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Abstract—A microwave planar resonator sensor design supporting spoof surface plasmon waves is used for wafer 
dielectric characterization. The proposed circuit guides the microwave as a surface wave across the metal signal line, 
from port to port of the device. The surface wave effectively interacts with the sample being measured, placed on top of 
the planar sensor. The proposed planar sensor is fabricated on an RF-35 substrate, resulting in a low-cost 
implementation. The sensor is used to discriminate between wafers with different dielectric permittivity and thickness.  
Quartz, borosilicate, BK7 glass and Silicon wafers have been characterized using the proposed sensor. The sensor 
resonant frequency and losses change according to the permittivity and the thickness of the samples, with an achieved 
sensor sensitivity of 60.22 MHz/εr.  
Simulation and measurements demonstrate that the proposed spoof surface plasmon resonator sensor can be used to 
create a high sensitivity sensor for dielectric material characterization. The dielectric constant and loss tangent of the 
samples are inferred from a polynomial fit obtained from sample simulations and confirmed through measurements.  

 
Index Terms— Dielectric properties, material characterization, resonator sensor, spoof surface plasmon waves. 

 

I.  INTRODUCTION 

Surface plasmon phenomena has been widely used for sensing at 
optical wavelengths, using the well-known Kretschmann [1] and Otto 
[2] configurations, that allow the excitation of surface plasmon 
oscillations, widely used for sensing applications. The surface 
plasmon evanescent wave propagates adjacent to a metal and 
dielectric interface, high sensitivity sensor chips supporting the 
surface plasmon effect can be fabricated using nanotechnology [3]. 

To achieve spoof surface plasmon propagation at microwave 
frequencies, a periodical corrugation of the metal signal line, 
including holes or grooves has been proposed [4]. The geometry 
dependency on the spoof surface plasmon excitation makes it possible 
to develop circuits and transmission lines at microwave frequencies 
[5]. Many works related to surface plasmon microwave transmission 
lines, filters and antennas have been reported [4-12]. 

Microwave resonator-based sensors produce a resonance shift with 
an associated quality factor, according to the sample under test 
dielectric constant and loss tangent, respectively. Resonator-based 
sensors have been used in material characterization with high 
accuracy and sensitivity [13]. Developed microwave resonator-based 
sensors include implementations using substrate integrated 
waveguide (SIW) [14], split ring resonator (SRR) [15], metamaterial 
resonator (MTM) [16], LC resonator [17] and fractal resonator 
[18,19]. An overview of resonator-based sensors can be found in [13]. 

Recently, the work reported in [5] shows a microwave surface 
plasmon transmission line using an open cross structure. In this paper, 
a resonator is formed inspired on the transmission line described in 
[5] and used to form a high sensitivity low-cost sensor. The proposed 
microwave spoof surface plasmon sensor for dielectric material 

 
Corresponding author: I. Llamas-Garro (illamas@cttc.es). “I. Llamas-Garro and 
Jung-Mu Kim (jungmukim@jbnu.ac.kr) contributed equally.” 

characterization is used to measure four-inch wafer samples with 
different permittivity and thickness. The dielectric constant and loss 
tangent of each wafer sample is calculated using a polynomial fit 
obtained from sample simulations. The purpose of this work is to 
allow discriminating between different wafers at the laboratory, i.e., 
if the wafer material is unknown, the wafer is placed over the 
proposed low-cost sensor and the sensor response will swiftly allow 
identifying the material the wafer is made from. 

This work starts with the design and simulation of the surface 
plasmon microwave resonator-based sensor in section II, the 
fabrication and measurements are shown in section III, results and 
discussion are provided in section IV; conclusions of this work can be 
found in section V. 

II. DESIGN AND SIMULATION 

To design the proposed spoof surface plasmon resonator-based 
sensor, the open-cross unit cell reported in [5] is used. Simulations are 
performed using Keysight ADS and a substrate with dielectric 
constant εr=3.5, loss tangent tanδ=0.0018 and dielectric thickness of 
1.52mm, corresponding to the RF-35 microwave laminate. The spoof 
surface plasmon transmission line is made of copper, with a 
conductivity of 5.87 X107 [S/m], and 35 µm thickness. The layout of 
the proposed sensor is shown in Fig. 1a, the size of the resonator 
shown in Figs. 1a and 6 is fixed to resonate at 4.3 GHz, Fig. 1b shows 
the current distribution at 4.3 GHz, where the maximum current 
density is found at the resonator used for sensing, located at the center 
of the circuit. 
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a) 

 
b) 

Fig. 1.  Signal line of the spoof surface plasmon resonator-based 
sensor a) layout b) current distribution at 4.3 GHz. 
 

The spoof unit cell (ky) used to form the sensor is shown in Fig. 2, 
the dispersion curve of the spoof unit cell shown in Fig. 3 is obtained 
using the eigenmode solver of ANSYS HFSS. According to the 
dispersion curve in Fig. 3, the spoof unit cell dispersion characteristic 
deviates from the light line (k0). Thus, the spoof unit cell in Fig. 2 
propagates as a slow wave, leading to high electromagnetic field 
confinement [20-23]. Since ky > k0, there is a mismatch between wave 
vectors ky and k0. Wave vector matching is achieved using a gradual 
transition from microstrip to the spoof surface plasmon transmission 
line, achieved by increasing the size of the unit cell gradually [20-23], 
corresponding to the mode conversion and matching section shown in 
Figs. 1a and 6. 

The microwave spoof surface plasmon based resonator sensor 
concentrates the electromagnetic field near the open-cross structure 
as discussed in [4-12], and shown in Fig. 1b, considering the proposed 
resonator structure in this work. 

 
Fig. 2.  Spoof unit cell. 
 

When a dielectric sample is placed above the resonator, the sample 
produces a resonant frequency shift and quality factor change 
associated to the sample under test [24-30]. 

 
Fig. 3.  Dispersion curve of the spoof unit cell. 
 

The simulated S-parameters of the sensor with different samples 
under test are shown in Figs. 4 (S11) and 5 (S21). The resonant 
frequency and quality factor have specific values for each wafer under 
test, according to sample dielectric permittivity and thickness. 

 
Fig. 4.  S11 Simulated results. 
 

 
Fig. 5.  S21 Simulated results. 

III. FABRICATION AND MEASUREMENTS 

The sensor has been manufactured using a CNC prototyping 
machine on an RF-35 substrate with SMA connectors. The substrate 
has a metal bottom layer, the central coaxial pin of the SMA connector 
is soldered to the signal line, the exterior coaxial casing is soldered to 
the bottom metal plate. Dimensions of the device are 110 x 62 mm. 
Experimental results consist of measurements using a PicoVNA 
vector network analyzer operating up to 6 GHz after a SOLT 
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calibration. Fig. 6 shows the manufactured sensor prototype, and Fig. 
7 shows the measurement setup. 

 
Fig. 6.  Fabricated spoof surface plasmon resonator-based sensor. 

 
Fig. 7.  Experimental setup to discriminate between four-inch wafers 
using the proposed spoof surface plasmon microwave sensor. 
 

To validate the sensor, wafers with well-known dielectric 
permittivity properties are measured. As shown in Figs. 8 and 9, 
sample wafers under test, placed on top of the sensor produce 
frequency and quality factor or loss shift with respect to the sensor 
response without any sample under test. The comparison between 
experimental and simulated resonance frequencies for the different 
samples are summarized in Table 1. 

 
Table 1.  Spoof surface plasmon sensor simulated and measured 
resonant frequencies. 

 

IV. RESULTS AND DISCUSSIONS 

Resonant frequency and quality factor characteristics are measured 
according to each sample under test. The dielectric constant sample 
values are varied in simulations between 2 and 16 as shown in the 

polynomial fit curves of Fig. 10, defining the dielectric constant 
versus resonant frequency characteristics of the proposed planar spoof 
surface plasmon sensor. 

 
Fig. 8.  S11 Measured results. 
 

 
Fig. 9.  S21 Measured results. 
 

All wafer samples measured have a diameter of 100 mm. The 
dielectric constant of the 500 µm thick sample can be calculated or 
predicted according to eq (1), where fr is the resonant frequency of the 
sensor with the sample under test. 
𝜀𝜀𝑟𝑟 = −28.997𝑓𝑓𝑟𝑟3 + 353.286𝑓𝑓𝑟𝑟2 − 1444.31𝑓𝑓𝑟𝑟  + 1983.592      (1) 
 

 
Fig. 10.  Measured (dots) and simulated (lines) dielectric constant vs 
resonance frequency comparison. 
 

The dielectric constant of the 525 µm thick sample can be 
calculated or predicted according to eq (2). 

Sample Simulated (GHz) Measured (GHz) 
No sample (air) 4.27 4.29 
Quartz 3.88 3.90 
Borosilicate 3.87 3.83 
BK7 3.76 3.53 
Si 3.50 3.42 
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𝜀𝜀𝑟𝑟 = −29.877𝑓𝑓𝑟𝑟3 + 361.955𝑓𝑓𝑟𝑟2 − 1470.516 𝑓𝑓𝑟𝑟  + 2005.527       (2) 
 
The dielectric constant of the 1000 µm thick sample can be 

calculated or predicted according to eq (3). 
𝜀𝜀𝑟𝑟 = −20.211𝑓𝑓𝑟𝑟3 + 241.999𝑓𝑓𝑟𝑟2 − 972.932.668 𝑓𝑓𝑟𝑟  + 1315.71(3) 
 
Table 2 contains the comparison between dielectric constant 

reference range found in literature and the measured dielectric 
constant values for each sample under test. The main objective of this 
work is to discriminate between wafer materials at the laboratory with 
the proposed non-invasive sensor. 

 
Table 2.  Comparison between reference values and measured 
dielectric constant. 

 
To estimate the loss tangent of the sample it is necessary to 

calculate the unloaded quality factor of the resonator [40-42]. 
The loaded quality factor can be calculated directly from the 

measurement of S21 [40,41], using eq (4), the loaded quality factor 
includes the external coupling to the resonator. 

𝑄𝑄𝑙𝑙 =
𝑓𝑓0

𝐵𝐵𝑊𝑊3𝑑𝑑𝑑𝑑
                                             (4) 

where 𝑓𝑓0 is the resonant frequency of the weakly coupled resonator, 
𝐵𝐵𝑊𝑊3𝑑𝑑𝑑𝑑 is the bandwidth taken at 3dB from the minimum insertion 
loss at the resonant frequency. 

The unloaded quality factor, which relates only to the energy stored 
in the resonator, is a direct measure of the losses in the resonator-
based sensor circuit, and can be calculated using the loaded quality 
factor [40,41], according to eq (5) 

𝑄𝑄0 =
𝑄𝑄𝑙𝑙

1 − |𝑆𝑆21|                                         (5) 

where |𝑆𝑆21|  is the absolute magnitude of S21 at the resonant 
frequency. The loss tangent ( tan𝛿𝛿)  can be calculated using the 
unloaded quality factor [40,41], by using eq (6) 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
1
𝑄𝑄0

                                             (6) 

The loaded and unloaded quality factors extracted from 
measurements are summarized in Table 3 for each sample under test. 
Table 3.  Quality factor from measured S-parameters. 

 
Table 4 shows a comparison between the loss tangent reference 

range, found in literature and the measured loss tangent values for 
each sample under test. 

 
 

Table 4.  Comparison between reference values and measured loss 
tangent. 

 
Sensor sensitivity can be calculated in four different ways [38], eq 

(7) relates the resonance frequency shift with the dielectric constant 
[38] 

𝑆𝑆 =
𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜀𝜀𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 1                                   (7) 

where 𝜀𝜀𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the dielectric constant of the sample, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎  is the 
resonant frequency of the sensor with no sample under test, and 
𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the resonant frequency of the sensor with the sample under 
test. The sensitivity can be normalized to the resonance frequency of 
the sensor [38], by using eq (8) 

𝑆𝑆(%) =
𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 �𝜀𝜀𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 1�
× 100                    (8) 

Another formula to calculate sensor sensitivity, relates the 
resonance frequency shift to the dielectric constant change [38], as 
described in eq (9) 

𝑆𝑆 =
𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝛥𝛥𝜀𝜀𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

                                  (9) 

where 𝛥𝛥𝜀𝜀𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the dielectric constant range of the sample under 
test. Finally, it is possible to calculate sensor sensitivity by using the 
slope of the line that fits the curve of the dielectric constant versus 
resonant frequency characteristic [18], as described in eq (10) 

𝑆𝑆 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                (10) 
Table 5 provides a comparison of the proposed sensor for large 

sample sizes with other designs available in the literature, sensor 
sensitivity comparison is done using eq (7) to eq (10). The proposed 
sensor supporting spoof surface plasmon propagation achieves high 
sensitivity when compared to other implementations, since the 
microwave signal effectively propagates along the signal line, 
resulting in a high electromagnetic field interaction with the sample. 

V. CONCLUSIONS 

A low-cost, non-invasive, high sensitivity microwave planar sensor 
design, consisting of an open-cross resonator formed on a 
transmission line supporting spoof surface plasmon waves is used to 
characterize dielectric materials with dielectric constants ranging 
from 2 to 16. The results demonstrate that the proposed spoof surface 
plasmon sensor achieves high sensitivity when compared with other 
planar sensors available in the literature. The high sensitivity is 
achieved since the microwave signal used for sensing, propagates as 
a spoof surface plasmon wave across the sensor transmission line, 
thus the electromagnetic field effectively interacts with the sample 
under test. The proposed sensor is used to discriminate effectively 
between wafer materials at the laboratory. 

 
 
 
 

Sample Thickness (µm) Reference values  Measured 
Quartz 525 3.7-3.9 [30-33] 3.56 
Borosilicate 500 4-8[34-36] 5.08 
BK7 1000 4-8[34-36] 7.77 
Si 525 11.4-11.8[37-39] 14.89 

 

Sample 𝑄𝑄𝑙𝑙 𝑄𝑄0 
Quartz 86.6410 144.1344 
Borosilicate 69.1042 114.9835 
BK7 43.6714 94.3897 
Si 41.6901 108.0118 

 

Sample Reference values Measured 
Quartz 0.003-0.01 [31-34] 0.0069 
Borosilicate 0.002-0.0143 [35-37] 0.0087 
BK7 0.002-0.0143 [35-37] 0.0106 
Si 0.002-0.05 [38,39,43] 0.0093 
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Table 5.  Sensor sensitivity comparison. 
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