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ABSTRACT: To achieve the accurate characterization of a dielectric sample, an improved approach to the cylindrical cavity perturbation
technique is proposed, with a particular emphasis on the depolarization factor. The problem arises from the depolarized field within the
sample when its height is smaller than that of the cavity, and it depends on the sample’s geometry and the orientation of the applied field
lines. Two models are examined: the proposed model, based on the resolution of Maxwell’s equations, and the ellipsoidal model refined
through image theory. The objective is to enhance the accuracy of complex permittivity extraction for lossy dielectric materials. Standard
low-loss and high-loss materials (Al,O3, Teflon, and SiC) with various shapes (rod, needle, disk, and sphere) are analyzed using HFSS
simulations and MATLAB computations. The maximum sample volume is also evaluated for different geometries and material types
to ensure accurate permittivity estimation. Low-loss materials generally allow a larger sample volume than high-loss ones, and provide
more consistent results for permittivity extraction. Experimental measurements were further performed on disk-shaped polyamide and
ceramic samples, demonstrating that the proposed approach provides improved permittivity estimation, particularly for high-loss and

disk-shaped dielectric materials.

1. INTRODUCTION

or a considerable amount of research in microwave and ra-

dio frequency (RF) engineering, the accurate knowledge of
the physical properties of innovative materials is a paramount
issue, due to their potential use in various applications, such
as filters, antennas, and extremely sensitive RF-circuits [1, 2],
with the aim of improving performance. A variety of methods
have been applied to the estimation of the permittivity and per-
meability of materials [3,4]. One of the most popular, reliable,
and simple methods for measuring these properties is the Cavity
Perturbation Technique (CPT). This technique serves to charac-
terize homogeneous and isotropic magneto-dielectric materials
at microwave frequencies [5]. Mainly, the formulas expressing
the electromagnetic perturbation in a resonant cavity are de-
duced from Maxwell’s equations and are based on the measure-
ment of the variation of the resonant frequency and the quality
factor () in the case of a cavity, empty and then loaded by a
sample of material [6]. The conventional CPT has a number of
limitations that make it susceptible to characterization errors.
As such, the sample must be sufficiently small and of a spe-
cific shape (rod or bar), and it is usually required that the sam-
ple should have the same height as the cavity. Furthermore, it
must be placed in a position where the electric field or magnetic
field is maximal, depending on whether the complex permittiv-
ity or complex permeability is sought [6]. Since certain materi-
als are fragile in nature, difficult to fabricate, particularly in thin
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forms or very costly, it is necessary to enhance the conventional
CPT to facilitate its application. In this context, a number of re-
search works are available in the literature, and most of them
have been devoted to the development and optimization of CPT
using rectangular resonant cavities [1, 6, 7]. Some studies have
employed cylindrical cavities, which not only allow for larger
effective volumes but also exhibit higher quality factors than
rectangular ones, in addition to simpler fabrication. These dis-
tinctive features make cylindrical cavities particularly suitable
for the objectives of this work [2]. Improving the performance
of the perturbation technique using a cylindrical cavity could
enable a more accurate estimation of the complex permittiv-
ity of the samples and reduce limitations of the conventional
CPT. The accuracy of the calculation to determine the complex
permittivity of a given material is dependent on certain critical
parameters. It depends significantly on the maximum volume
of the material under test (MUT). This volume must be defined
to ensure a small resonant frequency shift (%‘" <1073) [8-11].
Therefore, to check the validity of the CPT, it is first necessary
to estimate this maximum volume. A second important param-
eter influencing measurement accuracy is the field polarizing
the sample inside the cavity. Successful studies have examined
this aspect through the effect of the sample’s depolarization fac-
tor. When the sample is positioned in the maximum field region
of the cavity, a partially polarized field is induced, whose mag-
nitude depends on the sample’s dimensions [6]. In other words,
the applied field separates the bound charges of the MUT, and
this separation generates polarization [6, 10]. The assumption
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FIGURE 1. Sample polarization with applied electric field in a cylin-
drical cavity.

also considers the theory of images, where the charges induced
on the conducting walls of the cavity produce a series of images
of the depolarization field, thereby giving rise to an effective
depolarization field [10].

This paper presents an improved CPT approach with modi-
fied mathematical formulations, in which the depolarization ef-
fect is rigorously analyzed for a dielectric sample placed at the
center of a cylindrical cavity, with the sample height smaller
than that of the cavity. The depolarizing factor is evaluated us-
ing a numerical model derived from the resolution of Maxwell’s
equations and the widely adopted ellipsoidal model enhanced
by image theory [10]. The obtained results are compared with
those derived from the solution of Laplace’s equation [12].

2. THEORETICAL ANALYSIS BY CONVENTIONAL CPT

When a small sample is inserted into a resonant cavity, it causes
arelative shift in the complex resonance frequency (dw/w) giv-
ing by [10]:

dw . (er=1)e0 Jy, BB dot(ui—1) poJy, H-H dv
w S (Do E§ + Bo - H5 ) dv

(M
where dw = wg — wy is the variation in the complex reso-

nance frequency recorded for the uncharged cavity wo and then
charged by the sample ws. E and H are the electric and mag-
netic fields in the sample; likewise, DO, Eo, Bo, and HO are
the fields in the cavity without a sample. As such, V. and
V, are the volumes of the cavity and the sample, respectively.
The term € = ¢} — jel/ is the complex relative permittivity,
and pf = pl. — ju! is the complex relative permeability of
the sample. ¢y and p are the permittivity and permeability of
free space, respectively. According to the microwave engineer-
ing literature [5, 13], when the inserted sample is nonmagnetic
(1r =1 —40) oris placed at a position where the electric field
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is maximal, the terms with the magnetic field in Equation (1)
vanish. Consequently, the permittivity can be calculated using
Equation (2).

(sj—l)/ E)-E’S‘dv
=- - 0

o2
w 2/ ‘Eo‘ dv
Ve

(dw/w) can be separated into two parts: real, which is the shift
in the resonance frequency, and imaginary, which is the change
in the quality factor of the cavity:

+ ( 1 1 )

w fo Qs Qo
where f is the resonance frequency of the cavity with the sam-
ple and fj the resonance frequency without the sample. Qg

and @ are the quality factors of the cavity with and without
the sample, respectively.
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3. PARAMETERS IMPROVING CAVITY PERTURBA-
TION TECHNIQUE

3.1. Depolarization Effect in a Dielectric Sample

The conventional CPT becomes inaccurate when the sample
under test has a height smaller than that of the cavity. In this
case, the boundary conditions of the sample get changed, and
the sample will be partially polarized by the applied electric
field EO from the resonant cavity [7, 14]. A new electric field
is derived, which is the depolarization field E;s (as shown in
Figure 1). Hence, the total field E_; is the sum of the ideal field
from the cavity and the depolarizing one, as reported in previ-
ous articles [6, 10]. This approach improves the conventional
CPT and adds accuracy in calculating the properties of dielec-
tric materials.

Taking into account the polarization effect, E, inside the
sample is written as:

E, = Ey — Eg, )
with
- NP
Eqs = 0 N(E - 1) E (5)
€o
P, is the polarization.
Consequently,
< E

- (©)

By=— 2
1+ N(ef 1)

N is the depolarizing factor. It is affected by the geometry and
orientation (axial ratio) of the sample with respect to the applied
electric field [15, 16]. The formula of N will change due to the
change in the symmetries and the edges of different shapes.

In the first approximation, the depolarization factor used is
that derived from the ellipsoidal model [15]. For a general el-
lipsoid with axial dimensions x1,y; (i.e., x1 = y1) and z; (in
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the rotation axis), the depolarization factor in the i-th axial di-
rection is given by:

Ni— /°° T1Yy121 du
0o 2(u+i?)/(u+af)(u+y?)(u+ 27)
i=wx1, w1, 2 (Field direction) (7
where
N¥ + N¥ 4 N =1

3.2. Application of Image Theory and Consideration of Image
Dipoles

In fact, the walls of the cylindrical cavity are considered per-
fect electric conductors (PECs), which creates a series of im-
ages of the depolarizing field [10]. Figure 2 shows the image
positions of electric dipoles when an electric field is applied in
the z-direction; this case is in accordance with an excitation by
a TMyp19 mode. Four polarization vectors Pl, PQ, P3, P4 are
illustrated, where the direction of any vector is from the neg-
ative to the positive charges. This leads to an inversion in the
direction of every two successive vectors [6, 7, 10].

The original value of the net dipole is (PyVp) where (V}) is
the volume of the sample; therefore, the nth dipole has a magni-
tude of polarization equal to (P, V,,), where (V},) is the volume
of the nth image, as reported in previous research [6, 10]. These
vectors can be expressed in function of the original polarization
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FIGURE 2. Tmage dipoles for an electric field.
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as follows:

®)

- - h - - h

3 0<4H—h>’ 4 O(4H+h)’
Aj is the area of the cross-section of the sample in the z direc-
tion, and h and H are the heights of sample and cavity, respec-

tively. Taking image theory into consideration, the depolariza-
tion field is written:

)

- N X -
EdszgnzzoPn

From Equation (9), an effective depolarizing factor N, is de-
rived in the electric field, and E44 can be expressed by:

- N, -
Ejs = —F (10)
€0
where
Nwh wh
= o (2H) (b

3.3. Numerical Investigation of the Depolarization Factor

The analytical development of the depolarization factor for an
ellipsoidal sample was described by Landau and Lifshitz [18],
and can also be found in [15] for the case of linear polarization
in electrostatic or magnetostatic fields. While several studies
have investigated the effective permittivity or permeability of
other system geometries using analytical solutions of the elec-
tric or magnetic potential, they do not provide explicit analyt-
ical expressions for the depolarization factor. These expres-
sions are independent of sample susceptibility and widely used
in cylinder or disk-shaped samples. Numerical models have
been developed by Venermo and Sihvola in [17] and Chen et
al. in [12] to establish corrective functions of a cylinder sample
with respect to the ellipsoids as a function of both susceptibility
x and the length to diameter ratio 7. For this, the Laplace equa-
tion in magnetostatics [12] or electrostatics [ 19] has been solved
by numerical methods. In the case of a cylinder, both studies
show the deviation of the depolarization factor with respect to
the ellipsoid approximation, especially for long cylindrical rods
with a high susceptibility where significant differences are ob-
served. In this work, we consider a thorough study of the de-
polarization effect when a sample is placed inside a cylindrical
resonant cavity. The solution of perturbed TMg,,, resonance is
governed by the following equation:

105 (52)
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= kf// |Hy|? dv

with k,. the propagation constant at resonant frequency.

A finite element method is developed to solve Equation (12).
The numerical result for the spatial distribution of Hy (r, z) then
E.(r,z) is used to deduce the frequency dependent depolar-
ization factor, referred to here as Nyp. To the best of our
knowledge, this is the first time that the study of the depolar-
ization factor has been carried out using a rigorous resolution
of Maxwell’s equations in a resonant cavity.

(12)

4. MODIFIED FORMULATION FOR THE ESTIMATION
OF ELECTRIC PARAMETERS

For exciting a cylindrical cavity of radius R and height H,
TMg19 mode is the most appropriate. This mode represents a
maximum electric field EO in the center of the cavity, vertical
according to its height (z-axis). Its components, according to
the coordinates (r, ¢, z), are written as:

EO’I' = 07
E0¢ =0,
Eo. = Eomax Jo(kCT')

(13)

where .J is the Bessel function of the first kind and zero order,
and k. is the cutoff wave vector k., = ””—1%1, with xg; the first
root of Jy.

Taking into account the effect of field depolarization, image
theory, and the numerical investigation proposed in this work
for estimating the depolarizing factor, Equation (2) can be re-
formuled as:

ow er—1
— = T Ge 14
w 1+Nm0d(€;’f—1) (14
with
412
/ Eo dv
1Jy,
/ EO dv
Ve

This allows writing the expressions for permittivity as follows:

*

c

€ = ON.y T G, +1 (16)
where C'(= %“) is the relative shift in the complex resonance
frequency given in Equation (3), and Npoq is the modified de-
polarizing factor identified as N, the (effective depolarizing
factor based on the spheroidal model), or Ny, (the proposed
depolarizing factor). These formulas allow a more accurate es-
timation of the permittivity of dielectric materials. They are
solved numerically using Matlab.
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5. MAXIMUM VOLUME RATIO OF SAMPLE TO CAV-
ITY

The knowledge of the maximum volume of the MUT is impor-
tant for accurately assessing the complex properties of materi-
als using CPT. In this paper, the maximum sample volume is
optimized based on a formulation deduced from Equation (14)
for dielectric materials, and by equalizing it to Equation (3) to
separate the real and imaginary parts. Different sample shapes
were considered (rod (h = H), needle, disk, and sphere). To
accurately calculate the permittivity and determine whether the
MUT introduces a significant volume effect, an allowable fre-
quency shift range % < 1073 is considered according to
experiment work of [8]. It should be noted that the lower limit
of the measurable frequency shift is practically constrained by
the cavity quality factor. The parameter %; serves as a practical
detectability criterion, since it defines the frequency resolution
of the resonator system. For a cylindrical cavity, with radius R
and height H, operating in the TM(1¢ mode, and for a sample
placed in its center, by equalizing the real parts of Equations (3)
and (14), the frequency shift range is obtained as follows:

fO _fs
Jo

1V A Nimod (5;2 + 572) + E/r (1 - 2]\/vmod) + Niod — 1
2Ve (1 + Ninod€’r — Nmod)® + (Nmoge”!)?.

< 1073 (17)

where, for a cylindrical shape of the sample, A is given by:

= JE(kea) + JE(kea)
J? (wo1)

(18)

Jy is the Bessel function of the first kind and first order, and a
is the radius of the cylindrical sample.

Therefore, the ratio of the maximum sample volume to the
volume of the cavity is given by:

Vs
‘/YC max

_ (1+ Nowaet = Nowo)” + Vowal)® 1o
5004 [Nmod (5;2 +€;n/2) +5;« (]- _QNmod)+Nmod_ 1]

Three shapes of the dielectric sample are discussed: rod, sphere,
and thin disk.

Figure 3 shows the variation of the volume ratio (%‘)maX as
function of the permittivity for different shapes. In the case of
arod with h = H, (%)maX depends only on the relative di-
electric constant £/, and the ratio decreases as ¢/, increases (see
Figure 3(a)). For the values of ¢/, less than 1.7, (%)maX decays
rapidly while its variation becomes slower for hiéher increas-
ing values. In the case of a thin disk, the maximum volume
ratio depends on both the relative dielectric constant and the
loss factor. Figure 3(b) shows that this ratio decreases rapidly

in the intervals of 1 to 2.5 for €. and 1 to 1.5 for €/. A much
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FIGURE 3. (%)max as a function of the permittivity for (a) rod, (b) disk, (c) sphere.

TABLE 1. Comparison between maximum volume ratios, (Vs/V:)max, of sample to circular cavity and sample to rectangular cavity for dielectric
materials, using CPT with the ellipsoid model of the depolarizing factor (V).

: .
I cylindrical cavity
I rectangular cavity

:Jlnllu

Bar Needle Sphere Thick disk

vs/vs max
-
T

w
T

Thin disk

FIGURE 4. Maximum volume ratios of Al;O3 sample in circular and
rectangular cavities, with different geometries.

slower decrease is observed in the higher intervals; for exam-
ple, when ¢/, = 10 and £/ = 10, the volume ratio tends to-
wards 0.00057062. Regarding the graph in Figure 3(c), which
is related to the sphere case, there is a very rapid decrease in
(%)max with the increase of ¢/ and ¢!/ for values of the two
parameters, ranging from 1 to 1.4. The decreasing pace of the
curve becomes slower for larger values. Table 1 shows the sim-
ulation results for 2 types of dielectric materials: a low-loss
material, ALO; (¢} = 8.90 — 0.004% with tan$ = 0.000449)
at 2.45 GHz [20], and a high-loss material, SiC (¢ = 26.66—
27.99i with tand = 1.05) at 2.45 GHz [21]. The simulation re-
sults are obtained using the CPT with the ellipsoidal model of
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Materials
Shape of Al O3 SiC

the sample o/R | h/2a | Cylindrical cavity Recte.lngular .Rate of Cylin(.irical Rect'fmgular .Rate of

cavity [6] increase cavity cavity [6] increase

Rod 0.009 | 500 | 6.82445 x 107° | 6.32961 x 107° | +7.82% | 2.10079 x 107° | 1.94846 x 107° | +7.82%

Needle 0.009 | 30 | 6.95572 x 107° | 6.45136 x 1075 | +7.82% | 2.09481 x 107° | 1.94292 x 107° | +7.82%

Sphere 0.07 1 2.49669 x 107* | 2.29958 x 107* | +8.57% | 1.91196 x 107* | 1.76101 x 10™* | +8.57%

Thick disk | 0.15 | 02 | 4.87290 x 1074 | 4.37542 x 1074 | +11.37% | 4.26987 x 10~ | 3.83396 x 10~* | +11.37%

Thindisk | 0.15 | 0.01 | 6.18545 x 107* | 5.55398 x 1074 | +11.37% | 5.58177 x 10~* | 5.01193 x 10~% | +11.37%
10 the depolarizing factor (/N factor). The rate of increase in the

volume ratio is then evaluated by comparing these results with
those from a previous study involving a rectangular perturbed
resonant cavity [6].

As reported in Table 1 and Figure 4, the maximum volume
ratio is greater for the circular cavity, regardless of the dielectric
material or its geometry. The rate of increase follows the ratio
# for both types of dielectrics. This improvement in volume ra-
tio offers more flexibility in choosing the sample size. For low-
loss materials, with a low dielectric constant, such as Teflon
(e£=2.1-j0.001), the sample volume is even larger across all the
studied geometries [11]. Moreover, considering the increased
rate of the ratio (%)max, the order of the geometries for a given
material is: thin disk > thick disk > sphere > needle > rod.

6. NUMERICAL ESTIMATION OF COMPLEX PERMIT-
TIVITY USING FULL-WAVE ELECTROMAGNETIC SIM-
ULATION

The modified cavity perturbation technique (CPT), employ-
ing the two depolarizing factor models (N, and N,,..;,) devel-
oped in Section 4, is applied to extract the complex permittiv-
ity of samples with various geometries (rod or needle, disk, and
sphere) and dimensions. The samples are loaded into a cylin-
drical cavity (R = 46.75mm, H = 33.9mm), operating in
the TMg19 mode at 2.451470 GHz. Electromagnetic simula-
tions were performed using ANSYS HFSS and COMSOL Mul-
tiphysics, both based on the finite element method (FEM) to
solve Maxwell’s equations in the frequency domain. Table 2
presents the extracted complex permittivity values for Teflon,
alumina (Al,03), and silicon carbide (SiC) obtained using the
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TABLE 2. Permittivity of teflon, A,O3 and SiC obtained by the modified CPT based on the spheroidal model.

Sample sample Classical Relative error Modified Relative
shape sizes h/2a % CPT, Real | Imaginary CPT, Real erI:::ginary
(mm) using N [15] using N,
part part part part
Teflon
Needle [a=0.9;h=18| 10 |3.8543%107*| 2.0795 — 0.00098: | 0.98% | 2.34% |2.0737 — 0.00097i | 1.25% | 3.37%
Sphere | a=35h=7 1 1.1514 % 1073 | 2.0795 — 0.3462i | 0.98% | 34518.64% | 2.0673 — 0.3375i | 1.56% | 33654.73%
Disk a=T,h=25]0.178 | 1.8685 « 1073 | 2.2238 — 0.0012i | 5.89% | 25.34% | 2.2186 — 0.0012i |5.65% | 24.28%
AL O3
Rod a = 0.42075; 40.285(1.1922 x 107 | 8.9343 — 0.00414 | 0.39% 1.20% 8.9343 — 0.00417 {0.39% | 1.20%
(h=H) h =33.9
Needle %= 0.8; h =29|18.125|3.3801 * 1073 | 8.7214 — 0.0039: | 2.01% | 2.13% 8.4088 — 0.0036¢ |5.52% | 9.89%
a=0.7;h=15| 10.71 |1.2248 1073 | 8.5771 — 0.0038i | 3.63% | 4.83% 8.4067 — 0.0036¢ |5.54% | 9.06%
SiC
Needle |a=0.09;h=7| 38.89 [3.5039 x 10~° | 25.7597 — 25.3382i | 3.38% | 9.47% | 25.7618 — 25.24i [3.37%| 9.83%

FIGURE 5. Photograph of the cavity used for the experimental measurements.

CPT based on the ellipsoidal depolarization factor, considering
both the classical N and modified (/N.) models. The results
show that including the image effect in the modified CPT does
not significantly improve the calculation accuracy or reduce the
relative error. It is also observed that the accuracy decreases as
the height-to-diameter ratio (%) decreases. The error becomes
more pronounced for disk-shaped samples, even for low-loss
dielectrics. For high-loss materials such as SiC, satisfactory re-
sults are obtained for a needle-shaped sample (% > 1). Incon-
trast, the spherical sample exhibits less accurate estimation of
dielectric losses. The permittivity values of the tested materials
were also estimated using the CPT based on the proposed depo-
larization factor model, in comparison with Chen’s model [12].
The results, summarized in Table 3, indicate that both models
provide comparable estimations for low-loss dielectrics, with
a noticeable reduction in the overall error compared with the
modified ellipsoidal model. Moreover, the accuracy in evalu-
ating dielectric losses is significantly improved, particularly for
the Teflon disk. Conversely, Chen’s model appears inadequate
for SiC, which exhibits high dielectric losses. It is worth noting
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that the accuracy of the results is constrained by the maximum
frequency shift, which must remain on the order of 1072 to al-
low for precise permittivity determination.

7. EXPERIMENTAL TECHNIQUE AND MEASUREMENT
RESULTS

7.1. Experimental Technique

The experimental setup consists of an aluminum cylindrical
cavity, fabricated at the LAPLACE laboratory and connected
to a network analyzer (ANRITSU 37369C) (Figure 5). With a
height of 33.9 mm and a diameter of 93.5 mm, the cavity oper-
ates in the fundamental TMy( resonance mode, corresponding
to an empty-cavity resonance frequency of 2.45432 GHz. The
resonance frequency and quality factor were determined using
the reflection-transmission method. For practical implemen-
tation, only the transmission coefficient (.S21) was considered,
since the intrinsic quality factor of the cavity can be directly
derived from the S5; measurement, in contrast to the use of the
reflection parameter (S11) [23].

Www.jpier.org
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TABLE 3. Permittivity of Teflon, Al,O3; and SiC obtained by the modified CPT using the proposed model and the spheroidal model, in comparison

with the CHEN model.
Relati Relati Relati
Sample | sample Modified clative CPT using cative CPT cative
shape sizes h/2a % CPT, Real e;‘ror - Chen Real e;ror - with Real ervror -
(mm) using N, eal |Imaginary model [12] eal |Imaginary Nyrop eal |imaginary
part part part part part part
Teflon
Needle ah=_01.z; 10 [3.8543 % 10™*|2.0737 — 0.00097i(1.25%| 3.37% |2.0869 — 0.00099i |0.62%| 1.00% | 2.0925 — 0.0010i [0.357%| 0.00%
Disk ::27;5 0.178 |1.8685 + 10| 2.2186 — 0.0012i |5.65%| 24.28% | 2.1018 — 0.00107 [0.09%| 2.00% | 2.0784 —0.00097i | 1.03% | 3.00%
ALO;
=0.8; .
Needle a} 29’ 18.125(3.3801  10~3| 8.4088 — 0.0036i [5.52%| 9.89% | 8.5053 — 0.0037i |4.43%| 7.52% | 8.5861 — 0.0038i |3.53% | 5.00%
L =
ah:_(]l.;; 10.71 [1.2247 % 1073| 8.4067 — 0.00367 |5.54%| 9.07% | 8.7049 — 0.0039i [2.19%| 1.60% | 8.9628 — 0.0042i |0.71% | 5.00%
SiC
= 0.09;
Needle | —7 >138.89 [3.5039 * 107°| 25.7618 — 25.247 |3.37%| 9.83% |—4.6402 — 0.6508i 25.4205 — 28.8905¢| 4.65% | 3.22%

TABLE 4. Permittivity of a polyamide sample derived from experimental data (average ¢, ~ 2.8 at 2.45 GHz; cavity dimensions: R = 46.75 mm,

H = 33.9mm).
CPT usi
Disk sizes fo—fs Modified CPT | Relative CPT using Relative using Relative
Sample h/2a Jo=ts . proposed
(mm) fo using Ne error Chen [12] error error
model Npyrop
Disk 1
Polyamide| (¢ = 6.3, |0.548|6.9396 x 1073(3.0883 — 0.0746i| 10.30% [2.8080 — 0.0559i| 0.29% |2.8206 — 0.0567i| 0.74%
h =6.9)

7.2. Measurement of Polyamide Cylindrical Sample

Curtis [24] investigated the dielectric properties of polyamide
disks over a temperature range from 100°C to 175°C and for
frequencies spanning 50 Hz to 10 MHz. The relative permittiv-
ity values obtained at 23°C are illustrated in Figure 6, show-
ing that the relative permittivity decreases with increasing fre-
quency. At 10 MHz, the complex permittivity of the dielectric
ise’ = 3.009—0.0629¢. The measurement of a polyamide disk
with a diameter of 12.6 £ 0.1 mm and a height of 6.9 = 0.1 mm
was made at 23°C in LAPLACE laboratory using our experi-
ment setup. The extracted permittivity results are summarized
in Table 4, where a comparison among different depolarizing
factor models is presented. A dielectric constant value of 2.8
was obtained at 2.45 GHz using both Chen’s model and the pro-
posed model, corresponding to a relative error below 1%. This
result is in good agreement with the reference value of approx-
imately 2.8 reported for this polymer around 1 GHz.

7.3. Measurement of Ceramic Disks

Two disk-shaped dielectric samples were measured. They had
diameters of 10mm =+ 0.025 mm, with heights of 2mm +
0.01 mm and 4 mm + 0.01 mm, respectively. These specimens
are part of a batch of high-loss ceramics that had previously
been investigated using several alternative techniques [19].
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Based on inverse modeling through measurement-HFSS sim-
ulation comparison, the relative permittivity at 25°C was de-
termined to be 14.0 #= 0.490, with a corresponding loss tangent
0f 0.18 +-0.024. Figure 7 compares the measured transmission
coefficient as a function of frequency, both in the absence of a
sample and with either disk 1 or disk 2 placed at the center of
the cavity. The resonance frequency shift is more pronounced
for disk 2 than for disk 1, indicating a stronger perturbation due
to the doubled sample volume. We also investigated the influ-
ence of sample positioning accuracy within the cavity on the
measurement results and, consequently, on the extracted com-
plex permittivities. This issue was discussed in [22]. Figure 8
illustrates the case of non-centred sample, for which the expan-
sion of the numerator in Equation (15) becomes dependent on a
coordinate transformation (r’, ¢’, ), expressed in terms of the
cylindrical coordinates (7, ¢, z) such that:

! — arct _—rsing 20
10} arcan(Drcosd) (20)
oo 7 sin ¢ | 1)

sin (arctan (%) )

Measurements were performed with the two samples posi-
tioned at distances D of 5mm and 10 mm from the center of
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FIGURE 6. Relative permittivity of polyamide at 23°C as a function of frequency according to Curtis [24], and at 2.45 GHz according to the present

work.

TABLE 5. Permittivity of a ceramic sample derived from experimental data at three positions from the center of cavity (average e;. ~ 14 — 2.524;

cavity dimensions: R = 46.75 mm, H = 33.9 mm).

1 PT usi
Sa.m ple .. fo—f Modified CPT, Relative CPT using Relative CPT using Relative
sizes |h/2a Position fo-ts . proposed model
fo using Ne error Chen model [12] error error
(mm) Norop
Disk 1 1 (D =0mm) [0.0016| 1.8951 —12.9877: | 86.46% 6.9516 — 3.8507% 50.35% | 5.7285 — 2.0288¢ | 59.08%
(@a=5,] 02 | 2(D=5mm) |0.0017 | —13.2368 — 3.8209¢ 19.4742 — 6.81947 | 39.10% | 9.8782 — 1.4304% | 29.44%
h=2) 3(D =10mm)|0.0017 | —7.9232 — 3.3595¢ 10.4323 — 23.2307¢ | 25.48% | 11.5184 — 5.0693: | 17.73%
Disk 2 1 (D =0mm) [0.0052| —7.6478 — 1.63261 —15.2406 — 41.0061% 20.6761 — 10.47344| 47.69%
(@a=5,] 04 | 2(D=>5mm) [0.0052| —6.3573 — 2.3732¢ —9.0530 — 20.1716¢ 12.9114 — 16.5703¢ | 7.77%
h =4) 3(D =10mm)|0.0047| —6.3785 — 1.9111¢ —13.4155 — 20.01743 15.5632 — 19.40377| 11.17%
i —a—empty cavity lipsoidal model. It is also observed that Chen’s model yields
A0 | | samplet good results for disk-shaped, medium-loss materials (such as
=—p—sample2 . . . . .
polyamide) but becomes unsuitable for high-loss dielectrics
= 57 (such as SiC), whereas the proposed model maintains good ac-
AP curacy for both material types.
a Table 5 reports the estimated permittivity values of the high-
257 loss ceramic (loss tangent ~ 0.18) in Disk 1 and Disk 2 config-
30l urations, evaluated at the positions indicated above. The mod-
ified CPT employing the ellipsoidal model does not provide an
-35 . . . J . . e . ]
5 02 243 244 05 246 accurate estlma.tlon of the complex pe@1tt1v1ty, whlle the pro
Frequency (GHz) posed model yields a better approximation, especially for the

FIGURE 7. S2: parameters of the cavity loaded with a centered sample
(position 1 at 0 mm) compared with those of the empty cavity.

the cavity. The results are presented in Figure 9 and Figure 10.
The change in sample position affects the cavity resonance fre-
quency more significantly in the case of disk 2.

As shown previously, the CPT based on the proposed depo-
larization factor model or Chen’s model achieves satisfactory
results for disk-shaped, low-loss materials compared to the el-
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thin disk.

Furthermore, the proposed model produces results that are
significantly better than those of Chen’s model, particularly
when estimating the loss factor of a thin disk in a non-centered
position. The results obtained using Chen’s model become er-
roneous when the disk thickness is doubled. It is also observed
that increasing the displacement of the sample from the cavity
center leads to a significant rise in dielectric losses, particularly
when the thickness increases.
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(b)

Position 2

FIGURE 8. (a) Dielectric sample positions within the cavity. (b) Cylindrical coordinate transformation.
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FIGURE 9. S21 parameters of the cavity loaded with Disk 1 at different positions.

(@) 57 (b) 51
—ili—empty cavity —l—empty cavity
0} —A— sample1 10 || sample1
—p—sample2 —p—sample2
-15 1 -15 1
3 3
= -20 = -20
IV o
(/2] (/7]
25 -25
-30 -30
-35 * * * ! -35 * * * !
2.42 2.43 2.44 2.45 2.46 2.42 2.43 2.44 2.45 2.46

Frequency (Ghz)

Frequency (Ghz)

FIGURE 10. S parameters of the cavity loaded with a non-centered sample, (a) position 2 at 5 mm, (b) position 3 at 10 mm.

Overall, although the modified CPT based on the ellipsoidal
or Chen’s models fails to achieve accurate results for lossy,
disk-shaped samples, the proposed model demonstrates notably
higher accuracy in the evaluation of complex permittivity.

8. CONCLUSION

To overcome the limitations of the conventional cavity pertur-
bation technique (CPT) and improve its accuracy in estimat-
ing the permittivity of lossy dielectrics, a more accurate ac-
count of the depolarization factor has been proposed. The fo-
cus was placed on a proposed numerical model derived from
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the solution of Maxwell’s equations, in conjunction with the
modified ellipsoidal model. The maximum sample volume was
evaluated to ensure an accurate measurement of the complex
permittivity. This volume depends strongly on both the sam-
ple geometry and its dielectric nature (low-loss or high-loss
material). Low-loss materials present the largest sample vol-
umes. The results were compared with those obtained using
the CPT in a rectangular cavity, showing an increase in the ra-
tio of maximum sample volume to cavity volume, with the in-
crease exceeding 7.8%. For permittivity extraction, a compar-
ison was performed between the proposed depolarization fac-
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tor model and Chen’s model. It was observed that both models
yielded satisfactory results for low-loss and medium-loss mate-
rials in needle or disk geometries, whereas the ellipsoidal model
showed lower accuracy. Furthermore, the proposed model ex-
hibits superior robustness and precision in estimating the per-
mittivity of high-loss, disk-shaped samples, whether thin or
thick, compared to the ellipsoidal and Chen’s models. The pro-
posed approach can be considered reliable for accurate dielec-
tric characterization using the cavity perturbation technique,
applicable to a wide range of materials and sample shapes.
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