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Abstract 

The aim is to achieve the optimal design of metamaterial structure for waveguide sensor tuning in microwave X-
band. The numerical simulation of 2D metamaterial structure properties and experimental results for dielectric 
properties dielectric materials are carried out. In a large range of applications, the information about dielectric 
properties are required, but not only these, sometimes, for natural dielectric as wood, the direction of the wood 
grain that is  changing from point to point, making the permittivity tensor to become a random values. The 
purpose of the paper was to apply a modern microwave measurement method to determine the dielectric 
properties of wood samples and validate the results with Dynamic Mechanical Analysis. 
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1. Introduction 
There are 1.43 million ha of Norway spruce (Picea abies L. (Krast)) in the Romanian 
Carpathians [1] which host one of the most important resources of resonance wood in Europe, 
in terms of value and volume. Although it is continuously decreasing, the resonance wood 
resource still satisfies the demand for the local musical instruments industry which are 
shipped across all continents.  
Dielectric materials are the poor electric conductors (non-ideal insulator). Starting from paper 
and ending to special dielectrics used in solar cells, dielectrics are used in various domains 
with interesting practical applications. The dielectric properties determine the electrical 
features of materials, and these give information useful for their further utilization and 
characterization [2]. The dielectric properties are usually determined in resonant circuits [3], 
electronic bridges [4], transient methods in DC [5], etc. Measurements on low-loss materials 
using closed and open cavity resonators, and dielectric resonator methods have been used 
since 1990 [6] but microwaves (MW) measurements can be carried out now by velocity-
modulated tubes, cavities, waveguide technologies and free space configurations [7]. Using 
the interactions between microwave and the materials, microwave waveguide sensors [8] can 
measure dielectric properties of materials.  
Microwave waveguide sensors can measure properties of materials based on microwaves 
interaction with matter, and they can be used to provide information about dielectric 
properties of investigated dielectric material characterized with complex permittivity, and 
with that knowledge can afford information about moisture content, density, structure, and 
even chemical reaction [9]. Microwave sensor offers many advantages in comparison with 
conventional sensor such as rapid and nondestructive measurement [10]. Nowadays, a great 
interest has been devoted to the sensing applications of metamaterials to increase the sensing 
properties of conventional waveguide sensor. Not only absolute value of complex permittivity 
can be in interest – in some technological processes it is needed information about changing 
dielectric properties of processed materials, but, for some natural materials as wood, the 
direction of the wood grain is changing from point to point and makes the permittivity tensor 
to be an aleatory quantity [11]. Wood is a natural, renewable material, which is used in a wide 
variety of products such as load bearing structures and furniture. However, the heterogeneous 
nature of wood leads to a large variability of its physical properties, which creates serious 
difficulties in industrial processes where well-defined material parameters are essential for 
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manufacturing with consistent quality. Over the past decades the traditional use of wood as 
construction material evolved to a modern, widely differentiated application domains, as sonic 
barriers or components in small wind turbine blades, etc. 
The purpose of the paper was to apply a modern microwave measurement method to 
determine the dielectric properties of wood samples and compare the results with Dynamic 
Mechanical Analysis. 
 
2. Samples and methods 
 

2.1. Samples 

Wood is an anisotropic dielectric which, greatly simplifying the physical reality, can be 
considered as a triaxial crystal, with three different principle axes related to the wood grain. 
Modern production lines demand sophisticated methods for quality control, and the 
implementation of new technologies in the wood industry is promising therefore.  
The studied samples were cropped from plates of spruce [12], to fit the inside of the 
rectangular microwave waveguide and others having the characteristics described in table 1. 
The density was determined with DPX300 Machine. 
 

Table 1. Samples characteristics for DMA testing 

Cases - Load direction 
reported to wood structure 

Samples 
Moisture 

Contents % 
Density 
ρ[g/cm3] 

Sizes 
[mm] 

L l h 

Case 1 
Tangential Bending 

Moment (MbTg) 

Spruce 1. 13.9 0.441 50 10.63 4.95 

Spruce 2. 14.2 0.423 50 10.73 4.90 

Case 2 
Radial Bending Moment 

(MbR) 
 

Spruce 3. 13.7 0.397 50 10.70 4.90 

Spruce 4. 13.9 0.366 50 10.6 4.99 

 

 

2.2. Microwave testing  
Measurements were done on Vector Network Analyzer VNA MS2028C with connected close 
waveguide section with metamaterial structure in front of waveguide opening (Figure 1).  

 
Figure 1. Microwave testing experimental set-up 

 
The samples – Spruce wood – were placed in waveguide hard by the walls of waveguide, 
therefore the corrections were not necessary in relative permittivity calculation. The 
transmission – reflection method was used for measurement and Nicolson-Ross-Weir (NRW) 



conversion process [13,14] was used for relative permittivity calculation. The values of S11 
and S21 parameters, which were measured and parameters of critical wavelength in 
waveguide, the sample length and the wavelength in free space were used in calculation. 
Thus, transmission (T) and reflection (Γ) coefficients are extracted from S-parameters 
measured by VNA using the scheme presented in Figure 2. 

 
Figure 2. Schematic procedure of NRW method 

 
The reflection coefficient Γ is calculated [15] 
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Thus, only transmission S11 and reflection S21 are used to extract the complex permittivity. 
 

2.3. DMA testing 
 
The three points bending flexural test under force was performed. Bending moment (Mb) is 
orthogonal to force direction as can be seen in Fig. 3a. Two cases of load were considered in 
accordance with type of flexural and disposal of bending moment to wood fibers. The storage 
modulus E’, loss modulus E” and damping tanδ have been determined using Dynamic 
Mechanical Analyzer DMA 242C- Netzsch.  



 
 

  
a b 

Figure 3. Load direction reported to wood structure for studied samples: a – Set-up of beam 
for dynamic bending test according to ASTM D5023 – 07; b – case 2 (Radial Bending 

Moment MbR) 
 
The measurement conditions were: isotherm measurement at 30±0.10C, frequency 1Hz, 
during 10 minutes, the amplitude of force 6N and maximum deflection 30pm. 
 
3. Numerical simulation 

 
In order to obtain the distribution of the electromagnetic field, a finite difference time domain 
(FDTD) method is applied using the scheme suggested by [16] to the Maxwell equations. The 
electric field vector components are orthogonal to the magnetic field vector components upon 
half-cell. The electric field and magnetic field are evaluated at alternative half time steps. For 
TE mode, the electric and magnetic field components are expressed by the total field FDTD 
equations. The simulation has been carried out in XFDTD software by REMCOM [17].The 
simulations of the typical electric field of TE10 mode along the center axis of rectangular wave 
guide size=22.86mm × 10.16mm: a) Rectangular wave guide is empty, εr=1and b) 
Rectangular wave guide is filled with wood sample, operating at the microwave frequency of 
7.5GHz (30 s). The time is set-up short because it is known that microwaving wood leads to 
drying and dielectric properties vary with temperature. Figure 4 shows the electric field 
distribution, respective the magnetic field, inside the rectangular wave guide with wood 
sample inside at the frequency of 7.5GHz. Since the typical depth of wood is close to the 
penetration depth of microwave [16], the microwaves penetrate through the sample. The wave 
will be reflected on each interface, from air (cavity) to top surface and from lower surface of 
sample to air (cavity). 



a  b 
Figure 4. Distribution of electromagnetic field with sample inside: a) Ex; b) Hx 

 
The reflection and transmission components at each interface will contribute to the resonance 
of stationary wave configuration inside the sample and give rise to a microwave absorption 
peak further from the surface exposed to incident microwaves. It can be seen that a stronger 
standing wave with large amplitude is formed by interference between the incident and 
reflected wave from the surface of sample due to the difference of dielectric properties of 
materials (air and sample) at this interface. 
 
4. Experimental results  
 
The S parameters of metamaterials structure have been measured with Network Analyzer 
Agilent E5071B USA18. The results are presented in Figure 5. 

 
Figure 5. S parameters of metamaterial structure 

 
The experimental measurements have been carried out using the metamaterial structure in the 
front of a rectangular waveguide BJ-100 with dimensions a = 22.86mm, b = 10.16mm. The 
length of the waveguide used is 60mm, the waveguide walls are PEC, the end of the 
waveguide is a metallic grounding square shape of size 40mm x 50mm. The metamaterial 
layer consist in 5×5 split ring resonators (SRR) whose resonant frequency corresponds to the 
operating frequency of the system [19]. The metamaterial structure was etched on the 
ROGERS RT/DUROID 5870. The dielectric sample was placed in the near electromagnetic 
field area of waveguide sensor tuned with 2D metamaterial structure, Figure 1. Two type of 
samples having same high and width to fit inside the waveguide were taken into 
consideration: sample 1 having 50mm length and sample 2 having 30mm length. The aim is 
to find the shift of resonant frequency due to changing of sample dielectric properties with 



frequency. The results of measurements are given in Figure 6. 

a  b 
Figure 6. Microwave measurements - dielectric constant vs frequency: a) sample 1; b) 

sample 2 
In order to validate the method, the samples were destructive tested using Dynamic 
Mechanical Analyzer DMA 242C by Netzsch Germany. 

a   b 
Figure 7. Correlation between storage and loss modulus of Spruce versus time: a) radial 

rare fibre; b) semiradial rare fibre 
Dynamical modulus of elasticity is lower than statically one regardless of loading. For 
example, in case of longitudinal flexural, statically elasticity modulus is 2.34 times higher 
than elasticity modulus determined with ultrasound method [20, 21] and 2.77 times higher 
than dynamic modulus with DMA. 
 
Conclusions 

 
In the paper we investigate the possibility of artificial metamaterial structure using in 
waveguide microwave method for upgrading properties of classical waveguide sensor. The 
microwave methods are nowadays used especially for the dielectric materials investigation, 
their advantages allowed us to measure without contact medium. The dielectric properties of 
wooden samples were measured in X – band frequency region and results showed the 
frequency dependence of wood dielectric properties. The knowledge of this dependence is 
important for very precise tracking the dielectric properties changes connecting with various 
factors which occur in processes connected with wood processing and is important also in 
restoration processes of old wood artefacts where the quality of old wood should be known.  
The numerical analysis has allowed the determination of optimal frequency required to excite 
the microwave waveguide in order to test wood samples. The mathematical allowed the 
determination of reflection and transmission coefficients using S-parameters. Using the results 
obtained by DMA, and completing with dielectric characteristics, a complete characterization 
of Spruce samples taken into consideration, promoting them for use in different practical 
application as sound barrier, acoustic cavities, etc. 
Future works will take in analysis other local species of wood for further development of new 
applications taking into consideration also the moisture content. 
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