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Abstract— An on-chip sensor for measuring the complex 

relative permittivity in the band 220–330 GHz has been designed. 

The sensor is based on a micromachined cavity resonator 

provided with an opening in the top side of a hollow waveguide 

for sensing. The waveguide is realized by microfabrication in a 

silicon wafer and is gold metallized. The extraction of the 

materials characteristics is performed using cavity resonator 

techniques. Preliminary measurements of several dielectric 

materials are performed, demonstrating the potential of the 

sensor and methodology.  
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I.  INTRODUCTION 

The characterization of dielectric properties in the band 
220–330 GHz is necessary for different applications such as 
dielectric heating, remote sensing and molecular detection [1]. 
At these frequencies, the dielectric permittivity of water in a 
hydration shell is different from that of bulk water due to the 
mutual coupling between biomolecules and the hydration shell. 
As the biomolecular processes change the hydration shell, so 
does its dielectric properties. The measurement of the dielectric 
properties can lead to a label-free, immobilization-free, real-
time, liquid-phase detection technique [2]. It is also important 
to derive in an easy way the dielectric characteristics of high 
frequencies substrates, lenses and antenna radomes for the 
ongoing development of communication systems at millimeter 
waves [3]. Different methods for measuring the complex 
relative permittivity have been adapted for such high 
frequencies such as free-space methods using a vector network 
analyzer (VNA) and time-domain spectroscopy (TDS) [4]. 
However only a few are capable of operating with liquids: 
single wire transmission line [5], substrate integrated 
waveguide (SIW) loaded with a capillary tube [6] and planar 
transmission lines but these are quite lossy which limits the 
interaction length. Waveguides offer lower losses solutions, yet 
better accuracy and precision can be obtained with a low loss 
(high Q-value) resonator, since amplitude of the EM-fields are 
higher at resonance, which improves the detection sensitivity. 
Typically, cavity resonators are used for the dielectric 
characterization of materials and could also be used for 
measurements of the sheet resistance and conductivity of thin 
films [7]. In this paper, we developed several cavity resonators 
operating in the band 220–330 GHz which could be used for 
dielectric characterization, adapting the methodology devised 

for lower frequencies resonators. Differently from having the 
dielectric inserted into the cavity resonator it will instead be in 
close proximity and evanescently coupled to the cavity 
resonator. By using the proximity coupling the Q-value of the 
cavity can be kept high. A number of micromachined sensors 
fabricated in a novel silicon technology (to be presented 
elsewhere) has been fabricated with a Q-value of above 600 to 
evaluate this technique at WR3-band. 

II. DESIGN 

A. Cavity resonator 

For an empty, air filled resonant cavity, the resonant 
frequency is found using the  

𝑓101 =
𝑐

2𝜋√𝜀𝑟𝜇𝑟

√( 
𝜋

𝑎
 )

2

+ ( 
𝜋

𝑑
 )

2

 

where a and d are respectively the width and length of the 
cavity resonator, εr and μr are the relative permittivity and 
permeability of the filling material in the cavity. The cavity 
resonator with its E field and the non-radiating slot 
evanescently coupling with the material under test (MUT) is 
shown in Figure 1.  

 

The width a = 864 µm of the rectangular cavities is fixed by 
the WR-3 waveguide dimensions and the design parameter is 
the length d which is used to fix the resonant frequency.   

 
Figure 1: Cavity resonator sensor with E field and non-

radiating slot in contact with the material under test. 
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The height of the waveguide is also fixed by the 
technology, b = 285 µm. A two port cavity resonator filter was 
designed at 240 and 260 GHz. Considering the coupling 
coefficients from using an inductive irises, it was found that an 
opening width of 400 µm ensures a critical coupling.  

B. Cavity resonator sensor 

The sensor is based on a cavity resonator provided with an 

aperture in the top waveguide surface which is evanescently-

coupled to a dielectric material under test. The top wall of the 

cavity resonator has a thickness of 30 µm and dielectrics are 

place on the opening of 250 µm by 250 µm. The resonant 

frequency is affected by any dielectric material placed on top 

of the opening. The coupling to the dielectric material is 

merely capacitive, as the opening is located at the maximum 

of the E field. The dimensions of the cavity sensor and 

coupling irises are optimized using HFSS. Phase response of 

the cavity resonator sensor for different permittivities varied 

from 1 to 12 is presented Figure 2. 

 

C. Q factor extraction 

The unloaded-Q factor of the cavity resonator was 
estimated by measuring the loaded Q factor and coupling 
coefficients using the following expression:  

𝑄0 =  𝑄𝐿(1 + 𝑘1 + 𝑘2) 

where the coupling coefficients 𝑘1 and 𝑘2 are obtained 
applying the reflection type Q factor extraction to a 
transmission cavity, from the measured coupling coefficients, 
following a methodology described in [8]. This method is more 
accurate when the coupling becomes strong, which is the case 
for the critically coupled filters designed. 

D. Dielectric permittivity extraction 

The cavity perturbation theory provides a way to analyze 
the impact on the on the complex frequency of a material 
inserted into the cavity resonator, as follows [9-10]: 
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Separating real and imaginary parts, results in:  
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where 𝜀𝑟 =  𝜖𝑟
′ − 𝑗𝜖𝑟

′′ is the relative complex permittivity of 

the sample, Vs and Vc are respectively the volumes of the 

sample and cavity resonator, respectively and K is the 

coupling correction factor.  

E. Coupling correction factor 

The coupling correction factor is taken as the ratio between 

the resonant frequency obtained using HFSS simulations and 

the theoretical resonant frequency obtained using the cavity 

perturbation theory. In the latest, the total volume considered 

as the non-perturbed volume is cavity resonator volume in 

addition of the perturbation volume of 250 µm
3
. The coupling 

correction factor is inversely proportional to the relative 

permittivity of the MUT, as can be seen in Figure 3. 

 

The coupling correction factor is reduced for higher 
permittivities due to less coupling of EM-fields, see Figure 4. 

 

This correction coupling factor will be used to extract the 

permittivities from the measurements. 

 

 

 

 
Figure 2: Phase response of the cavity resonator sensor for 

different permittivities varied from 1 to 12 of the MUT. 

 
Figure 3: The coupling correction factor is inversely 

proportional to the relative permittivity of the MUT. 
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Figure 4: Evanescent coupling and E field at the location 

of the sensing slot for two relative permittivities of              

(a) 𝜺𝒓 =  𝟏 and (b) 𝜺𝒓 =  𝟏𝟐. 



III. MEASUREMENTS  

Measurements were conducted using an R&S Vector 
Network Analyzer with millimeter-wave measurement heads in 
the band 220-330 GHz.  

Measurements are performed on different cavity resonators 
filters provided with an opening with dimensions (250 x 250 
µm) in the top metallized waveguide), see Figure 1. Different 
dielectric materials are placed on top of the sensing area and 
the S parameters are measured. Materials measured are: 

- 600 µm thick high-resistivity silicon (>4000 Ωcm, 
εr=11.6, tan δ of 6 × 10−4 measured at 100 GHz) 

- 127 µm thick RO3003 high frequency substrate (εr=3, 
tan δ of 1 × 10−3 measured at 10 GHz) 

 

In Figure 6 is shown a comparison between measurements 
and simulation where the trend between resonance frequency 
and permittivity are quite similar. The frequencies, FL 
extracted from the measurements correspond to the frequencies 
at a constant phase of -60⁰. 

 
The frequency shift is reduced for higher permittivities, due to 

a reduction of coupling of the EM-fields due to the higher 

permittivity of the MUT, which is represented by a reduced 

correction coupling factor, see Figure 3.  
 

A number of cavities with different dimensions and Q-
values will be presented at the conference. 

 

IV. CONCLUSION 

A sensor applicable for THz applications has been evaluated at 

the WR-3 band for near proximity coupling. 
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