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Abstract—In recent years many different methods for 

dielectric characterization of materials have been developed. 

However, all methods have some limitations, especially in the 

sub-terahertz (sub-THz) frequency range. This paper presents a 

new measurement method, which is based on broadband complex 

reflection coefficient measurements. The proposed method can be 

used to characterize every dielectric without accurate 

information about the thickness of the sample under test. This 

possibility is useful in case of characterization of some groups of 

materials (e.g., biological tissues). Furthermore, it is shown, that 

it is possible to determine electrical properties of two-layer 

material. 

Keywords—permittivity; sub-THz range; characterization of 

materials, standing wave ratio 

I. INTRODUCTION 

New methods for determining electrical properties of 
materials in sub-terahertz (sub-THz) frequency range (30 GHz 
– 1 THz) are becoming increasingly important due to a large 
number of applications in this band. The most promising 
applications are communication systems, radars, security 
scanners, imaging in medicine, and spectroscopy. For this 
reason, knowledge about properties of a wide variety of 
materials is very important. 

In recent years many different methods for obtaining the 
permittivity and the permeability of a given material have been 
developed [1]. However, all methods have some disadvantages 
and limitations, especially in very high frequency range. Due to 
high dispersion and high losses in sub-THz and THz bands for 
many materials (Fig. 1), resonant methods are not suitable. 
Non-resonant methods allow broadband characterization, 
however more accurate techniques require better defined shape 
of the sample under test, especially appropriate thickness is the 
most important [2]. It can be seen in comparison presented in 
Fig. 2. 

Time-domain spectroscopy (TDS) is commonly used for 
wide-band characterization in terahertz frequency band. 
However, its usefulness is limited due to the low power spectral 
density of the excitation signal and limited SNR in the lower 
frequency range (below 300 GHz) [3]. Another limitation of 
THz-TDS is low frequency resolution. In practical 
implementations typical resolution is approximately 1 GHz. 

 

Fig. 1. Example of frequency dependence of the complex permittivity. 

 

Fig. 2. Comparison of non-resonant methods for characterization of materials 

depending on the frequency, accuracy and requirement for the shape of the 

sample under test. 

One of the most interesting field of research in sub THz 
band is characterization of biological tissues. It can be used in 
many medical applications, in particular in oncology. By 
examining, for example, the permittivity of a tissue, it is 
possible to determine various abnormalities. This potential is 
important in non-invasive diagnostics of skin cancers and 
intraoperative verification of a given tissue. The presence of 
cancer is often related to increased blood supply to affected 
tissues and a local increase in tissue water content may be 
detected. 

For electrical characterization of biological materials, in 
vivo or ex vivo measurements can be performed, however, from 
a practical point of view the first one is more useful. Moreover, 
applied method should be broadband, non-contact, and 
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non-destructive for the tissue under test, especially for burned 
tissues [4]. For these reasons, near field probes [5], [6] or 
terahertz time-domain spectroscopy [7] have been applied. 

Another desired attribute of measurement method is 
possibility of characterization of layered materials, e.g. low-
temperature co-fired ceramics (LTCC) or composites. Thanks 
to this ability, a structure of such material can be more 
precisely investigated. 

For applications mentioned above characterization methods 
based only on reflection are the most attractive and suitable. 
Besides near-field probe methods, the use of open-ended 
coaxial line have been proposed [8]. The main problem related 
to this technique is the influence of airgaps between the probe 
and the sample under test. Moreover, measurement accuracy 
for characterization of high permittivity materials is relatively 
low. Another group of measurement methods, that can be used 
in sub-THz range, are free space quasi-optical methods [9]. 
However, if only reflection coefficient is measured, then 
accuracy is lower than for transmission measurements, 
especially for lossy samples. In addition, in case of 
quasi-optical techniques thickness of the sample has to be 
precisely determined. Considering all mentioned limitations, 
we developed new frequency-domain measurement technique 
based on the standing wave concept. The proposed method is 
compared with other methods in Fig. 2. 

II. NEW MEASUREMENT METHOD 

A. Theoretical Study 

For the purpose of characterization, we have to consider 
two isotropic half-spaces of the same relative permittivity εr1 
equal to 1 separated by isotropic dielectric flat layer of relative 

permittivity  
222

tan1'  j
rr

  and thickness d. If a plane 

wave is incident perpendicularly upon the dielectric boundary, 
a standing wave in the first region occurs. It can be found that 
the field distribution in the space between source and dielectric 
layer is depended on permittivity, thickness of this layer, and a 
frequency. It has been shown in [10], that for lossless 
dielectrics maximum value of the standing wave ratio (SWR) is 
directly equal to their permittivity, thus electrical properties of 
the given material can be easily obtained. 

However, in the case of lossy materials, this approach can 
not be used. For this reason, we propose to introduce a new 
parameter – complex standing wave ratio (CSWR) – which is 
defined as: 

  
 
 f
f

fCSWR
def









1

1.  

where  f  is a complex reflection coefficient in the frequency 

domain. 

To determine the permittivity of the material under test, 
CSWR is calculated from broadband complex reflection 
coefficient obtained by measurement. For lossless (or very 
low-loss) samples, only the real part of CSWR is required: 

    2maxRe rfCSWR   

In Fig. 3 the real part of CSWR for different lossless 
samples is presented. The maxima of each plot are equal to 
particular permittivity values, the same as for traditional SWR. 

 

Fig. 3. Real part of CSWR for different lossless samples. 

For the opposite situation of lossy materials, the real part 
and the phase of CSWR tend to some constant values in the 
given frequency range. In the case of very lossy samples 
CSWR is simply constant. If loss tangent is not so high, then 
the real part and the phase of CSWR oscillate around their 
mean values. These mean values are related to complex 
permittivity: 

    2ReRe rCSWR   

    2argarg rCSWR   

Solving the foregoing equations, the real part of permittivity 
and loss tangent can be determined: 

   

2

2

2

2

tan11

Re2
'







CSWR
r

 

   
   1argtan

argtan2
tan

22



CSWR

CSWR
  

The most interesting property of proposed CSWR function 
is fact, that its phase only depends on the loss tangent. It is 
illustrated in Fig. 4. For example, if the phase of CSWR equals 
to -10 degrees, it means that tanδ is approximately 0.36. 
Moreover, the thickness of the sample need not be known to 
determine both dielectric constant and loss tangent. 
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Fig. 4. Phase of CSWR versus loss tangent. 

These properties make this method ideal for testing of 
biological tissues. It allows simple, fast, non-contact 
characterization of low-loss and high-loss materials based only 
on reflection measurements. 

The proposed method was applied in quasi-optical 
measurement setup described in detail in [10]. The setup was 
consisted of the VNA [11] with frequency extenders [12], a 
Teflon lens, and a horn antenna. Appropriate two-step 
calibration procedure was used in order to measure reflection 
only from the sample under test. 

B. Two-layer Materials 

The proposed method can also be used to determine 
electrical properties of two-layered material shown in Fig. 5. 
However, there some restrictions on the permittivity and 
thickness of each layer. Firstly, both dielectric layers should be 
low-loss and their electrical thickness has to be sufficiently 
high to obtain significant number of maxima in the given 
frequency range Δf. For one layer the number of maxima is 
equal to: 













 


c

fd
n

r22   

where: d – thickness of the layer, Δf – frequency range, 
c – the speed of light. 

 

Fig. 5. Sample consisted of two different layers. 

In Fig. 6 the real part of complex standing wave ratio for 
exemplary two-layer material is presented. Calculations were 
made assuming the following parameters: d1=3 mm, εr1=7, 
d2=1.5 mm, and εr2=10. 

 

Fig. 6. Real part of CSWR for the first two-layer sample. 

In this case many local maxima of CSWR are observed. 
What is interesting, for two-layer sample values of each peaks 
are also related to the permittivity of both layers. However, 
only some of them are equal to particular dielectric constant 
(marked by red circles). The lowest peaks determine lower 
permittivity value, the highest are equal to higher dielectric 
constant. Value of each maximum are presented in Tab. 1. 
Meaningful values are bolded. The same observations can be 
made in Fig. 7 and Tab. 2. Presented results were obtained for 
the following parameters: d1=4.5 mm, εr1=7, d2=6 mm, and 
εr2=5. 

TABLE I.  LOCAL MAXIMA OF CSWR FOR THE FIRST TWO-LAYER 

SAMPLE 

Frequency 

(GHz) 

Maximum 

of CSWR 

Frequency 

(GHz) 

Maximum 

of CSWR 

301.52 9.95 408.04 7.23 

313.46 7.20 419.27 8.69 

324.71 8.76 431.77 9.30 

337.21 9.23 443.21 7.02 

348.63 7.03 454.89 9.69 

360.34 9.74 467.30 8.17 

372.73 8.11 478.43 7.56 

383.85 7.61 490.62 9.98 

396.07 9.97   

 

εr1 

εr2 

d1 

d2 

E 
H 

incident plane wave 

0.36 
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Fig. 7. Real part of CSWR for the second two-layer sample. 

TABLE II.  LOCAL MAXIMA OF CSWR FOR THE SECOND TWO-LAYER 

SAMPLE 

Frequency 

(GHz) 

Maximum 

of CSWR 

Frequency 

(GHz) 

Maximum 

of CSWR 

305.05 5.71 405.68 5.66 

310.60 6.33 411.23 6.38 

316.86 5.38 417.48 5.35 

322.48 6.67 423.12 6.70 

328.64 5.15 429.27 5.13 

334.38 6.91 435.02 6.92 

340.42 5.02 441.04 5.01 

346.29 7.00 446.93 7.00 

352.18 5.01 452.81 5.02 

358.20 6.93 458.84 6.91 

363.95 5.12 464.58 5.14 

370.10 6.72 470.74 6.68 

375.74 5.33 476.36 5.37 

381.98 6.40 482.62 6.35 

387.54 5.64 488.17 5.68 

393.84 6.02 494.48 5.98 

399.37 6.00   

 

It should be also mentioned, that it is possible to determine 
electrical properties of lossy material placed on another 
material. This scenario is common for characterization of 
biological materials, which are situated on glass slides. If losses 
or electrical thickness of the first layer are sufficiently high, 
then CSWR can be constant in the given frequency range. 
Therefore, relative permittivity and loss tangent of this layer are 
calculated using (5) and (6), respectively. 

III. CONCLUSION 

Characterization of different materials in the sub-THz 
frequency range is becoming increasingly important due to a 
large variety of applications. All developed measurement 
methods have some limitations. For this reason, we proposed 
new characterization technique. This method requires only 
measured complex reflection coefficient and can be used for 
characterization of both lossless and lossy dielectric samples 
with sufficient but not precisely determined thickness. 
Moreover, we are able to obtain (with some restrictions) 
electrical properties of two-layer material. It is very important 
in biomedical tissue examination, including cancer and burned 
tissues. 
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