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ABSTRACT This work introduces a refined technique for the estimation of films permittivity within
the Ka-band using free-space measurement method. Addressing the challenge of wrong solutions in
permittivity estimation, our approach incorporates a frequency-dependent objective function, to find a unique
estimation solution. We apply this technique to a variety of thin and flexible substrates, including cycloolefin
polymer (COP), polyethylene terephthalate (PET), and polyimide (PI) films, and quantitatively analyze the
uncertainty on the estimated permittivity and loss tangent. The proposed technique can offer a method for
determining the permittivity of not only thin media but also flexible printed circuit boards used for circuits
and antennas.

INDEX TERMS Free-space measurement, permittivity, thin layer, film, Ka-band.

I. INTRODUCTION
The increasing demand for mmWave technology, such as
autonomous driving and 5G/6G networks, has led to a
growing interest in the Ka-band frequency range [1], [2].
Consequently, accurate measurement of the permittivity of
antenna materials used in this band has become crucial.
Recent trends in antenna design have also shown an increased
utilization of thin, transparent, and flexible films suitable
for reconfigurable intelligent surfaces, optically transparent
antennas, and origami antennas [3], [4], [5], [6]. Therefore,
precise determination of the permittivity of these films within
the Ka-band is essential for the design process.

Various studies have been conducted to estimate the
permittivity of thin films. Resonance techniques are widely
used to measure the permittivity of thin media and can
accurately determine the permittivity and loss tangent.
However, these methods provide results at a single frequency
and require precise sample processing, which may not
be suitable for non-specialized organizations [7], [8], [9].
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To address these limitations, alternative methods can be
employed.Waveguides can be used, but they may still require
precise sample processing or additional structures such as
electric band gap configurations [10]. Another approach is to
use transmission lines [11] or coaxial lines [12] to estimate
the sample’s permittivity, which has the advantage of not
requiring precise sample processing. However, these methods
can be computationally intensive or yield inaccurate results
due to the difficulty in numerical modeling when combined
with full-wave techniques. Free-space measurement tech-
niques may be the most suitable option for non-specialized
organizations, as they offer versatility, eliminate the need
for precise sample processing, and do not require extensive
computational resources for permittivity estimation [13],
[14], [15], [16], [17].

The free-spacemeasurement technique involvesmeasuring
the reflection and transmission coefficients of a sample
placed between two antennas connected to a VNA [18],
[19], [20], [21]. This is a representative non-contact and
non-destructive inspection method, which has the advantage
of minimizing sample damage. By utilizing these charac-
teristics, it is widely used for evaluating the reflection and
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transmission performance of metasurfaces, frequency selec-
tive surfaces, radomes [22], [23]. It is also used to measure
the permittivity of sheet materials, 3D printing materials, and
films by accurately measuring the reflection and transmission
coefficients. Furthermore, it can be used extensively in
the fields of antennas and materials engineering because
it can evaluate the performance of samples even in high-
temperature environments [24]. To calibrate this system, the
VNA’s time gating is used, but it is provided as a paid
option and may be difficult to use. However, the cost can be
minimized by using the open source scikit-rf [25].
The Nicolson-Ross-Weir (NRW) method can be applied

as a method of extracting the permittivity using free-space
measurement technology. This method can estimate the
permittivity using the S-parameter [26]. However, for media
such as films, the reflection coefficient measurement may be
inaccurate due to the ease of sagging [21]. This can lead to
inaccurate permittivity estimation results. Therefore, accurate
permittivity should be estimated using the transmission
coefficient. To achieve this, an optimization method has been
proposed that iteratively infers the permittivity to match the
expected theoretical value with the measured observed value,
resulting in a difference below a threshold value [17]. This
method has the advantage of being very useful for estimating
the permittivity of media. However, due to the periodicity of
the exponential term of plane wave propagation at a single
frequency, multiple solutions exist. If multiple solutions exist,
the likelihood that the optimization algorithm will output an
incorrect solution increases. Therefore, the objective function
must be well defined to eliminate multiple solutions and
output unique solutions.

In this paper, we provide a comprehensive overview of
the hardware and software configurations used in free-space
measurement techniques for measuring the permittivity of
films in the Ka-band. Section II describes the hardware setup,
the process of acquiring S-parameters, and the signal analysis
of films. In Section III, we propose and explain an optimized
objective function for determining the permittivity based on
the film’s signal analysis. We implement time gating using
open-source software, implement the permittivity estimation
algorithm using in-house code, and describe the process in
detail. We then present the permittivity measurement results
of various films, along with an analysis of measurement
uncertainties, and discuss the findings. Throughout this paper,
the time convention ejωt is consistently applied.

II. FREE-SPACE MEASUREMENT SETUP
A. HARDWARE CONFIGURATION
Measurements were conducted indoors at a temperature
of 25.5◦C and 42% humidity. The hardware setup for the
free-space measurement is shown in Fig. 1. Two focusing
lens horn antennas (Anteral’s FLHA-28) are mounted on a
rail and stage, allowing for movement along the rail axis.
The antennas are connected to a vector network analyzer
(VNA, Rohde & Schwarz ZVA67) through phase stable
cables (Withwave WT100) and WR28 to coaxial adaptors

FIGURE 1. Hardware configuration of free-space measurement method.

FIGURE 2. Signal separation from material holder using time gating.

(Eravant SWC-28KF-E1-T). These antennas generate a
Gaussian beam, which propagates in a quasi-plane wave [16],
[17]. The sample holder is positioned on a rotational stage
above the rail, enabling rotation along the rail axis and angle
adjustment using the rotational stage. The VNA is connected
to a personal computer (PC) via a local area network (LAN)
and is configured for remote scattering coefficient acquisition
through Python’s pyVISA.

Thematerial holder is made of acrylic and has a square hole
of 100 × 100 mm2 inside. This is significantly larger than
the 3 dB beam waist of 13.1mm (at E-plane) and 16.9mm
(at H-plane) of the antenna we used. It is established that
when the material’s size is approximately 3 to 5 times the
diameter of the antenna’s beam waist, diffraction effects
occurring at the holder’s corners can be disregarded [17].
In the above configuration, measurements of horizontal and
vertical polarization can also be performed by changing the
orientation of the antenna. In this paper, measurements are
performed for vertical polarization.

B. TIME-GATING PROCESS
Due to the influence of the cables and adapters connecting
the antenna and the VNA, the acquired scattering coefficients
include undesired multiple reflection signals. To obtain the
inherent scattering coefficients of the sample, the time-gating
technique is employed. This technique involves transforming
the frequency-domain signal into the time domain via
inverse fast Fourier transform (IFFT) for analysis, and then
multiplying by a window function in the time domain to
eliminate all unwanted reflection signals [13], [15].

To perform time-gating, calibration with the cables con-
nected to the VNA was initially carried out. Subsequently,
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scattering coefficients were acquired with no material in the
holder (AIR) and with a metal reflector present (PEC, like a
perfect electric conductor). The time-domain transformation
results are as shown in Fig. 2. At 0 ns and approximately
0.5 ns in Fig. 2, peaks are observed for both AIR and
PEC, which can be attributed to transitions between the
cable and adapter, and the adapter and antenna, respectively.
Additionally, a smaller peak around 5.2 ns is identified,
likely due to multiple reflections. Conversely, a pronounced
peak for PEC is noticeable at about 2.7 ns, which can be
distinguished as the sample region. The distance from the
transition between the adapter and antenna to the sample
holder can be identified by the antenna length and the
propagation distance. Therefore, a window function was
defined to preserve the signal in this region and remove all
other signals. A flattop window function, which minimizes
variation ripple, was utilized. The open source scikit-rf [25]
was used for time gating.

Applying the window function in the time domain through
multiplication is equivalent to convolution operation in
the frequency domain. The convolution operation in the
frequency domain leads to signal distortion at the start
and end points of the frequency band, known as the edge
effect [27]. To mitigate this, measurements were conducted
over a slightly broader range (22 - 44 GHz) than the area of
interest (26 - 40GHz), and frequencies outside the interested
band were trimmed. Here, 22 GHz represents the cut-off
frequency of WR28, and 44 GHz is the limit frequency of
the 2.92mm calibration kit (Rohde & Schwarz ZV-Z129E).

C. CALIBRATION OF THE SCATTERING COEFFICIENTS
To calibrate the scattering coefficients of the sample, three
signal acquisitions are necessary: with nothing installed on
the sample (AIR), with a metal reflector installed (PEC),
and with the sample installed (MUT, material under test).
After eliminating unwanted reflection coefficients using the
time-gating technique for these three signals, the scattering
coefficients are calculated using the following equations
by [15], [28],

SMEA11 =
SMUT11 − SAIR11

SAIR11 − SPEC11

(1a)

SMEA21 =
SDUT21 − SPEC21

SAIR21 − SPEC21

e−jβ0tMUT (1b)

where tMUT is the thickness of the MUT, β0 is the wave
number in free-space. In Eq. (1b), involves phase correction
for the thickness of the sample. This correction allows for the
elimination of the need to physically move the antenna by the
thickness of the sample.

The subsequent measurement process was conducted as
follows: The VNA was connected to the antenna via cables,
and calibration was performed between the VNA and the
cables before measurements. After connecting the cables
to the antenna, the scattering coefficients for AIR, PEC,

FIGURE 3. The uncertainty in PI100 coefficients. The shaded area
represents the standard deviation, and the dotted lines represent the
maximum and minimum values. (a) Reflection coefficient
(b) Transmission coefficient.

TABLE 1. Standard deviation of reflection and transmission coefficients
for each sample.

and MUT were acquired. Following this, reflection and
transmission coefficients were calculated using Eq. (1).

D. ANALYSIS OF UNCERTAINTY IN SCATTERING
COEFFICIENTS
There are uncertainties associated with the VNA and
specimen during the S-parameter measurement process. The
S-parameter measurement uncertainty of the VNA can be
determined by referring to the datasheet. When the S11 signal
is between −25 and −35 dB, the measurement uncertainty is
less than 3 dB for magnitude and 20 degrees for phase. When
the S21 signal is between +5 and −45 dB, the measurement
uncertainty is less than 0.2 dB for magnitude and 2 degrees
for phase. In addition to the VNA’s uncertainty, there may
be uncertainty due to the sagging of the film specimen.
To analyze the combined effect of these uncertainties, the
measurement uncertainty for reflection and transmission
coefficients was evaluated. The experimental standard devia-
tion of the reflection and transmission coefficients, denoted as
s(Skij), indicates the level of uncertainty in the observed values

and is defined by [29]

s(Skij) =

√√√√ 1
n− 1

n∑
k=1

(Skij − S̄ij)2 (2)
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where S̄ij represents the arithmetic mean of the n times
acquired scattering coefficients, calculated as the average of
the measurements Skij :

S̄ij =
1
n

n∑
k=1

Skij (3)

The analysis focused on both the amplitude and phase of
the reflection and transmission coefficients for the MUTs.
The experiment was repeated n = 100 times, with 5 cycles of
installing and removing the specimen and obtaining 5 signals
from the VNA in each cycle. Measurements were conducted
on 4 samples of the same type. For instance, the standard
uncertainty results for a polyimide film with a thickness of
100µm (PI100) are depicted in Fig. 3. The shaded area in
Fig. 3 indicates the standard deviation, the dotted lines show
the maximum and minimum measurement values, and the
solid line represents the mean value, where blue denotes
magnitude and red denotes phase. Additionally, the standard
deviation of the uncertainty is as shown in Table 1. Here,
the standard deviation is indicated as the mean value across
frequencies. Information about the measured samples is
specifically described in section IV-A.

Comparing the data in Fig. 3 or Table 1, it is evident that
the uncertainty in the phase of the reflection coefficients is
substantially larger than that in the transmission coefficients.
In some specimens, the phase uncertainty of S11 is observed
to be much larger than the uncertainty presented in the
VNA datasheet. This shows that accurate estimation of the
reflection coefficient is difficult due to specimen deflection
as well as the uncertainty of the VNA. Conversely, the
uncertainties in the transmission coefficients are not as
significant and show consistency across different samples.
Thus, when estimating the permittivity, it is advisable to rely
on the average of the transmission coefficients (S21), which
exhibit relatively lower uncertainty.

III. PERMITTIVITY ESTIMATION METHOD
The principle of the permittivity estimation technique used
in this study involves expressing the expected theoretical
values as a function of the permittivity and finding the
permittivity that minimizes the difference between these the-
oretical values and the actual measurements. An optimization
technique is utilized to quickly identify the point of minimum
difference.

A. THEORETICAL VALUE CALCULATION
To use the optimization technique, the expected theoretical
values must first be expressed as a function of the complex
relative permittivity (εr ). Theoretically, as shown in Fig. 4, the
estimated theoretical value Sest21 when a plane wave is incident
at a specific angle to the homogeneous film is given by Eq.
(4) [30]. This is expressed as a geometric series sum of the
transmission coefficients in region 2, the transmission area.

Sest21 (f , εr ) = T =
t01t12e−jβ1 cos θ1d1

1 − r10r12e−j2β1 cos θ1d1
(4)

FIGURE 4. Plane wave propagation through a homogeneous film. The red
text represents terms newly defined due to reflection and transmission,
while the blue text signifies geometric progression. Additionally, the
described equations represent the coefficients at the starting point of the
arrows.

where β1 = 2π f
√
εr/c (where f is frequency and c is the

speed of light), d1 represents the thickness of the sample, and
θ1 denotes the angle of transmission. Additionally, raband
tab represent the reflection and transmission waves at the
boundary between media a and b, and are summarized as

r01 = r21 = −r10 = −r12 =
cos θ0 −

√
εr cos θ1

cos θ0 +
√
εr cos θ1

(5)

t01 = t21 =
2 cos θ0

cos θ0 +
√
εr cos θ1

(6)

t10 = t12 =
2 cos θ1

cos θ0 +
√
εr cos θ1

(7)

where θ0 is the angle of incidence at region 0. The angle of
transmission θ1 in region 1 is calculated from Snell’s law by

θ1 = sin−1
(

1
√
εr

sin θ0

)
(8)

The angle of incidence and the thickness of the sample
indicated in Eq. (4) are determined before measurement.
Therefore, Eq. (4) is a function of frequency and the
permittivity, with other variables being constants.

B. OBJECTIVE FUNCTION DEFINITION
As discussed in the previous section, significant uncertainty
in reflection was observed. Therefore, the objective function
needed for the optimization operation utilizes the transmis-
sion coefficients. The designed objective function g(εr ) is as
follows:

g(εr ) = g(ε′r , ε
′′
r ) = |Sest21 (ε

′
r , ε

′′
r ) − Smea21 | (9)

Based on this designed objective function, the point where the
objective function isminimized at each frequency is searched.
The designed objective function performs the optimization
operation as a function of two variables, the real part (ε′r ) and
the imaginary part (ε′′r ) of the complex permittivity. The real
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FIGURE 5. This show that there can be more than two permittivity with
similar transmission coefficients at a single frequency (30 GHz).

FIGURE 6. Comparison of objective function performance demonstrates
that by adding a comparison over a frequency range R, it is possible to
reduce the number of local minima to one.

and imaginary parts of the complex permittivity are defined
as follows, and the loss tangent is denoted as the ratio of the
imaginary part to the real part.

εr = ε′r − jε′′r , tan δ =
ε′r

ε′′r

However, due to the periodicity of the exponential term
in Eq. (4) (ejφ = ej(φ±2π )

= ej(φ±4π)
= · · · ), the

objective function in Eq. (9) may show redundant results
for the estimated permittivity. This is illustrated in Fig. 5,
where the actual permittivity is assumed to be 3 − j0.1, and
the redundant permittivity value (2830.4 + j0.5) at 30 GHz
matches only within a very narrow range. Based on this
observation, an objective function h(f ,R, εr ) was formulated
by adding frequency (f ) for comparison of measurement
results over a frequency range (R) as follows. It sums up the
differences between measured and predicted values within
the range from f − R/2 to f + R/2:

h(f ,R, εr ) =

f+R/2∑
fi=f−R/2

|Sest21 (fi, ε
′
r , ε

′′
r ) − Smea21 (fi)| (10)

Fig. 6a shows the results when the objective function is
adopted as Eq. (9) at 30 GHz. When adopting the objective
function as Eq. (9), it can be observed that the permittivity has

FIGURE 7. Powell’s method in two-dimensional plane.

local minima at about 3 and 2830. These numerical defects
cause instability not only in thin samples but also in thick
samples, and can lead to unstable results when applying the
optimization function. In contrast, Fig. 6b shows the results
when adopting the objective function as Eq. (10). Here, the
value of Rwas set to 1 GHz, specifically comparing the range
of 29.5 to 30.5 GHz. It can be observed that, unlike Fig. 6a,
the local minimum exists only near 3. Thus, by comparing
the results at a specific frequency, the stability of permittivity
estimation during the optimization process can be ensured.

C. OPTIMIZATION METHOD
To solve the optimization problem, the value of the objective
functionmust beminimized. Powell’s conjugate method [31],
[32] was used to find the real and imaginary parts of the
permittivity at which the objective function is minimized.
This method is known to be able to stably find the optimal
value even when the function is of a complex form, as it does
not use the derivative of the function to find the minimum.
The principle of this technique in two dimensions is as
follows [32] and depicted in Fig. 7.

• Save your starting position as P0.
• Move P0 to the minimum point along direction û0 and
call this point P1. Here, P1 is the minimum value in the
direction of û0.

• Move P1 to the minimum point along direction û1 and
call this point P2. Here, P2 is the minimum value in the
direction of û1.

• Set u0 to u1
• Set u1 to P2 − P0
• MoveP2 to the minimum along direction û1 and call this
point P0.

This process is repeated until the difference between
P0 and P2 converges to a preset minimum threshold.
In Fig. 7, the first step is indicated in black, the second
step in red, the third step in green, and finally, the fourth
step in blue, illustrating the aforementioned method. The
optimization process involves finding a minimum in one
direction. When using the objective function in Eq. (9), the

VOLUME 12, 2024 116109



D. Yoon et al.: Estimation of Permittivity of Films Using the Free-Space Measurement Method

FIGURE 8. Photos of the measured samples (a) COP, (b) PET, (c) PI100,
(d) PI50, (e) PI25. Although labeled as PI 20µm in the figure, the actual
measured thickness is 25µm.

FIGURE 9. Complex permittivity estimation results (a) Permittivity
(b) Loss tangent.

desired output may not be achieved. Therefore, by adding
a term that compares different frequencies as in Eq. (10),
it was possible to partially overcome the divergence of the
optimization algorithm. We implemented the optimization
technique using the optimize library in Python’s SciPy [33],
with the minimum for convergence set to 1 × 10−6.

IV. PERMITTIVITY ESTIMATION RESULTS
A. PERMITTIVITY ESTIMATION SAMPLES
The permittivity of the samples, as shown in Fig. 8, was
estimated using the proposed method. These samples include
COP(Zeon ZF14), PET(SKC V7610), and PI(SKC IN70)
films. The thickness of the COP and PET films is 188µm,
while the PI films have thicknesses of 100µm, 50µm, and
25µm. Although labeled as PI 20µm in the Fig. 8, the actual
thickness was 25µm. To easily distinguish these samples,
they were named PI100, PI50, and PI25, respectively. The
thickness of the samples was measured using a Mitutoyo
thickness gauge (293-230-30), with a measurement error
of 1µm.

B. PERMITTIVITY ESTIMATION RESULTS
As shown in Fig. 3b, the permittivity was estimated based
on the average of several transmission measurements and
the proposed method. The results are presented in Fig. 9.
In Fig. 9, the average permittivity and loss tangent for COP

are (2.33, -2.16×10−4), for PET (3.28, 1.36×10−3), and
for PI100, PI50, and PI25, they are (3.20, 4.65×10−3),
(3.41, 5.54×10−3), and (3.14, 6.00×10−3), respectively. The
representative values are expressed as the average across
frequencies. COP and PET are shown to have negative values
in some sections. This can be attributed to uncertainty due
to measurement, which will be addressed in the following
section.

To verify the accuracy of the estimated permittivity values,
theoretical values were reconstructed based on the estimated
permittivity. For instance, the results for the samples are
shown in Fig. 10. When comparing the restored transmission
coefficients with the measurements, it is evident that the
fluctuations due to time-gating are somewhat mitigated due
to the objective function’s R (1GHz), reflecting the trend in
transmission rates. The reflection coefficients show a discrep-
ancy of about 0.2 dB for all samples. Despite estimating the
permittivity using transmission rates due to the inaccuracies
in measuring reflection coefficients, there is no significant
difference. This trend is consistent across all samples, thereby
validating the effectiveness of the proposed technique.

C. UNCERTAINTY OF PERMITTIVITY ESTIMATION
It has been identified that a total of four factors influence
our permittivity estimation system. These are the angle of
incidence of the sample, uncertainty in the magnitude and
phase of the VNA transmission coefficients, and thickness
estimation uncertainty. Among these factors, the magnitude
and phase of the VNA transmission coefficients were set
to values with a 95% confidence level, specifically twice
the values listed in Table 1. The error in the angle of
incidence and thickness estimation was set based on the
stage’s angular error (0.5 degrees) and the thickness gauge’s
measurement error (1µm), respectively. The permittivity
estimation uncertainty was analyzed using the root mean
square tolerance analysis [34] as

1X =

√
1X2

θ +1X2
|S21|

+1X2
ψ21

+1X2
t (11)

here, 1Xy is a partial differential with respect to y and is
calculated as

1Xy =
∂X
∂y
1y

where X represents ε′r and tan δ, θ is the angle of incidence
of the sample, |S21| is the magnitude of the transmission
coefficient, ψ21 is the phase of the transmission coefficient,
and t is the thickness of the sample. Each elements and its
sums are shown in Fig. 11.
Fig. 11a shows the permittivity estimation uncertainty for

COP. The uncertainty of COP loss tangent is larger than
the measured loss tangent in some frequency ranges. This
indicates that it can have negative value. All samples exhibit
a tendency for uncertainty to decrease as the frequency
increases. To clearly analyze the impact based on the type of
sample, the average uncertainty across the frequency band is
represented in bar graph form as shown in Fig. 11b and 11c.
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FIGURE 10. Reconstruction of S-parameters from the estimated
permittivity (a) COP (b) PET (c) PI100 (d) PI50 (e) PI25.

In Fig. 11b, the largest uncertainty factor in permittivity
estimation is the phase of the transmission coefficient.
In Fig. 11c, the magnitude of the transmission coefficient
is the most significant factor affecting the uncertainty of
the loss tangent estimation. Additionally, the uncertainty
tends to increase for thinner films. This is because the

FIGURE 11. Permittivity estimation uncertainty for films (a) Uncertainty of
COP film at Ka-band, (b) Average relative permittivity uncertainty,
(c) Average loss tangent estimation uncertainty.

magnitude of the transmission coefficient decreases for
thinner films, while the uncertainty of the transmission
coefficient, as shown in Table 1, remains constant regardless
of the sample. These results highlight the importance of
measurement procedure that can minimize the uncertainty of
the transmission coefficient.

D. DISCUSSION
We compared our measurement results with those of other
studies, as shown in Table 2. In the study using a balanced
circular-disk resonator for broadband complex permittivity
measurements of COP (thickness is 200µm) [9], the per-
mittivity and loss tangent were (2.325, 6.3×10−4), with an
uncertainty of (5.1e-3, 9.7×10−5). This study measured the
permittivity using the characteristic that the TM0m0 mode
is selectively excited in a circular resonator, requiring a
circularly processed film. As the results show, it provides
very precise outcomes for measuring low-loss materials
in film type. However, this technique requires the sample
to be processed into various sizes of circular shapes and
necessitates circular-shaped conductor films. This could lead
to measurement errors if the machining is not precise.
Althoughmeasurements can bemade across awide frequency
range, there is a limitation on the number of measurable
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TABLE 2. Comparison of measurement results with other studies.

frequency points. If measurements at specific frequencies are
needed, techniques such as interpolation would have to be
employed.

On the other hand, the study from [35] measured the
permittivity of PET (thickness is 107µm) and PI (thickness is
50µm) films using the free-space measurement method. This
study presented results analyzing the change in permittivity
of films with temperature. However, it lacks analysis on
precision and uncertainty, which is a limitation.

Our proposed method measured the permittivity using
the free-space measurement method and conducted mea-
surements with a procedure capable of high precision.
Additionally, the proposed configuration can be implemented
cost-effectively using scikit-rf [25], an open source library.
The proposed technique can also be applied to measure
the permittivity of materials with some thickness (such
as wood, plastic, concrete, etc.), not just films [36].
Furthermore, precisely machined samples are not required
in the measurement process. Therefore, the impact on the
uncertainty of measurements is minimized. To do this, one
can try a method that does not apply time gating [17]
or apply VNA error terms calibration method such as
Thru-Reflect-Line [18] and Gated-Reflect-Line [13], [20].
Moreover, measurements are conducted at finely spaced
intervals of 10 MHz within the Ka-band, which effectively
eliminates the need for interpolation methods and facilitates
more accurate estimations of permittivity. However, there
are some limitations in evaluating low-loss materials due to
the uncertainty of the transmission coefficient. Therefore,
measurement methods that can developed the impact of
the uncertainty of the transmission coefficient should be
proposed. Moreover, since films have different permittivity at
various temperatures [35], studies on the material properties
of media under conditions of temperature change should also
be conducted.

V. CONCLUSION
Throughout this study, the process of estimating the permit-
tivity of films in the Ka band using free-space measurement
was investigated, and the measurement uncertainty was
examined. Implementation costs were reduced by utilizing
open-source software for system calibration. The accuracy
and reliability of the optimization algorithm were improved
by deriving a unique solution using a frequency-dependent
objective function. The permittivity and loss tangent of
thin and flexible substrates such as COP, PET, and PI
films were estimated, and the influence of factors affecting
the results was analyzed through measurement uncertainty
analysis. Additionally, the study results were verified by
reconstructing the measurements and comparing them with
other studies. The proposed technique could provide a
method for determining the permittivity of not only thin
media but also flexible printed circuit boards used in circuits
and antennas.
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