different: tandprepreg = 0.003 and
tandeore = 0.0035. As Fig. 7(a) shows, the impact of the tané
difference on the extracted ¢, is negligible. However, it is not the
case for tand. As Fig. 7(b) shows, the extracted value of tand
is very close to the mean value of prepreg and core tand, which
will be very close to the effective value of tand for transmission
lines with an equal thickness of dielectric layers.
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case (black curve) tandprepreg = tandcore = 0.003; the inhomogeneous case
(red curve) is set with tandprepreg = 0.003 and tandcore = 0.0035.
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Fig. 8. Testing board with several coupled striplines of different length.

Fig. 9. Cross-section of the coupled striplines. The trace width (W7 ~ W)
is 6.58 mil; edge-to-edge spacing (s) is 5.30 mil; dielectric height (h1 & hg) is
10.05 mil; trace thickness (7) is 1.23 mil. The yellow dashed line illustrates the
boundary between prepreg and core.

The results presented above demonstrate that the proposed
extraction method is relatively robust with respect to slight
dielectric inhomogeneities in the striplines.

IV. LoSS TANGENT EXTRACTION USING MEASURED DATA

To test the proposed method in the experiment, a testing
vehicle containing multiple differential lines was fabricated (see
Fig. 8). The cross-section geometry of the coupled lines is
presented in Fig. 9. Two of the lines (1.3 and 15.8 in, with
the corresponding de-embedded length of 14.5 in) were used
for x2thru measurements. The roughness of ground planes and
traces is comparable (the corresponding profiles are given in
Fig. 10). An example of raw and de-embedded S-parameters for
the 15.8-in transmission line are given in Figs. 11 and 12. The
modal PUL parameters along with the parameter K calculated
using the geometry information in Fig. 9 in Q2D are shown in
Fig. 13. The extracted ¢, and tand are shown in Fig. 14. The
reference tand value provided by the laminate material maker
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Fig. 10.  Profiles of ground (a) and signal (b) conductors obtained using optical

microscopy. The rms roughness levels obtained with roughness profile extraction
tool [28] is 0.47 pm for ground and 0.41 pm for signal conductors, respectively.
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Fig. 12.  De-embedded modal insertion loss (a) and attenuation factor (b) for
the 15.8-in line using the 1.3-in line as a thru.

is about 0.003 at 10 GHz, which is very close to the extraction
result.

V. ERROR MODEL FOR THE LOSS TANGENT
EXTRACTION METHOD

As can be seen in Fig. 14, the extracted loss tangent curve
is relatively “clean” from 5 to 30 GHz, however variations
below and above this interval are significant. Obviously, the
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Fig. 13.  Components of the modal C (a) calculated using extracted €., (b) L,

(c) R matrices calculated using (5) and (d) the parameter K calculated using (9).
The cross-sectional analysis is performed using Ansys Q2D.

behavior below 5 and above 30 GHz is nonphysical and
requires explanation. The most obvious reason for this is sim-
ulation/measurement inaccuracies and the sensitivity of the ex-
traction formula (26) to them (as can be seen from Section III,
inaccuracies caused by approximations in the extraction process
are of much lower level).

The proposed tand extraction method requires several groups
of data

1) raw S-parameters obtained by the VNA measurement;

2) de-embedded S-parameters to obtain attenuation factors;

3) PUL inductance, capacitance, and K calculated by a 2-D

cross-sectional solver.

Therefore, three sources of errors can be identified: measure-
ment errors, de-embedding errors, and simulation errors. Not
all of these errors can be estimated accurately. For example, the
simulation errors are especially difficult to determine directly
because the actual PUL parameters of the transmission lines are
not accessible. Besides this, the systematic (i.e., nonrandom)
components of errors are difficult to determine because of the
lack of references (i.e., an independent measurement method).
Because of these limitations, the error analysis listed below can-
not be called comprehensive, but we believe that it is still useful
because it allows us to explain peculiarities of the extracted
loss tangent curves and determine frequency range where the
extracted data are the most accurate.

A. Simulation Errors

The resistance ratio K can be calculated correctly only if
the metal conductors are meshed (as opposed to the boundary
conditions on the surface) as demonstrated in [10], and the error
strongly depends on the mesh density. Accuracy of the other
simulated parameters (L and C) is also strongly dependent on
the mesh. Therefore, the accuracy of the simulated parameters
is estimated by mesh refinement [29].
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Fig. 14.  Extracted ¢, (a) and tand (b) curves obtained by using the proposed
method.
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Fig. 15.  Simulation error of the parameter K estimated by mesh refinement.

To achieve this, the mesh count is gradually increased and
for each mesh the parameters K, L, and C' are calculated. As
the mesh density increases the parameters converge to certain
values. The simulation error is, therefore, estimated using the
variations of converged K, L, and C over several last iterations.
An example of convergence curves at 5 GHz for the geometry in
Fig. 9 is shown in Figs. 15 and 16. The variations of parameters
were estimated as AK = +0.4%, AL = +0.01%, and AC =
+0.01%.

The influence of the simulation parameter accuracy on the
accuracy of the extracted tand was estimated numerically. To
achieve this, a statistical model for the simulated parameters
is created by assuming Gaussian distribution with the mean
value equal to the simulated value at the last mesh refinement
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Fig. 16.  Simulation error of K, L, and C estimated by mesh refinement.
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Fig. 17. Estimated standard deviation of extracted tand calculated using K,

L, and C subjected to Gaussian distribution. The actual tand value is 3 x 1073
at 10 GHz.

step and the standard deviation equal to 1/3 of the variations
determined above (such that the variations are within 99% confi-
dence interval). Five thousand random samples of the parameters
were calculated, representing 5000 random combinations of
the simulation parameters. For each of the combinations, the
value of tand was calculated according to (26) and its standard
deviation at each frequency was calculated (see Fig. 17).

As can be seen, the extracted tand errors are relatively large at
low frequencies, and then gradually decrease with the increase of
frequency. High error at low frequencies is due to poor condition-
ing of the system of (12) (indeed, at dc the difference between
aqq and .. is very small). As the frequency increases, the
conditioning of (12) improves, while the errors of the simulated
parameters remain constant, leading to a decrease of the tand
error.

B. Error Due to De-Embedding

All de-embedding methods require identical fixtures in total
and thru lines (Fixture 1A = Fixture 2A; Fixture 1B = Fixture
2B, as shown in Fig. 18). For the “eigenvalue” de-embedding
(also known as, “Delta-L) [23]-[26] method used in this study,
the symmetric design in fixtures for both total and thru lines
(Fixture 1A = Fixture 1B = Fixture 2A = Fixture 2B) is also
required.

However, in reality, the transitions from coaxial to stripline
medium cannot be made perfectly identical due to geometrical
variations and variability in the connector-pad transitions (this is
evident in the TDR plots below). For the sake of the error anal-
ysis, we assume that the source of de-embedding inaccuracies
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Fig. 19.  Overview of the Keysight ADS de-embedding model.
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Fig. 20.  Circuit fixture model (fixtures 1-4). The expectation and the stan-

dard deviation of the inductor and capacitor are tuned to achieve agreement
with the measured TDR (Expy, = 1.75 x 107 H; Devy, = 40%; Expc =
48 x 10714 F; Deve = 11%).

is the variations in the transitions from the coaxial cable to the
differential stripline [30], violating identical and symmetrical
assumptions formulated above.

The error estimation strategy, therefore, is to estimate the
variations of the transitions and then numerically propagate
them through the de-embedding and extraction calculations and
finally estimate the error of the extracted loss tangent.

To achieve this, a circuit model of the transmission lines with
fixtures (transitions) was created (see Figs. 19 and 20). Each
fixture is modeled by an excessive inductance and capacitance
along with short portions of transmission lines. The values of
excessive capacitance and inductance are assumed to be nor-
mally distributed. The mean value and standard deviation of the
capacitance and inductance are tuned to match the shape and
the spread of the measured TDR response of the transmission
lines as illustrated in Fig. 21 (since two differential lines are used
for each measurement, a total of eight TDR curves are used to
estimate the statistical parameters of the fixture models). Due to
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Fig. 22.  Standard deviation of extracted tand calculated using 1000 sets of
de-embedded S-parameters. The Thru line length is 1.3 in, and the total line
length is 16 in. The actual tand value is 3 x 102 at 10 GHz.

the relatively low number of samples (eight curves), the statistics
cannot be determined exactly, but a rough estimation still can be
made.

After the fixture model is created, a Monte-Carlo simulation
is performed (with random values of excessive inductances and
capacitances in all transitions) and 1000 random combinations
of the thru and total S-parameters are created for de-embedding.
The 1000 extracted tand curves are then used to estimate the
standard deviation of the tand.

The tand standard deviation curve (0 geembed ) 1S presented in
Fig. 22. As can be seen from the plot, the de-embedding error,
in general, increases with frequency due to the increase of the
fixture reflections (and hence increased influence of their vari-
ability); however, at some frequencies where the de-embedding
equation is relatively poorly conditioned, the sensitivity to errors
is higher. In general, the error curve contains a periodic pattern,
the periodicity of which depends on the electrical lengths of the
thru and total standards.

C. VNA Measurement Error

The S-parameters measurement is performed using Keysight
N5244A 4-PORT PNA-X Network Analyzer. The VNA cali-
bration is performed using an electronic calibration kit N4692.
With proper choice of averaging factor and intermediate fre-
quency bandwidth, the VNA measurement noise can be reduced
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Fig.23.  Standard deviation of the extracted tand calculated using 400 sets of
VNA measured S-parameters. The actual tand value is 3 x 1073 at 10 GHz.

to quite low levels. However, frequency-dependent measure-
ment error is still unavoidable [31]. To estimate the impact
of frequency-dependent VNA measurement error to the tand
extraction method, a statistical analysis of the measurement data
is performed.

The following procedure was used to estimate the measure-
ment errors. After the VNA calibration, several tens of thru and
total S-parameters are saved (without disconnecting the cables in
each case). After that, several hundreds of thru/total S-parameter
combinations are created for de-embedding and for each of
them the value of tand is calculated. The standard deviation
(Omeasure) Of extracted tand curve is estimated (see Fig. 23).
Since the fixtures remain the same during the measurements and
fixed values of the simulated parameters (L, C, and K) are used
for extraction, the variability in the extracted loss tangent is due
to the measurement error only. Fig. 23 shows that large VNA
measurement error occurs at relatively low frequency (below
1 GHz), and it decreases as frequency goes up. The minimum
error appears around several gigahertz and remains low up to
35 GHz; after that it starts to grow rapidly. High error level
at low frequencies can be explained by poor conditioning of
the system of (12) (the values of a. and ayq become very
close to each other). At high frequencies, the contribution of the
measurement noise increases (simply because the transmission
coefficients decrease in absolute value and become comparable
to noise).

D. Confidence Interval of Extracted Loss Tangent

The contributions of all three factors (simulation error, de-
embedding error, VNA measurement error) estimated for the test
vehicle in Fig. 8 are compared in Fig. 24. As can be seen, below
4 GHz the measurement and simulation errors dominate, then
from 10 up to 40 GHz the de-embedding error is the dominating
factor, and above 40 GHz, the measurement and de-embedding
errors become comparable.

Assuming that the different error sources are independent to
each other, the total standard deviation of extracted tand is cal-
culated using a property of a linear combination of independent
random variables as

Ototal = \/(Udccmbcd)2 + (Umcasurc)2 + (Jsimu)2~ (35)
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Fig.24. Contributions to the standard deviation of the extracted tand due to the
measurement error (omeas ), de-embedding error (0 geembed ), and simulation
error (0gimu ). The Thru line length is 1.3 in, and the total line length is 16 in.
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Fig. 25. Thru line length is 1.3 in, and the total line length is 16 in. The

extracted tand curve and confidence intervals are calculated.

Finally, the tand can be modeled as a Gaussian variable

tand — Gaussian (tandnominal, Ttotal) (36)

where tand,ominal 18 the extracted value of the loss tangent. The
upper (tandypper) and lower (tandjower) bounds of extracted
tand confidence interval are defined using 99% confidence level
with (3 - Ototal) as

(37
(38)

taIl(supper = t-/adn(snor‘ﬂianl +3- Ototal
tandlower = taJnanomianl -3 Ototal-

The extracted curve along with the confidence intervals is
presented in Fig. 25, and the corresponding confidence interval
expressed in percent—in Fig. 26. As can be seen, in the interval
from 3 to 30 GHz the extracted tand error (99% confidence)
does not exceed 10%, and on the interval from 5 to 20 GHz it is
less than 6%.

As was said above, presented error analysis is not complete
and probably gives a conservative estimate of the extraction
accuracy. However, it explains the unphysical behavior of the
extracted curve below 3 GHz [high sensitivity to errors due to
poor conditioning of (12)] and variations above 30 GHz (lack
of de-embedding accuracy and influence of the measurement
noise).
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VI. CAUSAL MODEL FOR DIELECTRICS WITH
FREQUENCY-DEPENDENT LOSS

In Section V, the confidence interval of extracted tand is
calculated. Any curve within the confidence interval (or within
the envelopes of the confidence interval as a worst-case estimate)
may be a potential candidate for the final output extraction result.
Of course, an infinite number of curves satisfy this condition,
but based on an a priori knowledge about the behavior of typical
PCB dielectric materials, the class of possible approximations
can be limited to slowly changing (i.e., “smooth) and mono-
tonic curves. Another important consideration is the causality of
the selected approximation which would allow using the model
for time-domain simulations.

A. Existing Dielectric Models

There are a number of approaches to dielectric modeling that
can produce smooth casual responses. One of the most widely
used of them is a Djordjevic model [11]. The complex dielectric
constant according to the model is calculated as

Ae In(2)
! — / . w 39
€ =eet mo —my 1n(10) %9)
Ag’ -z
"=¢' . tand = N— 40
¢ e rtan ms —mq  In(10) (40)

where €/ is the value of dielectric constant at the infinite fre-
quency, and A&’ is the difference between the dielectric constant
at dc and infinity.

Selection of numbers m; and my determines the frequency
range from 27 f; = 10™! to 27 fo = 10™2 with very weak fre-
quency dependency of €. In practice, the lower frequency is set
to the kHz, and the higher frequency to the THz ranges to model
weakly dispersive PCB materials.

However, this low-dispersive assumption leads to a practically
frequency-independent tand of the model in the range f; — fa,
and does not allow modeling the extracted curves similar to one
in Fig. 14(b). Moving the lower frequency f; into the working
frequency range (i.e., from kHz to GHz frequency) does allow to
model the loss dispersion but at an inevitable cost of introducing
the strongly frequency-dependent dielectric constant.

When the Djordjevic model is used on practice, the loss
dispersion is typically ignored and the Djordjevic model with
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extracted €,-, and the Djordjevic model result.

very weakly dispersive ¢ is created by picking a single value at
a certain frequency such as an example in Fig. 27 demonstrates
(here, the value at 5 GHz was selected). For extracted tand
such an approach will, of course, lead to underestimation of
transmission line loss at higher frequencies.

An alternative to the Djordjevic model is to use a multiterm
Debye or Lorenz approximation (an example of a double-term
Debye model is presented in [32]). While these approximations
can be used on practice, the most important drawback associated
with this approach is a need to have multiple terms in approx-
imations for wide frequency ranges (from hundreds of MHz
to tens of GHz), leading to large number of parameters to be
determined.

Here we would like to propose an extension of the Djordje-
vic model which allows to produce wideband responses (with
practically unlimited frequency bounds) having a frequency-
dependent loss using just four parameters.

B. Djordjevic Model With Two Dispersive Terms

As an improvement allowing to model frequency-dependent
dielectrics, we propose to add a second Djordjevic term to the
dielectric model such that the permittivity of the dielectric is
represented as

Etot = €41 + €42 (41)
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Fig. 28. (a) Extraction results and fitted £,; (b) tand calculated using the
extracted €,., and the two-term Djordjevic model result.

TABLE I
Two-TERM DIORDJEVIC MODEL

fi fa my my A¢ £
a1 1 kHz 10 THz 3.80 13.80 0.12 3.21
€42 30 GHz 10 THz 11.28 13.80 0.04 0.08

where both terms €417 and €42 are described by (39) and (40),
but have different parameters. The term £4; is the traditional
Djordjevic term with low dispersion in the frequency range of
interest, and term 4 has the frequency f; in the GHz frequency
range, low dielectric constant (which is fixed and is not a model
parameter), and high loss.

The parameters of the model are therefore

1) 1)&l forthe eq;

2) 2) A¢’ for the £41;

3) frequency f; for g42;

4) 4) el or A’ for ggo.

The parameters are tuned (or optimized) to produce the curve
that satisfies the confidence interval of the extracted tand (in the
sense defined above) and at the same time approximates the real
part of permittivity. An example of approximation is presented
in Fig. 28. The approximation parameters are listed in Table I. As
can be seen by combining two Djordjevic, it is possible to model
frequency-dependent dielectric loss with loss dispersion in the
dielectric constant in a very wide frequency range, producing

1289

7 T g T T T T
6e-11 8e-11 le-10  1.2e-10

Time [s]

G T T T T
0 2e-11 4e-11

Fig. 29. Eye diagram of the measurement data. The rise/fall time is set to
5 ps, and data rate is 15 Gbps.

14
IS

o
w

=
o
=)
S
S

o
N

o
-

6e-11  8e-1l 1e-10 1.2e-10

Time [s]

0 2e11  de1l

Fig. 30. Modeled eye diagram of the two-term Djordjevic model.

strictly monotonic curves (including all derivatives) with just
four parameters.

C. Time-Domain Validation of the Proposed Model

The proposed dielectric model (see Fig. 28) was validated
by calculating eye-diagrams of the differential channels formed
by a 30-in transmission line. The dielectric was modeled by
the two-term Djordjevic model as described above and the con-
ductor surface roughness was modeled using the Huray model.
The Huray model had the following parameters: rms roughness
hrms = 0.43 pm, ball size ap,; = 0.63 pm, number of balls
Npan = 25, and the tile area Ao = 90 pmz. The parameters for
the roughness model were determined empirically for profiles
in Fig. 10.

For comparison, the models with a popular one-term Djord-
jevic models (i.e., practically frequency-independent loss) were
also created. The eye diagrams for all models in the time
domain were calculated. The eye diagram calculated using the
propagation constant extracted directly from the de-embedded
S-parameters is also given as a reference.

The time domain data for measurement and the proposed
two-term dielectric model using extracted tand data are shown
in Figs. 29 and 30. The corresponding frequency domain com-
parison is presented in Fig. 31. The results show good agreement
in terms of the eye-opening and frequency-domain loss.

A similar comparison for the model using a one-term Djord-
jevic dielectric expression is shown in Fig. 32 for values of tand
picked at different frequencies (see Fig. 33). As can be seen, all
examples exhibit a lack of accuracy either in time or frequency
domain compared to the proposed two-term model.
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Fig.32. Modeled insertion loss and eye diagram of the Djordjevic model with

different tand values. (a) One-term Djordjevic model using known tand at
10 GHz (tand = 0.0030). (b) One-term Djordjevic model using known tand
at 20 GHz (tané = 0.0038). (c) One-term Djordjevic model using known
tané at 30 GHz (tand = 0.0042). (c) One-term Djordjevic model using known
tand at 30 Hz (tand = 0.0042). (d) One-term Djordjevic model using known
tand at 45 GHz (tand = 0.0051).
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Fig. 33.  One-term Djordjevic models generated by selecting tand values at
10/20/30/45 GHz.

VII. CONCLUSION

A new tand extraction method is proposed and analyzed. The
method has low sensitivity to surface roughness, making ex-
traction on low-loss materials possible (i.e., when the roughness
contribution is comparable with the contribution of the dielectric
loss). No a priori information about the behavior of the dielectric
properties or attenuation constant is needed for extraction, which
allows capturing arbitrary frequency-dependent behavior of the
tand.

To estimate the accuracy of the extraction the error model tak-
ing into account errors due to de-embedding, VNA measurement
and simulation is proposed. The error model explains inaccura-
cies in the extracted tand at low at high frequency and allows to
estimate impact of the measurement and simulation inaccuracies
on the accuracy of extraction, which can be ultimately used to
optimize the design of the extraction PCB.

To model the extracted frequency-dependent dielectric loss, a
two-term Djordjevic model is proposed to fit the raw extraction
result. Compared to the traditional one-term Djordjevic model,
the proposed approach allows us to model the performance of
signal-integrity simulation with improved accuracy using a small
number of parameters.
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