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ABSTRACT: A dualport microstrip sensor based on a complementary split ring resonator (CSRR)-derived structure is proposed to measure
the permittivity and permeability simultaneously in this paper. The coupling among meandered conductive ring, interdigital capacitor,
and microstrip line is used to obtain the relatively independent distribution area of the highest intensity of the electric field and magnetic
field. It can be utilized to distinguish the influence of permittivity and permeability on the resonant frequency point. A numerical model
was established for extracting the magnetic and dielectric properties, and the sensor was processed and tested. The findings demonstrate
that the sensor can measure permittivity and permeability in a single operation by taking advantage of the resonant properties of low and
high frequencies. The relative errors of the measured permittivity and permeability are controlled within 4.43% and 3.41%, as well as
the sensitivity values S¢., and Sy, of 7.24 and 3.06, indicating excellent overall performance.

1. INTRODUCTION

he accurate detection of material permeability and permit-

tivity is crucial in a variety of disciplines, including biomed-
ical [1], manufacturing, industrial [2], and military [3] fields.
Different methods can be used according to the application en-
vironment and the type of sample under test (SUT), such as
transmission line method [4], free space method [5], waveg-
uide method [6], and near-field method [7]. Within the mi-
crowave frequency range, methods for characterizing materials
can be simply classified into resonant method and non-resonant
method. Resonant method uses resonant frequency and quality
factor changes caused by the resonator after loading the SUT
to obtain material properties. It can effectively assess material
properties at single or discrete frequencies and has a higher sen-
sitivity and precision than the non-resonant technique [8].

In recent years, planar microwave resonant sensors based on
split ring resonator (SRR) and complementary split ring res-
onator (CSRR) structures have been applied to the detection
of various materials due to their high sensitivity, compact size,
and low cost [9]. For example, a microstrip sensor loaded with
two SRRs is designed to characterize solid dielectric samples in
[10], and its differential design can improve the robustness to
environmental factors. In [11], two improved structures based
on CSRR resonators are proposed, which can be used to the
measure permeability. It is shown that new resonator designs
reduce the error due to permittivity variations by 79%. In addi-
tion, a sensor for characterizing the full properties of magneto-
dielectric materials based on CSRR is introduced in [12]. The
sensor locates the maximum intensity of the electric field and
the magnetic field in two different regions to obtain the per-
mittivity and permeability of the SUT, respectively. Reference
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[13] developed a CSRR loaded on a microstrip line to compre-
hensively characterize magneto-dielectric materials in a single
run of measurement. The real parts of its complex permittivity
and complex permeability can be extracted from the resonant
frequency.

It is not difficult to see that there might be some improve-
ments over the previous design. For example, some sensors
measure only one type of parameter, either permittivity or per-
meability. For sensors that can fully detect the two types of
parameters, most of them need to run several times to complete
the material testing of samples. Although the latest research
shows that the permittivity and permeability can be retrieved
in one operation, only their real parts are taken into account,
while the imaginary parts (electric loss tangent and magnetic
loss tangent) are omitted. Therefore, a sensor is introduced in
this study that can characterize the real and imaginary parts of
the permittivity and permeability of the SUT in a single run, en-
abling the sensor to achieve straightforward measurement and
obtain more accurate electromagnetic information. The CSRR-
derived structure loaded with microstrip lines is the basis of the
sensor construction. The etched meandered conductive ring
and interdigital capacitor in the CSRR-derived structure can
separate the permittivity sensing area from the permeability
sensing area. Moreover, they can greatly enhance the inten-
sity of the electric and magnetic fields, making the sensor more
sensitive and less expensive.

2. SENSOR WORKING PRINCIPLE AND STRUCTURE
2.1. Working Principle

According to the principle of detecting electromagnetic param-
eters by resonant method and perturbation theory, the origi-
nal distribution of the electric and magnetic fields is perturbed

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERM23111201

rPIERM

Hao et al.

(b)

FIGURE 1. Geometry of the proposed sensor, (a) exploded view, (b) top view, (c) bottom view.

when the sample is placed on the microwave structure sensor.
As a result, the resonator’s frequency and quality factor will
change [14]. The relation between the sensor’s response and
the material properties can be expressed as

Afr [, (AcE; - Eq + ApH; - Hy)dv 0

fr I, (eo [Eo|” + o [Ho|*)dv

where A f,. is the change of resonant frequency after placing the
sample; f,. is the initial resonant frequency, and v is the pertur-
bation volume; € and y1 represent the permittivity and perme-
ability in vacuum. Eq and Hy are the field distributions without
loading of the SUT; E; and H; are the electric and magnetic
field distributions in the presence of the sample; Ac and Ap
are the changes in permittivity and permeability. For extremely
low power resonators with minimal variation in the magnitude
of the fields before and after the resonance, the relation can be
simplified as follows [15].

Afy [, (Ac[Eol* + Ap[Ho[*)dv o

fr fv (E() |E0|2 + to |H0|2)d’l)

From (2), if the magnetic field has a high strength, and the
electric field has a very low strength, the change of the permit-
tivity has no significant effect on the resonant properties, but
the permeability can markedly change the resonant properties.
Similarly, if the electric field is localized with high intensity,
but the magnetic field is very weak, the resonant properties can
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be obviously influenced by permittivity of the sample, indepen-
dent of the permeability. The above analysis implies that the
change of sensor resonant characteristics is correlated with the
permittivity and permeability of SUT, but the premise is that
the area with relatively independent electric and magnetic field
distributions can be obtained in the structural design of the mi-
crowave sensor. If the sensor has only one resonant frequency
point in one measurement, it may be a challenge to identify
whether the resonant characteristic is related to permeability or
permittivity. In order to detect the permittivity and permeability
simultaneously, a microwave sensor with two resonant frequen-
cies is designed in this study, which makes different resonant
frequencies closely associated with different material proper-
ties.

2.2. Sensor Structure

The geometrical structure of the sensor is depicted in Fig. 1.
On the top, a dual port microstrip line with a 2.35 mm width
is used to provide a 50 {2 characteristic impedance. The sub-
strate is Rogers 5880, which has a thickness of 0.787 mm, a
loss tangent of 0.0009, and a dielectric constant of 2.2. Two
CSRR-derived structures are etched at the bottom on a metal
ground plate with a 0.035 mm thickness. A concentrated elec-
tric and magnetic field can be produced by the structure, which
is made up of a meandered conductive ring and an interdigital
capacitor. To prevent mutual coupling, the distance between
the two CSRR-derived structures must also be sufficient. Two
CSRRs are also used as sensing units to measure the permittiv-
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FIGURE 2. Equivalent circuit model for proposed sensor.
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FIGURE 3. Comparison between the circuit model results and the EM
simulation results of the proposed sensor when unloaded.
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FIGURE 4. Magnitude distributions of (a) electric field and (b) magnetic field on the ground plane at the resonant frequency.

ity and permeability. The precise geometric parameters of the
optimized sensor are shown in Table 1. The sensor is oriented
from [16], but compared to [16], the performance of the sensor
has been greatly improved by the use of a meandered conduc-
tive ring and an interdigital capacitor. These components sig-
nificantly enhance the electric field strength and magnetic field
strength of the permittivity sensing area and the permeability
sensing area at the resonant frequency and increase the interac-
tion between the field and the SUT.

TABLE 1. Geometrical parameters of the proposed sensor.

Parameter  Value (mm) Parameter Value (mm)
I 2.6 wy 0.4
la 5.4 wa 0.2
I3 2.0 w3 0.6
la 34 N 0.4
ww 2.35 Ws 1.6
wo 0.8

Regardless of the losses in the design, the equivalent circuit
model of the sensor is shown in Fig. 2 [17]. The CSRR struc-
tures are magnetically coupled with the microstrip line. Each
CSRR unit is represented by the combination of inductor L; and
capacitor C;, where ¢ = 1,2. The microstrip line is modeled
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with inductor L, and C is the coupling capacitor between the
microstrip line and the etching ring. Because the two CSRRs
are located at different positions of the microstrip line, their pa-
rameters are asymmetric, that is, C7 # Cy, Ly # Lo, so that
the two transmission zeros (f,1, fr2) will always exist in the
circuit.

The values of the lumped element in equivalent circuit are
extracted using the Advanced Design System (ADS), C; =
2.3pF, L1 = 2.11nH, C, = 1.96pF, L, = 2.12nH, C =
0.58 pF, L = 8.4nH. Fig. 3 shows the results of electromag-
netic structure simulation using high-frequency structure sim-
ulator (HFSS) and circuit simulation using ADS. Their consis-
tent transmission response proves the feasibility of the equiva-
lent circuit.

1
frl = W (3)
fro = — )

- 27‘1’\/ LQCQ

Figures 4(a) and (b) show the electric and magnetic field dis-
tributions on the metal ground plane of the sensor at the reso-
nance. It can be observed from Fig. 4 that the magnetic field
strength is almost zero, and the electric field strength is very
high in the etched meandered conductive ring. This area can
be used as the permittivity sensing area to characterize the di-
electric properties of the material. On the contrary, there is an
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FIGURE 5. Frequency response of the proposed sensor when unloaded.
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FIGURE 6. The sensor response of the sample loaded on (a) the permeability sensing area and (b) permittivity sensing area.

extremely strong magnetic field and a weak electric field in the
etched interdigital capacitor, which can be used as the perme-
ability sensing area to characterize the magnetic properties of
materials.

3. RESULTS AND ANALYSIS

In practice, the variation ranges of /. and tand, of magneto-
dielectric materials in microwave are 1 ~ 10 and 0 ~ 0.1, and
. and tan d,,, vary from 1 ~ 2 and 0 ~ 0.5, respectively [18].
There is no doubt that the presence of air will have a certain
impact on the measurement process, so it is taken into account
that there is 15 pm air gap between the SUT and metal ground to
ensure the objectivity in the simulation. It should also be noted
that the thickness of the SUT will affect the response of the
sensor. With the increase of sample thickness, the interaction
between the field and the sample is enhanced, and the change in
sensor response will also increase. However, the field distribu-
tion in the sensing area is highly concentrated, and the response
of the sensor will basically remain unchanged when the SUT
thickness exceeds 0.5 mm. Therefore, the sample thickness is
set to 0.5 mm in this paper.

The frequency response of the sensor when it is unloaded is
shown in Fig. 5. It can be seen that there are two resonant points
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used to characterize the dielectric parameters and magnetic pa-
rameters of the magneto-dielectric material, and their resonant
frequencies are 2.473 GHz and 2.286 GHz, respectively.

For the convenience of numerical model analysis and discus-
sion, the normalized resonant frequency shift is defined as f,;,
frni = (fui — fri)/ fui>» where fo; and f,; are the frequencies
of the ith resonant point under unloaded and after the sample is
loaded. The quality factor @ = f,./Af, f is the resonant fre-
quency, and A f is the 3-dB bandwidth. The inverse normalized
quality factor @Q,; is defined as Qn; = Qui/Qri», Where Qy;
and @Q,.; are the quality factors corresponding to the ith resonant
point when the sample is unloaded and loaded. As shown in
Fig. 5, fu1 = 2.473GHz, f.2 = 2.286 GHz, Q1 = 191.705,
Quo = 134.471.

The response of the sensor when a sample is loaded on the
permeability sensing area is depicted in Fig. 6(a). It is dis-
covered that the resonant frequency and quality factor of the
first resonant point change very little when €/, and tan ., vary.
They do not change noticeably until y. and tan ,,, are changed
(u. = 1.2, tand,, = 0.2). No matter how the permittivity
of the sample varies, the response of the first resonant point
will change only when the permeability changes independently.
Thus, the first resonance point can be used to compute the mag-
netic permeability of the SUT. When a sample is loaded on
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FIGURE 7. Sensor response for different 4. (tand,, = 0) when the
SUTs are placed on the sensing areas.
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FIGURE 9. Sensor response for different tan d,,, when SUTs are placed
on the sensing area.

the permittivity sensing area, the sensor response is shown in
Fig. 6(b). It is found that when .. and tan d,,, change, the reso-
nant frequency and quality factor of the second resonant point
scarcely alter. Only when /. and tan ¢, changes (¢, = 10,
tan d. = 0.1), they change significantly. The permeability has
no effect on the change in the second resonant point, which is
entirely caused by variations in the permittivity. Therefore, the
second resonant point can be used to measure the dielectric per-
mittivity of SUT. It can be concluded that the electromagnetic
parameters of the sample can be characterized independently
by placing the SUT in different sensing areas of the resonator
and detecting the resonant frequency and quality factor of its
corresponding resonant point.

When the magneto-dielectric samples are positioned on the
permeability and permittivity sensing area simultaneously, C;
and L; increase, making the two resonant point shift to the
low frequency. Fig. 7 further indicates that with p. increas-
ing from 1 to 2, the first resonant point shifts from 2.468 GHz
to 2.306 GHz. The u. increase has no impact on the sec-
ond resonant frequency point, which continues to be at about
2.286 GHz. The cubic fitting relationship between p!. and f,;
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FIGURE 8. Real part of the permeability (u.) of the SUT versus the
normalized resonant frequency shift (fn1).
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FIGURE 10. The magnetic loss tangent against the inverse normalized
quality factor for different value of .. = 1,1.3,1.5.

is obtained by extracting the results in Fig. 7 and is displayed
in Fig. 8. The resulting mathematical model can be expressed
as follows.

(1. = 1.0045+4.6809 f,,1 +186.5503 f2, —1221.3443f3, (5)

Figure 9 illustrates that, for a fixed p/., the resonant frequency
remains almost unchanged with the increase of tan ,,,, but the
amplitude of S2; and quality factor attenuate to varying de-
grees. To more clearly show the influence of the magnetic loss
tangent on the sensor, Fig. 10 shows tan J,,, as a function of the
reverse normalized quality factor ),,; at different p]. values. In
Fig. 10, the quality factor dramatically declines when the mag-
netic loss tangent increases from 0 to 0.5, causing the Q0,1 to
rise from 24 to 32. The polynomial fitting tool is used to ex-
plicitly describe tan d,,, as a function of p. and @1, creating
the following numerical model.

tan,,, = (147.8 — 3.684Q,,1 — 2226.8y,. + 0.348Q%,

+18.831..Qp1 + T4.73p/?) x 1073 (6)
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FIGURE 13. Sensor response for different tan 6. when SUTs are placed
on the sensing area.

As shown in Fig. 11, when ¢/ is increased from 1 to 10,
the second resonant frequency point gradually moves to the
low frequency, and the frequency changes from 2.291 GHz to
1.825 GHz, while the first resonant frequency is always kept
around 2.473 GHz. We can infer that the second resonant fre-
quency point is merely a function of /.. Fig. 12 illustrates the
cubic fitting relationship between €. and f,2, and the function
of them is given below.

el = 0.9101 + 33.7684f,,2 — 31.9685 f 25 + 412.0382f2, (7)

Additionally, the effect of the electric loss tangent of the SUT
on the sensor response is investigated. When /. is a fixed value,
the sensor response caused by the tand. change is shown in
Fig. 13. With tan §,. gradually increasing from 0 to 0.1, the qual-
ity factor of the second resonant point falls to variable degrees.
Fig. 14 shows that tan J, is a function of the reverse normal-
ized quality factor ),,2 under different /. values, which can be
expressed as the following binary function.

tan 6, = (—10.45 4 12.56Q,2 + 1.664], — 0.838Q)2,
—2.93! Qo + 0.0679¢ + 0.1663"% Q0

+0.1646¢.Q2, + 0.0089Q3,) x 102 ®)
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FIGURE 12. Real part of the permittivity (¢}.) of the SUT versus the
normalized resonant frequency shift (fr2).
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FIGURE 14. The electric loss tangent against the inverse normalized
quality factor for different value of €. = 1, 3, 4.

The full characterization process of material properties of
magneto-dielectric samples is summarized here.

1) Measure the ith resonant frequency f,; and its correspond-
ing quality factor ),,; when the sensor is unloaded.

2) The SUTs of different sizes are accurately placed on the
permittivity sensing area and permeability sensing area si-
multaneously.

a) The real part of the permeability y.. is determined
from the first resonant frequency f,1 using (5). The
imaginary part of the permeability tan d,,, is obtained
from the quality factor Q1 and p!. using (6).

b) The real part of the permittivity ¢/ is determined
from the second resonant frequency f,.o using (7).
The imaginary part of the permittivity tan J. is ob-
tained from the quality factor )2, and £/, using (8).

4. EXPERIMENTAL ANALYSIS

To verify the sensing performance, a standard PCB manufac-
turing process was used to create the experimental prototype of
the CSSR-derived microstrip sensor. The proposed sensor was
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FIGURE 15. Fabricated prototype of the proposed sensor, (&) experimental setup, (b) top view of the sensor, (c) bottom view of the sensor, (d) material
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FIGURE 16. Comparison between the simulated and measured S2; of the unloaded sensor.

fabricated as shown in Fig. 15. The S2; measurements were
performed at room temperature with an Agilent vector network
analyzer N5242A, with the range of 1.6 GHz to 2.8 GHz. Four
standard plates, Rogers RO4350, FR4, Fe3O4-PDMS (30%),
Fe304-PDMS (50%), were prepared. The samples placed on
the permeability sensing region and permittivity sensing area
are cut to 2.6 mm x 3.4mm X 0.5mm and 2.6 mm X 3.6 mm
x 0.5 mm, respectively. They were precisely positioned and
measured according to the position in Fig. 1.

Using two SMA connectors to excite the microstrip line, the
sensor shows two unloaded resonant frequencies of 2.473 GHz
and 2.286 GHz, as shown in Fig. 16. The measured results are
in good agreement with the simulation ones. Different samples
were placed on the corresponding sensing area at the same time.
For the evaluation of repeatability and reliability, the measure-
ment results of each sample were repeated five times at 25°C
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room temperature, and the average value of the measurement
results is taken. By measuring the resonant frequency f,; and
quality factor ),; from each sample and following the charac-
terization procedure given in Section 3, the permeability and
permittivity of the sample can be obtained simultaneously. The
values of the &/, tan é., and ., tan d,,, are shown in Table 2. Tt
is found that the measured values are in good agreement with
the nominal value given in [19, 20], indicating that the sensor
can accurately measure the permittivity and permeability at the
same time.

Sensitivity is also a crucial factor in determining how well
a sensor performs. The sensitivities in measuring p. (e, = 1,
tand, = 0) and €. (1. = 1, tand,, = 0) of the sample are
defined as Sy, = fn1/(p,. — 1) and Sye = fr2/ (). — 1) when
the SUT is loaded on permeability or permittivity sensing re-
gion. Table 3 shows some parameter comparisons with litera-
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TABLE 2. Measured complex permittivity and permeability for SUTs.
SUT & tan J, T tan 8,
This Work Reference  This Work  Reference  This Work  Reference This Work  Reference
FR4 [19] 4.42 4.4 0.023 0.02 1 1 0 0
Rogers4350 [19] 3.67 3.66 0.003 0.004 1 1 0 0
Fe;04 (30%) [20] 2.77 2.81 0.080 0.075 1.26 1.25 0.048 0.05
Fe304 (50%) [20] 2.58 2.7 0.133 0.120 1.49 1.49 0.099 0.09
TABLE 3. Comparison to previous reported sensors.
[14] [21] [22] [23] This Work
fu (GHz) 247 2317274 251  2.680/2.694 2.473/2.286
0. 145 66/91 ~ 17 ~ 161 192/134
Sy (x1072) (ul = 2) 607  3.85 ~ 0.96 7.24
S (x107%) (e, =4) 2.83 2.19 5.84 0.58 3.06
Number of measured parameters 4 2 2 4 4
Number of tests 2 1 1 2 1

tures [14,21-23]. The findings demonstrate that the sensor can
acquire p., e/, tan d,,, and tan é. in a single test. Compared
with earlier sensors, it has more obvious advantages in obtain-
ing higher quality factor and sensitivity.

5. CONCLUSION

In this work, a dual CSRR-derived microstrip sensor is de-
signed, manufactured, and tested. By observing changes in res-
onant frequency and quality factor of the sensor, the complex
permittivity and permeability of magneto-dielectric materials
are measured. The meandered conductive ring and interdigi-
tal capacitor are etched at the bottom on a metal ground plate,
which enhances detection sensitivity by concentrating the dis-
tribution of the magnetic and electric fields and raising S'¢,, and
Steto 7.24 and 3.06. Additionally, by loading the dual CSRRs
structure, it is possible to fully characterize both the dielectric
and magnetic properties of the SUT in a single run, resulting in
a quick and affordable measurement.
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