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Abstract— Measuring the material parameters with a vector
network analyzer (VNA) usually requires time-domain gating
and complicated free-space calibrations. At terahertz frequencies,
classic calibrations become more problematic and uncertainty
calculation for time gating is not clearly defined. The here
investigated method skips these steps and is based on nor-
malization to a “Thru” connection and analyzing error terms
and multiple-reflection phenomena (ripples). It is shown that at
specific frequencies, the ripples are very small. Based on this,
the “standard load” method is introduced, which simplifies the
error correction for transmission and reflection measurements for
the whole frequency range. Results are presented in 75–110- and
500–750-GHz bands with a quasi-TEM free-space setup. Various
material slabs (thin, thick, lossy, and low-loss) have been tested
to show the reliability and general usefulness of the method. This
method that is initially based on a “Thru” connection only pro-
vides a simple and low-cost alternative to the conventional stan-
dards (Line, Match, Short, and so on) and calibration techniques.

Index Terms— Material characterization, measurement uncer-
tainty, parameter extraction, standard load, vector network
analyzer (VNA) time gating.

I. INTRODUCTION

MEASUREMENT of material parameters (complex per-
mittivity and permeability) at higher frequencies is still

not a completely solved topic with important applications in
telecommunications, autonomous vehicles, biomedical, space
technology, and more. The spectroscopy done by using vector
network analyzers (VNAs) has been recently extended to
millimeter-wave/terahertz (THz) domain with the availabil-
ity of millimeter-wave frequency extenders. The VNAs can
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operate up to 110 GHz and commercial frequency extension
units are used for higher bands, currently up to 1.1 THz [1].
Free-space techniques are useful for measurement of intrinsic
properties of samples, which cannot be inserted into waveguide
because of dimensional restrictions. Quasi-optical devices are
used in this case to convert waveguide modes into free-space
propagation. A Gaussian beam assumption is often used to
design and optimize the quasi-optical systems, especially in
the THz domain [2]. The setup typically consists of receiving
and transmitting antennas, mirrors, dielectric lenses to focus
the beam, and the VNA as the core measuring unit [3], [4].
Calibration of the system both at the waveguide flanges [1], [5]
and antenna apertures [6] is problematic due to precision-
positioning challenges and lack of suitable standards. Recently,
a compact mode converter (SWISSto12@ MCK [7]) has
become commercially available, which uses a set of two
long corrugated antennas with a suitable aperture feature to
clamp a material slab [8]. The manufacturer suggests a classic
calibration method and time-domain gating (as often used
in many other commercial and research-oriented setups) of
the measured scattering parameters (S-parameters) [9]. This
calibration technique was used, e.g., for measurement of
S-parameters and consequent retrieval of material parameters
in [10] and [11]. Other calibration techniques, such as the
through-reflection-line (TRL), were tested using this system
as well [12]. Successful time-domain gating of the measured
S-parameters [13] can help to extract the material permittivity
with various techniques. However, the reliability will depend
on the uncertainties associated with the gating and filtering.

In the CPEM-20 conference abstract [14], a simple tech-
nique was introduced briefly, which can be not only useful
for the material characterization setups but also for VNA
calibration in general. This is of high interest because of the
lack of reliable Match, offset-Short, and Line standards at
terahertz frequencies, where the very small wavelengths make
challenging the precise positioning and repeatability of mea-
surements. Actually, nonperfect calibration together with (the
often-used) time-domain gating attributes more uncertainties
to the final extracted material parameters.

In this article, we try to present alternative solutions to
make the calibration process more accessible (in terms of com-
plexity, cost, feasibility, and reliability) and establish simple
comprehensive error-correction methods.
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Fig. 1. VNA measured S-parameters (Si j .M), error terms (ei j ), and DUT
S-parameters (Si j ). The error terms are: e00 = directivity, e11 = source match,
(e10e01) = reflection tracking, (e10e32) = transmission tracking, e22 = load
match, and e30 = leakage.

The theory part and results are organized and presented as
follows. Section II is dedicated to transmission measurement
based on one standard only: “Thru.” The feasibility of full
error correction is studied further with the analysis of the
most sensitive parameters and demonstrating the utility of
the “best points.” Several examples with various materials
(low-loss, lossy, thin, and thick) are presented. In Section III,
we introduce and discuss the concept of “Standard Load,”
which is established using the “best points” of Section II.
Finally, in Section IV, the reflection of several material slabs
is measured and analyzed based on the extended application
of “Standard Load” in a one-port VNA configuration.

II. TRANSMISSION METHOD AND ERROR ANALYSIS

The measurement is initiated with a simple normaliza-
tion process. The transmission of material-under-test (MUT)
loaded setup divided by the transmission of a direct Thru.
It is followed by analyzing the error terms in order to correct
and reduce the standing-wave effects. Fig. 1 shows the VNA
measurement error terms and the relations between S(measured)

and SMUT.
The following relations can be derived from Fig. 1:

S21M = b3

a0
= e30 + (e10e32)

S21

1 − e11S11 − e22 S22 + e11e22�S

(1)

where �S = S11 S22 − S21 S12.
Ignoring the leakage term (e30) in Fig. 1 and assum-

ing for MUT (S21.MUT, S11 = S22) and Thru connection
(S21 = S12 = 1 and S11 = S22 = 0) yield

S21.M (MUT)

S21.M (Thru)
= S21(MUT)

× 1 − e11e22

1 + e11e22
(
S2

11 − S21 S12
) − S11(e11+e22)

.

(2)

We can analyze (2) by looking at the Fabry–Pérot effects
inside a material slab (MUT). In fact, S21, S12, S11, and S22

are intrinsic parameters of the MUT that we try to measure.
Nevertheless, it is known that if the material is not very
lossy, |S21|max. and |S11|min. occur simultaneously at the
frequency points [15], [16], for which ϕ(S21) = nπ . Therefore,
at |S11|min. (|S21|max. ≈ 1 & |S11|min. ≈ 0, for thin

Fig. 2. S21 raw, phase (rad), and amplitude: Pyrex and Quartz 500-750 GHz.
The best points (fewer ripples) are at |S21|Max. and ϕ(S21) = nπ .

low-loss materials)

S21.M (MUT)

S21.M (Thru)
= S21(MUT)

1 − e11e22

1 − e11e22(S21 S12)
. (3)

As deduced from (2), error terms and system multiple reflec-
tions on S21(MUT) all approximately vanish for maximum
|S21| and ϕ(S21) = nπ points (visible on both |S21| and ϕ(S21)
“measured” plots). This is demonstrated for two thin low-loss
materials [see Fig. 2: Pyrex and Quartz, 500–750 GHz,
S21.raw = S21.M(MUT)/S21.M(Thru)].

A very first application of this simple fact can be to
check the validity and reliability of any time gating, filtering/
averaging, or free-space calibration in general, at these spe-
cific frequency points. As shown, these points give reliable
results without calibration or any data processing. Besides,
the associated uncertainties are expected to be smaller because
the normalization process usually reduces effectively the cor-
related uncertainty terms (cable effects, nonperfect standards,
and so on).
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Fig. 3. Re (εr ): permittivity of thin glass-type samples, raw data (. . .blue),
and fitted line based on “best points = less ripples.”

Actually, reliable results of S21 even for a limited number
of points in a given frequency range are of interest. Some
commonly used homogeneous materials have nearly constant
permittivity (slight rising of imaginary part with the frequency)
in the millimeter-wave/terahertz domain. Figs. 3 and 4 show
the extracted permittivity of some thin materials affected by
multiple reflections from the initial measured S-parameters.

Permittivity can be evaluated at the “best” points of S21

(fewer ripples on the phase and amplitude) using relevant
extraction methods [15]. This fact can be checked and vali-
dated for thicker materials where |S21|max is repeated a few
times along the exploited frequency range. This can be a
simple helpful hint for the initial values of real and imaginary
parts of permittivity to be used further in extraction techniques,
if needed. Furthermore, these points are enough to characterize
a thin HRSi slab in the entire frequency range (see Section III).

This is advantageous because these points not only have
the least errors associated with the measured transmission
parameter but also give the best uncertainty associated with
the extraction process [15]. Therefore, reliable results are
achieved in terms of measured S21 and the relevant extracted
permittivity.

Fig. 4. Im (εr ): permittivity of thin “glass” samples, raw data (. . .blue), and
fitted line based on “best points.”

The imaginary part of permittivity is usually rising with
the frequency, and here, we can consider the “best points”
(which have the least ripples) again. The fitted line between
these zones can be a good estimation of Im (εr ) for the whole
frequency range (see Fig. 4) to give the quantitative results
from Fig. 4: 0.3 < Im (εr) < 0.6 for BK7, 0.01 < Im (εr) <
0.02 for Pyrex, and 0.005 < Im (εr) < 0.012 for Quartz, in the
500–750-GHz band.

It is observed that higher thicknesses and increased internal
losses can reduce the detected multiple reflections.

More results are presented for thicker or lossy materials
(see Fig. 5) for which multiple-reflection effects are less
apparent because of energy damping in the MUT. Actually,
polyoxymethylene (POM) is a relatively low-loss material (Im
(εr) ∼ 0.06), but the fact of using a thicker slab (4 mm)
increases the overall losses of the MUT in 500–750-GHz band
and therefore reduces the multiple-reflection effects. Measure-
ment results are based on free-space techniques by using
uncalibrated VNA and the associated frequency extensions.

The estimated uncertainty for Re (εr) is 3%–4% and
10%–15% for Im (εr). It depends on the material thickness
uncertainty δd/d [the most important contribution to δRe (εr )],
|S21|, extraction process, and other parameters [15].
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Fig. 5. Permittivity of thicker samples. Top: Re(εr ). Bottom: Im(εr ), raw
data.

The quasi-optical device (waveguide to free-space
transition) here is a commercially available mode convertor
[MCK Swissto12@ [7], a set of two corrugated horn antennas
(see Fig. 6)]. A well-designed long-tapered corrugated horn
antenna can convert waveguide propagation modes into TEM
free-space mode on its aperture where the MUT is installed.
The system should be characterized to reduce possible
systematic errors related to propagation modes, matching,
losses, and aperture/gap scattering.

Fig. 6. Measurement setup—MCK connected to the VNA frequency exten-
sion modules with the MUT clamped between the two antennas apertures.

In this section, the results were presented based on raw
transmission parameters where the effects of multiple reflec-
tion are propagated to the final extracted permittivity. We also
showed the role of the MUT itself to reduce these effects
(thicker slabs and/or lossy materials)

In the following, a new technique is presented, called
“standard load” method, to correct and reduce the ripples
without filtering/averaging or time gating.

III. “STANDARD LOAD” METHOD

Fabry–Pérot relations (4) describe the S-parameters of
MUTs as a function of T and �

S11 = �(1 − T 2)

1 − �2T 2
, S21 = T (1 − �2)

1 − �2T 2
. (4)

The “standard load” method is based on the reconstruction
of S-parameters with characterized T and �. This is possible
under special conditions for some material slabs with the
simple method in Section II. The phase of T (proportional
to f .d .

√
ε′

r ) can be calculated from the measured φ(S21) [15]
with a high accuracy especially at “best points.” Given d (the
material thickness),

√
ε′

r and consequently � (real-number for
low-loss materials, |� | = √

ε′
r − 1/

√
ε′

r + 1) are determined.
|T | is the most critical and can be determined (from quadratic
(4) once � is known) with high accuracy only for some specific
material slabs. An example of such a suitable candidate is a
thin HRSi (highly-resistive silicon) sample (see Fig. 7).

The measured |S21|max. of HRSi is equal to 1 (very close
to 1 with negligible errors and less ripples) with three repeated
maximums.

Given �2 positive, real, and smaller than 1, from (4),
|S21|max. ≤ |T | ≤ 1 and we can conclude |T | = 1 for the
whole frequency range.

Therefore, with characterized/known T and � for
HRSi-0.4 mm, its rebuilt S11 and S21 can be calculated from (4)
(see Fig. 8).
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Fig. 7. |S21|-raw (. . .) and |S21|-corrected (—) with a thin silicon slab as
“standard load.” Bottom: |S21| of the BK7 sample corrected with another
standard (quartz 0.5 mm of Fig. 2) to show the feasibility of “singularity”
points removal.

From the VNA model [see Fig. 1 and (1) and (2)], we can
see that the term “S11(MUT) (e11 + e22)” has the most impor-
tant contributions to the ripples of |S21|. The characterized
“Standard load” helps to calculate “e11+e22” (ignoring e11.e22)

Fig. 8. Rebuilt S-parameters of HRSi-0.4 mm from (4).

from (2) by comparing the raw measurement results of this
load (here, HRSi 0.4 mm) to the rebuilt one.

The terms e11 and e22 are complex quantities with both
|e11| and |e22| < 1 (less than 0.25, for our system) and
|e11 · e22| � 1.

From (2), we can, therefore, calculate

(e11+e22)S11.Rebuilt = 1 − S21.Rebuilt

S21.Raw
. (5)

Singularity points appear where |S11| (standard) ≈ 0.
The abovementioned method has been successfully tested

for various MUTs in the 500–750- and 75–110-GHz bands
and the results are presented in Figs. 7 and 9.

It is interesting to see the role of singularity points related
to the standard load. These points can be removed by using
different thicknesses of the same standard material or differ-
ent material slabs, which can be characterized as standard
(Fig. 7, bottom).

The surface flatness of the standards and MUTs and the
contact quality are very important parameters to have more
reliable error correction. The peaks observed in Fig. 7 are due
to singularity issues of the standard slab at certain frequencies.

Classic techniques exist (mostly in EMC applications) to
reduce S11(MUT) (from the VNA point-of-view): 1) tilting
the MUT slab and 2) improving the source-match parameter
by inserting low-reflection absorbers to decrease “e11 and e22”
simultaneously. These techniques can be used in material mea-
surements (transmission configuration); however, special care
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Fig. 9. |S21|-raw (. . .) and |S21|-corrected (—) of different material slabs.

is needed regarding the repeatability/positioning and scattering
and for determining the effective thickness.

IV. REFLECTION MEASUREMENT

In Sections II and III, we showed that the complex per-
mittivity can be extracted from the measured transmission
parameter. However, the reflection measurement can be needed
for special applications and particularly for extracting the
permeability of magnetic materials.

Similar to S21 in Section III, the rebuilt S11 from (4) of
the standard load can open the way to correct the reflection
parameter as well. Fig. 10 and (6) show one-port VNA
measurement error terms and the relations between S11(measured)

and S11(MUT)

S11, M(MUT) = e00 + e10e01

1 − e11S11(MUT)
S11(MUT). (6)

Let us start with a simple elementary calculation of errors:
e00 from the absorber, determining e10e01 from a known load
(Short or standard load) and leaving e11 uncalculated, for
instance.

Fig. 10. VNA 1-port model and error terms (ei j ) for reflection measurement.

Fig. 11. Reflection measurement configuration.

Three consecutive measurements with noncalibrated VNA,
absorber, standard.load, and MUT, (see Fig. 11) lead to

S11, M(Absorber) = e00

S11, M(Stand.) − e00 = e10e01

1 − e11S11(Standard)
S11(Stand.)

S11, M(MUT) − e00 = e10e01

1 − e11S11(MUT)
S11(MUT)

S11(MUT) = S11(Standard)
S11, M(MUT) − e00

S11, M(Standard)−e00

× 1 − e11S11(MUT)

1 − e11S11(Standard)
. (7)

The results are shown in Fig. 12 with small ripples asso-
ciated with e11 as expected. This is to show the reliability of
the method even with only one standard load comparing to a
conventional Short (metal plate).

Here, also, a thin HRSi slab (0.4 mm, εr = 11.7 − j0, with
5% estimated uncertainty) slab can be used as standard load
(Fig. 12, bottom). The peaks on the curves are due to singular
points of the standard slab where |S11| ≈ 0 (this is also visible
on the transmission measurements, Fig. 7).

A more optimal choice could be a thick low-loss,
low-refractive slab (POM, for example: 15 mm, εr = 2.75 −
j0.06, with 3% estimated uncertainty), which was successfully
characterized with a Thru, only. From Fig. 5, it can be expected
that for a thick slab (higher loss), the multiple-refection effects
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Fig. 12. Measured |S11| for different materials, standard-load,
POM (—) comparing to metallic-plate Short (. . .). Bottom: with standard-
load, HRSi (—).

disappear, therefore resulting in a more accurate permittivity
for all the frequencies.

The singularity peaks, therefore, vanish with more losses
in a thick standard (|S21| is not very close to one and |S11|
is not close to zero). The quality of material-to-antenna-
aperture contact is important to minimize the air gaps. These
imperfections can be observed more apparently at the higher
frequencies both for reflection and transmission parameters.

From (7), the uncertainty sensitivity coefficients can be
determined by calculating partial derivatives of S11(absorber)
and S11(Standard). As a result, we can see that the uncertainty
is directly proportional to δS11(Standard). Moreover, the effect
of the imperfect absorber is more visible when S11(MUT) and
S11(Standard) differ largely.

Fig. 13. Measured |S11| of different materials by the two-load method: metal
plate, BK7 0.5 mm, Pyrex 0.5 mm, and two different absorbing materials.

Fig. 14. Measured |S11| and uncertainties of BK7 0.5 mm and
Plexiglass 3 mm.

The method is extended to two-load (without using an
absorber) to check its overall reliability and, in addition,
the repeatability of measurements. Applying (6) for two stan-
dard loads and MUT leads to

S11(MUT)

= S11(Std.2)[S11, M(Std.1) − S11, M(MUT)]
S11, M(Std.1) − S11, M(Std.2)

− S11(Std.1)[S11, M(Std.2) − S11, M(MUT)]
S11, M(Std.1) − S11, M(Std.2)

(8)

where Std.1 and Std.2 are the characterized/known standards
(the equation is simplified by ignoring the effects of e11).

In this case, the quality of absorbers and metallic plates
can be tested as well (see Fig. 13). Two standard loads used
here are: POM and BK7 (4 mm, εr = 6.45 − j0.45, with 3%
estimated uncertainty).

The error term e11 is not yet corrected and its effects are
usually more visible for the higher values of |S11|.

The three-load method [17] can help to correct all the
error terms if three suitable standards are available and
the relevant measurements can be performed with minimum
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Fig. 15. Test of validity for measured |S21| and |S11| (. . . test =√|S11|2 + |S21|2).

systematic errors (air gap, material surface quality, contact
and positioning, and so on). We used this method (three
standards: absorber, POM, and BK7) to calculate the port-
match parameter |e11|, including the antenna. Its value is
estimated around 0.2 (≈−14 dB) for most of the frequencies
but can rise up to 0.3 (≈−10 dB) for the higher edge:
700–750 GHz. This could explain the more visible ripples
at these frequencies for all the transmission and reflection
measurements.

Using the analytical relations of two- and three-load meth-
ods, we can calculate the uncertainty propagation from the
standards to the measured S11(MUT). An example is pre-
sented here (Fig. 14) to show |S11| with the estimated
uncertainties. The uncertainties of approximately 3% of
Standard-loads’ permittivity can impose the standard deviation
of 0.003–0.02 on a BK7 thin slab and 0.003–0.01 on a thicker
Plexiglass slab.

The phase of S11 is more sensitive to the surface quality and
MUTs positioning. A parallel way is to utilize (4) to directly
rebuild the phase of S11 based on the given phases of S21

and T from transmission measurements and the “best points”
advantage.

We present an additional validity check for measured
S-parameters after error correction, averaging/filtering, and
time gating. Let us look at the energy relation between the
S-parameters: |S11|2 + |S21|2 = constant (≈1, for very low
losses) = |S21|2max (proved at the “best points” where the
ripples are at lowest: |S21|2max, |S11|2min ≈ 0).

This can be extended to all the frequencies (very low-loss
slab):

|S11|2 + |S21|2 = |S21|2max. (9)

This basic simple relation is a reliable test to check the validity
and diagnose the probable systematic errors, which may arise
due to time gating, averaging, imperfect error correction, and
the setup robustness in general.

Fig. 15 shows the validity test of |S11| and |S21| measure-
ments of a low-loss MUT (Alumina 0.6 mm slab). The raw
data have been corrected partially by the two-load method
and then checked by the energy relation (9). Apart from
singularity points due to HRSi standard load, small deviations

Fig. 16. Permittivity of some low-loss materials.

are observed around 520 GHz probably related to imprecise
reflection measurement.

In Fig. 16, we present the extracted permittivity (real and
imaginary parts) of some low-loss materials for which S-
parameters have been measured and corrected by the standard-
load method: “Transmission” in Section III and “Reflection”
in Section IV.

The transmission/reflection extraction technique [16] is used
to calculate Re (εr ) and Im (εr ) of Plexiglass (3 mm) and paper
block (8 mm). For the very low-loss materials, TPX (2.7 mm)
and POM (6.5 mm), the simplified Tr-only method [15] is
applied. Extraction of Im (εr ) of very low-loss materials, such
as TPX and PTFE, is quite challenging in the millimeter-
wave/terahertz domain. The results and uncertainties presented
in this article can be compared with some published data
in [6] and [10]–[12]. Actually, there are not many published
results regarding VNA-based setups for frequencies beyond
500 GHz, and the results may be compared with optical
methods, which cover frequencies from submillimeter domain
to a few THz [18], [19].

V. CONCLUSION

Simple techniques are presented to measure material para-
meters in free space (using quasi-TEM mode convertors)
without classic calibration and time-domain gating. Based on
a “Thru” connection only, “standard load” method is intro-
duced and developed for transmission and reflection measure-
ments. Results are presented and discussed for various types
of materials for two waveguide frequency ranges: 500–750
and 75–110 GHz.
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This feasible and low-cost alternative could be of high
interest because of lack of reliable classic Short, Match, and
Line standards at THz frequencies. The method can be used
for in-waveguide applications (at lower frequencies) as well,
and therefore, it is helpful for the VNA calibration, in general.

A detailed uncertainty analysis can show the most sensitive
parameters and find suitable solutions to improve the accuracy.
One of them can be to use different thicknesses of the same
material as standard (cut/machined from a unique batch) to
reduce the uncertainties associated with �.

This technique can be used to easily measure and charac-
terize thick ceramics samples and two-layer materials as well.
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