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A New Method for Dielectric Characterization
in Sub-THz Frequency Range
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Abstract—A new method for broadband characterization
of dielectrics in the sub-terahertz (sub-THz) frequency range
is presented. Quasi-optical free space measurement setup is
used to determine the complex reflection coefficient in a wide
frequency band. This method makes it possible to characterize
every dielectric by using only the measured complex reflection
coefficient without accurate information about the thickness of
dielectric sample. This method is useful in case of lossy and/or
thick dielectric samples and is based on modern measurement
equipment feasibility, with the possibility to make measurements in
high number of frequency points. The mathematical model of the
method is formulated. Finally, results of measurements for differ-
ent dielectrics are presented. The obtained permittivity values of
these dielectrics are comparable to those reported in the literature.

Index Terms—Permittivity, standing wave ratio (SWR),
sub-terahertz (sub-THz) measurements.

I. INTRODUCTION

MATERIAL characterization in the sub-terahertz (sub-
THz) frequency range is becoming increasingly impor-

tant due to a large number of applications in this band. This
is due in part to the broad availability of this band and spe-
cific propagation characteristics in different media. The most
common applications are radars, high data rate communica-
tion systems, spectroscopy or security scanners. Therefore, to
appropriately model electromagnetic properties of devices for
such applications, it is necessary to first determine properties
of materials. In particular, the value of the complex permittivity
is important. Precise determination of the value of this parame-
ter is strictly required for both designers and manufacturers of
electronic systems. Hence, there is a great interest in these types
of measurements and research activities continue to improve
existing measurement techniques or to develop new ones.

Over the years different methods for obtaining the permit-
tivity and permeability of a given material have been devel-
oped [1], [2]. Measurement methods include open-ended and
closed-ended transmission line techniques, cavity and dielectric
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resonator techniques, transmission-line techniques, near-field
scanning probes, and free-space techniques.

Open and closed-ended transmission lines can be used to
obtain permittivity in very wide frequency range using relatively
simple instrumentation. This approach is very simple and does
not require any complicated measurement equipment, although
it has some drawbacks and limitations. First, physical realization
of this concept in a sub-THz waveguide is practically impossible
due to the small dimensions of the transmission line. For this
reason, it is also very difficult to prepare an appropriate sample
to test. Additionally, air gaps between specimens and the end of
the line are difficult to avoid with hard solid specimens.

Resonators and cavities are a special class of measurement
cells that are especially useful for measuring very low loss ma-
terials [3]–[5]. They also offer the highest accuracy of measure-
ment of real permittivity, but only in one or a few frequency
points. These methods have limited measurement capabilities
at higher frequencies, mainly due to decreasing precision of
fabrication.

Some of the most suitable methods for measurement in the
sub-THz range are free space quasi-optical techniques. One
example of such a method for narrow-band measurements is
described in [6]. The approach is based on the Mach-Zehnder
interferometer and involves considerable complexity of the mea-
surement system, problems with appropriate arrangement of its
particular components, and the need of precise movement of its
elements. The last aspect is very important, if measurements are
performed in the range of very high frequencies. Short wave-
lengths necessitate the use of highly accurate, and at the same
time expensive, mechanical elements. There are also many other
free space methods, which are based on scattering matrix mea-
surements [7]–[9].

THz time-domain spectroscopy (THz-TDS) is commonly
used for wide-band characterization [10]. However, its useful-
ness is limited due to the low power spectral density of the
excitation signal and limited SNR in the lower frequency range
(below 300 GHz).

Taking into account all aforementioned limitations, we devel-
oped a new frequency-domain measurement technique based on
the standing-wave concept. The presented method utilizes capa-
bilities of a modern measurement equipment setup [11] based on
the vector network analyzer (VNA) with a set of frequency ex-
tenders, which enable measurement of scattering parameters in a
very wide frequency band (up to 500 GHz in our case). The pre-
sented method only requires the complex reflection coefficient
for permittivity characterization. It opens up new measurement
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Fig. 1. Example of reflection coefficient for variable thickness of the dielectric
layer and different permittivity.

possibilities that lead to simplified dielectric characterization
and, what is even more important, allows remote characteriza-
tion, because it does not need accurate thickness of the dielectric
sample.

II. THEORETICAL STUDY

A. Lossless Dielectrics

Let us consider two isotropic half-spaces of the same rela-
tive permittivity εr1 equals to 1 separated by lossless isotropic
dielectric flat layer of relative permittivity εr2 and thick-
ness d. Plane wave E(t, x) = E0 exp(jω0t − jkx), (where
k = 2π/λ0 , λ0 is the wavelength of the incident wave, ω0 =
2πf0 = 2πc/λ0 , c is the speed of light) is perpendicularly inci-
dent upon the dielectric layer boundary from, for example, the
left half-space. If we assume that the dielectric is lossless, it is
obvious that the field distribution in the space between source
and dielectric layer (along the x-axis) depends on permittivity
and thickness of this layer.

If the thickness of the dielectric layer is a multiple of half
of the wavelength in this medium λ2 = λ0/

√
εr2 , the dielec-

tric layer becomes transparent. This means that no reflection
is observed in the first half-space. The opposite situation oc-
curs for an odd multiple of quarter wavelength thickness where
maximum reflection takes place. Fig. 1 shows the magnitude of
the reflection coefficient depending on thickness of layer d for
different permittivity: εr2 = 2; 7; 10.

If we introduce a new parameter, which is similar to conven-
tional definition of the standing wave ratio (SWR), but depen-
dent on thickness of the dielectric layer, then maximum SWR(d)
is directly equal to the permittivity of layer (see Fig. 2)

SWR(d)max =
1 + |ρ (d)|max

1 − |ρ (d)|max
= εr2 (1)

where ρ is the complex reflection coefficient referenced to the
layer boundary from which the reflection is measured.

It can be clearly seen that the maximum of SWR(d) distri-
bution is equal to the relative permittivity of the dielectric layer

Fig. 2. Example of SWR distribution for variable thickness of the dielectric
layer and different permittivity.

Fig. 3. Example of SWR distribution in the frequency domain for different
permittivity.

which is equal to 2, 7, and 10, respectively. This observation al-
lows for fast determination of permittivity of the given dielectric
without solving complicated mathematical equations. However,
the practical implementation of this concept is very difficult due
to the need to produce many samples of accurately known thick-
ness. This is because maximum SWR(d) can only be found for
a given specific thickness of the layer. To overcome these dif-
ficulties, we propose to substitute it for wide-band reflection
coefficient measurement and calculation of SWR distribution in
the frequency domain. This idea is new, and it constitutes the
main subject of the paper.

When reflection coefficient is measured in the frequency do-
main, analogous equation for maximum SWR(f) can be written
as follows:

SWR(f)max =
1 + |ρ (f)|max

1 − |ρ (f)|max
= εr2 . (2)

Fig. 3 presents SWR(f) calculated assuming the same per-
mittivity values as previously and thickness d = 1 mm.

Similarly to the previous situation, for certain frequencies the
maximum value of SWR(f) equals the relative permittivity.
However, to be able to use this principle, the sample under
test has to be appropriately thick. Electrical thickness of the
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Fig. 4. Example of SWR distribution for lossless and lossy sample.

sample determines the number of SWR(f) maxima in the given
frequency range Δf

n =
⌈

2d
√

εr2Δf

c

⌉
. (3)

It should be also mentioned that a large number of max-
ima makes determining the permittivity for greater number
of frequency points possible. It is very important in the
case of dispersive dielectrics whose parameters are not con-
stant in a broad frequency range. Nevertheless, requirement
of thick samples is a significant advantage of this method
because many other methods require relatively thin samples
to achieve good results. Additionally, in this approach, the
thickness of the sample need not be known, because this
parameter is not used for permittivity calculations. More-
over, in many other measurement methods, thickness un-
certainty is the most significant component of measurement
uncertainty [12].

B. Lossy Dielectrics

In case of lossy dielectrics, a similar relation between
SWR(f) distribution and complex permittivity εr2 = εr2

′ −
jεr2

′′ = εr2
′(1 − j tan δ2) also exists. However, for lossy di-

electrics, the local maxima of SWR(f) distribution are related
to real and imaginary parts of permittivity. In Fig. 4, a compar-
ison between SWR distribution for lossless and lossy dielectric
is presented. Calculations were made for a 3-mm-thick sample
of εr2 = 7 and εr2 = 7 − j0.5, respectively.

It is not possible to obtain properties of a lossy dielectric
based on the presented approach (2) because SWR(f) does
not contain enough information. For this reason, we propose to
introduce a new parameter—complex SWR (CSWR)—defined
as

CSWR (f)
def .=

1 − ρ (f)
1 + ρ (f)

. (4)

For lossless samples, only the real part of CSWR(f) is
needed to obtain the permittivity, and it can be proved that

Fig. 5. Real part of CSWR for different lossless samples.

in this case, there is an equation equivalent to (2)

Re{CSWR (f)}max = εr2 . (5)

In Fig. 5, the real part of CSWR(f) for different lossless
samples is presented. The maxima of each plot are equal to
particular permittivity values, the same as in Fig. 3.

For the opposite situation of very high losses, the real part of
CSWR(f) tends to be constant in the given frequency range. It
can be seen in Fig. 4 (red line) around 500 GHz. High losses
cause there to be no reflection from the opposite boundary of
the dielectric layer, a scenario similar to the reflection from
the boundary between two half-spaces with different relative
permittivity.

In this case, CSWR(f) is given as follows:

CSWR (f) =
√

εr2 (6)

and its real part and phase are given by

Re {CSWR (f)} =
√

εr2
′ ·

√
1 +

√
1 + tan2δ2

2
(7)

arg {CSWR (f)} = arctan

⎛
⎝−

√√
1 + tan2δ2 − 1√
1 + tan2δ2 + 1

⎞
⎠ .

(8)

Solving the foregoing equations, the real part of permittivity
and loss tangent can be determined

εr2
′ =

2[Re {CSWR (f)}]2
1 +

√
1 + tan2δ2

(9)

tan δ2 =
2 tan [arg {CSWR (f)}]

tan2 [arg {CSWR (f)}] − 1
. (10)

The most interesting fact is that: in case of high losses the
phase of CSWR(f) only depends on the loss tangent. Further-
more, the thickness of the sample need not be known to obtain
dielectric properties. It seems that it is easier to measure the
phase of CSWR(f) and determine dielectric losses than in the
case of the conventional approach. For example, if the phase of
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Fig. 6. Phase of CSWR versus loss tangent.

Fig. 7. Real part of CSWR for different lossy samples.

CSWR(f) is equal to −10°, it means that the loss tangent is
around 0.36 (as illustrated in Fig. 6).

If the following condition is met, the amplitude of CSWR
ripples is less than desired level (ξ):

tan δ2 >
ln (ξ) λ0

√
4π2εr2

′d2 + ln2 (ξ) λ0
2

2π2d2εr2
′ . (11)

When we deal with a sample made of lossy dielectric and
assumption (11) is not satisfied, the maxima of the real part
and the phase of CSWR(f) decay with frequency, as presented
in Figs. 7 and 8, respectively. Plots were obtained assuming
tanδ2 = 0.1 and d = 2 mm.

For this reason, relation (5) is not valid for such samples,
however dielectric properties can also be found by measuring
CSWR. For every dielectric (lossless and lossy) one can calcu-
late the Inverse Fourier transform of CSWR(f). In this way,
complex permittivity is related to the zero frequency compo-
nent of the transform. The real part of zero component (s0) is

Fig. 8. Phase of CSWR for different lossy samples.

equal to

Re {s0} =
1

f2 − f1

∫ f2

f1

Re{CSWR (f)}df

=
√

εr2
′ ·

√
1 +

√
1 + tan2δ2

2
(12)

and its phase is given by

arg {s0} = arctan
(

Im {s0}
Re {s0}

)

= arctan

⎛
⎝−

√√
1 + tan2δ2 − 1√
1 + tan2δ2 + 1

⎞
⎠ . (13)

These equations are true when the integration bandwidth in-
cludes multiple CSWR periods or sufficient number of ripples.
The permittivity and loss tangent can be calculated as

εr2
′ =

2(Re {s0})2

1 +
√

1 + tan2δ2
(14)

tan δ2 =
2 tan (arg {s0})

tan2 (arg {s0}) − 1
. (15)

In Figs. 7 and 8, the corresponding values of real part Re{s0}
and phase arg{s0} of zero component s0 are plotted.

Summarizing, it is possible to directly visualize the result
of dielectric characterization using the proposed measurement
method and modern VNA with Fourier transform option.

III. MEASUREMENT SETUP AND UNCERTAINTY ANALYSIS

Quasi-optical measurement setup used in this study was
based on the VNA [14] with frequency extenders [15], enabling
complex reflection coefficient measurement from 10 MHz to
500 GHz (up to 32 001 frequency points). The setup is pre-
sented in Fig. 9.

It is very important to ensure appropriate measurement
conditions—good alignment of all elements of the setup and
plane or quasi-plane wave excitation. These conditions can be
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Fig. 9. Scheme of the measurement setup.

achieved by utilizing a plano-convex lens and placing a horn
antenna to locate the phase center in the focal point of the lens.

To measure reflection only from the sample under test, a
two-step calibration procedure was used to remove unwanted
reflections from objects in the setup (e.g., lens) and imperfec-
tions in measurement equipment. Initial calibration of the VNA
with frequency extenders was made using the Line, Reflect,
Line (LRL) method, with calibration standards provided by the
manufacturer. In this case, the reference plane was achieved at
the end of the waveguide port of the extender. Initial calibration
minimizes residual errors from the second calibration stage.

The purpose of the second step of calibration was to eliminate
the influence of unwanted reflections in the free space measure-
ment system and to shift the measurement plane to the first face
of the sample. The concept of the calibration of quasi-optical
setup is described in detail in [13]. In this study, the Line, Re-
flect, Match (LRM) method was applied. To be able to realize
this type of calibration, a sample holder was placed on a pre-
cision linear stage with 50 nm resolution. The stage was used
only for Line measurement ensuring precision distance from
reference plane to the reflective metal plate. Metal plate and
electromagnetic absorber were used as calibration standards.
Additionally, a time-domain gating was used to remove residual
effects of unwanted reflections after LRM calibration.

After calibration, a sample of dielectric to be investigated was
situated perpendicularly to the direction of wave propagation.
The face of the sample was positioned at the determined mea-
surement plane and only reflections from the tested sample were
measured. Then, using (4) CSWR(f) was calculated.

There are several sources of measurement uncertainty in
the presented method. Two main of them are related to resid-
ual calibration errors and reflection coefficient measurement
errors. There are many papers (e.g., [7], [9]) concerning un-
certainty analysis in similar setups. Different aspects were
investigated, including measurement stability, repeatability of
waveguide connections and focusing mismatch. To investigate

Fig. 10. Stability of the measured magnitude of S11 for a few frequencies.

Fig. 11. Stability of the measured phase of S11 for a few frequencies.

the influence of these components on uncertainty in our mea-
surement equipment, a standard Monte Carlo approach was
utilized.

First, short-term stability (for 40 min) of S11 measurement
for initially calibrated VNA was studied. It was done for all
LRM calibration standards (used in the second tier of calibration
procedure) and for two arbitrary chosen samples. Results were
comparable for all measurements. Examples of amplitude and
phase stability are presented in Figs. 10 and 11, respectively.

Monte Carlo simulation included LRM calibration and
CSWR calculations assuming that normally distributed error of
S11 measurement (after initial calibration) stated at 50% level of
confidence is ±0.03 for magnitude and ±15° for phase. These
numbers represent errors in initially corrected VNA measure-
ments, imperfections of LRM standards, measurement stability,
imperfect plane-wave approximation, and focusing mismatch.
Monte Carlo analysis included four complex reflection coef-
ficients in the frequency domain (related to three calibration
standards and the sample under test).

In case of low-loss dielectrics, permittivity can be determined
based on measured maxima of CSWR function. This approach
enables fast and easy characterization of dielectric samples un-
der test. However, this approach is not accurate. If permittivity
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Fig. 12. Uncertainty of permittivity estimation for low-loss dielectrics ob-
tained for two different methods.

Fig. 13. Influence of sample tilt on permittivity uncertainty.

of a given dielectric has to be known more precisely, the aver-
age value of permittivity can be determined based on the Inverse
Fourier Transform of CSWR(f) and (14) and (15). Comparison
of uncertainty obtained using Monte Carlo simulations for these
two concepts are presented in Fig. 12.

Uncertainty of loss tangent measurement is related mainly to
errors in measuring of the phase of CSWR distribution. It has
significant influence on low-loss dielectrics, for which average
phase of CSWR(f) is relatively low (see Fig. 6).

Additional sources of uncertainty come from inappropriate
placement of the sample under test and its irregular surface. In
order to minimize unfavorable effects, the sample should have
two flat and parallel faces. Moreover, it should be homogenous
and sufficiently big to neglect diffraction on its edges. For sam-
ples used in experiments described in the next paragraph, all of
these can be neglected. Only the influence of sample tilt was
investigated. Fig. 13 presents uncertainty of permittivity mea-
surements for lossless dielectrics with respect to sample tilt. We
assumed that in the case of our measurements, tilt of the sample
was not greater than ±2°.

It should be also emphasized that thickness of the sample
is not used for calculating permittivity. However, the thicker

Fig. 14. Real part of CSWR distribution for PTFE sample.

TABLE I
MEASUREMENT RESULTS FOR PTFE SAMPLE

Frequency
(GHz)

Relative Permittivity

This paper Previously
published [16]

341.9 2.06 ± 0.05 2.06
362.3 2.02 ± 0.04 2.06
383.2 2.02 ± 0.04 2.06
403.8 2.04 ± 0.05 2.055
424.3 2.04 ± 0.05 2.055
445.2 2.03 ± 0.04 2.055
465.6 2.03 ± 0.04 2.06
486.1 2.03 ± 0.04 2.05
325–500 Average permittivity = 2.04 ± 0.01

the sample, the more maxima of CSWR distribution are mea-
sured, thus permittivity can be better approximated in the given
frequency range. Another problem is related to frequency res-
olution and determination of CSWR(f) values at the given
maxima; however, thanks to large number of frequency points
in this study, maximum values can be accurately determined.

IV. EXPERIMENTAL RESULTS

For verification of the proposed method, some experiments
with low-loss as well as lossy dielectrics were conducted.

A. Low-Loss Dielectrics

The first tested dielectric sample was 5.05 mm thick and was
made of polytetrafluoroethylene (PTFE). Measurement was per-
formed in the 330−500 GHz band. The real part of CSWR(f)
distribution after calibration is shown in Fig. 14.

The real part of the permittivity can be directly read for
each CSWR maximum. Measurement results are shown in Ta-
ble I. Uncertainty of measurement for this approach is approx-
imately ±2%. Average permittivity in the 325–500 GHz fre-
quency range calculated from the Inverse Fourier transform
using (14) is more accurate (approximately ±0.5%) and is
also presented in Table I. Average phase of measured CSWR
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Fig. 15. Real part of CSWR distribution for alumina sample.

TABLE II
MEASUREMENT RESULTS FOR ALUMINA SAMPLE

Frequency
(GHz)

Relative Permittivity

This paper Previously
published [17]

332.1 9.11 ± 0.64 9.36
402.4 9.08 ± 0.63 9.36
475.1 9.06 ± 0.63
325–500 Average permittivity = 9.09 ± 0.15

function is close to zero, thus one can find that loss tangent is
lower than 0.001.

The second investigated low-loss material was alumina
(Al2O3). The sample had 0.68 mm in thickness, resulting in
only three maxima of CSWR distribution in the given frequency
band. The result is shown in Fig. 15 and in Table II. Average
permittivity in the given frequency range is also presented. Loss
tangent is lower than 0.01 due to the fact that average phase of
CSWR(f) is close to zero.

B. Lossy Dielectrics

In Figs. 16 and 17, results for 4.94-mm-thick sample made of
laboratory-developed low-temperature cofired ceramics (LTCC)
material are presented. As expected, the higher the frequency,
the lower the maxima of CSWR distribution.

Using (14) and (15), the real part of permittivity and loss
tangent of tested material were determined. Average real part of
permittivity is equal to 3.31 ± 0.02 and average loss tangent is
equal to 0.015 ± 0.003.

Another lossy dielectric that was investigated was PMMA—
poly(methyl methacrylate). The sample under test was 25 mm
thick. In conjunction with relatively high losses it results that
obtained CSWR function has no ripples (see Figs. 18 and 19),
therefore complex permittivity can be easily calculated from (7)
and (8).

The real part of permittivity is approximately 2.59 ± 0.02
in the investigated frequency band and it is comparable with

Fig. 16. Real part of CSWR distribution for lossy LTCC sample.

Fig. 17. Phase of CSWR distribution for lossy LTCC sample.

Fig. 18. Real part of CSWR distribution for lossy PMMA sample.

previously published results (2.56–2.58) [18]. Average phase
of CSWR is equal to 0.72° which translates to loss tangent of
0.025 ± 0.003.
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Fig. 19. Phase of CSWR distribution for lossy PMMA sample.

V. CONCLUSION

In this paper a new method for characterization of dielectrics
at sub-THz frequencies has been presented. The method is based
on capabilities of modern measurement instrumentation. A few
different materials were tested to verify the proposed measure-
ment procedure. Results prove that this method can be used
for characterization of both lossless and lossy dielectric sam-
ples with sufficient but not precisely determined thickness. In
the case of some types of materials (especially dispersive di-
electrics) sufficiently thick sample has to be tested. It can be
a limitation if such a sample is not available. One of the most
important advantages of this newly developed method is that it
requires only the complex reflection coefficient for permittivity
characterization. Moreover, precision of the proposed method
is comparable to other quasi-optical methods presented in the
literature. In addition, since the method does not need infor-
mation about thickness of dielectric samples, it opens up new
measurement possibilities allowing remote characterization.
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