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Abstract—In this paper, a thorough analysis of an optimal
measured sample size and placement over the surface of a
microstrip ring resonator (MRR) is conducted using a full-wave
software and respective measurements using a vector network
analyzer as well as a suitable analytical model to compute
the unknown value of relative permittivity of a material under
test. Using this systematic approach, we present our findings
regarding the optimal sample-under-test size and placement over
the surface of an MRR.

Index Terms—measurement of permittivity, full-wave analy-
sis, microstrip ring resonator, optimal material-under-test size,
material characterization

I. INTRODUCTION

In design of antennas and microwave circuits, it is essential
to know the relative permittivity, εr, of the materials in use
in order to properly design the circuit because relative per-
mittivity has a strong impact on the dimensions of the circuit.
When standard popular materials are in use, such as FR4, its
characteristics are well known from the respective data sheets
(although its εr is not quite unanimous, but typically varies
from 4.3 to 4.6, depending on the manufacturer). However,
when nonstandard materials are in use (e.g. various textiles
used for wearable antennas), no data sheets exist that present
the εr value, which introduces a significant uncertainty for
the circuit designer. It is therefore important to be able to
determine dielectric properties of such materials.

Various methods with very distinct features have evolved
in that sense [1]–[4]. There is no universal or best method to
cling to, but the choice of a method really depends on one’s
particular needs and case.

In our case, we chose a method that is adequate for thin,
solid, and low-loss materials at moderate RF- and microwave-
frequencies. The particular circuit layout is a microstrip ring
resonator (MRR).

Although the measurement principle using a MRR has been
presented in some earlier publications as a straightforward
process, it is indeed seldom a case to find a complete and
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clear description of the key equations that are instrumental to
compute the relative permittivity of the material under test.

Two aspects are criticial for the success of this measurement
principle. First, material characterization by an MRR is based
on measuring the resonant frequency of an unloaded MRR,
F0 (i.e. an MRR without having an unknown material sample
laid over its surface), and the resonant frequency of the loaded
MRR, F1 (i.e. when the unknown sample is placed over its
surface). From the ratio of the F0 and F1, and the value of
the effective permittivity of the unloaded MRR (εef0), which
can be computed, one can evaluate the effective permittivity of
the loaded MRR (εef1), which then enables the computation
of the relative permittivity. However, while there is enough
information on how to design the MRR circuit, the algorithm
for evaluation of the relative permittivity of a material-under-
test often remains unavailable, or being presented only by
tabulated results that a reader is supposed to trust (without
being able to reproduce it).

The second crucial moment is getting a proper value of
F1. Our research has indicated that F1 greatly depends on
the size and placement of the material sample over the MRR
surface, which has also not been adequately addressed in
earlier publications. In fact, the size and placement of the
sample under test (SUT) have been differently illustrated in
earlier publications (e.g. see [5, Fig. 2], [6, Fig. 2]), [7], and
[8, D in Eq. (8)], where an interested reader can see from
[8, Tables 3 to 8] how the computed results for the same
laminate depend from one calibration sample to another. It is
quite unlikely that all those approaches can lead to an accurate
result, especially given the fact that the critical equations that
were utilized to compute the relative permittivity value, based
on the measured F0 and F1, remained undeclared in various
papers. Lack of the measurement and calculation procedures
in some papers, made it impossible to reproduce their results
or attain new reliable results. Due to that, within the scope
of this paper, we will discuss the impact of the SUT size
and placement on the results, ultimately indicating the optimal
SUT size and placement over the MRR surface.

In Section II, we describe the design of the MRR circuit as



the necessary tool to do the measurements. The methodology
used to derive the results is discussed in Section III, followed
by the achieved results that are presented and discussed in
Section IV. Section V summarizes the contributions of the
paper.

II. DESIGN OF MICROSTRIP RING RESONATOR CIRCUIT

The design of an MRR can be found in the literature with a
pretty unanimous approach to it [9], [10]. We include only a
couple of design-critical expressions. The layout of the MRR
circuit is shown in Fig. 1.

Fig. 1. The layout of the microstrip ring resonator (MRR) circuit for
characterization of an unknown material permittivity.

A. The ring parameters

The mean radius of the ring for the dominant mode of
operation is given by

r =
c

2π fr
√
εeff

(1)

where c is the velocity of light, fr is the resonant frequency
of the MRR structure, and εeff is the effective permittivity of
the structure. The values of the inner and the outer ring radii
are obtained by

r1 = r − w

2
(2a)

r2 = r +
w

2
(2b)

where w is the microstrip line width (both for the feed line
and the ring), as depicted in Subsection II-C.

B. Calculation of the feed line length and the gap width

The feed line that is placed to the left and right of the ring
is set to have its length Lf equal to

Lf =
λg
4

=
π

2
r (3)

A small gap between the feed line and the ring (see Fig. 1),
together with the ring inductance, creates a resonance at a
certain frequency. We decided on the value of g by simulating

the structure within a full-wave solver and inspecting the effect
that the gap has on the peak resonance value, while also taking
into account that the gap should not be too small for the
practical manufacturing of the circuit, thus helping reduce the
manufacturing error.

Alternative approaches to the gap capacitance, which was
here based on the variational method, are typically based
on the computation of capacitances in the gap-equivalent
represented by a π-circuit [11]–[13]. However, in the case of
an MRR circuit, the aforementioned equivalent circuits may
not be as accurate as in the originally proposed configurations,
and might require some modification, because in an MRR
layout, the gap is not exactly within the same microstrip
conductor, but between the microstrip line and a short segment
of the circular ring conductor passing perpendicularly to the
feed line. Such an interpretation of an MRR-related case is
illustrated in Fig. 2.

(a) An augmentation of the gap between the feed line and
the ring.

(b) The equivalent circuit for the gap capacitance.

Fig. 2. An illustration of gap capacitance and equivalent capacitances.

C. The feed line width

The line width, w, can be calculated by the expressions in
[14, p. 145].
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where Z0 is the given characteristic line impedance (typically
Z0 = 50 Ω), εr is the relative permittivity of the substrate,
and h is the substrate height. In this case, w/h < 2 case
applies. Alternatively, w can also be determined by somewhat
different expression that can be found in [15]. Both approaches
give very close results.

D. Manufactured MRR

Since we were interested in designing our MRR circuit at
2.45 GHz and the manufacturer used the most common PCB
substrate, FR4, characterized by h = 1.55 mm and εr = 4.6,
the set of the design values was achieved and the values of r1,
r2, and w rounded to more practical values for manufacturing
purposes. The final values were w = 2.9 mm, r1 = 8.6 mm,
r2 = 11.5 mm, r = 10.05 mm, and Lf = 16.5 mm.With
chosen g = 0.3 mm, the PCB length and width are Lg =
2(Lf + r2 + g) = 56.6 mm and Wg = 46.0 mm, respectively.

With the above design parameters, the MRR was profesion-
ally manufactured both at JLCPCB facility in China [16] and
ITD facility in Croatia [17] (Fig. 3), for comparison.

Fig. 3. The MRR manufactured at a professional facility.

III. METHODOLOGY

Initially, we tested various materials samples by placing an
SUT over one ring gap (e.g. as pictured in [5, Fig. 2], by
placing an SUT over the entire ring and gaps, using various
SUT sizes, and by placing SUTs over the entire area of the
MRR PCB, as it may be inferred from [6, Fig. 2]. The obtained
results were inaccurate and quite unpredictable with respect to
the values that were expected for the known materials. Clearly,
the results were very sensitive to the size and placement of the

SUT on the MRR surface, which called for a more detailed
analysis in search for the optimal size and placement of the
SUTs. It is also understood that various fixtures of the SUT
on the surface of the MRR may produce different amounts
of unwanted air bubbles between the SUT layer and the MRR
surface, but it is impossible to account for them quantitatively,
but rather make sure that there is an a firm contact between the
two surfaces, which reduces the presence of air bubbles and
improves the accuracy of the results. It turns out that loaded
resonant frequency, F1, is critical for the ultimate accuracy
and F1 directly depends on the SUT size and placement on
the MRR surface.

Following that, full-wave analyses were performed using
known laminate materials. Every simulation was followed by
an evaluation of the relative permittivity using the chosen
analytical algorithm that is based on [6]. The SUT length and
width were varied one parameter at a time and the resulting
resonant frequency F1 read off the S21 curve. From the initial
measurement of F0 and the computed effective permittivity
of the unloaded MRR, εef0, the effective permittivity of the
loaded MRR then readily follows as

εef1 = εef0

(
F0

F1

)2

(7)

from which the SUT permittivity, ε2, is computed. The sim-
ulated results are later also verified by measurements using a
VNA and the prepared SUTs.

IV. RESULTS

The simulated results were analyzed for TLX8 [18] and
FR4 laminates. The sample thickness S and nominal sam-
ple permittivity εn for the TLX8 sample were (S, εn) =
(0.82 mm, 2.55), while for the FR4 sample, they were
(S, εn) = (1.53 mm, 4.6).

A. Initial examinations for the proper SUT size and placement

The simulations were performed using Altair Feko CAD
solver [19] and the simulated resonant frequency of the un-
loded MRR was F0 = 2503 MHz. From the initial SUT sizes
that were simulated, as illustrated in Fig. 4, it was realized
that the SUT size should approximately be the size of the ring
including both gaps and it was further found that more accurate
results occurred for the SUT width SUTW ≥ 2 r2. In the
following simulations, more detailed analyses were conducted
varying either the SUT length or SUT width, one at a time.

Fig. 4. Early examinations of the SUT size.



B. Varying the SUT length

1) Varying SUT length with a full SUT width: In this series
of simulations, TLX8 served as the SUT, with its nominal
permittivity value εn = 2.55 and thickness S = 0.82 mm. The
SUT length, SUTL, was varied in 5 steps from SUTL = Lg

down to SUTL = 2(r2 + g + 1) (which was the minimum
necessary length based on the initial investigations), while
SUT width, SUTW , was kept constant at the full width,
i.e. SUTW = Wg . To recall, the simulated value of the
unloaded resonant frequency was F0 = 2503 MHz. Out of
these 5 tested values, the most accurate value of the measured
SUT permittivity was ε2 = 2.57 and that was obtained for
SUTL = 2(r2 +g+1) (i.e. the SUT lenght being just slightly
longer than the ring plus the two gaps). For this result, the
loaded resonant frequency was F1 = 2409 MHz.

2) Varying SUT length with a reduced SUT width: The next
series of simulations with a TLX8 laminate was also character-
ized by varying the SUT length with the same 5 steps as above,
but now with a reduced sample width (SUTW = 2 r2). We can
observe similar, yet slightly worse results in this case, with
the relatively most accurate result again for the SUT length
SUTL = 2(r2 + g + 1), for which ε2 = 2.6. It is noticeable
that the results deteriorate when the sample length is larger.

C. Varying the SUT width

In this series of analyses, the SUT length was kept constant
at SUTL = 2 (r2+g+1), while the SUT width was varied in 8
steps from SUTW = Wg down to SUTW = r1. The analysis
shows that the most accurate result occurs for the full width
of the SUT, (i.e. SUTW = Wg), resulting in ε2 = 2.57. Also,
the result does not deteriorate much for smaller SUTW down
to SUTW = 2 r2, with some fluctuation around SUTW =
0.6Wg . The result becomes inaccurate yet for SUTW < 2 r2.
The relative error of the best result, ε2 = 2.57, with respect
to the nominal value of TLX8 laminate, which is εn = 2.55
is only 0.78%, which is an excellent result for such a simple
measurement apparatus!

In the summary, we propose the following SUT dimensions
as optimal:

SUTL = 2 (r2 + g + 1) (8a)
SUTW = Wg (8b)

D. Verification of the Simulated Results by Measurements

To verify the expressions proposed in (8), we tested two
industry-standard laminates (TLX8 and FR4) and one non-
standard dielectric—jeans fabric (Fig. 5). The measurements
of F0 and F1 were done using a MegiQ VNA-0460e [20]
and computation of the SUT permittivity, ε2, was done as it
was described in Section III. The measured unloaded resonant
frequency was F0 = 2514 MHz, and the nominal permittivity
(εn), thickness (S) and loaded resonant frequency (F1) for the
measured samples were:
TLX8: (2.55, 0.79 mm, 2428 MHz)

FR4: (4.3 . . . 4.6, 1.49 mm, 2286 MHz), and
jeans: (1.7, 0.9 mm, 2465 MHz).
The computed relative permittivities were: 2.45, 4.37, and
1.7, respectively, which makes very good agreement with the
respective nominal values! We note that εn for FR4 was
written as a range of values because it does not have a
unanimous reference value on the market, but its value depend
on the manufacturer. The reference value of jeans also varies
in the literature, but the average measured value is 1.7.

Fig. 5. The measurement of a jeans sample.

V. CONCLUSION

In this paper, we discussed the relevance of an SUT
dimensions for measurement of unknown material relative
permittivity using the microstrip ring resonator method. The
investigation was done by a series of full-wave simulations on
the computationally modeled MRR structure, in combination
with an analytical model to achieve satisfactory results. Thus
obtained results were then verified by measurements on several
materials using a VNA and the chosen analytical model and
very good agreement between the measured results and the
declared nominal values of the relative permittivity of the
respective benchmark materials samples was achieved. The
impact of the SUT thickness was outside the scope of this
paper and will be addressed in another analysis, but it is
qualitatively known that F1 decays with an increase of the
SUT thickness, yet it does not have a detrimental effect on the
result for the SUT thickness being within a few millimeters of
thickness, which is adequate for typical solid dielectrics that
may be chosen for microwave circuits.

The contribution of this paper is that it clearly proposes
the optimal dimensions and placement of a SUT on the
surface of an MRR to enable trustworthy evaluation of relative
permittivity of an unknown material sample.
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