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Design of a Microstrip Sensor Based on a CSRR-Derived Structure
for Measuring the Permittivity and Permeability of Materials

Yun-Rui Wang”™ and Hong-Gang Hao

Abstract—In this paper, a microstrip sensor based on a complementary split ring resonator (CSRR)-
derived structure is proposed to characterize the permittivity and permeability of materials. By loading
an etched meandered conductive ring and an interdigital capacitor structure, effective separation of
the permittivity sensing area and permeability sensing area is realized, and the field strengths of the
corresponding areas are improved. The relationship between the resonant response (resonant frequency
and quality factor) of the sensor and the permittivity and permeability of the sample under test (SUT)
is discussed, and the theoretical basis for measuring the material properties is given. By analyzing the
measured resonant frequency and quality factor, the real and imaginary parts of the permittivity and
permeability of the SUT can be determined. The sensor was fabricated on a Rogers 5880 substrate,
and four standard dielectric and magnetodielectric (MD) samples were tested. The results show that
the measured values of the real and imaginary parts of the permittivity and permeability are in good
agreement with the reference data.

1. INTRODUCTION

Accurate measurement of the permittivity and permeability of magnetodielectric (MD) materials plays
an important role in the food industry, agriculture, medical and health care, military and national
defense, and other fields. At present, the methods for measuring the material properties can be classified
as the transmission line method [1], free space method [2], waveguide method [3], and microwave resonant
method [4,5]. The transmission line method has low sensitivity, but the operation is simple, and the
permittivity and permeability can be measured over a wide frequency band. The free space method can
measure a wide frequency range, but the system design is complex. The waveguide method has high
requirements for sample preparation. It can measure the properties of thinner samples and has high
measurement accuracy.

The microwave resonant method can produce strong magnetic and electric fields on the surface of
a resonant structure. When the sample under test (SUT) is placed on the surface as a perturbation,
resonance characteristics such as resonant frequency and quality factor are affected. Therefore, the
material properties can be extracted from the changes in the resonance characteristics after the SUT
is placed. Compared with the other methods, the microwave resonant method has the advantages of
being a simple and low-cost method while maintaining the sensitivity and accuracy [6].

The application of basic resonant elements such as split ring resonators (SRRs) and complementary
split ring resonators (CSRRs) improves the performance of previous microwave sensors. It not only
improves the accuracy and sensitivity of measurement but also simplifies the measurement steps.
Muhammed Shafi et al. proposed an interdigital capacitor-based split ring resonator (IDC-SRR) and
a meandered line-based split ring resonator (ML-SRR). They can be used to measure the permittivity
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and permeability of materials. They work at a 2.45 GHz frequency and have high sensitivity, with a
measurement error of less than 6% [7]. However, the permittivity and permeability of the SUT need to
be measured by two different resonators, which increases the cost and complicates the characterization
process. In the same year, the previous team proposed a new SRR microwave resonator for measuring
the properties of MD materials. These materials cause the resonator to produce two different resonant
frequencies. The two resonant frequencies can characterize the real part of the permittivity and
permeability of the SUT [8]. However, due to the interference between permittivity and permeability
measurements, the measurement error is 8%. Reference [9] used a CSRR-derived structure to design
a resonator that can measure the real and imaginary parts of the permittivity and permeability by
locating the strongest electric field and magnetic field in different regions. It operates at a frequency
of 2.47 GHz, with a maximum error of 1.81%. However, the sensor has high cross-interference and
poor electromagnetic separation characteristics. The different permittivity and permeability sensing
areas lead to the preparation of different size samples. A planar microwave sensor for characterizing
the permittivity and permeability of MD media was proposed in [10]. The SUTs were placed in the
permittivity and permeability sensing areas of the sensor to characterize the properties of the material,
with a relative error of less than 5%. However, there will be unavoidable mutual interference in the
measurement of parameters due to the coupling between two CSRR structures.

To avoid the complex and cumbersome process of parameter extraction in the measurement of
multiple devices or the mutual interference of the electric field and magnetic field in the measurement
of a single device at the same time, in this paper, a permittivity and permeability microstrip sensor
based on the [7] CSRR~derived structure is proposed. Contrary to the effect that the meandered
conductive ring and interdigital capacitor structure described in [7] can achieve aggregation of the
magnetic field and electric field, this paper etches these two structures on a metal ground to achieve
the effect complementary to that in [7], i.e., the curved meandered conductive ring and interdigital
capacitor can achieve aggregation of the electric field and magnetic field, respectively. This makes the
electric field and magnetic field concentrated in different areas of the sensor for characterization of the
electrical and magnetic parameters of the SUT, respectively. At the same time, it significantly improves
the strength of the fields in the sensing areas. In general, the sensor has a simple structure and low cost
and can satisfy the electrical and magnetic properties of single device characterization materials.

2. SENSOR STRUCTURE AND WORKING PRINCIPLE

According to perturbation theory, when the SUT is placed on the surface or inside a microwave resonator,
the existence of the sample disturbs the original electric and magnetic field distributions, resulting in
changes in the frequency and quality factor of the resonator, reducing the ()-value, and moving the
resonant frequency to low frequency [9]. The relationship between the change in the resonant frequency
and the properties of the material can be specifically expressed as follows:
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where Af, is the frequency change of the resonator after SUT placement, and f, is the initial frequency
of the resonator. vs is the perturbation volume; v is the volume of the electromagnetic field that exists
in space; g9 and pg are the permittivity and permeability of vacuum; Eq, Hg, E;, and H; are the
electric field and magnetic field of the resonator before and after placing the SUT; and Ae and Ap
are the changes in the permittivity and permeability. Compared with other parts of the resonator, the
perturbation material has little effect, and as an approximation, E; = Eq, and H; = Hy; thus, (1) can
be changed to
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According to (2), if the electric field has high intensity, and the magnetic field strength is very low
(Hp ~ 0) in the resonant volume, then a change in the permittivity of the SUT has a greater influence
on the resonant frequency, and a change in the permeability has little effect on the resonant frequency.
Similarly, if the magnetic field has high intensity and the electric field intensity is very low (Eg ~ 0),
then a change in the permeability of the SUT has a greater influence on the resonant frequency, and a
change in the permittivity has little effect on the resonant frequency.

As mentioned above, by designing the structure of the sensor, the strong magnetic field area and
strong electric field area in the sensor are distributed at different positions of the sensor. The electric
permittivity of the SUT is tested by loading it in the region where the electric field intensity is very
strong, and the magnetic field intensity is almost zero. In contrast, the magnetic permeability of the
SUT is tested by loading it in the region where the magnetic field intensity is very strong, and the electric
field intensity is almost zero. Therefore, a single resonator can be used to determine the permittivity
and permeability.

Figure 1 shows the perspective view of the proposed sensor. A Rogers 5880 laminate with a
dielectric constant of 2.2, a loss tangent of 0.0009, and a thickness of 0.787 mm is used as the substrate.
The metal layer thickness is 0.035 mm, and the width of the microstrip line is set to 2.35 mm to provide
a characteristic impedance of 50 ). The bottom layer of the sensor is a derived structure of the CSRR,
which is composed of an etched meandered conductive ring and an interdigital capacitor, and the top
layer is a microstrip.

Figure 1. Perspective view of the proposed sensor. The dimensions of the sensor are: [ = 6.6 mm,
liy = 1.6mm, Iy = 3.6mm, I3 = 1.9mm, [y = 0.3mm, [5 = 2.6mm, w; = 0.4mm, wy = 0.4mm,
w3 = 0.4mm, ww = 0.4mm, w = 2.35 mm.

The equivalent circuit of the proposed microstrip sensor is shown in Fig. 2, and its resonant

frequency can be expressed as [11]
1

" 2L (Co + Cy) ®)

where C,. and L, are the equivalent capacitance and inductance of the etched ring with a width of ww;
C. represents the coupling capacitance between the microstrip line and the etched ring; and L is the
line inductance.

The frequency response of the sensor is shown in Fig. 3. The proposed sensor exhibits a resonant
frequency of 2.40 GHz and a quality factor of 148.

The permittivity sensing area needs to meet the requirements that the electric field intensity is
high, and the magnetic field intensity is very low (H ~ 0). The permeability sensing area needs to
meet the requirements that the magnetic field intensity is high, and the electric field intensity is very
low (E ~ 0). When the two sensing areas can be clearly separated, the interference between the
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Figure 2. Equivalent circuit model of the proposed electromagnetic parameter sensor. The electrical
parameters are C, = 1.62pF, L, = 1.68nH, C. = 0.15pF, and L = 1.48 pF.
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Figure 3. Frequency response of the proposed sensor.

permittivity and permeability of the SUT can be minimized when being measured separately. The E
and H distributions on the metal ground plane at the resonant frequency are depicted in Figs. 4(a) and

(b), respectively.

In the permittivity sensing area in Fig. 4(a), the electric field intensity reaches the maximum, and
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Figure 4. Magnitudes of the (a) electric and (b) magnetic field distributions on the ground plane at

the resonant frequency.
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the magnetic field almost disappears. Therefore, when a fixed size SUT is placed in this area, the changes
in the resonant frequency and notch magnitude of the sensor are only induced by the permittivity of the
SUT, and the influence of the permeability of the SUT can be ignored. In the permeability sensing area
in Fig. 4(b), the magnetic field reaches the maximum, and the electric field is almost zero. Similarly,
by placing an SUT of fixed size in this area, its permeability can be accurately measured. These two
regions can be concluded to be the best areas to detect changes in the permittivity and permeability of
the SUT.

3. SIMULATION AND ANALYSIS

According to [12] under microwave conditions, the variation ranges of ¢, and tand. of MD materials
in a real environment are 1 ~ 10 and 0 ~ 0.1, while the variation ranges of u, and tand,, are 1 ~ 2
and 0 ~ 0.5. Here, the steps are set as 1, 0.02, 0.2, and 0.1. To obtain more accurate results, a 15 um
air gap between the SUT and the sensor metal ground is considered in the simulation. In addition, the
thickness of the sample will also affect the response of the sensor. Since the field is highly localized near
the CSRR-derived structure, when the thickness of the SUT reaches a certain value, the interaction
of the field with the SUT saturates, which makes the sensor response change little. According to the
simulation results, to minimize the influence of sample thickness, the thickness of the SUT is set to
0.5 mm in this paper.

According to the above analysis, for the permeability measurement the SUT needs to be placed in
the area where the magnetic field intensity is high, and the electric field intensity is very low (E ~ 0).
To verify that the resonant response in the permeability sensing region is caused only by the change
in the permeability of the SUT and is unrelated to the change in the permittivity, &, and tand. of the
SUT are changed in the permeability sensing region while keeping p,, = 1 and tan d,, = 0. The response
results of the sensor are shown in Fig. 5.
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Figure 5. Sensor response for different complex permittivities of the SUT when the sample is placed
in the permeability sensing area.

As shown in Fig. 5, since the electric field intensity in the permeability sensing area is very low,
the changes in €, and tan d. have no obvious effect on the resonant frequency and quality factor. The
response of the sensor is only related to the permeability of the SUT and is unrelated to the permittivity
of the SUT.

Figures 6(a) and (b) show So; for different values of u, and tan édm when tand,, = 0 and p, = 1,
respectively. When p, changes from 1 to 2, the resonant frequency changes from 2.41 GHz to 2.23 GHz;
the offset of the resonant frequency is 0.18 GHz; and the notch magnitude is maintained at approximately
—25dB. In contrast, the change in tan d,, has little effect on the offset of the resonant frequency, and
the resonant frequency is maintained at approximately 2.41 GHz. Therefore, the change in the resonant
frequency can be used to accurately measure the p, of the SUT.
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Figure 6. Sensor response for different (a) u, (tand,, = 0) and (b) tand,, (u, = 1) when the SUT is
placed in the permeability sensing area.
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Figure 7. Permeability (u,) of the SUT as a  Figure 8. Magnetic loss tangent (tan d,,) against
function of the resonant frequency. the inverse quality factor for different values of
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Figure 7 shows the fitting of the resonant frequency and permeability of the SUT by using curve
fitting technology. The resonant frequency shifts to a low frequency with increasing p, of the SUT, and
Wy as a function of the resonant frequency f, is given as

[ = 462.358 — 553.641f, 4 222.653f2 — 30.025f> (4)

Figure 6(b) shows that when pu, is fixed, with increasing magnetic loss tangent tan d,,, the notch
magnitude and quality factor of the So; curve decrease. Here, the quality factor can be used to
characterize the magnetic loss tangent, which can be defined as @ = f,/Af, where f, is the resonant
frequency, and Af is the 3-dB bandwidth. Fig. 8 shows the relationship between the magnetic loss
tangent tané,, and the inverse quality factor Q' at different values of p,.. As tand,, changes from 0
to 0.5, @ significantly decreases, and Q! changes from 0.01 to 0.20. The fitting function is as follows:

tan d,, = (3.911 4+ 3805Q " — 48.994, — 8798Q 2 + 500.5Q " 1 + 18.261%) x 1073 (5)

Similarly, to characterize the dielectric properties of the SUT, it needs to be placed in the
permittivity sensing region, where the electric field intensity is high, and the magnetic field intensity
is very low (H ~ 0). Likewise, to verify that the resonant response in the permittivity sensing region
is only due to the change in the permittivity of the sample and is independent of the change in the
permeability, the response of the sensor is observed by placing the SUT in the permittivity sensing area
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Figure 9. Sensor response for different complex permeabilities of the SUT when the sample is placed
in the permittivity sensing area.

and changing its p, and tand,, while keeping e, = 1 and tand. = 0. The results are shown in Fig. 9.
Due to the extremely low magnetic field strength in the permittivity sensing region, the changes in w,
and tan d,, have no significant effect on the resonant frequency and quality factor. The response of the
sensor is only related to the permittivity of the SUT and is unrelated to the permeability of the SUT.

Figures 10(a) and (b) show Sa; for different values of ¢, and tand. when tand. = 0 and &, = 1,
respectively. As e, increases from 1 to 10, the resonant frequency of the resonator decreases from
2.40 GHz to 2.09 GHz, and the offset of the resonant frequency is 0.31 GHz. In contrast, the change
in tand. does not cause a resonant frequency shift, and the resonant frequency is maintained at
approximately 2.40 GHz. Therefore, the change in the resonant frequency can be used to accurately
measure the SUT g,.
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Figure 10. Sensor response for different (a) ¢, (tand. = 0) and (b) tand, (¢, = 1) when the SUT is
placed in the permittivity sensing area.

Figure 11 shows the fitting between the resonant frequency and the permittivity of the SUT. The
resonant frequency shifts to a low frequency with increasing ¢, of the SUT, and &, as a function of the
resonant frequency f,. is given as

£, = 1019.04 — 1224.226 f, + 498.881 f2 — 68.9697 f> (6)

Figure 12 shows the relationship between the electric loss tangent tand. and the inverse quality
factor Q! at different values of ,. As tand, changes from 0 to 0.1, Q significantly decreases, and Q"
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Figure 11. Permittivity (e,) of the SUT as a  Figure 12. Electric loss tangent (tand.) against
function of the resonant frequency. the inverse quality factor for different values of
er = 2,3,4, 5, 10.

changes from 0.01 to 0.05. The fitting function is as follows:
tand, = (—2.634 4+ 1136Q " — 1.261e, — 1085Q 2 — 85.16Q 'e, + 0.1411%) x 1072 (7)

4. MEASUREMENT AND RESULTS

Based on the microstrip sensor with the CSRR-derived structure in Fig. 1, a real measurement device
was fabricated, as shown in Fig. 13. An Agilent vector network analyzer N5242A was used to measure
the S parameters. Four kinds of standard plates, Rogers RO4350, FR4, Fe304-PDMS (30%), and
Fe304-PDMS (50%), were used as test samples. Note that the samples must be precisely cut to the
specified size and prepared according to the dimensions of 2.0mm x 3.0mm X 0.5mm. In the actual
measurement, the sample is fixed and accurately placed according to the corresponding positions of
the permittivity and permeability sensing regions in Fig. 4 to reduce the interference caused by the
measurement process.

To verify the correctness of the simulation, Fig. 14 depicts the simulated and measured So; values
of the sensor when different samples are loaded in different sensing areas. This figure shows that the
simulated and measured S2; values have strong consistency and are in good agreement.

Figures 15(a) and (b) show the measured So; of the sensor when different samples are loaded in the
permittivity and permeability sensing area. The resonant frequency and quality factor are extracted
from So1. The complex permittivity (¢, and tand.) and complex permeability (p, and tand,,) can be
obtained according to the characterization expressions (4), (5), (6), and (7) given in Section 3.

The values of ¢, tan d., u,, and tan §,, are provided in Table 1. By comparing the data in Table 1,
the values of the permittivity and permeability of the four samples measured by the proposed sensor
can be seen basically in agreement with the nominal values given in [13,14], and the accuracy is high.

The etched meandered conductive ring and interdigital capacitor structure in the sensor can
effectively separate the permittivity sensing area and the magnetic sensing area and reduce the problems
caused by the mutual interference between electric and magnetic fields during parameter measurement.
At the same time, the electric field strength in the permittivity sensing area and the magnetic field
strength in the permeability sensing area are significantly improved, thereby improving the measurement
sensitivity. Table 2 shows some parameter comparisons with related literature [7,9,10,14]. The
proposed sensor is capable of exhibiting a performance comparable to that of the previous designs,
where Sy, and Sy, are the sensitivities at u, and e,, respectively, which can be separately defined as

rau T Jrosu 1
frow = frosut -

fr,u pe — 1
_ fr,u - fr,sut 1
Sfe B fr,u Er — 1 (9)

Stm =
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Figure 13. Fabricated prototype of the proposed sensor: (a) Top view of the proposed sensor. (b)
Bottom view of the proposed sensor. (c) Permittivity sensing area. (d) Permeability sensing area. (e)
Experimental setup.

Table 1. Measured complex permittivity and permeability for SUT materials.

£ tand, Uy tand,
T
SU This Reference This Reference This Reference This Reference
Work Work Work Work
FR4 431 44 0042 0.02 1 1 0 0
[14]
Rogersd350 5 50 38 0 0004 1 1 0 0
[14]
Fe30[i(3?0%) 2.79 2.81 0.073 0.075 1.26 1.25 0.048 0.05
F6304(50%)

[13] 2.68 2.7 0.163 0.120 1.51 1.49 0.082 0.09
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where f.,, and f s+ are the resonant frequencies of the sensor when the sensor has no load and when
the corresponding load is loaded, respectively.
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Figure 14. Comparison between the simulated and measured Ss; of (a) the unloaded sensor, (b) the
sensor loaded with FR4 in the permittivity sensing area, (c¢) the sensor loaded with Fe3O4-PDMS (50%)
in the permeability sensing area, and (d) the sensor loaded with Fe3O4-PDMS (50%) in the permittivity

sensing area.

Table 2. Measured complex permittivity and permeability for SUT materials.

71 [9] [10] [14] Proposed
fu (GHz) 245 247 224 2.22 2.40
Q 260 145 1119  267/653 148
Sm (x1072)  3.89 6.86 ~ 3.35 - 7.47
Sfe (x1072) 478 240 ~1.39 1.85/1.72 1.44
Number of
measured 2 4 2 1 4

parameters
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Figure 15. Measured Sy of the sensor when different samples are loaded in (a) the permittivity sensing
area and (b) in the permeability sensing area.

5. CONCLUSION

A microstrip sensor with a CSRR-derived structure is proposed in this paper, which can realize a single
device to characterize the real and imaginary parts of the permittivity and permeability of a SUT. The
meandered conductive ring and interdigital capacitor etched on the metal ground allow the electric and
magnetic fields to be concentrated in different areas of the sensor and significantly increase the field
strength in the sensing area. The area with a strong magnetic field but a weak electric field is used
as the permeability sensing area, and the area with a strong electric field but a weak magnetic field
is used as the permittivity sensing area. &,, tand., u,, and tand,, of the SUT were determined by
placing the SUT in the corresponding sensing area and analyzing the changes in the resonant frequency
and quality factor. Finally, various SUTs were fabricated, and the electrical and magnetic parameters
were measured by using the proposed sensor and applying the characterization procedure presented in
this paper. The measured values agree well with the reference values, which verifies the validity of the
Sensor.
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