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Abstract — An accurate quasi-optical S-parameter 

measurement method implemented in the normalized frequency 

bands Ka, W and J is presented in this paper. Permittivity 

extraction of various solid or non-solid dielectric materials is 

performed using the 4 S-parameters without time domain gating 

nor filtering. The procedure is validated through the comparison 

between the simulated and measured 4 S-parameters in magnitude 

and phase. Results are given for the Rexolite over a wide frequency 

span from the Ka to J band while some non-solid materials were 

characterized in the W band. Moreover, effects of rain flow on a 

dielectric slab were investigated for automotive radar applications 

in the W band and preliminary results are given. 

Keywords — characterization, free space, dielectric 

permittivity, solid and non-solid material, rainfall, car bumper. 

I. INTRODUCTION 

Millimeter waves up to THz are increasingly being used or 

foreseen in various applications such as 5G (backhaul), RFID 

tags to analyze the risks associated with aging structures, 

imaging for non-destructive control and security, automotive 

radars, radiometry,... Knowledge of the complex dielectric 

permittivity of materials is essential to achieve the 

specifications in the design of devices and systems at very high 

frequencies. Moreover, the study of the propagation and the 

interactions of waves with the environment also requires a 

detailed knowledge of these characteristics. Material 

characterization can be performed in a rectangular or coaxial 

waveguide, or in a cavity, where machined samples are inserted. 

Due to very small dimensions of the waveguides at millimeter 

waves and very small frequency bandwidth extraction in 

cavities, free space non-resonant techniques are preferred at 

very high frequencies [1].   

This paper presents a technique and the associated setups for 

the measurement of the 4 S-parameters of dielectric slabs in the 

millimeter wave range. The technique is based on free space 

measurements and is implemented in the Ka (26-40 GHz), W 

(75-110 GHz) and J (220-330 GHz) normalized frequency 

bands. The 4 S-parameters over each frequency band are used 

to extract the complex permittivity of solid materials [2]–[4], 

while non-solid materials such as water or sand are measured 

using a pre-characterized container [5]–[7]. As an extend to this 

work, the impact of rain on a car bumper is also investigated in 

the W band [8] and preliminary results of wet radome modeling 

are presented. 

II. TEST BENCH DESCRIPTION 

The quasi-optical technique is based on “free space” 

propagation between two antennas placed opposite to each 

other. A material under test (MUT) with large dimensions, 

located between them, interacts with the electromagnetic beam 

and the consequent perturbations characterize the transmission 

and reflection coefficients, that is, the S-parameters of the MUT. 

Specific antennas, using a horn and a lens, are designed to 

create a focused or paraxial gaussian beam, depending on the 

ratio between the waist W0 and wavelength  [9]. The higher 

the ratio, the more paraxial the beam. A highly paraxial beam is 

preferred so that the MUT position is not critical and S-

parameters can be measured without filtering nor time gating. 

Therefore, the waist is the optimal position for the free space S-

parameter measurement of a device under test such as dielectric 

slab, frequencies selective surfaces, polarizer, etc. (see Fig. 1).  

 

 

Fig. 1. Gaussian beam focused to obtain the waist 

The test bench in the W band was developed using 

purchased GOLA (Gaussian Optics Lens Antenna) with W0/  

8 and validated through various experimental results. In the Ka 

band, specific corrugated horns were designed to create a 

gaussian beam with a W0/ ratio of about 3. The in-house 

measurement setup in the J band uses commercial horns and 

lens with W0/  13. Lastly, the D band (110-170 GHz) test 

bench is now under study. As depicted in Fig. 2, the material is 

easily placed on a motorized mount between the GOLA 
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antennas and measurements on normal incidence can be carried 

out as well as with an incidence angle if needed. 
 

 

Fig. 2. Quasi-optical test bench in the W band with a PVC slab under test. A 

hole, hidden by the slab, is made in the mount (see also Fig. 10).  

The 4 S-parameter measurement requires a full 2-port 

calibration of the setup. Therefore, a free space Thru-Reflect-

Line (TRL) technique is used to ensure an accurate location of 

the reference plane, as proposed in [3] using the W band setup. 

The described calibration procedure is applied in the same way 

for the Ka, D and J test benches: a metal plate is used for the 

reflect standard, the line is achieved by moving away one of the 

two antennas by a distance of around a quarter wavelength at 

the center frequency and the thru by moving back the shifted 

antenna. 

III. DIELECTRIC PERMITTIVITY CHARACTERIZATION 

A. Solid material characterization 

The permittivity extraction is carried out using the analytical 

model of a dielectric slab whose parallel faces are under normal 

incidence of a plane wave (see Fig. 3). As the slab thickness is 

measured with a caliper, the relative complex permittivity 𝜀𝑟 =
𝜖𝑟

′ + 𝑗𝜖𝑟
′′ can be extracted at each frequency point only from the 

measured S12 or/and S21 parameters (magnitude and phase) by 

minimization of an error function. 

 

 

Fig. 3. Slab model under plane wave incidence 

Using the extracted value of the permittivity, the S11 and S22 

coefficients are then used to refine, with some iterations, the 

slab thickness h by comparing the measured and simulated S-

parameters.  

As an example, the permittivity extraction result for a 

12.815 mm Rexolite slab is given in Fig. 4 for the 3 normalized 

frequency bands, from 26.5 up to 330 GHz.  

To validate the permittivity extraction in the J band, using 

the mean values, the comparison between the simulated and 

measured transmission and reflection coefficients in magnitude 

and phase is performed. As depicted in Fig. 5 and Fig. 6, very 

good agreement is obtained with no preliminary filtering or 

time domain gating applied to the calibrated S-parameters. 

 

Fig. 4. Extracted permittivity (real and imaginary parts) of a Rexolite slab 

 

Fig. 5. Comparison between measured and simulated S21 and S12 parameters 

(magnitude and phase) of a Rexolite slab 

 

Fig. 6. Comparison between measured and simulated S11 and S22 parameters 

(magnitude and phase) of a Rexolite slab 

B. Non-solid material characterization 

In order to characterize a non-solid material, a specific 

container (using anti-leak seal for liquids) made up of two 

dielectric parts was designed [10]. The internal transverse 

dimensions of the container depend on the operating frequency 

and more particularly on the size of the electromagnetic beam. 

In the W band, a square about 10 x 10 cm² is used. In the Ka 

band, a square about 22 x 22 cm² is used. 



Using the extracted value of the permittivity, the S11 and S22 

coefficients are then used to refine, with some iterations, the 

slab thickness by comparing the measured and simulated S-

parameters. To model the container, a cascade of 3 plates 

(namely A, M and B) can be considered, according to Fig. 7. 

 

Fig. 7. Container assembly for non-solid material characterization 

The dielectric slabs A and B (PVC) are separately pre-

characterized. Therefore, the complex permittivity and 

thickness of each part (A, B) of the container are known: 

𝜀𝑟𝐴, ℎ𝐴, 𝜀𝑟𝐵 and ℎ𝐵 .  The S-parameter measurement of the 

assembly makes it possible to retrieve the characteristics of the 

unknown material (𝜀𝑟𝑀, ℎ𝑀).  The approach uses the transfer 

(T) matrix transformation which leads to:  

 

[𝑇𝐴𝑀𝐵] = [𝑇𝐴
𝑚𝑜𝑑𝑒𝑙]. [𝑇𝑀

𝑚𝑜𝑑𝑒𝑙]. [𝑇𝐵
𝑚𝑜𝑑𝑒𝑙] (1) 

 

where the transfer matrix 𝑇𝐴𝑀𝐵  is calculated from the measured 

S-parameters of the assembly and 𝑇𝑚𝑜𝑑𝑒𝑙 is the calculated T-

matrix of each A, B and M slab [10]. 

The measured value ℎ𝑀 is taken as an initial value of the 

material thickness and it is slightly adjusted by a few iterations. 

As an example, the water permittivity extracted by this 

procedure is compared with the single-Debye model (see 

Fig. 8). Moreover, as seen in Fig. 9, very good agreement 

between the simulated and measured S-parameters is obtained 

with no filtering or time domain gating applied to the measured 

data. 

 

 

Fig. 8. Water complex permittivity extraction in the W band 

The discrepancy observed between the simulated and the 

measured S-parameters comes from a non-perfect parallelism 

of the 3 cascaded slabs of the container. This imperfection has 

less impact on the transmission coefficient. 

 

Fig. 9. Comparison of the S-parameters of the container filled with water 

IV. EFFECT OF WATER ON A DIELECTRIC SLAB 

A. Test bench 

Experimentations on wet materials were performed in the 

W and Ka bands using the previously described setups (see Fig. 

2). This study is of great interest for automotive applications as 

the performances of the radar placed behind the car bumper are 

impaired by rain [11], [12].  

Water drops were sprayed on one side of the material as well 

as water flowing, as depicted on Fig. 10, with various drop sizes 

and densities on the surface. Even if the amount of sprayed 

water and the water quantity over the surface of the material is 

not perfectly controlled, this simple test gives some interesting 

preliminary results about the impact of water on the reflection 

and transmission coefficients. Investigations carried out for 

water flow modelling are described in the next section. 

 

  

Fig. 10. PVC slab with water drops (left), with water flow (right) 

B. Measurement and modelling  

Measurements in the W band on a wet dielectric slab were 

carried out with the test bench described in section I. As 

depicted on Fig. 11, the comparison between the dry and the 

wet material shows that the reflection coefficients on both sides 

are very different. The reflection coefficient on the side with 

water flow is roughly constant (around -10 dB) while on the dry 

side there is a shift of the resonance frequencies of about 9 GHz. 

       A cascade of dielectric slabs with parallel faces can be used 

to model the bumper. The water flow is taken into account as a 

thin layer made of water with its permittivity described with the 

single-Debye model as presented in section III.B. Using this 

very simple approach, the simulated reflection coefficient on 

the wet side is higher than measurement by about 5 dB, while, 

on the dry side, the frequency shift is perfectly predicted, as 



shown in Fig. 11. A difference of about 2.5 dB between the 

simulated and measured 𝑆21 coefficients was also observed. 

The frequency shift of resonances is explained by the sign 

of the reflection coefficient at the dielectric-to-air interface 

without (𝜌21, case a) and with water (𝜌23, case b), see Fig. 12. 

 

 

Fig. 11. Water flow effect on the reflexion coefficient (magnitude) of a radome: 

comparison between model and measurement 

 
Fig. 12. Reflection coefficient at the dielectric-to-air interface without (case a) 

and with water (case b) 

Because of the high value of water permittivity, the sign of 

𝜌21 is opposite to 𝜌23 as shown in the following equations: 
 

𝜌21 =

𝑍0

√𝜀𝑟2
 − 𝑍0

𝑍0

√𝜀𝑟2
 + 𝑍0

   and    𝜌23 =

𝑍0

√𝜀𝑟2
 − 

𝑍0
 √𝜀𝑟3

𝑍0

√𝜀𝑟2
 + 

𝑍0

√𝜀𝑟3

,     𝑍0 = 377 Ω     (2) 

 

The water-to-air interface (case b) has low effect on the dry 

side (𝑆11𝑏) because of the high propagation losses into the water 

layer. However, the maximum magnitude values of the 

reflection coefficients 𝑆11𝑎 and 𝑆11𝑏 are almost identical (about 

-7 to -6 dB) because of the dielectric-to-water interface with a 

complex reflection coefficient due to the imaginary part of the 

complex permittivity of water. 

A more precise model of the water layer which reflects the 

wavelets observed on the material surface is now under 

investigation. 

V. CONCLUSION 

Test benches in the Ka, W and J frequency bands using 

horns and associated lens have been described. Very high 

measurement quality providing very good performances is 

validated through a large variety of dielectric slab 

characterizations for permittivity extraction of solid and non-

solid materials. Comparison between measurements and 

simulations of the 4 S-parameters in magnitude and phase 

shows the reliability of the technique from millimeter up to the 

sub-millimeter wave range. The impact on the S-parameters of 

water drops and water flowing on one side of a dielectric slab 

has also been investigated and preliminary modelling has been 

presented. 

Further investigations on multilayer slabs and water flow 

modelling are now underway to study the relationship between 

rain fall and thickness of water on the bumper and also taking 

into account the speed of the car in radar applications. 
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