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Abstract 

Metamaterials are special one-, two- or three-dimensional artificial structures with electromagnetic properties 
generally not found in the nature. Due to the simultaneous negative values of permittivity (ɛ) and permeability 
(μ), the wave vector and the vectors of electric- and magnetic-field intensity form a left-handed triplet with the 
result of antiparallel phase and group velocity and back wave propagation [1]. These unique properties of the 
left-handed materials have allowed novel applications and devices to be developed [2]. This paper is devoted to 
the application of metamaterials to the design of microwave sensor for dielectric properties of any solid sample 
detection. The sensor was projected based on the metamaterial structure consisting of the split ring resonators 
(SRR) etched on the appropriate dielectric substrate. The most interesting application of SRR is due to its 
resonant nature and strong response on applied electromagnetic field [3]. Using this characteristic the dielectric 
properties of unknown sample can be detected. When the dielectric sample occurs in the vicinity of the sensitive 
area of SRR, the electromagnetic field in this area is disturbed. According to this modification the dielectric 
properties of the sample can be characterized. 
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1.  Introduction 

Microwave sensors can measure properties of materials based on microwave 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. 
Microwave sensor offers many advantages in comparison with traditional sensor such as rapid 
and nondestructive measurement [1]. At microwave frequencies, dielectric properties of 
materials depend on frequency, moisture content, bulk density and temperature. 
Metamaterials are defined as effectively homogeneous artificial electromagnetic structure, 
which exhibits unusual electromagnetic properties especially the backward wave and negative 
refraction, which cannot be find in nature. One of the most important features of the 
metamaterials is the enhancement of the evanescence field [1], which has been used to 
enhance the near field sensors. The resonant properties of metamaterials results in frequency 
dispersion and operation in narrow bandwidth and the center frequency is fixed by the 
geometry and dimensions of the elements comprising the metamaterial composite. 
Among various applications the metamaterials can be used to improve sensing of classical 
microwave devices an in such way metamaterials open a new degrees of freedom in sensor 
design like a sensitivity increasing [2]. 
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The paper is organized as follows. In the first part the paper deals with the theory behind the 
dielectric properties of biological tissues and principle of operation of the metamaterial 
sensor. Next the experimental measurement using proposed metamaterial sensor is presented. 
In the end of the paper there are given some conclusions. 

2.  Theoretical background 

2.1  Electrical properties of dielectrics 

Electrical properties of dielectrics are characterized through their dielectric parameter, which 
is main parameter connected with interaction of dielectrics with electrical field. The real 
dielectrics are considered as a more or less lossy dielectrics which are defined by them 
relative permittivity εr and loss tangent tan δ. The arrangement of the constituent atoms and 
molecules in the dielectric material is changed as a reaction to an external electric field. The 
response of the dielectric to the electric field also depends on the frequency. For this reason 
the relative permittivity is represented as a complex number 

 rrr jεεε ′′−′= ,                         (1) 

where rε ′  is a dielectric constant and measure of how much energy from an external field is stored in 
the material. ε ′′  accounts for the frequency dependency of the dielectric which contributes to losses. 
The loss tangent - tan δ is defined as the ratio of the imaginary part to the real part of the relative 
permittivity [4]. 

In this paper the investigation of dielectric properties of polar dielectrics is considered, 
thus they have more than one relaxation time and do not satisfy Debye equation and suggested 
an empirical equation for the complex dielectric constant as 
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where εs and ε∞ are static and infinite permittivity respectively, ω is angular frequency, τ is the 
mean relaxation time for dielectric and distribution parameter, α is a constant for dielectric 
having a value 0 ≤ α ≤ 1. 

 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Normalised frequency [-]

N
o
rm

a
lis

e
d
 r

e
a
l 
p
a
rt

 o
f 

c
o
m

p
le

x
 p

e
rm

it
ti
v
it
y
 [

-] a = 0.5

a = 0.4

a = 0.3

a = 0.2

a = 0.1

a = 0 (Debye)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Normalised frequency [-]

N
o
rm

a
lis

e
d
 i
m

a
g
in

a
ry

 p
a
rt

 o
f 

c
o
m

p
le

x
 p

e
rm

it
ti
v
it
y
 [

-]

a = 0.5

a = 0.4

a = 0.3

a = 0.2

a = 0.1

a = 0 (Debye)

 

a                                                                  b 

Fig. 1. The frequency dependence of (a) real and (b) imaginary part of complex permittivity for various values of 
distribution parameter α. 

The distribution parameter characterizes the width of relaxation spectra of investigated 
dielectric material. The changes of investigated material permittivity induce also the changes 
of distribution parameter α. It can be seen in Figure 4 the simulation results for frequency 
dependence of real and imaginary part of material complex permittivity for various values of 
distribution parameter α. 
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The shown explanations of complex permittivity which represents polarizing effects in 
dielectrics do not consider the temperature changes [5]. 

2.2  Metamaterial sensor 

A lot of methods have been proposed for dielectric properties of materials investigation. In 
this paper the design of microwave metamaterial sensor is described. The metamaterial 
structure used for the sensor consists of arrays of unit cells of split resonators which were first 
time designed by Pendry et al. [3]. 
Split ring resonators are structures having strong response on electromagnetic field. The 
overall SRR can be represented by the equivalent circuit of a LC oscillator, Fig.2. The band 
gap in the SRR transmission spectrum is produced by either magnetic or electrical resonances 
caused by the charge distribution of the incident field. The magnetic resonance is obtained 
mainly because of its capacitive components. The gap with width d represents a main 
component of overall capacitance of the SRR. By changing the dimensions of the gap and 
ring or by introducing additional gaps or rings inside, the magnetic resonance can be 
influenced [6]. 

 

Fig. 2. The split ring resonator and its equivalent resonant circuit. 

If we consider a single ring model and only its first order resonance, the resonant frequency 
for the equivalent circuit is 

        
LC

1
r =ω                    (3) 

where L represents the overall inductance and C the overall capacity of the ring. If it is 
possible to control the resonance of each element of the SRR array, the investigation of 
sample can be carried out. The gap of the SRR can be described as a capacitor with effective 
permittivity εeff due to fringing fields around the gap. If a sample, e.g. biological tissue, is 
placed to the vicinity of the sensitive area of any SRR it interacts with the gap of SRR, it 
changes the capacity of the ring due to a change of the effective permittivity [6]. According to 
equation (3) the change of the capacity causes the shift of the resonant frequency. This 
phenomenon is a principle of described sensor. 

The classical metamaterial sensor was built in cooperation at Institute of Microwaves and 
Optics at TU Darmstadt, Germany [6]. The physical implementation of the metamaterial 
sensor was carried out with the help of the software package TX-line and CST Microwave 
Studio which is suitable for modeling of planar microwave structures. Transmission line and 
four SRR with different width were etched on the high frequency laminate Rogers RT/Duroid 
5870 with relative permittivity εr = 2.33 and thickness of the substrate h = 0.508 mm. 
Distance between SRR was selected 3 mm and was numerically verified not to cause the 
change of resonant frequency by its  neighboring rings. On the bottom side of the structure 
there is placed ground plane with thickness 9 μm. The sensitive area of sensor corresponds to 
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the gap of the rings in each unit cell [6]. The SRR are projected such that the gap of the ring is 
placed on the opposite side to the line as is shown in Fig.3. 

 

Fig. 3. The prototype of the metamaterial sensor (TU Darmstadt, Germany [6]). 

Our new idea was to use this conventional sensor, Fig. 3 without the microstrip line feeding. 
The sensor with four metamaterial structures was implemented directly to the volume of 
waveguide. In this way there was investigated the sensitivity the modified metamaterial 
microwave sensor to the dielectric properties changing of investigated dielectric material. 

The numerical results for transmission of microwave signal in waveguide with modified 
classical metamaterial sensor are in Figure 4. Figure 4 (a) shows situation of state which 
responds to the dielectric properties of investigated material. In the case when dielectric 
properties of investigated material are changed, the sensor become insensitive and microwave 
signal is not transmitted, Figure 4 (b) where is displayed situation of changed dielectric 
properties of investigated sample. It can be seen, that a new modified metamaterial sensor is 
frequency selective and can be capable to the changes of material dielectric properties.  

In our approach the investigated sample is not placed directly to the separete ring of metamaterial 
structure (like in the case of classical sensr, Fig. 2), but to the one port of waveguide. 

   

a                                                b 

Fig. 4. Example of the electromagnetic field distribution in waveguide sensor with metamaterial structure at 
(a) nonzero and (b) zero transmission. 

3.  Experimental results 

The measuring methods were used in the standard laboratory arrangement at frequency range 
1 – 2.5 GHz. The experimental set-up consists of the sensor linked up the VNA (Vector 
Network Analyzer) which attends to extraction of scattering parameters. The first 
measurement was performed without dielectric sample. In the next step the dielectric sample 
with unknown permittivity was placed in the port of waveguide area. The example of 
experimental result for second ring of modified metamaterial sensor is shown in the Fig. 5.  
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Fig. 5. Comparison of resonant characteristics for empty and with dielectric filled port of waveguide  
(sensitive second ring of modified metamaterial sensor placed in volume of waveguide). 

When the microwave pulse reaches the dielectric sample it sends a changed reflected signal 
which depends on its dielectric properties. According to shift between resonant frequency of 
empty waveguide port and waveguide port with dielectric sample the relative permittivity of 
the sample can be determined. 

The extraction of the sample dielectric properties using permittivity model based on the 
simulations in CST Microwave Studio and experimental measurement was done. In the 
simulations the resonant frequencies for every ring with varying value of permittivity from 
was calculated. For each ring the relevant curve representing dependence between resonant 
frequency and permittivity was constructed. For verifying this model the similar characteristic 
based on the results from the experimental measurement was drawn. For this measurement 
four dielectric bricks with known values of permittivity (6, 10, 15 and 20) were used, the 
relevant curve was constructed and compared with simulated mode and finally, the best 
agreement was found. The reaults for used model is shown in the Fig. 6. 

 

Fig. 6. Permittivity model for all SRR of metamaterial sensor in waveguide separately. 

Conclusions 

Our experimental results shown, that new approach to the metamaterials sensor, when the 
investigated dielectric material is placed to the port of waveguide and sensor is placed to the 
volume of waveguide is also applicable for dielectric properties of dielectric material 
measurement. The main advantage of our approach is that the sample is investigated in 
nondestructive way in comparison with classical approach when the sample has to be 
extracted and its small piece is placed directly on the one ring of metamaterial structure. 
We have shown that the sensor tuned with designed metamaterial structure has also the 
frequency selective properties. The resonant response of sample can be evaluated by 
measurement of scattering parameters. The designed waveguide sensor tuned with 
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metamaterial unit can be used not only for permittivity of dielectric sample measurement but 
also for monitoring of sample permittivity changes. 
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