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Abstract— This article presents an in-depth study of a new
vector network analyzer (VNA)-based electromagnetic material
measurement method relying on a commercially available
material characterization kit (MCK). These MCKs provide
effectively a guided free-space technique with less stringent
requirement on alignment compared with conventional free-space
techniques. Coupled with time gating, these MCKs employ a sim-
ple calibration, composed of reflect and thru standards only, prior
to taking reflection and transmission S-parameter measurements.
This MCK-based method complements other conventional mea-
surement techniques, e.g., time-domain spectroscopy (TDS) and
resonant cavity, allowing fast broadband dielectric material
characterization over the millimeter- and submillimeter-wave
frequency ranges. In this article, a WR-15 (50–75 GHz) MCK is
utilized for the measurements of S-parameters for seven types of
low-loss dielectric material. Their dielectric constant and loss
tangent are extracted from S-parameters and are compared
against literature values. A relatively good agreement is achieved.
Moreover, an investigation into the uncertainties of the extracted
dielectric constant and loss tangent is performed and reported.

Index Terms— Dielectric constant, dielectric measurements,
free-space measurement, loss tangent, millimeter-wave
measurements, vector network analyzer (VNA).

I. INTRODUCTION

CHARACTERIZATIONS of low-loss dielectric material
properties, such as dielectric constant ε� and loss tangent

tanδ, are of great importance for a variety of applica-
tions, including resonators, filters, lenses, substrates, and
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imaging [1], [2]. There exist many different measurement
methods for different types of dielectric materials and differ-
ent frequency bands, and all these methods have their own
advantages and disadvantages [3]. These methods may be
classified into a few common types, including parallel-plate
capacitor [4], coaxial probe [5], [6], resonant cavity [7], [8],
transmission line [9], [10], and free space [2], [11], [12].
The parallel-plate capacitor method measures the change in
capacitance between the parallel plates, where the material
is inserted between the plates, and calculates the dielectric
constant and loss tangent from the change due to the insertion
of the material. This method is usually used at the relatively
lower frequencies, i.e., below 1 GHz [4], [12]. For the conven-
tional coaxial probe method, fringing electromagnetic fields
are launched from the open end of the probe into the dielectric
specimen, and the dielectric constant and loss tangent are
estimated from the reflection coefficient of the TEM-wave at
the end of the probe [3]. Coaxial probes are widely used for
noninvasive dielectric measurement of liquids, soft semisolids,
and even flat hard solids. However, this technique is generally
only effective for measurements below 50 GHz [13]. The
resonant cavity method, an inherently narrowband method,
determines the dielectric constant and loss tangent from
the measurement of resonant frequency and quality fac-
tor (Q-factor) of a cavity resonator, both empty and with the
specimen inserted into the resonator. This method provides the
best loss tangent resolution over a narrow range of frequen-
cies [3]. The transmission-line method uses the lines (usually
coaxial and waveguide) as sample holders and calculates the
dielectric constant and loss tangent from the reflection and
transmission of the line. This is a broadband method and is
suitable for measurements up to millimeter-wave frequencies.
However, the sample preparation tends to be difficult when the
frequency rises to millimeter wave and above (i.e., when the
size of the transmission line is very small).

The free-space measurement method is widely utilized
for low-loss dielectric characterization at millimeter-wave
frequencies and beyond, and this method is nondestructive,
noncontacting, and broadband [1], [2], [11], [14]. This tech-
nique operates in a similar way to the above-mentioned
transmission-line technique and uses the same methods to
calculate dielectric constant and loss tangent. The free-space
technique calculates the dielectric constant and loss tangent
from the reflection and transmission S-parameters measured
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Fig. 1. Photographs of the WR-15 (50–75 GHz) MCK-based experimental
apparatus. (a) Overview of the whole measurement system, comprising VNA,
WR-15 extension heads, and the WR-15 MCK. (b) Close-up view of the
WR-15 MCK, showing a sample of PTFE sandwiched between the two MCK
test ports.

for a material that is placed between the transmit and receive
antennas. Typically, either parabolic mirrors [2] or lenses [1]
are employed (between these antennas) to prevent divergence
of the beam. Time-domain spectroscopy (TDS) [15], [16] is
another popular technique based on free-space measurement.
TDS has several appealing advantages, including relatively
low cost and the applicability of the measurement tech-
nique over a wide frequency range [17]. However, generally,
the TDS method is less accurate than vector network ana-
lyzer (VNA)-based techniques that provide lower signal-to-
noise ratios [3]. Such free-space techniques suffer from two
main disadvantages. First, high-precision micrometer position-
ers are needed to carry out the relevant free-space calibrations
that are typically nontrivial [2]. Second, the measurement
system usually takes up a large amount of laboratory space [3].

Recently, new commercial material characterization kits
(MCKs), developed by SWISSto12, have become available
for waveguide frequency bands from 50 GHz to 1.1 THz.
This broadband method is effectively a guided free-space
approach. During measurement, the material is sandwiched
between the two antennas that comprise the test ports of
the MCK, as shown in Fig. 1. This minimizes the efforts
needed for sample preparation. In contrast to most conven-
tional free-space measurement setups, these MCKs eliminate

the need for large parabolic mirrors or lens, and therefore,
this significantly reduces the overall size of the measurement
system. Note that these MCKs are not ideally suited to mea-
sure samples at varying temperatures—in these scenarios, the
conventional free-space technique is likely to be more effec-
tive. An initial assessment of an MCK was described in [18].
However, only preliminary results were reported in [18], with-
out any in-depth discussions or analyses. This article reports
on a comprehensive investigation into material characteriza-
tion using an MCK at WR-15 band (50–75 GHz). Common
low-loss dielectric materials—PTFE, TPX, HDPE, Alumina,
Silicon, Astra MT77 [19], and Rogers 3003 [20]—are
measured with the MCK and the results are presented and
compared with other sources of information. In addition, for
PTFE, samples with different thicknesses are prepared, mea-
sured, and discussed, to explore the impact of sample thickness
on achieved measurement quality. Finally, the uncertainties in
the extracted dielectric constant and loss tangent values are
calculated and reported. To the best of our knowledge, this is
the first time that an in-depth study of material characterization
using MCKs has been reported.

This article is organized as follows. In Section II, the
measurement technique is introduced. Section III describes
the measurement results for the abovementioned dielectric
samples. Section IV presents an uncertainty analysis for
the extracted dielectric constant and loss tangent, which is
followed by conclusions in Section V.

II. GUIDED FREE-SPACE MEASUREMENT TECHNIQUE

Fig. 1(a) shows the MCK measurement setup at NPL. A pair
of Virginia Diodes Inc. (VDI) WR-15 frequency extenders
are connected to a Keysight Technologies N5247A PNA-X
network analyzer, enabling measurements of S-parameters in
the WR-15 waveguide band. The N5247A PNA-X Network
Analyzer enables S-parameter measurements from 10 MHz
to 67 GHz, whereas the VDI frequency extenders allow
measurement at other frequency ranges, including 50–75 GHz.
The MCK has standard UG-387/UM waveguide flanges and
can be connected to the frequency extenders directly. The
MCK itself, as shown in Fig. 1(b), is a fixture formed of two
identical corrugated horn antennas, with the inner and outer
radius of 4.1 and 4.526 mm, respectively. These corrugated
horn antennas operate in the HE11 mode (with ultralow propa-
gation loss) and are capable of launching a 98% pure Gaussian
beam [21], [22]. The MCK also includes the transitions that
convert the TE10 mode at the input to the standard rectangular
waveguide to the HE11 mode at the input to the corrugated
horn antennas.

During measurement, a dielectric material is placed in the
gap between the two antennas, which can be gradually opened
and closed using a gap adjustment mechanism. Similar to
the conventional free-space measurement system, the MCK
produces a Gaussian beam that provides plane-wave illumina-
tion of the sample [21]. However, compared to a conventional
free-space measurement system, the MCK allows the elec-
tromagnetic wave to propagate within an enclosed low-loss
environment and removes the need for bulky mirrors or lenses.
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Fig. 2. Measured S-parameters for PTFE sample (of thickness 5.99 mm).

The gated-reflect-line (GRL) calibration technique [23] is
carried out at the ends of the antennas prior to making mea-
surements of S-parameters. The GRL method requires a simple
zero-length “Thru” standard and a metallic reflecting plate as
the “Reflect” standard [23]. The “Thru” standard is realized
by closing the gap between the two halves of the corrugated
antennas. The “Reflect” standard is realized by placing a short
circuit (a 1-mm-thick metal shim, provided with the MCK)
between the two halves of the antennas. Time-domain gating,
a useful technique for free-space measurements, is employed
here to separate the wanted signals from the spurious
reflections generated elsewhere in the measurement system
(e.g., due to the connections between the MCK and the test
ports of the VNA, and so on). In this article, the time-gating
window is set to 400 ps, i.e., the value recommended by the
manufacturer of the MCK [21].

S-parameter measurements were taken after the abovemen-
tioned calibration. The VNA was set to measure at 501 fre-
quency points with an intermediate-frequency (IF) bandwidth
of 50 Hz. No VNA averaging was used for the measurements.
All measurements were carried out at a laboratory temper-
ature of 23 ◦C ± 1 ◦C. As with conventional free-space
methods or other traveling-wave methods, the dielectric con-
stant (ε�) generally depends upon the measured phase change
and the loss tangent (tanδ) generally depends upon the
measured attenuation of the beam when the material sample is
present [3]. Details about how to extract the dielectric constant
and loss tangent from measured S-parameters are described
in Section III.

III. COMPARISONS

Seven different kinds of common dielectric material
were measured using the MCK over the frequency range
50–75 GHz. These materials are PTFE, TPX, HDPE,
Alumina, Silicon, Astra MT77, and Rogers 3003. The latter
two are popular low-loss dielectric materials for substrates of
millimeter-wave printed circuits.

A. Algorithms to Extract Permittivity From S-Parameters

Software is supplied with the MCK for data analysis,
which allows computation of the dielectric constant and loss
tangent directly from measured S11 and S21 (or S22 and S12).
Fig. 2 shows the measured S11 and S21 of PTFE
(of thickness 5.99 mm). In addition, a well-known algorithm

Fig. 3. Extracted (a) dielectric constant ε� and (b) loss tangent tanδ for PTFE
sample using two different algorithms. Line A corresponds to MCK software;
Line B represents the NIST precision model (using transmission data only).

(NIST precision model [24]) has been used to calculate
the dielectric constant and loss tangent from the measured
S-parameters for the PTFE sample (of thickness 5.99 mm).
This is to verify the reliability of the results extracted using the
software supplied with the MCK. Fig. 3 shows a comparison
of the dielectric constant and loss tangent values extracted
using these two algorithms. It can be seen that the results
extracted using the MCK software agree extremely well with
those extracted using the NIST precision model.

A further comparison between the MCK software and
the NIST precision model was undertaken using two other
samples: silicon (of thickness 3.06 mm) and alumina (of thick-
ness 10.18 mm). The results are shown in Figs. 4 and 5,
respectively. Again, excellent agreement between these two
approaches is achieved. A magnified view of a part of the
extracted dielectric constant for silicon (shown in the inset
in Fig. 4) shows steps in the results obtained using the
MCK software. This is due to the limited numerical precision
specified in the MCK software. The comparison of algorithms
demonstrates that the results extracted from MCK software
are consistent with those obtained using the NIST precision
model based on transmission only.

The key equations in the NIST precision model [24] are
briefly described next. The absolute permittivity ε and perme-
ability μ of a dielectric material can be expressed as

ε = [ε� − jε��]ε0 = ε∗ε0 (1)

μ = [μ� − jμ��]μ0 = μ∗μ0 (2)

where ε0 and μ0 are the permittivity and permeability of
vacuum, respectively, ε∗ and μ∗ are the complex permittivity
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Fig. 4. Extracted (a) dielectric constant ε� and (b) loss tangent tanδ for
silicon sample using two different algorithms. Line A corresponds to the MCK
software; Line B corresponds to the NIST precision model (using transmission
data only).

and permeability relative to a vacuum, respectively, ε� and ε��
are the real and imaginary components of the complex relative
permittivity, respectively, and μ� and μ�� are the real and
imaginary components of the complex relative permeability,
respectively. The loss tangent tanδ is calculated as ε��/ε�. The
propagation constant is utilized to link the permittivity to the
S-parameters. The propagation constants in vacuum (γ0) and
in material (γ ) are given as

γ = j

√
ω2μ∗ε∗

c2 −
(

2π

λc

)2

(3)

γ0 = j

√(ω

v

)2 −
(

2π

λc

)2

(4)

where c and v are the speed of light in vacuum and in material,
respectively, ω is the angular frequency, and λc is the cutoff
wavelength. The reflection coefficient � and the transmission
coefficient T can be expressed as

� =
γ0
μ0

− γ
μ

γ0
μ0

+ γ
μ

(5)

T = exp(−γ L) (6)

where L is the sample thickness. The dielectric constant
and loss tangent can be determined by solving the following
equation, in an iterative fashion [24], using a reference value

Fig. 5. Extracted (a) dielectric constant ε� and (b) loss tangent tanδ for
the alumina sample using two different algorithms. Line A corresponds to
the MCK software; Line B corresponds to the NIST precision model (using
transmission data only).

in the literature as the initial estimate:
1

2
{[S12 + S21] + β[S11 + S22]} = T (1 − �2) + β�(1 − T 2)

1 − T 2�2 .

(7)

β is a constant, which varies as a function of the sample
thickness, the uncertainty in the S-parameters, and the loss
characteristics of the material [24]. In this article, β is set to
zero, which means that only transmission data (S21 or S12)
obtained by measurements is used during the calculation of
the dielectric constant and loss tangent. This is a sensible
assumption, in which for low-loss materials, the magnitude
of S11 (or S22) is very small and so the S21 (or S12) signal
dominates [24].

B. Sample Results

Fig. 6 shows the extracted dielectric constant and loss
tangent for Astra MT77 sample (thickness 1.60 mm) and
Rogers 3003 sample (thickness 1.50 mm) over the frequency
range of 50–75 GHz. Similarly, Fig. 7 shows the extracted
dielectric constant and loss tangent for the HDPE sample
(thickness 5.97 mm) and TPX sample (thickness 2.81 mm).
Tables I and II summarize the results extracted using the MCK.
Tables I and II also show the selected values reported in
the literature. The values of dielectric constant, presented
in Table I, show good agreement between the MCK measured
values and the values found in the literature. The values of loss
tangent, presented in Table II, also show acceptable agreement,
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Fig. 6. Extracted (a) dielectric constant ε� and (b) loss tangent tanδ, for Astra
MT77 sample (thickness 1.60 mm) and Rogers 3003 (thickness 1.50 mm),
using NIST precision model (transmission only).

Fig. 7. Extracted (a) dielectric constant ε� and (b) loss tangent tanδ, for
HDPE sample (thickness 5.97 mm) and TPX (thickness 2.81 mm), using the
NIST precision model (transmission only).

although some of these values from the literature are very close
to zero. Apart from the different thicknesses of the samples,
sample measurement angle, and test frequency, the differences

TABLE I

EXTRACTED DIELECTRIC CONSTANT VALUES, AVERAGED OVER
FREQUENCY, COMPARED WITH VALUES FOUND IN THE LITERATURE

TABLE II

EXTRACTED LOSS TANGENT VALUES, AVERAGED OVER FREQUENCY,
COMPARED WITH VALUES FOUND IN THE LITERATURE

between our results and values found in the literature may
be attributed to factors, such as measurement setup, extrac-
tion process, surface roughness of the samples, and differ-
ences in sample manufacturing/preparation. The uncertainties
in the extracted dielectric constant and loss tangent values
may account for these differences. This will be discussed
in Section IV.

IV. UNCERTAINTIES

The extracted dielectric constant and loss tangent values,
reported in Tables I and II, are subject to several sources of
error. These errors will cause the extracted values to differ
from the underlying true values of these quantities. In order
to quantify the extent of the difference between the extracted
values and the true values, it is useful to provide an estimate
of the likely uncertainty in the extracted values.

This section provides the preliminary estimates of the
uncertainty due to the main sources of error, which include
the insertion repeatability of the sample into the sample
holder, the sample thickness, the measurement of the sample
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Fig. 8. Standard uncertainties based on the repeated measurements of the
seven samples in Table I. (a) Dielectric constant ε�. (b) Loss tangent tanδ.

thickness, and the measured S-parameters of the sample. These
estimates will be used to establish a preliminary assessment of
the overall uncertainty of the MCK in the WR-15 waveguide
band. This is not intended as a rigorous assessment of uncer-
tainty, as this is beyond the scope of this article—rather,
the intention is to provide an indication of the typical size
of uncertainty that could be expected for these MCKs.

A. Insertion Repeatability

Random processes contribute to some errors in the extracted
results. In this article, we consider two potential sources of
such errors: 1) insertion repeatability of the sample, without
changing the orientation of the sample in the MCK and
2) insertion repeatability that also includes changing the orien-
tation of the sample with respect to its position in the sample
holder. The former evaluation was performed on all samples;
the latter evaluation was performed on just two of the PTFE
samples of different thicknesses (i.e., 2.96 and 11.95 mm).
Six repeated measurements were carried out on each individual
sample, for both types of error evaluation (i.e., with and
without changing the sample orientation between reinsertions).
The two PTFE samples were marked so that their orientation
could be changed in a systematic way (i.e., by introducing a
rotation of 60◦ between each reinsertion).

Fig. 8 shows the calculated standard uncertainty in the
extracted dielectric constant and loss tangent values, for the
first investigation (i.e., for the random errors associated with
the repeated measurements without changing the orientation
of the sample). The standard uncertainty [34] for the extracted

dielectric constant value u(ε�) was calculated using

u(ε�) =
√√√√ 1

n(n − 1)

n∑
i=1

(
ε�

i − ε�)2 (8)

where n is the number of repeat measurements (in this
case, n = 6), ε�

i is the extracted value for each repeated
measurement, and ε̄� is the mean of the extracted values.

Similarly, the standard uncertainty for the loss tangent u
(tanδ) was calculated using

u(tan δ) =
√√√√ 1

n(n − 1)

n∑
i=1

(tan δi − tan δ)2 (9)

where tanδi is the extracted value for each repeat measurement
and tan δ is the mean of the extracted values.

The standard uncertainty values shown in Fig. 8 are less
than 0.007 for the dielectric constant and less than 0.0008 for
the loss tangent, at all frequencies and for all seven dielectric
materials.

The investigation into changing the orientation of the two
PTFE samples produced standard uncertainties of comparable
size to those calculated for PTFE from the repeated mea-
surements shown in Fig. 8. This indicates that the impact of
changing the orientation of the PTFE sample in the MCK has
negligible additional effect of the extracted values of dielectric
constant and loss tangent for PTFE. This may not be the
case for other materials (e.g., materials that exhibit some form
of inhomogeneity) and so this type of assessment should be
considered for all materials measured using the MCK.

B. Sample Thickness

In order to quantify the impact of sample thickness on
the extracted dielectric constant and loss tangent values,
measurements were made on four PTFE samples of different
thicknesses: 2.96, 5.99, 8.99, and 11.95 mm. These samples
were machined in the NPL workshops using a single PTFE
rod and therefore were made from the same batch of material.
The wavelength was calculated to be approximately 4.23 mm
at 50 GHz, using a value of 2.008 for the dielectric constant
of PTFE, as given in Table I. In general, characterization
techniques based on free space or transmission line methods
require that the samples under test should be thick enough
to contain at least 20◦ of phase at the wavelength λ of
interest. In our case, the thickness of the thinnest PTFE sample
is 2.96 mm, which is significantly greater than the required
minimum thickness of 20/360·λ ≈ 0.24 mm.

Fig. 9 shows the extracted dielectric constant and loss
tangent values for these four PTFE samples. Fig. 9 shows that
there is no obvious correlation (i.e., systematic dependence)
between the extracted dielectric constant and loss tangent
values, and the thickness of the sample is measured. This
suggests that this effect can be neglected for this material.
This may not be the case for other materials (e.g., materials
that exhibit either very high or very low loss) and so this type
of assessment should be considered for all materials measured
using the MCK.
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Fig. 9. Extracted (a) dielectric constant ε� and (b) loss tangent tanδ, for
PTFE sample with the thicknesses of 2.96, 5.99, 8.99, and 11.95 mm using
the NIST precision model (transmission only).

C. Sample Thickness Measurement

Part of the procedure for using the MCK requires a mea-
surement of the thickness of the sample being measured. This
is achieved using a digital micrometer that is included as part
of the MCK. This thickness determination will be subject to
error due to the accuracy of this digital micrometer. The digital
readout on the micrometer introduces a digitizing error that is
effectively half the resolution of the digital readout. For this
MCK, the resolution of the micrometer is 0.01 mm and so the
uncertainty due to this digitizing error is 0.01/2 mm = 5 μm.
It is further expected that any systematic errors in the digital
micrometer will be less than 5 μm and so it is safe to assume
that the total measurement error for the micrometer will not be
greater than (5 + 5) μm = 10 μm. This error can, therefore,
be represented using a uniform (rectangular) distribution with
a half-width of 10 μm. This is then converted to the equivalent
standard uncertainty for a uniform distribution in the usual
way [34] (i.e., by dividing the half-width by

√
3). The standard

uncertainty in the thickness determination of each sample is
therefore assumed to be 10/

√
3 μm ≈ 6 μm.

The impact due to the uncertainty in the measured sample
thickness on the extracted dielectric constant and loss tangent
is evaluated by perturbing the measured value for the thickness
of the sample by the standard uncertainty and then reextracting
the dielectric constant and loss tangent values. The difference
between the two sets of extracted values (i.e., those obtained
using the original value and the perturbed value for the sample
thickness) is considered to represent the uncertainty due to the
error in determining the sample thickness.

Fig. 10. Uncertainty components (expressed as standard uncertainties) for
the PTFE sample of thickness 5.99 mm. (a) Dielectric constant ε�. (b) Loss
tangent tanδ.

To illustrate this, the technique has been applied to the
5.99-mm-thick sample of PTFE. The impact of the standard
uncertainty in the thickness determination on the extracted
dielectric constant and loss tangent is shown in Fig. 10, where
the associated standard uncertainty in the extracted dielectric
constant and loss tangent is approximately 0.004 and 0.0001,
respectively. Fig. 10 also shows the standard uncertainty due
to the insertion repeatability (discussed previously) and the
measured S-parameters (to be discussed next) for this sample.

D. S-Parameter Measurements

The MCK also makes use of measured values for S21
(or, equivalently, S12) in order to extract the dielectric constant
and loss tangent values for the sample. The NIST precision
model (transmission only) was used to extract these values.
In general, S-parameter measurements are affected by many
different sources of uncertainty—e.g., the choice of calibration
routine, the quality of the calibration standards, the type of
transmission medium used for the measurements (i.e., free
space or guided wave), the frequency range, the value of the
device being measured, random effects, and so on. The overall
uncertainty will depend on all these uncertainty contributions
and so will usually have a different value at each measure-
ment frequency. However, for the purposes of establishing a
preliminary uncertainty budget for this MCK, it is considered
adequate to use a single, typical, value of uncertainty for the
measured S-parameter.

At WR-15 band, a single, typical, value of standard uncer-
tainty for the measured S21 of a 20-dB attenuator (|S21| = 0.1)
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has been reported in [35] as 0.002 (in linear units). It is
assumed that the uncertainty in S21 varies proportionally with
|S21| (neglecting noise floor and dynamic range effects in the
measurement system), and thus, for low-loss samples (where
|S21| ≈ 1), the uncertainty will be of the order of 0.02.
It is further assumed that this uncertainty applies equally
to both the real and imaginary components of S21—i.e.,
the uncertainty can be represented by a circular region of
uncertainty in the complex S21 plane. This method is often
used for dealing with uncertainties in complex-valued mea-
surements and is explained in more detail in [36]. A more
detailed treatment of the uncertainty in the S-parameters can
be obtained by applying the techniques given in [37] and [38].

The impact of the uncertainty in S21 on the extracted
dielectric constant and loss tangent is evaluated in a similar
way to the uncertainty in the sample thickness determination,
as described earlier (i.e., by perturbing each value by its
standard uncertainty). The process is applied, in turn, to both
the real and imaginary components of the measured S21—i.e.,
the real component is perturbed by the standard uncertainty,
and then, the imaginary component is perturbed by the same
standard uncertainty. In each case, the change in the extracted
dielectric constant and loss tangent is considered to represent
the uncertainty due to the errors in both the real and imaginary
components of S21.

As mentioned earlier, this technique has been applied to
the 5.99-mm-thick sample of PTFE. The impact of the stan-
dard uncertainty in the real and imaginary components of S21
(using a value for the uncertainty of 0.02 for both components)
on the extracted dielectric constant and loss tangent is shown
in Fig. 10.

E. Combined Uncertainty

Having evaluated the standard uncertainty due to each of
the main sources of error, these uncertainty contributions can
be combined to provide an overall uncertainty in the extracted
dielectric constant and loss tangent values.

For m uncertainty contributions, ui (i = 1 to m), the com-
bined standard uncertainty uc can be established using [34]

uc =
√√√√ m∑

i=1

u2
i . (10)

The use of this equation assumes that ui are independent
of each other (i.e., there is no correlation between the sources
of uncertainty). For the preliminary assessment of uncertainty
reported here, m = 4, since we are considering only four
sources of uncertainty; u1 is the uncertainty associated with
the insertion repeatability of the sample, u2 is the uncer-
tainty associated with the measurement of the thickness of
the sample, u3 is the uncertainty associated with the real
component of S21, and u4 is the uncertainty associated with
the imaginary component of S21.

Having established a value of uc for the extracted dielectric
constant and a value of uc for the loss tangent, it is usual to use
these combined standard uncertainties to derive the expanded
uncertainties for both extracted quantities at a specified cover-
age probability. The expanded uncertainty provides an interval

Fig. 11. Expanded uncertainty (at a 95% coverage probability) for the PTFE
sample of thickness 5.99 mm. (a) Dielectric constant ε�. (b) Loss tangent tanδ.

that is expected to include a large proportion of the values that
can be attributed to the true value of the extracted quantity.

For a given combined standard uncertainty uc, the expanded
uncertainty U is established using

U = kuc (11)

where k is a coverage factor chosen so that the expanded
uncertainty interval contains the true value at a specified
coverage probability. In many measurement situations, it is
often reasonable to assume that when k = 2, the coverage
probability for the expanded uncertainty is of the order of 95%.

Fig. 11 shows the expanded uncertainty with a 95% cov-
erage probability U95% as a function of frequency for the
extracted values of both the dielectric constant and loss tangent
for the 5.99-mm-thick sample of PTFE. This is based on
the combined effects due to the four uncertainty components
considered in this article.

F. Discussion

The abovementioned uncertainty investigation shows that
the impact of systematic errors (due to the measurement of
the thickness of the sample and the measured S-parameters
of the sample) on the extracted material properties is greater
than the impact of the random errors. Similar observations,
concerning experimentally determined values for materials
parameters, have been reported elsewhere [3]. Since systematic
errors dominate the overall uncertainty in the extracted mate-
rials parameters, it is important to acquire both accurate
S-parameter measurements and accurate length determinations
for the sample of material being measured.
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The values of uncertainty established using the abovemen-
tioned uncertainty analysis apply only to the sample of PTFE
considered in this article. The values do not apply to other
materials, including the other materials in this article. Such
uncertainty estimates need to be established on a case-by-case
basis since each uncertainty contribution is likely to change
for each given material.

It must also be emphasized that the uncertainty estimates
established in this article are only preliminary estimates
intended to give an indication of the likely uncertainty achiev-
able using these MCKs. In practice, the uncertainty will
depend on many factors, including the value of the sample
being measured. Also, MCKs operating in different waveguide
bands (i.e., at different frequencies) will have very different
values of uncertainty.

V. CONCLUSION

This article has presented an in-depth study on the simple
VNA-based material characterization technique using MCKs.
Seven different types of low-loss dielectric materials were
measured using such an MCK operating at 50–75 GHz, and
the extracted dielectric constant and loss tangent values show
good agreement with values published in the open literature.
Uncertainties in the measurement results were also investi-
gated and discussed. This article demonstrates that the new
method based on MCK is an attractive alternative approach to
the conventional free-space technique, for material character-
ization at millimeter-wave and terahertz frequencies.
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