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Broadband, Stable, and Noniterative Dielectric Constant Measurement of

Low-Loss Dielectric Slabs Using a Frequency-Domain Free-Space Method
Ugur C. Hasar , Yunus Kaya , Gokhan Ozturk , Mehmet Ertugrul , and Celal Korasli

Abstract— A broadband, stable, and noniterative free-space method is
proposed for dielectric constant ε′

r determination of low-loss dielectric
slabs from reflection-only measurements through simple calibration
standards (reflect and air). It is applicable for dispersive samples and
does not require thickness information. Simulations of nondisperive and
dispersive samples are performed to validate our method. Dielectric
constant measurements of polyethylene and polyoxymethylene samples
(9–11 GHz) are carried out to examine the accuracy of our method.

Index Terms— Dispersive, free-space, frequency-domain, nondisper-
sive, noniterative, reflection-only, simple calibration.

I. INTRODUCTION

Characterization of materials can be indirectly implemented by
measuring permittivity εr = ε�

r −iε��
r , since such a response is an

intrinsic property of and thus unique to each material. Sufficient infor-
mation about such a response of a material can be gained by wideband
measurements at microwave frequencies [1], [2], [3], [4], [5], [6], [7],
[8], [9], [10], [11] using the coaxial-line (or waveguide) method, the
planar transmission-line method, and the free-space method. Among
these methods, the free-space methods are nondestructive, contactless,
and applicable for measurements at high temperatures.

There are some issues related to free-space techniques. First,
these techniques require exact knowledge of the sample thickness
prior to material characterization [12], [13], [14], [15], [16], [17].
The free-space techniques in the studies [18], [19], [20] can be
used to determine electromagnetic properties of materials without
using their thickness information. However, the method in [18],
which is based on oscillatory behavior of wideband measured
reflection/transmission measurements [9], [21], [22], is restricted
to nondispersive or weakly dispersive materials and thus is not
applicable for dispersive samples. Besides, the method in [19],
as will be shown in Section III, can introduce undesired ripples
in the extracted dielectric constant (ε�

r ) of thicker low-loss samples
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or samples with higher ε�
r over broadband measurements. On the

other hand, the method in [20] is not applicable for narrowband
frequency measurements. Second, free-space techniques relying on
numerical techniques could result in erroneous results if an initial
guess for material properties is not properly given near the global
minimum [23]. The noniterative techniques in the studies [15], [17]
could be applied for noniterative εr determination. Nonetheless,
they necessitate that the measurement and calibration planes overlap
each other and consequently are seriously affected by any shift
between these planes (dependence on reference planes) [9]. Third,
free-space techniques generally use both reflection and transmission
scattering (S-)parameter measurements to determine electromagnetic
properties of the sample. Nevertheless, transmission measurements
are not adequate for electromagnetic characterization of samples
whose backs are not accessible [16], [17]. Besides, any misalignment
of transmitting and receiving antennas can reduce measurement accu-
racy for transmission free-space S-parameter measurements. Both
these situations direct one to perform electromagnetic characterization
of samples using reflection-only S-parameter measurements [16],
[17], [19]. Finally, free-space techniques generally employ calibration
techniques such as the thru-reflect-line [24] or thru-reflect-match [25]
to calibrate the measurement system before carrying out free-space
measurements. Improper application of such calibration techniques
can rather limit the accuracy of free-space measurements [11], [12],
[13], [15], [18], similar to waveguide measurements [9].

In our recent study, we have proposed a microwave method for non-
iterative εr measurement of dielectric samples using reference-plane-
invariant reflection-only time-domain S-parameters without knowing
the sample thickness [26]. However, this method requires that εr of
the sample be not changing or slightly changing with frequency and
thus is applicable for nondispersive or weakly dispersive materials.
In this study, we propose another free-space measurement technique
(simple and accurate) for noniterative accurate ε�

r determination of
dispersive/nondispersive low-loss dielectric samples at one frequency
(frequency-to-frequency determination) without resorting to their
thickness information using uncalibrated reference-plane-invariant
reflection-only frequency-domain S-parameter measurements.

II. PROPOSED METHODOLOGY

Fig. 1 illustrates measurement configurations for ε�
r measurement

of a dielectric sample by our method. The configuration in Fig. 1(a)
shows the horn-lens antenna, fed from a rectangular waveguide
operated at its TE10 (dominant mode), radiating into the air without
any border. For this configuration, measured reflection coefficient �air
can be written as [19], [27]

�air = �0 (1)

which considers (multiple) reflections within lens-horn antenna and
from the connection of waveguide and horn antenna.

Besides, the configuration in Fig. 1(b) illustrates the same horn-lens
antenna terminated in a large highly reflective metal plate located

0018-926X © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Hasan Kalyoncu Universitesi. Downloaded on January 12,2023 at 13:47:45 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-8106-0053
https://orcid.org/0000-0003-1921-7704
https://orcid.org/0000-0002-6098-7762
https://orcid.org/0000-0002-2380-5915


12436 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 12, DECEMBER 2022

Fig. 1. Measurement configurations in the application of our proposed
method. (a) Horn-lens antenna radiating into free space. (b) Same antenna
terminated in a large highly reflective metal plate in the far zone (L distance
from the reference plane). (c) Same antenna radiating into metal-backed
sample with length d. (d) Same antenna radiating into the air-backed sample.

at the distance L (reference plane) in the far-zone of the horn-lens
antenna. Assuming that there is perfect reflection from the metal
plate, the reflection coefficient �metal for this configuration can be
expressed as [19], [27]

�metal ∼= �0 − t f tbT 2
0 , T0 = e−ik0 L (2)

where t f and tb are the forward and backward transmission terms
for wave transmissions into horn-lens antenna, as shown in Fig. 1,
T0 is the propagation factor for one-way travel in the air between
the horn-lens antenna and metal plate, and k0 is the free-space
wavenumber. It is assumed that multiple reflections between the
horn-lens antenna and the metal plate are assumed to be small or
can be neglected. Using the measurements in Fig. 1(a) and (b), it is
possible to determine

t f tbT 2
0

∼= �air − �metal. (3)

On the other hand, Fig. 1(c) and (d) demonstrates the configu-
rations for the metal- and air-backed sample with length d , where
the sample front face coincides with the reference plane. For these
configurations, the reflection coefficients �metal-back and �air-back can
be written as

�metal-back ∼= �0 + t f tbT 2
0

(
r12 − T 2

)
/
(

1 − r12T 2
)

(4)

�air-back ∼= �0 + t f tbT 2
0 r12(1 − T 2)/

(
1 − r2

12T 2
)

(5)

r12 = (
1 − √

εr
)
/
(
1 + √

εr
)
, T = e−ik0

√
εr d . (6)

Here, r12 is the reflection coefficient from air to the sample, and T is
the propagation factor within the sample. It is noted that as different
from the methods in [27] and [28], our method considers multiple
reflections within the sample.

Incorporating (3) into (4) and (5), one can evaluate

�air-back − �air

�air − �metal
∼= �1 = r12(1 − T 2)

1 − r2
12T 2

(7)

�metal-back − �air

�air − �metal
∼= �2 = r12 − T 2

1 − r12T 2
(8)

where �1 and �2 are the terms related to measured quantities. Then,
after eliminating the common term T 2 from (7) and (8), it is possible
to calculate r12 as

r12 = −χ ∓
√

χ2 − 1, χ =
[

(�1 − 1) − (�1 + 1)�2

2�1

]
. (9)

Fig. 2. (a) Computational environment for the configuration in Fig. 1(c) and
(b) a photograph of the measurement setup for validation of our method.

Fig. 3. Extracted ε�
r of the PP sample with (a) d = 28, 30.3, and 32 mm

and (b) d = 5.0 mm by the proposed method and the method in [19].

The correct sign for r12 can be evaluated by using the passivity
principle, that is, |r12| ≤ 1, where | � | denotes the magnitude of “�.”
Finally, ε�

r can be retrieved from

ε�
r = �e

{
(1 − r12)2 / (1 + r12)2

}
. (10)

It is seen from (1)–(10) that our method is noniterative does not
require information of d , extracts ε�

r at any frequency (applicable for
dispersive materials as validated by simulations in Section III) within
a broadband and uses only reflection measurements from simple
calibration standards (see Fig. 1).

III. SIMULATION AND VALIDATION

For validation of our method, we performed simulations using
a commercial full-wave electromagnetic simulation program [the
computer simulation technology (CST)—Microwave Studio (MWS)].
In the validation, a planar slab (50 × 50 mm cross section) with εra =
1.2−i0.0002 (to reduce multiple reflections between antennas and the
metal plate) and a length of 1.0 mm was considered to simulate, for
simplicity, the horn-lens antenna region in Fig. 1. The discussion of
the elimination of these reflections is given in Section IV. Besides,
planar low-loss samples (40 × 40 mm cross section) with εr =
2.26−i0.00008 [the polyethylene (PP)] [29]) and d = 30.3 mm
(or d = 32, 28, or 5.0 mm), with εr = 20.0−i0.00008 and
d = 30.0 mm, and with εr synthesized by the Debye model and
d = 30.0 mm were considered as the samples. The PP sample
was simulated to compare its extracted ε�

r from measurements for
L = 30.0 cm (see Section IV). To simulate plane wave propagation,
Et = 0 and Ht = 0 boundary conditions were set over transverse
planes. A waveguide port was applied to excite the computational
environment and to obtain S-parameters. For the configurations in
Fig. 1(b) and (c), Et = 0 boundary condition was also set to simulate
the metal plate. The frequency range was arranged by the operating
frequency range of the horn-lens antenna as 9–11 GHz. Besides,
the adaptive mesh refinement option was activated to get optimum
meshing. Fig. 2(a) illustrates the computational environment for the
configuration in Fig. 1(c).

Our method was then applied to determine ε�
r of the examined

samples using their simulated S-parameters of the configurations in
Fig. 1. In addition, we also applied the method in [19] to retrieve ε�

r
of these samples. Fig. 3(a) demonstrates the extracted ε�

r of the
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TABLE I

EXTRACTED ε�
r OF THE PP SAMPLE (d = 30.3 mm) FROM SIMULATION

TABLE II

EXTRACTED ε�
r OF THE PP SAMPLE (d = 5.0 mm) FROM SIMULATION

PP sample with d = 28, 30.3, and 32 mm by our method and the
method in [19]. It is seen from Fig. 3(a) that extracted ε�

r by the
method in [19] mainly diverges from the preassigned one especially
within the frequency bands over which the thickness resonance effect
arising when ε��

r → 0 dominates [30], [31], that is, d = nλ/2, where
n denotes an integer. On the other hand, extracted ε�

r by our method
is in good agreement with the preassigned one for each d , except
for a small deviation which is mainly due to the simplified model
for the horn-lens antenna represented by t f and tb terms only. This
indicates that our method is not affected by the thickness resonance
effect thanks to simultaneous usage of air-backed and metal-backed
measurements [30], [31]. For a quantitative analysis, Table I shows
extracted ε�

r of the PP sample with d = 30.3 mm by our method
and the method in [19] together with percentage errors �ε�

r at some
discrete frequencies (� f = 250 MHz). It is seen from Table I that
while �ε�

r ≤ 2.108% for our method, �ε�
r for the method in [19]

can reach up to 16.57%.
To evaluate the performance of our method and the method [19] for

frequencies away from the thickness-resonance region, we extracted
ε�

r of the PP sample with d = 5.0 mm by these methods, as shown
in Fig. 3(b). It is seen from Fig. 3(b) that our method and the
method [19] have similar accuracy. For a quantitative analysis, the
extracted ε�

r and �ε�
r values for our method and the method in [19]

are presented in Table II. It can be noticed from Table II that extracted
ε�

r values by our method and the method in [19] are individually
very close to the preassigned one (�ε�

r ≤ 1.28% for both methods).
A similar conclusion was also noted for the polyoxymethylene (POM)
sample with εr = 2.73 − i0.00513 [29], whose results are not
presented for conciseness. On the other hand, Fig. 4(a) and Table III
exhibit extracted ε�

r of the sample with εr = 20.0−i0.00008 and
d = 30.0 mm by our method and the method in [19], together with
�ε�

r values, to observe the effect of εrs on extraction procedures. It is
seen from Fig. 4(a) and Table III that the accuracy of our method
does not much change (�ε�

r ≤ 4.195), whereas that of the method
in [19] significantly alters (�ε�

r can exceed 70% around 10.0 GHz
due to thickness resonance effect) with an increase of ε�

r .

Fig. 4. Extracted ε�
r of (a) sample with εr = 20.0−i0.00008 and d =

30.0 mm and (b) synthesized sample described via the Debye model by the
proposed method and the method in [19].

TABLE III

EXTRACTED ε�
r OF THE SAMPLE WITH εr = 20.0−i0.00008

AND d = 5.0 mm FROM SIMULATION

TABLE IV

EXTRACTED ε�
r OF THE SYNTHESIZED SAMPLE FROM SIMULATION

Finally, we also tested the applicability of our method for ε�
r

determination of dispersive samples. To this end, we synthesized a
sample using the Debye model [32] given by

εr = ε∞ + (εs − ε∞) / (1 + i 2π f τ) (11)

where εs and ε∞ are the relative permittivities at zero and infinite
frequencies, and τ is the relaxation time. The sample was assumed
to have εs = 8.0, ε∞ = 2.0 (εs > ε∞), and τ = 5 ps. Fig. 4(b)
shows the synthesized and extracted ε�

r of the synthesized sample
d = 30.0 mm by the proposed method and the method in [19].
It is seen from Fig. 4(b) that extracted ε�

r by our method produces
results similar to that synthesized ε�

r by the Debye model, whereas
the synthesized and extracted ε�

r by the method in [19] greatly differ
from each other. It is seen from Table IV, which presents �ε�

r values
for this sample, that �ε�

r for our method is less than 3.75%, that for
the method in [19] is greater than 60%. Such a difference is mainly
due to nonnegligible effect of ε��

r on the extracted ε�
r by the method

in [19].

IV. MEASUREMENTS AND DISCUSSION

Fig. 2(b) illustrates a photograph of the measurement setup used for
validation of the proposed method. It consists of a vector network
analyzer (VNA) with the model of N9918A from Keysight Tech-
nologies (30 kHz–26.5 GHz), a rigid coaxial line phase stable cable
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TABLE V

EXTRACTED ε�
r OF THE PP SAMPLE FROM MEASUREMENT

TABLE VI

EXTRACTED ε�
r OF THE POM SAMPLE FROM MEASUREMENT

with a length of 100 cm, a coaxial-to-waveguide adapter operating at
X-band (8.2–12.4 GHz), and a horn-lens antenna from Flann
Microwave Instruments (Series 820) with 25 dB gain and maxi-
mum 1.5 VSWR over 9–11 GHz frequency range (for this reason,
measurements were restricted to 9–11 GHz). The PP sample with
d = 30.3 ∓ 0.3 mm and the POM sample with d = 30.0 ∓ 0.3 mm
in a slab form (with 50 × 50 cm transverse area to reduce dif-
fraction effects) were positioned away from the horn-lens antenna
by L = 30 cm based on its focal distance to realize the plane
wave assumption. Besides, the surfaces of the samples and the lens,
positioned on a holder to remove floor scattering, were arranged
parallel (normal incidence) to minimize any angle misalignment.
Time-domain gating was applied for our method over the main
reflection response of �metal in Fig. 1(b) to reduce multiple reflections
between the horn-lens antenna and the reference plane. Measurements
were performed for 1001 frequency points and repeated three times.

Tables V and VI illustrate the extracted ε�
r over 9–11 GHz of the

PP and POM samples by our method and the method in [19] [with
time-domain gating over the main reflection response of �metal in
Fig. 1(b)] and the method in [9] using the average of five independent
reflection-only measurements. It is seen from Tables V an VI that
extracted ε�

r values by our method and the methods in [9] and [19]
are in good agreement with the reference data [29]. It is noted from
Table V that although the accuracy of our method (�ε�

r ≤ 5.75%)
is lower than that of the method (�ε�

r ≤ 3.10%) in [9], our
method is based on frequency-to-frequency determination and is a
reference-plane-invariant method using uncalibrated measurements.
Besides, it can be seen from Table VI that while the maximum
value of �ε�

r is 4.76% for our method, the maximum value of
�ε�

r is 5.13% for the method in [19], meaning that our method
has better accuracy than the method in [19] because it does not
consider εr → 0 in the extraction. Finally, it should be stated that our
method and the method in [9], as a drawback, require that the metal
be backed right at the rear face of the sample in Fig. 1(c) without
any gap.

V. CONCLUSION

An attractive broadband, stable, and noniterative free-space method
is proposed for dielectric constant measurement of planar dielectric
samples. It has the capability of extracting ε�

r of dispersive and
nondispersive samples using reflection-only measurements through
simple calibration standards (reflect and air) without resorting to
any sample thickness information. CST MWS simulations were
performed to assess the suitability of our method for nondispersive
thicker low-loss samples and thinner/thicker dispersive samples.
Measurements of ε�

r over 9–11 GHz of PP and POM samples were
used to validate our method and examine its accuracy.

REFERENCES

[1] S. Trabelsi and S. O. Nelson, “Microwave sensing of quality attributes
of agricultural and food products,” IEEE Instrum. Meas. Mag., vol. 19,
no. 1, pp. 36–41, Feb. 2016.

[2] M. Ozturk, M. Karaaslan, O. Akgol, and U. K. Sevim, “Mechanical
and electromagnetic performance of cement based composites containing
different replacement levels of ground granulated blast furnace slag, fly
ash, silica fume and rice husk ash,” Cement Concrete Res., vol. 136,
Oct. 2020, Art. no. 106177.

[3] T. Mosavirik, M. Soleimani, V. Nayyeri, S. H. Mirjahanmardi, and
O. M. Ramahi, “Permittivity characterization of dispersive materials
using power measurements,” IEEE Trans. Instrum. Meas., vol. 70,
pp. 1–8, 2021.

[4] H. Hasar et al., “Prediction of water-adulteration within honey by air-
line de-embedding waveguide measurements,” Measurement, vol. 179,
Jul. 2021, Art. no. 109469.

[5] L. F. Chen, C. K. Ong, C. P. Neo, V. V. Varadan, and V. K. Varadan,
Microwave Electronics: Measurement and Materials Characterization.
West Sussex, U.K.: Wiley, 2004.

[6] A. M. Nicolson and G. F. Ross, “Measurement of the intrinsic properties
of materials by time-domain techniques,” IEEE Trans. Instrum. Meas.,
vol. IM-19, no. 4, pp. 377–382, Nov. 1970.

[7] W. B. Weir, “Automatic measurement of complex dielectric constant
and permeability at microwave frequencies,” Proc. IEEE, vol. 62, no. 1,
pp. 33–36, Jan. 1974.

[8] J. Baker-Jarvis, E. J. Vanzura, and W. A. Kissick, “Improved technique
for determining complex permittivity with the transmission/reflection
method,” IEEE Trans. Microw. Theory Techn., vol. 38, no. 8,
pp. 1096–1103, Aug. 1990.

[9] C. Yang, H. Huang, and M. Peng, “Non-iterative method for extracting
complex permittivity and thickness of materials from reflection-only
measurements,” IEEE Trans. Instrum. Meas., vol. 71, pp. 1–8, 2022.

[10] M. A. H. Ansari, A. K. Jha, and M. J. Akhtar, “Design and application
of the CSRR-based planar sensor for noninvasive measurement of
complex permittivity,” IEEE Sensors J., vol. 15, no. 12, pp. 7181–7189,
Dec. 2015.

[11] V. V. Varadan, R. D. Hollinger, D. K. Ghodgaonkar, and V. K. Varadan,
“Free-space, broadband measurements of high-temperature, complex
dielectric properties at microwave frequencies,” IEEE Trans. Instrum.
Meas., vol. 40, no. 5, pp. 842–846, Oct. 1991.

[12] D. K. Ghodgaonkar, V. V. Varadan, and V. K. Varadan, “A free-space
method for measurement of dielectric constants and loss tangents at
microwave frequencies,” IEEE Trans. Instrum. Meas., vol. 38, no. 3,
pp. 789–793, Jun. 1989.

[13] D. K. Ghodgaonkar, V. V. Varadan, and V. K. Varadan, “Free-space
measurement of complex permittivity and complex permeability of
magnetic materials at microwave frequencies,” IEEE Trans. Instrum.
Meas., vol. 39, no. 2, pp. 387–394, Apr. 1990.

[14] A. Rashidian, L. Shafai, D. Klymyshyn, and C. Shafai, “A fast and effi-
cient free-space dielectric measurement technique at mm-wave frequen-
cies,” IEEE Antennas Wireless Propag. Lett., vol. 16, pp. 2630–2633,
2017.

[15] C. Yang, K. Ma, and J.-G. Ma, “A noniterative and efficient technique to
extract complex permittivity of low-loss dielectric materials at terahertz
frequencies,” IEEE Antennas Wireless Propag. Lett., vol. 18, no. 10,
pp. 1971–1975, Oct. 2019.

[16] U. C. Hasar, G. Ozturk, M. Bute, and M. Ertugrul, “Method for
electromagnetic property extraction of sublayers in metal-backed inho-
mogeneous metamaterials,” IEEE Access, vol. 8, pp. 51718–151705,
2020.

Authorized licensed use limited to: Hasan Kalyoncu Universitesi. Downloaded on January 12,2023 at 13:47:45 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 12, DECEMBER 2022 12439

[17] U. C. Hasar et al., “Feasible extraction method for electromagnetic
properties of multilayer metamaterials with short-circuit termination,”
IEEE Trans. Antennas Propag., early access, Aug. 8, 2022, doi:
10.1109/TAP.2022.3195500.

[18] S. Kim, D. Novotny, J. Gordon, and J. Guerrieri, “A free-space measure-
ment method for the low-loss dielectric characterization without prior
need for sample thickness data,” IEEE Trans. Antennas Propag., vol. 64,
no. 9, pp. 3869–3879, Sep. 2016.

[19] L. Li, H. Hu, P. Tang, R. Li, B. Chen, and Z. He, “Compact dielectric
constant characterization of low-loss thin dielectric slabs with microwave
reflection measurement,” IEEE Antennas Wireless Propag. Lett., vol. 17,
no. 4, pp. 575–578, Apr. 2018.

[20] Y. Yashchyshyn and K. Godziszewski, “A new method for dielectric
characterization in sub-THz frequency range,” IEEE Trans. THz Sci.
Technol., vol. 8, no. 1, pp. 19–26, Jan. 2018.

[21] U. C. Hasar, “Two novel amplitude-only methods for complex permit-
tivity determination of medium- and low-loss materials,” Meas. Sci.
Technol., vol. 19, no. 5, Apr. 2008, Art. no. 055706.

[22] U. C. Hasar, “Unique retrieval of complex permittivity of low-
loss dielectric materials from transmission-only measurements,” IEEE
Geosci. Remote Sens. Lett., vol. 8, no. 3, pp. 562–564, May 2011.
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