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ABSTRACT

In this paper, we characterize the substrate per-
mittivity and overall loss of di�erent planar trans-
mission lines (TLs) such as microstrip (MS), copla-
nar waveguide (CPW) and grounded CPW (GCPW)
using on-wafer probes and a thru-re�ect-line (TRL)
calibration technique. The theory for calculation of
the related e�ective permittivity from S-Parameter
measurements is given and numerical simulations are
being used for a fast and precise mapping of the e�ec-
tive permittivity εr,e� to the physical value εr of the
TL's substrate. The method presented can be used
for higher frequencies, as long as single mode oper-
ation of the TLs is ensured. Thus, an overview on
higher order modes in TLs and design rules to sup-
press them is given. The results up to 67GHz for the
aforementioned TL on a conventional RF substrate
are presented and used to evaluate approximate mod-
els known from publications.

Keywords: Permittivity measurement, dielectric
properties, planar transmission lines, TRL, higher or-
der modes.

1. INTRODUCTION

The knowledge of material properties such as the
frequency-dependent permittivity εr (sometimes still
referred to as dielectric constant) is crucial to allow
for a proper design procedure of most electronic ap-
plications. Since the libraries of common design tools
as well as most material vendors only give frequency-
limited or even static data on the dielectric proper-
ties of materials, the simulation accuracy of electro-
magnetic problems is decreased as material dispersion
becomes more signi�cant with increasing frequency.
Thus, the interest in supplying developers and de-
sign tools with su�cient material data especially for
higher frequencies remains still unchanged and drives
the development of appropriate material characteri-
zation techniques.

Over the last decades, transmission/re�ection
methods for dielectric material characterization have
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been investigated thoroughly. Applying these meth-
ods, a sample material �lling the cross-section of a
rectangular waveguide or coaxial transmission line
cell could be easily characterized over the working
frequency range of the cell [1], [2].

Focusing on planar technology, these methods can
be adapted to planar transmission lines under cer-
tain conditions [2] and enable a calculation of the ef-
fective permittivity εr,e� of the TL's substrate from
S-Parameter measurements. Subsequently, an evalu-
ation of the dispersion e�ects allows for a mapping of
εr,e� to εr, which represents the actual, physical value
of the substrate's permittivity.

For the most relevant TLs with respect to applica-
tions such as MS, CPW and GCPW, dispersion mod-
els exist, which perform the subsequent permittivity
mapping in a quasi-analytic way. These models often
rely on sophisticated curve �ts (such as [3] for MS, [4]
for GCPW or [5] for CPW) or are mere quasi-static
approximations [6], which do not consider dispersion
e�ects at all. Especially if frequency and thus dis-
persion is increasing, these models can only provide
limited accuracy. To avoid the issues using these tech-
niques and be able to properly account for the dis-
persion even for higher frequencies, we will use Finite
Element Method (FEM) simulations to evaluate the
dispersion and perform a fast and easily implemented
mapping of the permittivity.

The following section 2 gives a general derivation
of the permittivity from the Maxwell equations. This
general approach is followed by the necessary rela-
tions to extract the propagation constant as well as
the respective e�ective permittivity and loss from S-
Parameter measurements of TLs. In section 3, higher
order modes in planar transmission lines and design
rules to suppress them as well as TL radiation are
brie�y outlined. In section 4, related measurements
on a wafer prober using MS, CPW and GCPW will
be shown. The extracted values for the e�ective per-
mittivity of the respective TLs substrate will then be
mapped to the physical value and compared to the
value given by approximate models known from pub-
lications. In addition, the determined overall loss of
the measured TL will be given and observed devia-
tions will be discussed.



Analytical and Experimental Investigation of Substrate Permittivity and Loss up to 67GHz 27

2. THEORY

2.1 Derivation of permittivity and relation to

propagation constant

Considering a transversal-electromagnetic (TEM)
wave propagating through an homogeneous and oth-
erwise arbitrary material, we will use the time-
harmonic version of the Maxwell-Ampere equation

∇×H = J + jωD = Ji + Jc + jωεE (1)

to derive the most general expression for the com-
plex permittivity. E and H represent the electric
and magnetic �eld, respectively, and D = εE denotes
the electric displacement �eld with the permittivity ε.
J = Ji+Jc stands for the total electric current density
consisting of the impressed electric current density Ji
and the conduction electric current density Jc = σcE.
The �eld conductivity and the angular frequency are
given by σc and ω, respectively.

The complex permittivity of an arbitrary material
is given by

ε = ε′ − jε′′ = ε0εr = ε0(ε
′
r − jε′′r ), (2)

where ε0 stands for the vacuum permittivity and εr
for the relative permittivity of the material. The
primed and double primed characters denote the real
and imaginary parts of the related quantity.

Combining (1) with (2) and assuming no electrical
current sources are present in the material (Ji = 0)
gives

∇×H = jωε′E+(σc+ωε′′)E = jωε′(1−j
σeq

ωε′
)E, (3)

where σeq = σc + ωε′′ stands for the equivalent con-
ductivity seen by any electromagnetic wave propagat-
ing through the material, which consists of a term σc

covering the �metallic conductivity� and a term ωε′′

covering the �dielectric conductivity�.
The e�ective loss tangent is then de�ned as

tan δ =
σeq

ωε′
=

σc

ωε′
+

ε′′

ε′
= tan δc + tan δd. (4)

By using this formulation, loss due to (metallic)
conductivity1 related to tan δc = σc

ωε′ can be distin-

guished from dielectric loss2 related to tan δd = ε′′

ε′ .
Considering a non-magnetic material (relative per-

meability µr = 1), the propagation constant is given
as

γ = j
ω

c
= jω

√
µ0ε = jω

√
µ0ε0ε′r(1− j tan δ), (5)

where µ0 stands for the vacuum permeability and c
for the velocity of light inside the material. Since the

1 e.g. loss due to collision of electrons with other electrons and
atoms
2 e.g. loss due to motion respective heat, which occurs because
of dielectric relaxation e�ects

propagation constant is a complex quantity consisting
of a loss constant α and a phase constant β, it can
also be written as

γ = α+ jβ, (6)

and by combining (5) with (6) one obtains the useful
relations

Re{γ2} = α2 − β2 (7)

Im{γ2} = 2αβ. (8)

These two equations can be combined with (5) and
lead to relations for the real and imaginary part of the
relative permittivity:

ε′r = −Re{γ2}
ω2µ0ε0

(9)

ε′′r = − Im{γ2} − ωµ0ε0σc

ω2µ0ε0
(10)

2.2 Extraction of propagation constant out of

S-Parameter measurements

Using signal �ow graph theory, useful relations be-
tween S-Parameters and transmission (T) as well as
re�ection (Γ) coe�cient can be found [1]:

S11 = S22 =
(1− T 2)Γ

1− Γ2T 2
(11)

S21 = S12 =
(1− Γ2)T

1− Γ2T 2
(12)

Combining (11) and (12), the coe�cients can be
expressed by the S-Parameters:

T =
(S11 + S21)− Γ

1− (S11 + S21)Γ
(13)

Γ = K ±
√
K2 − 1 (14)

K =
S2
11 − S2

21 + 1

2S11
, (15)

where the sign in (14) is chosen so that |Γ| ≤ 1, which
is required for causal, passive materials.

Since a single TEM mode of propagation in a TL
is being assumed, the transmission coe�cient is given
by

T = e−γ l, (16)

where l is the length of the TL. The propagation con-
stant can be calculated from (16) in a direct manner

γ = − ln (T )

l
= −1

l

[
ln(|T |) + j[φ(T ) + 2πn]

]
, (17)

where n ∈ Z and c0 stands for the velocity of light in
vacuum. Due to the ambiguous nature of the complex
logarithm, (17) becomes a multivalued problem. The
resulting phase ambiguity can easily be solved using
phase unwrapping and o�set correction of the phase
to ensure causality.
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2.3 Application of this theory to planar trans-

mission line measurements and limita-

tions thereof

Ultimately, γ obtained by measurement as in (17)
can be used in combination with (9) to determine ε′r.

However, the previously developed theory and
equations only hold true on condition of a single TEM
mode of propagation, i.e. a TEM wave propagat-
ing through a material with an homogeneous cross-
section. This cannot be satis�ed in a straight manner
by a planar TL.

Nonetheless, most lines of this kind can be as-
sumed to work in a quasi-TEM mode3 with e�ective
material parameters modeling a homogeneous cross-
section, as long as single mode operation is main-
tained and higher order modes are su�ciently sup-
pressed4. In this case, εr in (9) and (10) is replaced
by εr,e� of the TL's equivalent cross-section, and the
actual ε′r of the substrate material can be obtained
by comparison with numerical simulations after mea-
surement, as we will show in section 4.

Considering the loss of the dielectric substrate ma-
terial related to ε′′r , we cannot simply apply the afore-
mentioned procedure for ε′r. Since the cross-section
of a planar TL consists of metallic (e.g. the TL's cen-
tral conductor) as well as dielectic (e.g. air above and
beside the central conductor and substrate below the
conductor) areas, the e�ective cross-section shows a
mixture of both loss e�ects. Literature [7], [8] usually
distinguishes between a good conductor (

σeq

ωε′ >> 1)
and a good dielectric (

σeq

ωε′ << 1) here, assuming
the material is homogeneous within it's cross-section.
This approach cannot be applied to the e�ective
cross-section of a planar TL.

To be able to calculate ε′′ using the general equa-
tion as given in (10), we would have to extend the
term σc to cover for some kind of e�ective conduc-
tivity of the cross-section σc,e�, which could be seen
as an approach similar to the e�ective permittivity
method. This task is very ambitious and requires a
development of a completely new theory as well as
extensive modi�cations of available simulation tools.
Since, moreover, one is usually more interested in the
overall loss or e�ective tan δ of a transmission line
rather than the substrate's tan δd, the authors de-
cided to account for the losses in the planar TLs by
calculating the overall loss directly from the measured
propagation constant

α = Re(γ). (18)

Following the presented approach, a measurement
of the S-Paramaters of a TL allows for a fast cal-

3 Field components in longitudinal direction are existent, but
are neglectable in comparison to the transverse components.
4 We will give useful relations how to avoid multi-modal be-
haviour in a planar transmission line in section 3.

culation of the e�ective permittivity of the related
substrate as well as the overall TL loss.

3. HIGHER ORDER MODES IN TL

Besides the fundamental quasi-TEM mode, several
types of higher order modes in planar TLs exist [9�
13]:

3.1 Surface waves

Concerning all planar TLs employing a dielectric-
conductor interface (e.g. MS, GCPW, CPW5), even
the fundamental modes will always radiate power into
the substrate. Besides that, grounded dielectric slab
modes propagating alongside the aforementioned in-
terface can be an issue, as coupling with the desired
fundamental mode can occur. Hence, these modes
could introduce resonance e�ects and increase loss
due to leakage. They are often referred to as so called
surface waves, as the �eld strength of these modes
decays exponentially outside the dielectric slab [10].
Their cuto� frequencies for the TM and TE case are
given by [11]

fc,TMn =
c0n

2h
√
εr − 1

(19)

fc,TEn =
c0(1 + 2n)

4h
√
εr − 1

, (20)

where n ∈ N0 and h denotes the height of the di-
electric slab, which is the substrate height for a
related TL. As can be seen from these equations,
the TM0 mode has zero cuto� frequency and hence
is propagable simultaneously with the fundamental
quasi-TEM mode of the TL. Coupling from the fun-
damental mode to this �rst surface wave and thus
leakage due to radiation occurs after a frequency
of [11]

fr,TM0 =
c0 arctan (εr)

πh
√
2(εr − 1)

, (21)

which gives a useful relation for TL design.
Besides that, discontinuities along the line can al-

ways introduce coupling with the TM0 mode and thus
unwanted radiation or loss. In addition, standing sur-
face waves can be re�ected at the substrate's bound-
aries or conductive structures along the modes' prop-
agation path, which could introduce standing surface
waves. This might introduce a slight ripple in the at-
tenuation characteristics and is especially true for MS
or similar parallel plate modes [11] (see next item).

3.2 Substrate modes

For TLs with two conductive boundaries (such as
MS or GCPW), higher order substrate modes form
another group of undesired modes. They propagate

5 For the following explanations, non-ideal CPW and GCPW
with �nite top ground width are assumed.
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in-between the structure given by the top and ground
metallization, which can be seen as a parallel plate
TL, hence they are often referred to as parallel plate
(PPL) modes [12].

For MS, these modes are - besides the other, para-
sitic modes - the true higher order modes of the fun-
damental MS mode (see Fig. 1, a-c). They exist in
lateral direction beneath the MS conductor and their
cuto� frequencies are given by [11]

fc,MS =
c0n

2weff
√
εr,eff

, (22)

where weff stands for the e�ective strip width of the
MS conductor [6]. Due to fringe �elds in the air and
near the corners of the top metallization, not all of the
�eld is con�ned in the substrate. The e�ective width
and permittivity corrects for this e�ect in comparison
to an ideally con�ned PPL mode and therefore has to
be taken into account here.

For GCPW, two di�erent substrate modes ex-
ist [12]: A PPL mode very similar to the MS modes
(see Fig. 1, c) and a mode in the substrate height di-
rection (see Fig. 1, d). The PPL modes are given due
to a di�erence in top and ground potential, which is
basically the same condition as for MS. Again, these
modes exist in lateral direction beneath the top con-
ducting plane and have cuto� frequencies [13], [14]

fc,GCPW,PPL =
2c0m

wtot

√
2(εr − 1)

, (23)

where m ∈ N>0 and wtot denotes the total width of
the GCPW top metallization including strip, gap and
ground width. This kind of higher order (PPL) mode
can be understood in the same way as for MS, if the
top conductor area given by wtot is interpreted as
e�ective width weff of an equivalent MS strip (see
Fig. 1, c).

The substrate modes in direction of the substrate
height have cuto� frequencies [13], [14]

fc,GCPW,h =
c0m

h
√

2(εr − 1)
. (24)

4. MEASUREMENT AND SIMULATIONS

4.1 Setup and measurement method

The TLs used during our measurements have been
designed following the rules given in section 3 to
assure quasi-TEM behavior, see Tab. 1 for relevant
sizes.

The measurements were carried out using GGB
Picoprobes R⃝ Model 67A with a pitch of 400µm and
a Network Analyzer up to 67GHz on a wafer prober
station, see Fig. 2 for an exemplary measurement on
GCPW.

The TLs with relevant sizes given in Tab. 1 have
been fabricated on a commercially available RF sub-
strate (Rogers Corp. RO4003CTM,[15]). For MS and

a) 

b) 

c) 

d) 

substrate 

metal 

Fig.1: Schematic illustration of modes in cross-
sectional view of MS, GCPW: Red arrows indicate
electric �eld vectors (neglecting fringe �elds), red
lines indicate the wavelength of a wave propagating
through the structure, red and blue bars/circles indi-
cate modal �eld distribution. a) shows the fundamen-
tal MS mode. b) shows the �rst higher order mode
in MS (PPL mode) due to widening of the central
strip or increasing the frequency. c) shows an ar-
bitrary higher order MS mode using this illustration
scheme. d) extends this illustration scheme to an ar-
bitrary higher order GCPW mode.

GCPW, custom contact pads including vias connect-
ing the top and bottom ground ensured a proper
transfer of the probe's ground tips potential to the
actual bottom ground. In addition, the GCPW has
been fabricated with a via fence extending on both
sides for the whole length of the GCPW. The vias
have been placed in 600µm distance from the middle
of the central conductor. The layouts of the TLs can
be seen schematically in Fig. 3.

For calibration, the multiline TRL technique [16]
has been implemented and used. By relying on TRL
as calibration technique and choosing the thru stan-
dard to zero length, the reference plane of the actual
measurement can be shifted from the probe tips onto
the TL. This allows us to use the theory presented
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Table 1: Measured TLs on RO4003CTM.
MS GCPW CPW

substrate height 203µm 203µm 508µm

width 372µm 280µm 180µm

gap none 160µm 130µm

top gnd width none 300µm 300µm

Fig.2: Measurement of GCPW using HF probes on
a wafer prober.

in section 2, as it e�ectively cancels out the distur-
bance introduced by the probe-TL interface during
measurement.

To ensure a reliable calibration and be able to per-
form measurements over the whole frequency range
up to 67GHz, a custom set of calibration standards
has been fabricated on the same substrate for each
TL. The calibration set consisted of a virtually zero
length thru, a shorting bar re�ect and three line stan-
dards to cover the frequency range from 0.55GHz to
67GHz and to comply with the unambiguity condi-
tion of line standards [17]. The zero length thru has

Fig.3: Layouts of measured TLs: MS, GCPW and
CPW (top to bottom). The etched scales in the MS
and GCPW layout were necessary for further investi-
gations and are not relevant for the results presented
in this paper.

TLs for 

measurement 

TRL 

calibration 

standards 

Fig.4: Exemplary CPW layout consisting of several
TLs for measurement as well as a set of related cus-
tom calibration standards.

been chosen to have a length of 1mm, so that the ref-
erence plane is shifted onto the TL and strong probe-
probe crosstalk can be safely neglected (based on our
lab experience), see Tab. 2 for relevant sizes of re-
lated calibration standards and Fig. 4 for an exem-
plary overall layout.

Due to fabrication issues concerning the probe-MS
interface structure on the substrate, MS lines in close
proximity showed coupling and thus resonance e�ects
in the measurement data. Since this applied to the
MS calibration lines as well, we were only able to get
reliable MS measurement data up to 24GHz. GCPW
and CPW have been measured up to 67GHz.

Table 2: TRL calibration standards on
RO4003CTM.

standard physical length operating range

thru 1mm ∞
re�ect 0.3mm ∞
line 1 20.89mm 0.56 - 4.44GHz

line 2 5.97mm 2.22 - 17.77GHz

line 3 2.16mm 9.55 - 76.44GHz

Each TL type was fabricated in physical lengths6

l={25, 50}mm several times, which allowed us to do
multiple measurements on the same structure. As a
consequence, deviations in the measurement data due
to measurement errors (e.g. placement of probe tips)
and e�ects introduced by inhomogeneous fabrication
of a single TL type over the whole substrate (such as
slightly di�erent etching) can be minimized by aver-
aging. For that reason, the results displayed in this
paper are averaged over those measurements of the
same TL type.

The MS and GCPW have been fabricated on the
same substrate, whereas the CPW has been fabri-
cated on a substrate of the same material, but dif-
ferent height (see Tab. 1) to ensure a proper sub-
strate height and hence CPW behavior. The MS

6 This relates to e�ective lengths of l={24, 49}mm after cal-
ibration and shifting the reference plane using the zero length
thru.
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and GCPW have been measured directly on the
wafer prober with the integrated vacuum turned on,
whereas the CPW was placed on a Rohacell R⃝ block
(εr ≈ 1) of about 1cm height on the wafer prober
during measurement to keep a distance to the metal-
lic surface of the wafer chuck to prevent GCPW be-
haviour.

4.2 E�ective permittivity and mapping pro-

cedure

For the sake of a clear understanding of this sec-
tion, we �rst want to give a brief summary of the
overall procedure: First, the S-Parameters of the
TL under investigation are measured. Then, signal
�ow theory is applied to extract the transmission
and re�ection coe�cient, which allow for a calcula-
tion of the propagation constant. The propagation
constant then allows for a determination of the ef-
fective permittivity and loss. In a subsequent map-
ping procedure, the beforehand implicitly measured
e�ective permittivity is mapped to the physical value
of the substrate material extracted from simulation
data and compared to the value given by approxi-
mate models known from publications.

Results for εr,e� of the TL can be seen in Fig. 5.
The values for the εr,e� of MS and CPW at lower
frequencies agree very well with quasi-static approx-
imations as given in [6].
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Fig.5: Calculated εr,e� from measurement data of
TLs. Slight ripple in the graphs (e.g. for GCPW
near 20GHz) is expected to be due to calibration in-
accuracies.

To map the implicitly measured εr,e� to the desired
physical value of εr, the TLs have been modeled and
simulated using the commercially available full-wave
simulator Ansys R⃝ HFSS. The modeled substrate per-
mittivity has been swept in a reasonable range with
a step size of 0.01. The S-Paramaters obtained dur-
ing simulation allowed for a calculation of εr,e� as
presented before. The εr,e� obtained during measure-
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Fig.6: Mapped εr,e� using our method (blue) and
TL-related dispersion models (green).

ment is then compared to the ones calculated from
simulation data (see exemplarily for GCPW the red
lines in Fig. 5) and mapped to the closest result.

4.3 Comparison with dispersion models

For comparison, results given by known dispersion
models for MS [3] and CPW [5] are shown in Fig. 6
as well. The data given for our method (blue lined)
clearly looks not physically correct, as the peaks are
due to the parameter sweep with 0.01 step size and
not of physical origin. This e�ect can be compen-
sated by a smaller step size or a slight curve �tting to
smoothen the curve, both of which seemed not rea-
sonable to the authors, as 0.01 gives a precise enough
value and is being assumed to lie near the accuracy
bounds of the actual measurement. For future inves-
tigations, the authors plan to interpolate the simula-
tion results to obtain a smooth and physically correct
curve. For GCPW including vias, no reliable disper-
sion model could be found by the authors. GCPW
models given by publications such as [4] only apply
for GCPW without vias.

The MS model shows good agreement with our
results only for the higher end of the measured fre-
quency span and seems to overestimate the εr for
lower frequencies, we assume this is due to it's ap-
proximative nature. The original publication [3] only
evaluated the model on a certain set of geometry pa-
rameters and up to 60GHz. As could be seen during
our simulations, this model seems to converge to the
εr determined by our method with good accuracy.
Therefore, the result obtained by it for the higher
end of the measured frequency span has been used
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as an initial guess for the parameter sweeping range
during the GCPW and CPW simulations.

The CPW model shows good agreement for lower
frequencies, but signi�cant deviation for higher ones,
which we assume is due to the quasi-static assump-
tions of the model. Nevertheless, it lies within the
proximity of the results obtained by our procedure.
Since we used a substrate of the same material but
di�erent height for fabrication of the CPW, there is a
slight di�erence between εr for the substrate with MS
and GCPW and the substrate with CPW. This can be
explained by RO4003CTMfabrication tolerances [15].

4.4 Loss

The loss calculated using (18) for the three TL
types can be seen in Fig. 7. The MS and GCPW loss
agree very well for the frequencies measured, whereas
MS shows a little less loss than GCPW. Radiation
as well as dielectric loss should be neglectable in the
frequency range the MS has been measured, hence
the conductor loss is assumend to contribute mostly
to the calculated overall loss. Since the conductive
boundaries for MS and GCPW are similar in their
dimensions, the assumption of similiar loss for both
TL seems reasonable.
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Fig.7: Overall loss calculated from S-Parameter
measurements of the TL.

The CPW loss shows peaks reoccuring for distinct
frequencies, which suggests some kind of resonance ef-
fect, e.g. coupling to higher order modes as explained
in section 3.

For a �rst explanation, one could assume surface
waves causing the ripple. In direct comparison to the
MS attenuation curve, which should exhibit this e�ect
as well, no ripple can be seen. If this �rst explanation
should hold true, this additional observation could
only be explained by the di�erent substrate heights
for MS and CPW, which seems rather speculative.

The second explanation arises from a comparison
with the GCPW: A similar ripple - though signi�-

cant smaller - can be seen in the attenuation curve at
about the same frequencies7 (e.g. near about 7GHz),
which suggests some (G)CPW related e�ect to cause
the ripple. This e�ect is clari�ed by a coupled slot-
line mode, which can exist if there is a potential dif-
ference between the two top ground conductors of a
(G)CPW introduced by asymmetric probe tip place-
ment, discontinuities or unequal top ground widths
along the TL [6], [18]. This mode can propagate the
same as the fundamental quasi-TEM CPW mode up
from DC and is usually suppressed by the use of air
bridges or vias. For the CPW, the potential di�erence
and thus undesired mode can easily be introduced by
the aforementioned reasons - especially asymmetric
probe tip placement - and thus coupling to the fun-
damental mode can occur, which appears as ripple in
the attenuation curve. For GCPW, the vias should in
theory suppress this mode completely - nevertheless,
slight potential di�erences might occur due to asym-
metric probe tip placement as well or inaccurate via
placement. Therefore, only a slight in�uence and rip-
ple in the attenuation curve occurs. The authors take
this argumentation as reasonable explanation for the
observed ripple.

5. CONCLUSION

A general work�ow for extracting the relative per-
mittivity as well as the loss of planar TLs out of S-
Parameter measurements has been shown. Since this
theory can only be used for quasi-TEM wave propaga-
tion, design rules to suppress undesired higher order
modes in planar TL have been given.
Di�erent TLs have been measured up to 67GHz and
the related substrate permittivity εr as well as overall
loss could be determined using the presented method.
Deviations in the loss have been related to unde-
sired modes propagating along the TL, with CPW
and GCPW showing slight ripple in the attenuation
curve. Concerning the permittivity, the results for
MS and GCPW on RO4003CTMagree very well. The
data for CPW on a substrate of the same material,
but di�erent height, shows comparable results as well
and di�erences are assumed to arise only from fabri-
cation tolerances. Our results represent the physical
conditions of the measured TLs properly, since full-
wave analysis of the actual structures has been used
for the dispersion mapping.

Since we use the same method to map S-
Parameters to εr,e� for measurement as well as simu-
lation data, errors due to our method are neglectable
and may only be introduced by measurement and pos-
sible simulation inaccuracies.

Although models known from publications lie
within the near proximity of our results, they show
clear deviations for very low and higher frequencies.
This is expected to worsen with increasing frequency,

7 Deviations in frequency here may occur due to slightly dif-
ferent substrate permittivity and height.
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as the accuracy of the �tted models decreases. Thus,
the presented approach gives an accurate, broadband
and fast implemented alternative to provide a dis-
persion mapping, which should be scalable to higher
frequencies. We will investigate this further in future
publications.
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