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 ABSTRACT 

 

 

 

The free-space measurement technique is a widely used method for determining the 
electrical characteristics of materials. The free-space measurement approach had 
attracted more attention due to the possibility of efficient measurements using higher 
millimetre-wave and terahertz frequencies. This is primarily due to its ease of use, non-
destructive features, and ability to perform reflection and transmission measurements 
without making physical interaction with the sample. This paper discusses free space 
material measurement systems, beginning with the various measurement methods 
available for material characterization, their key concepts, post-processing in 
determining their properties, and advancing to their use at higher frequencies. In 
addition, this study discusses dielectric material characterization utilizing the free space 
approach, with an emphasis on their applicability to higher frequencies. This study also 
examined the algorithms for conversion methods and the application of lenses in free 
space material measurement system. Prior to the conclusion, a prospective view on the 
potential of this free space method was presented. 
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1. Introduction 
 

Over the last two decades, there has been significant development in millimetre wave (mm- wave) 
and terahertz (THz) technologies, driven by their appealing properties in various applications, 
including automotive paint materials, metamaterial structures, radio astronomy, military, and medical 
fields [1-3]. Research has been conducted to study different metamaterial structures and determine 
their permeability [1]. Additionally, the use of dielectric properties for material identification has 
proven valuable in mm-wave imaging systems [2]. As a result of the increased demand for mm-wave 
components and systems, there is a greater need for cost-effective measurement solutions in this 
frequency range and beyond. 
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A crucial step in designing devices that operate at these frequencies is to determine the electrical 
properties of materials. These properties significantly influence the design of radio components, as 
their characteristics vary with frequency. Currently, most materials are typically characterized using 
microwave bands, highlighting the importance of addressing this need. Moreover, material 
characterization can be extended to assess the quality of agricultural and industrial products, as well as 
for biomedical applications [4,5]. Material characterization also aids in biodegradable bone screws, 
chitosan and rubberwood sawdust [6-8]. 

Various measurement techniques have been established to measure dielectric properties, 
specifically permittivity and permeability, at microwave frequencies. These techniques include the 
waveguide method, free space method, transmission line method, cavity method, and coaxial probe 
methods [9-14]. The free space measurement approach is particularly common among these 
methods due to its ability to make reflection and transmission measurements with no physical 
interaction with the sample [15]. The horn antennas serve as the receiver and transmitter, 
respectively, with the material under test (MUT) setup between them [16,17]. In order to automate, 
calibrate free space measurements, and calculate a material's electromagnetic properties, software 
was built into the system. 

With the increasing portability of measurement equipment, such as vector network analysers 
(VNAs), and the growing significance of mm-wave/THz material spectroscopy, the free space 
measurement technique is expected to gain more research and commercial interest in the future. 
However, when applying the free space technique at higher frequencies, starting from the W-band 
(75 GHz) and beyond, challenges arise due to antenna beam growth, resulting in less energy being 
concentrated on the dielectric slab [18]. To mitigate inaccuracies during these measurements, 
dielectric lens was employed to focus the beam [19]. Moreover, Through-Reflect-Line calibration 
technique proves effective in minimizing most errors associated with the free space method [19,20]. 

This paper aims to reevaluate dielectric material characterization with the free space method, 
particularly concentrating on its extension towards higher frequencies. Initially, the paper provides 
an overview of the properties and types of material measurement techniques, as well as suitable 
material types and forms. Additionally, it explores the conversion algorithms used in dielectric 
material characterization [21]. In the subsequent sections, this paper delves into the various aspects 
of the free space measurement technique. The paper also provides the calibration methods, 
algorithms, and the calculations used to determine dielectric properties. The paper also explores 
methods to enhance measurement accuracy and emphasizes the importance of employing this 
technique in terahertz (THz) applications [22]. Moreover, the choice of appropriate parameter 
extraction algorithms holds great importance, as these elements have a substantial influence on 
extraction speed and accuracy across various measurement techniques. 

This review distinguishes itself from other similar reviews presented in [23,24] by providing a 
comprehensive analysis of dielectric measurements in general, considering the frequency range and 
different potential methods. This review holds particular importance as it provides a comprehensive 
examination of the potential obstacles and concerns that arise when extending the free space 
method into the higher millimetre-wave frequencies (100-300 GHz), effectively addressing a critical 
void in current understanding. 

 
2. Permittivity and Permeability 

 
Electric permittivity, denoted as ε, characterizes the energy stored within an electric field and is 

expressed as the ratio of a material's permittivity (εr) to the permittivity of a vacuum (εo) as 
referenced in [25]. It also signifies a material's interaction with electric fields, often referred to as the 
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dielectric constant (𝑘 in Eq. (1)). The real component of permittivity, εrʹ, quantifies the energy stored 
within the material, while the imaginary component, εrʹʹ, serves as the loss factor, determining the 
material's loss when subjected to an external electric field. In Eq. (2), magnetic permeability, denoted 
as µ, represents the energy stored within a magnetic field, with µo representing the permeability of 
free space. Figure 1 illustrates the interaction of electromagnetic fields and the relationship between 
permittivity and permeability, as described in [25]. 

 

 

 
Fig. 1. The interface of electromagnetic fields and the correlation between 
permeability and permittivity are elucidated in reference [25] 

 

                                                                                                                                                             (1) 

 

                                                                                                                                                             (2) 

 
3. Techniques for Dielectric Properties Measurement  

 
In this section, we will provide a concise overview of the various material property measurement 

techniques and evaluate their appropriateness for specific applications, as outlined in [26]. Figure 2 
offers a summary of widely recognized material measurement techniques. Each of these techniques 
operates within distinct frequency ranges, tailored to specific frequencies, applications, and material 
types. Notably, the free-space measurement technique demonstrates versatility, spanning a broad 
frequency range from 5 GHz to 330 GHz. In contrast, the transmission line measurement technique 
covers the range of 50 MHz to 60 GHz, while the coaxial probe measurement capability extends from 
50 MHz to 40 GHz. The resonant cavity method is typically used for materials measured between 5 
GHz and 20 GHz. On the other hand, the parallel plate measurement technique is limited to 
frequencies up to 50 MHz. Coaxial probe and transmission line methods exhibit relatively high losses, 
whereas parallel plate and free space techniques show moderate losses. Among these methods, the 
resonant cavity method features the lowest loss. 
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Fig. 2. Measurement ranges of various methods 

 
Table 1 presents an overview of material measurement techniques, including their operating 

frequencies, types of dielectric properties measured, suitable materials for each technique, levels of 
losses, and measurement conversion techniques [26]. The free-space measurement technique is 
capable of measuring material permittivity and permeability by extracting and calculating S- 
parameters across a wide range of frequencies. The transmission line method shares similar 
capabilities but with a different frequency range. In contrast, the coaxial probe method can only 
extract S11 and consequently, retrieve εr. On the other hand, the resonant cavity method is unique in 
which it determines both the permeability and permittivity of a material. Additionally, it extracts the 
quality factor (Q-factor) and resonant frequency of microwave resonators from their S-parameters. 
Regarding losses, the coaxial probe method exhibits the highest loss, while the resonant cavity 
method demonstrates low loss. The free space and transmission line techniques fall into the category 
of medium loss. 
 
Table 1 
Comparison of Different Material Measurement Techniques [26] 

Measurement 
techniques 

Coaxial probe Transmission 
line 

Free space Resonant cavity 

Operating 
frequency 

50 MHz-50 GHz 50 MHz- 60 GHz 5 GHz-330 
GHz 

5 GHz-20 GHz 

Dielectric properties εr  εr  , µr   εr  , µr εr  ,  µr 
S-parameters S11 S11, S21 S11, S21 Q-factors 
Materials Biological 

specimens, liquids 
Waveguide Large solids, 

liquids 
Solid materials, liquids, 
waveguides 

Loss High Medium Medium Low 
Conversion 
techniques 

RFM NRW, NIST 
iterative 

NRW, NIST 
iterative 

Frequency & Q-factors 

 
Furthermore, both the transmission line and free space methods utilize the same conversion 

techniques, such as the NRW and NIST iterative methods. In contrast, the coaxial probe method 
employs the RFM conversion technique. The resonant cavity method stands apart from others as it 
uses frequency and Q-factors for the conversion technique. 
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3.1 Free Space Method  
 
A free-space measurement setup comprises several components: a Vector Network Analyzer 

(VNA), horn antennas, a sample holder, and measurement software. In this setup, both horn 
antennas function as the transmitter and receiver, while the material under test (MUT) is positioned 
between them [21]. The measurement software plays a crucial role in automating the process of 
obtaining relative complex permittivity (εr) and relative complex permeability (µr) measurements 
through S-parameters acquired by the VNA. For instance, Keysight Technologies offers a commercial 
materials’ measurement software that simplifies the measurement of εr and µr using a VNA, as 
depicted in Figure 3 [21]. This software is particularly useful for determining the dielectric properties 
of materials in various applications, including agriculture, biomedical, and material engineering. 
 

 
Fig. 3. Free space method [21] 

 
3.2 Open-Ended Coaxial Probe Method 

 
This method employs a coaxial probe with its probe aperture inserted into liquids or semi- solids 

to determine their permittivity, as illustrated in Figure 4 [27]. The Vector Network Analyzer (VNA) is 
utilized to determine the reflection coefficient (Γ), which is then converted into relative complex 
permittivity (εr). The calibration process for the coaxial probe involves short-circuit, open-circuit, and 
broadband and load standards, known as the open-short-load (OSL) calibration method. This 
technique also can be employed for measuring the dielectric properties of biological tissues [27]. 

In Figure 4, the schematic of the measurement setup for the open-ended coaxial probe method 
is presented, involving the use of the VNA to determine dielectric properties over a frequency range 
of 50 MHz to 50 GHz. The sample preparation for this method is straightforward, as it does not require 
machining of the sample. However, air gaps during the measurement process may potentially impact 
the accuracy of the results. 
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(a) (b) 

Fig. 4. Open-ended coaxial probe technique: (a) a diagrammatic representation of the 
measurement setup, showing the Vector Network Analyzer (on the right), a cable attaching one 
of the VNA's ports to the coaxial probe, a probe bracket, and the liquid sample being measured; 
(b) top and side cross-sections of the coaxial probe, with the orientation of the electric field 
shown [27] 

 
3.3 Transmission Lines  

 
Using a Vector Network Analyzer (VNA) and a frequency range of 50 MHz to 60 GHz, 

measurements are made on a sample that has been placed inside a portion of the coaxial line. Before 
the actual measurements, the VNA undergoes calibration to ensure accuracy. Following the 
acquisition of the S-parameters, the dielectric characteristics is converted using specialized 
conversion techniques, such as the Nicholson Ross Weir (NRW) method or NIST iterative techniques. 
According to [18], Eq. (3) to Eq. (9) are commonly solved using either internal or external software 
for the NRW approach. The measurement setup is visually represented in Figure 5 [21]. 

One of the significant advantages of this method is its capability to determine both the 
permeability and permittivity of the samples. However, one of the limitations to be aware of is the 
potential impact of air gaps during the measurement process, which may influence the accuracy of 
the results. 
 

 
Fig. 5. Transmission-Reflection method [21] 

  
3.4 Resonant Cavity Technique 

 
By using cavities that resonate at particular frequencies, the resonant cavity method is used to 

analyse the material properties of liquids, waveguides, and rod-shaped solid materials. Although it is 
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limited to a single, fixed frequency, it offers improved measurement accuracy. When material samples 
are inserted into the cavity, the way they interact with the electromagnetic field causes a shift in the 
measured resonance and Q-factor, leading to the determination of the sample's properties. For a 
visual representation of the resonant cavity method, refer to Figure 6 [21]. 
 

 
Fig. 6. Resonant method [21] 

 
4. Algorithms for calculation of material properties 

 
       In free-space measurement systems, various conversion methods are employed to calculate 

the final dielectric properties [21]. The selection of a suitable conversion method depends 
significantly on the required speed and accuracy in determining these properties [21]. Table 2 
provides an overview of the algorithms and appropriate conversion methods used for different types 
of material measurements [21]. The three main algorithms are: 

 
i. NRW [21] 

ii. NIST iterative [21] 
iii. New non-iterative [21] 

 
Table 2 
Algorithms and Calculations in measurement methods [21] 
Materials/ Length/ 
Magnetic Properties 

Measurement methods Conversion methods Speed Accuracy 

Lossy solids, short, non- TR NRW Fast Medium 
Biological specimen, Liquids Coaxial probe  RFM Fast Good 
High temperature 
Solids, large/flat, space non-magnetic 

Free- NRW Fast Good 

Low loss solids, Resonant Frequency& Q-factors Slow Good 
 

4.1 Nicolson-Ross-Weir (NRW) Technique 
 
The Nicolson Ross Weir (NRW) approach, which is quick, non-iterative, and allows for wide 

frequency band characterization, could be used to determine the permeability and permittivity [28]. 
The explicit calculation of both r and r from S-parameters can be done using this method, which is 
recommended [29]. The NRW algorithm's flow is shown in Figure 7, according to [21]. The 
permeability and permittivity of the test material are predicted using the measured broadband S-
parameters (reflection and transmission coefficients) from a VNA. One of the methods to determine 
n is through the analysis of group delay. The phase ambiguity could be solved by comparing the 
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measured group delay, τmeas shown in Eq. (4), and the calculated group delay, τcal in Eq. (3), to find 
the correct value of n. Eq. (5) can be used when n= k.    
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𝜏!"# − 𝜏+,"- = 0 (5)	
                                                                                                                                                       

 
Fig. 7. Flow of NRW method [21] 

 
The NRW approach was used as an example to determine the physical characteristics of concrete 

using NRW [30]. Dielectric constant measurements were used to assess the electrical properties of 
concretes with various water/cement (w/c) ratios, and the relationship between their electrical and 
mechanical properties was investigated. The compressive strength, splitting tensile, abrasion 
resistance, water absorption, and high-pressure water penetration qualities of the concrete are all 
influenced by the w/c ratio. By choosing these w/c ratios, the compressive strengths of the samples 
controlled, allowing for control of the other mechanical and transport factors. Increasing the water 
content of concrete results in a weaker link between the cement paste and the aggregates, wider 
capillary holes, and a more heterogeneous mixture due to segregation as compared to concretes with 
a lower w/c ratio. The measurement setup for this work is shown in Figure 8 below [30].  

 

 

 

 
Fig. 8. Measurement setup [30] 

 
The use of focusing horn or lens antennas and appropriate calibration techniques, such as those 

in [31], can be used to address the inaccuracies in measurements of dielectric materials. As shown in 
Figure 9 [31], several studies on the frequency-by-frequency approach have been proposed. These 
studies include NRW (Transmission and Reflection Algorithm), TO (Transmission-Only Algorithm), and 
RO (Reflection-Only Algorithm). The use of focusing horn or lens antennas and appropriate 
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calibration techniques, such as those in [31], can be used to address the inaccuracies in 
measurements of dielectric materials. As shown in Figure 9 [31], several studies on the frequency-
by-frequency approach have been proposed. These studies include NRW (Transmission and 
Reflection Algorithm), TO (Transmission-Only Algorithm), and RO (Reflection-Only Algorithm). The 
parameter is calculated using the function's root, F. When S21 is not available, the scattering model 
is employed in Eq. (6) FR of the slab. Using a permeability of r = 1, the RO (Reflection-Only) algorithm, 
FRO, is utilized to solve Eq. (1). On the other hand, in order to solve Eq. (9)—an equation for the 
transmission coefficient, FT for the slab scattering model—using the TO (Transmission- Only) 
technique, FTO, r =1 is also presupposed.  
 

 
Fig. 9. Calculation strategies for free space measurement systems are 
represented [31] 

 

𝐹0(𝜀1 , 𝜇1 , 𝜎) =
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(&"*$) :";(<)
.√&"(2(&"($) :";(<)

= 0  (7)	
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  (8)	

                                                                                            

	𝐹>9 = 𝑆.$ 1𝜀1 𝑐𝑜𝑠( 𝑣) + 𝑗7
&"
D
(1 + 𝜀1) 𝑠𝑖𝑛( 𝑣); − 𝜀1 = 0 (9)	

                                                                                                                                                                             
One of the issues that the NRW method suffers from is the phase ambiguity which is caused by 

the branching problem of the algorithm. This occurs when −∞≤m≤∞, where the results obtained are 
accurate up to the value of m = 0. Beyond that, phase ambiguities will increase especially for thicker 
materials. To overcome this, the NRW method has been modified for improved measurement 
accuracy, especially for nanostructured materials with better accuracy [32]. The intrinsic impedance of 
the slab, ƞ is extracted directly from the scattering coefficients [32]. Parameter 𝑘 is the phase 
constant, d is the thickness of the slab, and n is the refractive index (with ƞʹ and ƞʹʹ its real and 
imaginary refractive index). Intrinsic impedance which has sign ambiguity in Eq. (10) can be solved by 
allowing Re (n)≥0. In Eq. (11), the branching value, m is unknown. From Eq. (12), ƞʹʹ can be determined 
ambiguously with the use of value m, which solves the ambiguity issue in NRW method [32]. 
   



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 56, Issue 1 (2026) 266-284 

275 
 

𝜂 = ±7($(E##)!*E!#!

($*E##)!*E!#!
= 𝜂F ± 𝑗𝜂G (10)	

                                                                                
𝜂F = 2 #;(:)*.H+
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	𝜂FF = * K+L(#;(:))*.H+

I/J
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In addition, [33] addressed the solution for the branching issue in the NRW method and proposed 

a method of permeability and permittivity extraction applicable for any material thicknesses as shown 
in Figure 10. 

 

 
Fig. 10. Flowchart of unambiguous retrieval of material properties [33] 

 
4.2 NIST Iterative Method 

 
     The NIST method is an alternative conversion technique capable of extracting permittivity 

solely from S-parameters. It proves effective for characterizing low-loss materials and long samples, 
as indicated in [21]. Additionally, this method yields smooth permittivity results with no divergence. 
However, it is essential to note that one of the limitations of the NIST method is its inability to 
determine permeability measurements. When compared with the NRW method, the NRW method 
is better as both the permeability and permittivity of materials could be determined by setting the µr 
= 1. Figure 11 shows the flowchart of the NIST iterative method, which starts with determining the 
Jacobian matrix, J using Newton-Raphson algorithm, followed by the calculation of permittivity, F(εr) 
[21]. This process is performed using Eq. (13) to Eq. (20), with its transmission coefficient denoted as T. 
Then the algorithm’s convergence is checked. If the algorithm does not converge, the process 
continues with the finding of the inverse Jacobian matrix, J-1 through Eq. (18). Then the inverse Jacobian 
matrix is multiplied with the permittivity to obtain next estimated εr, which is denoted by Eq. (19). On 
the other hand, the process ends with Eq. (20) when the algorithm converges. 

The propagaton constant, γ of material can be expressed as: 
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where c is the speed of light in free space that can be defined as: 

       
𝑐 = $
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By substtutng Eq. (20) into Eq. (19), an equaton with    µr =1 obtained as:      
      

𝛾 = 𝑗7𝜇?𝜇1𝜀?𝜀1𝜔. − ?.H
N*
@
.
  (15)	

 
The reflecton coefficient, Γ is then expressed as,       
 

𝛤 =
0/
'/
*0'

0/
'/
(0'
= P/*P

P/*P
  (16)	

 
The permixvity then indicated as: 
 

𝐹(𝜀1) =
E!#(E#!

.($*>!Q!)
− 𝑇(1 − 𝛤.)𝑒*2P/(R12"*R) (17)	

 
When F(εr) =0, the algorithm is considered convergent. To determine the root, by the Newton 

method, the Jacobian matrix is then concluded as follows: 
 

𝐽 =
%#(&3(S,&33)*%#(&3*S,&33)

.S
%!(&3,&33(S)*%!(&3,&33*S)

.S
%!(&3(S,&33)*%!(&3*S,&33)

.S
%!(&3,&33(S)*%!(&3,&33*S)

.S

                    (18) 

 
By obtaining the inverse of the Jacobian matrix, small changes in the permixvity functon are 

expressed as: 
 

𝛥𝜀1 = 𝐽*$𝜀1  (19)	
                                                                                                                                                                               

The algorithm can  be terminated once the F(εr) is adequately close to zero as follows, 
 

𝜀1(;,U) = 𝜀1 + 𝛥𝜀1  (20)	
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Fig. 11. Flowchart of NIST iterative method algorithm [21] 

 
4.3 New Non-Iterative Method 

 
The new non-iteratve is quite similar to the NRW method, with the special case that it determines 

the effectve electromagnetc parameters, which are effectve permeability, µeff and effectve 
permixvity, εeff as in Eq. (21) and Eq. (22) as in [21]. This method uses the same equatons as the 
NRW method to compute the reflecton coefficient, Γ and transmission coefficient, T. Then, the 
permeability and permixvity could be determined through Eq. (23) and Eq. (24). For the new non-
iteratve method, one of the advantages is that there are no divergences seen in the sample at 
frequencies corresponding to integer multples of one-half wavelength when compared to both the 
NRW and NIST iteratve approaches in [21]. One limitaton of this method is that it only provides 
permixvity measurement. In contrast, when comparing it with the NRW method, the NRW method 
can determine both the permeability and permixvity, making it a more comprehensive opton rather 
than solely providing the permixvity measurements. 

The effectve permeability can be expressed as 
 

𝐹(𝜀1) =
E!#(E#!

.($*>!Q!)
− 𝑇(1 − 𝛤.)𝑒*2P/(R12"*R)                                                                                                               (21) 

 
The effectve permixvity can be defined as, 

 
𝜀,%%% =

N/4
∧
?$*Q
$(Q

@                                                                                                                                                                  (22) 
 
The permeability then indicated as, 
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The permixvity then expressed as, 
 

                                                                                                                                            (24) 

 
The NRW algorithm is commonly used despite having some drawbacks. However, many 

researchers have utlized the NRW algorithm and made modificatons to enhance measurement 
accuracy [32,34]. Additonally, to address the limitatons of the NRW method, one researcher 
proposed a new method of permeability and permixvity extracton that is applicable for any material 
thickness [35]. 

 
5. Extending Measurements to the Upper Millimetre-Wave Range  

 
Two methods have been mainly proposed to extend material measurements towards the upper 

millimetre-wave (mmW) range:  
 

i. the time-domain spectroscopy (TDS) method 
ii. the free- space method [35].  

 
The TDS method uses pulse waves that move through the MUT when measured in the time 

domain, whereas the free space method uses radio waves (S-parameters). In this work, the suitability 
of measured complex relative permittivity in the THz band was determined by comparing the complex 
relative permittivity obtained using a VNA with that obtained using TDS [35]. Although aligning the 
transmitting and receiving antennas is simple with the free- space approach, the measuring 
frequency is limited by the size of a waveguide. Moreover, despite the wide TDS measurement 
frequency range, the accuracy of the measurement is lower because the signal-to-noise ratio 
deteriorates at low frequencies. The positioning of the receiving and transmitting antennas was 
carefully adjusted to receive the maximum level. TDS alignment is more challenging than free-space 
alignment using a VNA. TDS method can be used for high frequencies, in which changes to the 
frequency domain are done through the Fourier transform. The frequency range of the measurement 
and the measurement precision must both be taken into consideration when choosing a measurement 
method. The measured complex relative permittivity by TDS and VNA were found to be within the 
error bar. 

For the free space method, a systematic study on the measurement of dielectric properties of 
photopolymer from 220 GHz-320 GHz was performed in [36]. Table 3 shows the dielectric lens 
antenna parameters reported in this review, whereas Table 4 presents the dimensions of the designed 
and fabricated dielectric lens antenna [36]. 
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Table 3 
Dielectric Lens Antenna Parameters [36] 

Parameter Description Optimum value (mm) 
R Lens radius 3.00 
L Extension Length 3.00 
Fw Fixture width 3.00 
FD Fixture diameter 1.70 
FL Fixture length 6.40 
FT Fixture thickness 2.00 
a Matching length 0.86 
b Matching width 0.43 
m Matching depth 0.20 

 
A comparison of complex relative permittivity values was carried out using both methods for 

materials such as PPE, PTFE, epoxy composites, and cyclo olefin polymers in a study by [37] spanning 
the frequency range of 220 to 330 GHz. It's worth noting that for the TDS method, the signal-to-noise 
ratio deteriorates in the lower frequency bands below 300 GHz during measurements, primarily 
because measurement precision decreases at these broadband frequencies. 
 

Table 4 
The dimensions of dielectric lens antenna between 
design values and fabrication values [36] 
Parameters Design values (mm) Actual values (mm) 
R 3.00 2.96 
L 3.00 2.98 
FW 3.00 3.00 
FP 1.70 1.72 
FL 6.40 6.39 
FT 2.00 1.98 
a 0.86 0.87 
b 0.43 0.44 
m 0.20 0.22 

 
When it comes to aligning the Vector Network Analyzer (VNA) during free-space calibration, it's 

generally found to be more straightforward compared to the TDS method, especially when dealing 
with materials of varying thicknesses, as indicated in Table 5 [37]. This table also presents the 
minimum and maximum thickness values for the Materials Under Test (MUTs) used in the TDS 
method. Variations in MUT thickness introduce dispersion and can have a significant impact on the 
accuracy of the complex relative permittivity measurements. This underscores the importance of 
precise alignment of the VNA and attention to the thickness of the MUTs when characterizing these 
materials. 
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Table 5 
Material thickness of different materials And Minimum and 
Maximum thickness value [37] 
Material No. Material Thickness [𝑚𝑚] 

Used for: VNA/TDS 
A PPE based resin, 𝑇𝐿𝐶593 0.483 / 0.486 
B PPE based resin, 𝑇𝐿𝐶598 0.508 / 0.506 
C PTFE/Epoxy composite, 𝑀𝐿620 0.488 / 0.479 
D Glass/Epoxy composite, 𝑅1551 0.466 / 0.476 
E Glass/Epoxy composite,𝑅1661 0.486 / 0.487 
F 𝐶𝑦𝑐𝑙𝑜 olefin polymer, 𝑍𝑒𝑜𝑛𝑒𝑥 2.025 /2.005 
Material Used for free space VNA Used for TDS 
A 0.479mm / 0.488mm 0.484mm / 0.489mm 
B 0.504mm / 0.512mm 0.505mm / 0.509mm 
C 0.482mm / 0.495mm 0.475mm / 0.481mm 
D 0.445mm / 0.480mm 0.471mm / 0.478mm 
E 0.468 mm/ 0.495mm 0.471mm / 0.498mm 
F 2.001 mm/ 2.046mm 1.998mm / 2.012mm 

 
In [38], a non-iterative extraction technique was introduced for measuring the complex 

permittivity of materials using the reflection-transmission based free-space method in the frequency 
range of 220 to 325 GHz. Notably, this method is not limited solely to cases where the measured S21 
falls below the measurement instrument's threshold level; it can also be effectively employed to 
determine the complex permittivity of lossy materials when S21 exceeds the threshold. 

The suggested non-iterative extraction method, designed for the reflection-transmission based 
free-space approach at terahertz frequencies, demonstrates its efficacy in reducing the 
characterization resonance [38]. For a comprehensive overview of the permittivity values of 
Materials Under Test (MUTs) such as Teflon, PTFE, Rogers 4350B, and air across different frequencies, 
please refer to Table 6 [38]. 
 

Table 6 
Comparison of Teflon, PTFE, Rogers 
4350B and Air Permittivity Values Based 
on Literature Studies According to the 
Frequencies [38] 

MUT Frequency (GHz) Ɛ rʹ 
Teflon 110 GHz 2.04 
 850 GHz 2.042 
 300 GHz 2.0535 
 300 GHz 2.0442 
PTFE 450 GHz 1.99 
 35 GHz 1.952 
 300 GHz 1.9523 
Rogers 4350B 30 GHz 3.71 
 300 GHz 3.7692 
Air 300 GHz 1.0021 

 
In [39], an investigation into the dielectric properties of low-loss dielectric materials was 

conducted within the frequency range of 220 to 325 GHz. This measurement was carried out using a 
bidirectional scattering measurement system, which includes components such as the sample, 
transmitter, receiver, receiver rotators, and Vector Network Analyzer (VNA), as illustrated in Figure 
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12 [39]. The transmitters and receivers are equipped with frequency up/down converters and 
antennas to facilitate the measurements. 
 

 
Fig. 12. Bidirectional Scattering Measurement System [39] 

 
Various material samples were included in the measurements, as outlined in Table 7. These 

samples encompass two-cross-linked polystyrene, PTFE, and polymethyl pentene, allowing for a 
comprehensive assessment of their dielectric properties within the specified frequency range [39]. 
The minimum uncertainty of permittivity values occurs when θ=0, for the samples tested [39]. It has 
been demonstrated that as θ increases, so do the uncertainties in permittivity values. Sample 
thickness is important as the sample thickness causes the nominal errors in this study. According to 
predictions, it is typically difficult to determine the sample thickness precisely enough to obtain the 
permittivity using the standard free-space measuring method at very high frequencies [39]. 
 

Table 7 
Sample Thickness of Different Materials [39] 
Incident angle, 𝜃 
(Deg.) 

Sample Thickness (mm) 
XLPS 
sample 1 

XLPS 
sample 2 

PTFE 
sample 

PMP 
sample 

0  8.90 9.94 10.71 9.93 
10  8.79 9.91 10.42 10.25 
20  9.03 10.05 10.03 10.11 
30  8.75 9.81 10.03 10.22 

 
In summary, measuring the complex permittivity of materials in the upper millimetre-wave 

(mmW) range primarily involves two main methods: the free space method based on the 
transmission theorem and the time-domain spectroscopy (TDS) method [37,40]. Additionally, non-
iterative extraction techniques have been adopted to reduce the resonance requirements for free 
space measurements. Furthermore, dielectric characterization of low-loss materials in the upper 
mmW range can be accomplished by utilizing a bidirectional scattering measurement system. When 
selecting a suitable material measurement technique in this frequency band, it is crucial to consider 
factors such as the target frequency range, appropriate extraction techniques, and the required 
measurement accuracy. A high cardinality and signal power can be supported by an OCDMA system 
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using the new ZCC coding [41]. Optical vortex also been used in the OCDMA system to increase optical 
communication's capacity and security [42]. 
 
6.Conclusions  

 
This paper provides a comprehensive review of various methods used for high-frequency 

electrical characterization of material properties. Various measurement methods were discussed. 
The choice of suitable methods depends on factors such as the material type and thickness, the 
parameter of interest, the frequency range, and the required accuracy. This review places particular 
emphasis on the measurement of a material's electrical properties, specifically its complex 
permittivity, employing the free space measurement method. The free space method is selected for 
this focus due to its versatility in characterizing different material types and thicknesses. Moreover, 
its potential for characterizing materials at higher millimetre-wave (mmW) frequencies is another 
reason for this choice. As this research area progresses, future developments in the free space 
measurement technique can be pursued by exploring improved calibration standards, conversion 
algorithms, and measurement techniques to enhance measurement accuracy. 
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