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Abstract— Coaxial aircells are designed and fabricated to measure the electromagnetic 

properties of ferrite materials in the frequency range from 1 MHz to 3.6 GHz. These S-

parameters are actually measured connecting the aircell to a vector network analyzer (VNA). 

The electromagnetic properties such as complex permittivity and complex permeability are 

extracted using Nicolson-Ross-Weir (NRW) method and also suitable air-gap corrections are 

made. To optimize the measured result and to estimate the error, the aircells are characterized 

in terms of their phase constant and resistivity of the aircell conductor. The measurements 

clearly showed that the electrical length is longer than the mechanical length of the aircell at all 

frequencies. The arithmetic mean of the resistivity of aircell which is of 7mm line size and 60mm 

length is about 66 nΩm. This paper presents a simple method by which the phase constant and 

resistivity of the aircell can be determined accurately. This is done with the transmission 

measurements made using a VNA. 

  

Index Terms— Coaxial aircell, S-parameters, Complex permittivity, Complex 

permeability.  

I. INTRODUCTION 

The measurement of complex permeability (µ∗ =  µ′ − iµ′′) and complex permittivity 

(ε∗ =  ε′ − iε′′) of materials at high-frequency is used in microwave communication devices, 

electromagnetic interference (EMI) shielding, electromagnetic compatibility (EMC), field sensors, 

microwave heating and magnetic recording etc. 

A number of methods have been developed for measuring permittivity and permeability. 

These techniques include free-space methods [1-3], waveguide techniques [4, 5], open-ended coaxial-

probe techniques [6, 7], cavity resonators [8], and dielectric-resonator techniques [9]. Each method 

has its range of applicability and its inherent limitations. For instance, however cavity based 

techniques are precise, yet not broadband, are typically restricted to low-loss materials. The 

waveguide methods do not experience the radiation loss like free-space methods and at the same time 

give accurate results. However, each waveguide operates at the limited frequency band. Coaxial line 

method gives accurate results and allows measurement in a wider frequency range [10-12]. 

Coaxial air dielectric transmission lines can be very useful as references, or standards, for 

high-precision impedance measurement at RF and microwave frequencies [13-15]. These aircells do 

not contain dielectric support that are usually used to hold the center conductor of the aircell coaxially 
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inside the outer conductor. The absence of dielectric support medium, along with the use of high-

conducting materials for the aircell’s conductors, air as the dielectric and high precision connectors at 

both ends of the line, means that such lines exhibit near ideal properties, and exhibit very low 

insertion loss. 

A measurement utilizing the transmission / reflection (TR) technique continues by setting a 

specimen in an area of coaxial aircell and measuring the two-port complex S-parameters, ideally by a 

vector network analyzer (VNA). The scattering equations relate the measured scattering parameters to 

the permittivity and permeability of the material. However, for these aircells to be used for such 

applications, they must be characterized accurately in terms of their propagation characteristics and 

impedance. This includes the understanding of a small amount of loss in the aircell and the associated 

impact of this loss on other characteristics. A simple to-execute test technique has been exhibited in 

this paper for the determination of the resistivity of the aircells conductor including VNA estimations 

of the S-parameters of the aircell. 

II. EXPERIMENTAL METHOD  

A. Sample holder  

 
A coaxial aircell consists of a hollow cylindrical transmission line. The inner walls have a smooth 

contour and acts as the sample holder. Both outer ends are threaded to secure the connectors to both 

test ports on a Network Analyzer. A center conductor runs through the center of the hollow cylinder 

and provides the connection, and is secured in place by the threaded cables on both the sides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1(a). Photograph of the coaxial aircell. 

Figures 1 (a) and 1 (b) show the photograph and the structure of the coaxial aircell sample holder 

fabricated in this study. The sample holder is machined on Jobber XL CNC turning centre in our 
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college workshop with machine position accuracy of 6 µm. The sample holder and the VNA are 

connected though male to male N type connectors with standard 7 mm coaxial cables. The cell is 

made of Brass and its dimensions are adapted to match the precise N connectors used. All these 

components had a 50 ohm characteristic impedance to prevent mismatch. 

 

Fig. 1(b). Structure of the coaxial aircell. 

B. Measurement setup 

In this work measurement of S-parameters are made using Rohde & Schwarz ZVH 4 Cable 

and Antenna analyzer / Network analyzer. Full two-port calibration was initially performed on the test 

setup in order to remove errors due to the directivity, source match, load match, isolation and 

frequency response in both the forward and reverse measurements. The R&S ZVH analyzer uses ZVH 

29 standard kit for short, open, load and through calibration at each port. The calibration also 

establishes the reference planes for the measurement test ports. Before we proceed for the 

measurement of the ferrite samples, the fabricated coaxial aircells without samples are characterized 

for phase constant and resistivity. 

C. Test samples 

The ferrite samples (Mg0.2Cu0.3Zn0.5 Fe2O4, Ni0.53Cu0.12Zn0.35 Fe2O4 and Co0.4Zn0.6Fe2O4) are 

finally pressed into the toroidal-shaped samples of 7.00 mm outer diameter and 3.04 mm inner 

diameter with the height of 4.0 mm. The scattering parameters of the toroidal samples that correspond 

to the reflection (S11 and S22) and transmission (S21 and S12) are measured by the vector network 

analyzer using a coaxial transmission / reflection method in the frequency range of 1 MHz to 3.6 

GHz. The toroids tightly fit into the coaxial measurement cell. 

D. Phase constant and Resistivity measurement 

The aircell of length L connected between the two ports of reference plane will have a phase 

change of the signal to travel between two ports. The electrical length of the line may therefore be 

calculated from the measured phase using the equation  

L = 
(2𝜋𝑛−𝜃)

𝛽
  (1) 

where β  is called phase constant, θ is the phase (in radians) measured by the VNA and n is an 

integer (n = 0, 1, 2,…) used to take account of the number of complete wavelengths that the length of 

aircell contains at a given frequency. The value of ‘n’ is determined from knowledge of the length of 

the coaxial aircell. The determined electrical length of the aircell (from (1)) compared with its 
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physical length (obtained from a precision mechanical measurement). If the two length determinations 

(mechanical and electrical) agree to within the expected uncertainty, then the VNA phase 

measurement is verified as being of an acceptable accuracy (again, to within the expected uncertainty 

of measurement). 

In practice, the aircells are not lossless, they exhibit a small amount of loss owing to the finite 

conductivity (or non-zero resistivity) of the metals used to fabricate the aircell’s conductors. The 

attenuation constant 𝛼 is related to a transmission coefficient (say S21) of a length L, of perfectly 

matched line (i.e. |S11| = |S22| = 0), by 

𝛼 = 
−𝑙𝑜𝑔𝑒|𝑆21|

𝐿
   (2) 

the resistivity ρ of a line is related to 𝛼 as follows [16]: 

 

ρ = [
200 αb

1+(b/a)
]

2 π

µ0f
  (3) 

where a and b are the radii of the aircell centre and outer conductors respectively 

 

From equations (2) and (3), it is clear that, at any given frequency, ρ can be determined from the 

measurement of S21. 

E. Extraction of electromagnetic properties from S-parameters 

The complex permeability (µ∗) and permittivity (ε∗) of the ferrite samples are determined 

from the scattering parameters using the NRW models using the following equations [17, 18].  

µ∗= 
1+Γ

Λ(1−Γ)√
1

λ0
2−

1

λc
2

  (4) 

Where Γ is reflection coefficient, λ0 is the free space wavelength and λc is the cutoff wavelength and 

1

Λ2 = - (
1

2πL
ln (

1

T
))

2

  (5) 

The permittivity can be defined as 

ε∗= 
λ0

2

μr

(
1

λc
2 − [

1

2πL
ln (

1

T
)]

2

)  (6) 

Equation (12) and (13) have an infinite number of roots since the imaginary part of the term ln (
1

T
) is 

equal to i(𝜃 + 2𝜋𝑛) where n = 0, ±1, ±2 …, the integer of  (
𝐿

𝜆𝑔
). The ‘n’ can be determined by 

finding 𝜆𝑔 wavelength in sample. 

F. Airgap correction: 

Air-gaps are created if the machined sample does not fit the sample holder’s cross-section and 

make close contact with the cavity walls [19]. As with the parallel-plate capacitor, ideal experimental 

accuracies of 5% can be achieved, but air-gaps and fixture problems can decrease the accuracy to 15% 

[20]. This is a 10% increase in experimental uncertainty. Larger air-gaps will inevitably increase the 
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uncertainty. There are two types of air-gap correction; coaxial and waveguide gap correction. The 

respective correction is applied once the permittivity data has been obtained after data conversion. 

Coaxial gap correction calculation can be determined by first describing the dimension of the 

sample and coaxial holder into three terms [21]: 

 

𝐿1 = ln 
𝐷2

𝐷1
 + ln 

𝐷4

𝐷3
    (7) 

 

𝐿2 = ln 
𝐷3

𝐷2
     (8) 

 

𝐿3 = ln 
𝐷4

𝐷1
   (9) 

Where 𝐷1 is the diameter of the inner conductor in the aircell, 𝐷2 is the inner diameter of the toroidal 

sample, 𝐷3 is the outer diameter of the sample, and 𝐷4 is the diameter of the coaxial aircell itself (see 

Figure 2). 

 

Fig. 2. Coaxial sample in holder with air gaps. 

With these terms, the corrected real and imaginary part of the permittivity can be determined as 

𝜀𝑐
′  = 𝜀𝑚

′  
𝐿2

𝐿3−𝐿1𝜀𝑚
′  (10) 

𝜀𝑐
′′ = (𝜀𝑐

′ ×  
𝜀𝑚

′′

𝜀𝑚
′ ) 

𝐿3

𝐿3−𝐿1𝜀𝑚
′ (1+[

𝜀𝑚
′′

𝜀𝑚
′ ]

2

)

  (11) 

Where 𝜀𝑐= corrected permittivity values and 𝜀𝑚= measured permittivity values 

 
With the same terms, the corrected real and imaginary part of the permeability is described as 

 

𝜇𝑐
′  = 𝜇𝑚

′  
𝐿3−𝐿1

𝐿2
   (12) 

𝜇𝑐
′′ = 𝜇𝑚

′′  
𝐿3

𝐿2
   (13) 

Where 𝜇𝑐= corrected permeability values and 𝜇𝑚= measured permeability values 

 
III. RESULT AND DISCUSSION 

The difference between the mechanical length and electrical length of the coaxial aircell is 

shown in figure 3. It is clear from the figure that, if the line is assumed to be lossless, the electrical 

length is longer than the mechanical length of the aircell at all frequencies. The electrical length also 

varies as a function of frequency (owing to the dispersion in the aircell not being taken into account). 

However, when the loss is taken into account, the electrical length of the aircell shows better 

agreement with the known mechanical length. Figure 4 therefore indicates that it is necessary to know 

http://dx.doi.org/10.1590/2179-10742017v16i3908


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 16, No. 3, September 2017 
DOI: http://dx.doi.org/10.1590/2179-10742017v16i3908 

Brazilian Microwave and Optoelectronics Society-SBMO received 02 Mar 2017; for review 02 Mar 2017; accepted 19 May 2017 

Brazilian Society of Electromagnetism-SBMag © 2017 SBMO/SBMag ISSN 2179-1074 

 

691 

the resistivity of the aircell before it can be used as a reference artefact for verifying VNA phase 

measurements. 

 

Fig. 3. Difference between mechanical and electrical length of the coaxial aircell. 

 

Fig. 4. Resistivity versus frequency of the aircell conductor. 

Figure 4 shows the resistivity determinations for these lines plotted as a function of frequency. 

The arithmetic mean of the resistivity of aircell of 7mm line size of length of 60 mm is about 66 nΩm. 

These results show good agreement with the earlier determinations of resistivity [16], and so this 

provides some degree of validation for the technique presented in this paper. Any deviation in the 

values of resistivity depends on the composition of the aircell conductor. 

The complex permeability spectra of the ferrite samples obtained from NRW method is 

shown in figure 5. The value of the real part of permeability 𝜇′ for present ferrites is more than 500 in 

the frequency range of 1 MHz to 50 MHz. Then the values of permeability are found to decrease with 

an increase in frequency up to 180 MHz. Finally, frequency dispersion occurred at 200 to 500 MHz. 

http://dx.doi.org/10.1590/2179-10742017v16i3908
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The loss component 𝜇′′ rises to a pronounced peak as 𝜇′falls. This is the resonance type of 

permeability dispersion. The resonance/relaxation frequency fr, at which 𝜇′′, has a maximum value, is 

above 200 MHz for all ferrites. 

 

Fig. 5. Complex permeability spectra of ferrites. 

It is known that the complex permeability is composed of two different magnetization 

mechanisms and those are the spin rotational magnetization and the domain wall motion. The first one 

is a relaxation type factor and its dispersion is inversely proportional to frequency. Otherwise, the 

domain wall contribution is of resonance type and depends on the square of the frequency [22]. 

Usually, there is a relevant interplay between the resonance due to the domain wall motion and 

relaxation due to the spin rotation. Domain wall resonance is usually observed at lower frequency 

while the spin rotational relaxation is observed in MHz frequency range. 

The high frequency permeability of spinel ferrite is governed by Snoek's law as (μs-1) fr = 

γ/3π Ms where, μs is the static permeability, fr is the resonance frequency, Ms is the saturation 

magnetization and γ is the gyromagnetic ratio [23]. It follows from the equation that a change in μs 

due to variations in material microstructure is followed by an opposite change in fr. 

The complex permittivity spectra of the ferrite samples obtained from NRW method is shown 

in figure 6. The complex permittivity of any material, in general, is due to dipolar, electronic, ionic, 

and interfacial polarizations. At low frequencies, dipolar and interfacial polarizations are known to 

play the most important role [24]. Moreover, the polarization in ferrites is through a mechanism 

similar to the conduction process [25].  By electron exchange between Fe
2+

↔Fe
3+

, one obtains local 
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displacement of electrons in the directions of the electric field and these electrons determine the 

polarization. 

 

Fig. 6. Complex permittivity spectra of ferrites. 

In ferrites, it is well known that the samples consist of well-conducting grains separated by 

poorly conducting grain boundaries. The electrons reach the grain boundary through hopping and if 

the resistance of the grain boundary is high enough, electrons pile up at the grain boundaries and 

produce polarization. Koops explained this by considering the heterogeneous structure of 

polycrystalline ferrites as equivalent to a series parallel combination of resistors and capacitors [26]. 

However, as the frequency of the applied field increases, the electrons reverse their direction of 

motion more often. This decreases the probability of electrons reaching the grain boundary and as a 

result the polarization decreases. 

Therefore, the dielectric constant decreases with increasing frequency of the applied field. 

Ultimately, as the field frequency increases, the dipoles will barely have started to move before the 

field reverses, and try to move the other way. At this stage, the field is producing virtually no 

polarization of the dielectric. This process is generally called relaxation and the frequency beyond 

which the polarization no longer follows the field. Relaxation arises from the inertia of the system of 

charges and restoring force acting on the charges which oppose the force due to the applied electric 

field. Thus, these systems combine inertia and restoring force, whereby resonance is possible rather 

than relaxation. 

The dielectric losses in ferrites are generally reflected in the resistivity, materials with low 

resistivity exhibiting high dielectric loss and vice versa. The frequency variation of imaginary part of 
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permeability can be explained on the basis of Koop’s model [26]. The resonance peak around 1 GHz 

can be explained as when the hopping frequency of electrons is equal to the applied field frequency, 

maximum electrical energy is transferred to the oscillating ions and power loss shoots up, thereby 

resulting in resonance. The measured results of complex permeability and complex permittivity in this 

work are in good agreement with the published reports measured with impedance analyzers [27-29]. 

 

IV. Conclusions 

A new coaxial aircell sample holder has been designed and fabricated to measure the S-

parameters in transmission / reflection methods. The aircell is characterized for phase constant and 

resistivity for optimization of result using a simple method discussed in this paper. The complex 

permeability and complex permittivity of the ferrite materials are extracted from measured S-

parameters in the frequency range of 1 MHz to 3.6 GHz using NRW method.  
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