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a b s t r a c t 

Material susceptibilities govern interactions between electromagnetic waves and matter. They are of a 

crucial importance for basic understanding of natural phenomena and for tailoring practical applications. 

Here we present a new calibration-free method for relative complex permittivity retrieval, which allows 

use of inexpensive and accessible equipment, and simplifies the measurement process. This method com- 

bines the advantages of resonant and non-resonant techniques, which allow the extraction of material 

parameters of liquids and solids in a broad frequency range, where material’s loss tangent is less than 

0.5. The essence of the method is based on excitation of magnetic dipole resonance in a spherical sample 

with variable dimensions. The size-dependent resonant frequencies and the quality factors of magnetic 

dipolar modes are mapped on real and imaginary parts of permittivity by employing Mie theory. Samples 

are comprised of liquid solutions, enclosed in stretchable covers, which allows changing the dimensions 

continuously. This approach enables the tuning of the magnetic dipolar resonance over a wide frequency 

range, effectively making resonance retrieval method broadband. The technique can be extended to pow- 

ders and solid materials, depending on their physical parameters, such as granularity and processability. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The retrieval of material parameters is of a crucial importance

or a broad range of applications, based on propagation of electro-

agnetic waves and their interactions with matter [1] . Material‘s

usceptibilities govern constitutive relations, substituting Maxwell’s

quations and enabling to find their unique solutions. While a gen-

ral concept of the parametric retrieval is quite universe and is al-

ays based on probing a structure’s response to an applied elec-

romagnetic field, practical constrains set numerous technical lim-

tations and give rise to development of many complementary ex-

erimental techniques. 

The set of experimental methods for parametric retrieval is

ather large, but the vast majority can be divided into two main

roups: resonant [2] and non-resonant [3] . Each group has its

wn advantages and drawbacks: while non-resonant methods are

aturally broadband, resonant approaches are restricted to a lim-

ted frequency range with an advantage to provide more accurate
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ata. The main approaches will be briefly surveyed, and the lim-

tations highlighted. Regardless of the type of methods, most of

hem require the use of a vector network analyzer (VNA) to per-

orm measurements of the reflection parameters at a certain fre-

uency range. In addition, specialized equipment for sample posi-

ioning or shaping is also needed. These requirements are related

o some technical constrains in methods’ implementation. 

.1. Non-resonant methods 

.1.1. Open-ended coaxial probe 

An open-ended coaxial probe technique [4] is commonly used

or quality control [5] , antenna design [6] and in biomedical appli-

ations [7] . Specially designed probes are immersed in a liquid or

laced on top of a solid. The S 11 parameter (complex-valued reflec-

ion) is then measured. The accuracy of the method is constrained

y need for three-step calibration process. Interpretation of the re-

ults requires non-trivial processing, and calls for rather sophisti-

ated software. 

.1.2. Rectangular waveguide 

Another widely used method for parametric retrieval utilizes a

aveguide configuration. Here a sample is inserted into a two-port

https://doi.org/10.1016/j.jqsrt.2019.06.020
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
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waveguide section connected to a VNA. The retrieval is based on

relating S-parameters to the impedance of an unknown material

[8,9] . This approach allows extracting both permittivity and perme-

ability of a dielectric slab by employing relatively straightforward

mathematical formulation [10,11] . The commonly used Nicolson-

Ross-Weir method is appropriate for solid samples thicker than

half of a wavelength. Waveguide geometry has significant limita-

tions when applied to liquid solutions, however cuvettes can be

designed to hold liquids. Solid samples also require special shap-

ing in order to fit waveguide cross-sections. Furthermore, the sin-

gle mode operation of a waveguide limits the operational band-

width provided by a single device. The use of several waveguides

(one per each frequency band) is possible, but ends up by rela-

tively high investments in relevant equipment. Also, a number of

calibrated cuvettes for liquid solutions will be required. 

1.1.3. Transmission lines 

Another widely used approach utilizes transmission line geom-

etry. A dielectric sample is placed on top of a microstrip line, con-

nected to VNA ports. S-parameters are then converted to complex

permittivity of the sample [12] . This approach allows extraction

over a wide frequency range ( ∼0.05–75 GHz) and is also applicable

to lossy materials. Accurate retrieval requires a VNA, which may be

expensive, in the case of high frequency measurements. The inves-

tigation of liquid solutions also requires the use of cuvettes. 

1.2. Resonant methods 

1.2.1. Resonant cavity 

Cavity configuration is one of the most commonly used reso-

nant methods. It allows the extraction of permittivity values from

resonant responses, measured with and without a sample, incor-

porated inside the cavity [13,14] . Here, the permittivity can be ex-

tracted only at a single (resonant) frequency. It is also worth noting

that there are several extensions, where adjustable resonant cav-

ities were reported [15,16] . Physical realization of those cavities,

however, can be quite involved. 

1.3. Combination of resonant and non-resonant methods – our 

proposal 

The beforehand presented survey demonstrates strengths and

limitations of several existent methods. We propose an experimen-

tal technique, which combines the advantages of both resonant

and non-resonant methods. Our approach is based on Mie theory

which describes electromagnetic scattering from the sphere [17] .

Mie theory links geometry, the material parameters of a sphere,

and resonant peaks in the scattering spectrum. Mie coefficients,

describing the complete set of modes, have explicit closed form

expressions in the form of Bessel functions. In the case of small

high-index particles, Padé expansion for the so-called magnetic co-

efficient b n can be applied [18] . In this case, the resonant con-

dition is given by εr = −2.07 + 10.02/ x 2 + 1.42 x 2 − 2 ix (1.06 − 0.77 x 2 ),

where the dimensional parameter x = πD / λres . λres is the resonant

wavelength, εr is the sphere’s relative permittivity, and D is the

sphere’s diameter. This equation assumes relative permeability of

the sphere μr = 1. In the case of small high-epsilon sphere, the

main contribution to the resonant condition comes from the sec-

ond term on the right hand side of the inline equation, written

above (also the first and the third terms partially cancel each other

– this was checked by substituting the range of relevant param-

eters and less than 1–2% deviation was found). Under those as-

sumptions, the resonant condition for the first magnetic (dipolar)

mode is given by: 

λres ≈
√ 

ε r · D, (1)
here similar approximation were used in, e.g. [19] . If a broad

cattering spectrum is observed, the first magnetic dipole reso-

ance at the lowest frequency obeys the condition of Eq. 1 . In this

ay, we obtain the real part of the permittivity, while its imag-

nary component can be found by analyzing the spectral widths.

oth radiative and material losses, as well as coupling with an-

enna contribute to this value. In addition, overlapping resonances

an further complicate direct retrieval. A complimentary method

an be based on Kramers–Kronig relations, which link real and

maginary parts via an integral relation. However this approach

as significant limitations when available experimental data has

 finite bandwidth and a relatively small number of experimental

oints forms the spectra [20] . Here we found the first method of

pectral resonance width to be more accurate, if several simplify-

ng assumptions are made: (i) material losses prevail over radiation

eakage, (ii) the spectrum has well defined and separated resonant

eatures. In this case, the imaginary part of permittivity can be cal-

ulated via Q-factor relation: 

 

′′ = 

ε ′ 
Q 

. (2)

Based on the formulation of Eqs. (1) and (2) , we propose a new

echnique for parametric retrieval. Our method is calibration-free

nd does not require expensive additional equipment (apart from a

calar network analyzer, phase information is not mandatory). Fur-

hermore, the data post-processing is transparent and straightfor-

ard, which makes the method to be cheap and easy to handle. 

. Methods 

.1. Liquid solutions 

In order to retrieve permittivity within a desired frequency

ange, the diameter of the sphere D should be varied continuously.

his was implemented by using a stretchable latex balloon, which

ontained a liquid solution. The volume of the incompressible liq-

id was controlled with a calibrated injecting syringe, connected

o the latex enclosure via a capillary. Schematic representation of

he setup is depicted on Fig. 1 , while its photograph appears in

ig. 2 (a). An empirical relation between the surface tension of the

alloon, the pressure, supplied by the syringe, and the overall vol-

me of the sphere was obtained. This apparatus allowed us to

chieve almost continuous control over the dimensions, which is

he key factor for ensuring broadband operation of this resonance-

ased method. An additional important technical detail involves

onitoring of the shape of the balloon, which should be kept as

pherical as possible in order to employ Eq. (1) for the permittiv-

ty retrieval. 

The resonance measurement was made by approaching the

tructure with a magnetic loop antenna ( Fig. 1 ) positioned on top

f the sphere. The antenna’s feed was connected to Agilent E8362C

NA and S 11 parameter was retrieved. According to Mie theory, the

rst dip (the lowest in frequency) in the reflection coefficient cor-

esponds to the magnetic dipole mode, the resonance condition of

hich is described by Eq. 1 . In order to avoid resonance hybridiza-

ion, the internal resonance of the loop antenna should be engi-

eered to fall outside of the frequency window, where permittivity

s retrieved. In this case, the loop resonance frequency was around

0 GHz, while all the resonances of spheres fall within 0.5–4 GHz

ange. 

First, numerical simulation was performed to estimate the ac-

uracy of the proposed method. A spherical thin shell filled with

istilled water, was analyzed numerically with Frequency Domain

ethod, implemented in CST Microwave Studio. Permittivity ob-

ained with commercial dielectric assessment kit (DAK) [18] was

sed as an input to the modeling. Resonant spectra for differ-
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Fig. 1. Schematic representation of the experimental setup for extraction of com- 

plex permittivity. Arrows illustrate the electric (blue) and magnetic (red) vector 

fields, corresponding to the magnetic dipole resonance. The sphere’s dimensions 

can be dynamically tuned, shifting the corresponding magnetic dipole resonance in 

frequency. A non-resonant probe (loop antenna) is connected to a vector network 

analyser (VNA) and placed above the sphere. Permittivity is retrieved by monitor- 

ing spectral dips in the reflection coefficient from the probe (S 11 -parameter) – S 11 

spectrum is schematically depicted in the right inset. Resonant frequency f r , corre- 

sponding to the dipole magnetic resonance, along with the resonance quality factor, 

allow retrieval of complex permittivity in a broad spectral range, defined by the set 

of available sphere’s radii. 
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result nontrivial material’s microstructure. 

F

p

t

c

l

nt sphere’s radii were obtained and post-process with the help

f Eqs. (1) and (2) . Ideally, the results of this resonant type of

etrieval should return the input data, while any deviations will

ndicate systematic errors and inaccuracies. Fig. 2 (b) summarizes

his investigation - complex permittivity of distilled water in the

ange of 0.7–5 GHz was retrieved. The liquid’s temperature during

he measurements was 16.3 ° Celsius. A three-step calibration was

erformed, and permittivity was automatically obtained by using

ommercial software. DAK data was then compared to the reso-

ant retrieval. The relative systematic inaccuracy of the method is

n the range of 5% and provides a reasonable approximation of the

eality. Deviation grows with the frequency as the result increase

f losses. In order to perform a fair comparison and to factor out

he probable influence of the liquid preparation protocol, we relied

n the experimental (DAK data) rather than the tabulated data 

After estimating the accuracy of the method numerically, exper-

mental retrieval was performed. The experimental setup is shown

n Fig. 2 (a). The sphere was formed by a shell made of widely
ig. 2. (a) Photograph of the experimental setup for parametric retrieval of liquid soluti

arts of permittivity. Solid lines – permittivity, extracted with a commercial dielectric ass

he subsequent post-processing via Eqs 1 and 2 . Etalon permittivity (solid lines, DAK ex

ircles demonstrate the accuracy of the method. (c) Complex permittivity of distilled wa

ines – values, extracted with DAK. Circles – values, extracted experimentally with setup 
vailable medical latex and was fastened with threads at the end

f a capillary. The other end of the capillary was connected to a

00 ml syringe filled with a liquid (distilled water in this case) so

he sphere’s radius could be varied. The loop antenna was placed

round the supplying capillary, which position was found to be op-

imal in terms of ensuring a constant distance between the an-

enna and the surface of the sphere as the dimensions changed.

e measured the S 11 parameter of the loop antenna with Agi-

ent E8362C VNA for 17 different diameters of the sphere between

0 and 60 mm. The obtained data was processed using the same

rocedure as in the numerical modeling ( Eqs. (1) and (2) ). The

xtracted values of real and imaginary parts of permittivity are

hown in Fig. 2 (c) (red and blue circles) together with the ref-

rence DAK measurement (solid red and blue lines). Reasonable

greement was observed, however the deviation becomes greater

ue to losses which increase at higher frequencies. 

.2. Solid materials 

The proposed method can also be applied to solid materi-

ls. However, a set of samples with different dimensions should

e prepared with available fabrication techniques (e.g. machine

illing). Another possible and even more valuable application of

he resonance method could be as a quality check of materials,

here responses of new fabricated samples are compared with a

eference sample. Here we demonstrate this capability by investi-

ating six identical high-quality ceramic spheres of 15 mm diame-

er ( Fig. 3 (a)). The deviation of the radii was estimated to be in the

rder of 1 mm and less, according to measurements. The deviation

n the resonant locations were observed to be in the range of less

han 3% ( Fig. 3 (b) - S 11 spectra, acquired with the same loop an-

enna probe). Reference characteristic of the ceramics was 16 for

eal and 0.642 for imaginary part at 5 GHz frequency. 

The calculated values of the real and imaginary parts of the

pheres’ permittivity are presented in the Table 1 . For all the sam-

les investigated, the losses were significantly higher than the

eference data, while the real part of permittivity is quite accu-

ate. We suggest that the losses depend on the internal granu-

arity of ceramics obtained during the fabrication process. Fabri-

ation methods of ceramic elements involve agglomeration of ce-

amic powder at high temperature and high pressure, which can
ons. (b) Permittivity spectrum of distilled water – real (red) and imaginary (blue) 

essment kit (DAK). Circles – permittivity, retrieved from numerical modeling with 

traction) is used as an input to the modeling. Deviations between solid lines and 

ter (red and blue colors stay for real and imaginary pats, correspondingly). Solid 

from panel (a) by fitting resonance conditions, defined by Eqs. (1 ) and (2) . 
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Fig. 3. (a) A photo of the ceramic samples. (b) Experimental S 11 spectra of the sam- 

ples. Dashed line shows the average position of the magnetic dipole resonance fre- 

quency. 

Table 1 

Retrieved real and imaginary parts of permittivity of 6 identical ce- 

ramic samples (from left to right, Fig. 3 (a)). 

No ε’ ε” ε’ (ref) ε” (ref) �ε’, % �ε”, % 

1 15.78 0.78 16 0.64 1.37 20.88 

2 16.00 0.72 0% 12.53 

3 15.91 0.73 0.56 14.10 

4 15.88 0.68 0.75 6.32 

5 15.73 0.54 1.69 15.60 

6 15.76 0.56 1.50 12.54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Influence of losses on the resonant retrieval - |S 11 | values are presented with 

colors, while vertical and horizontal axes stay for frequency and loss tangent, cor- 

respondingly. Magnetic dipole resonance is the lower branch ( ∼1.5 GHz). The black 

dashed line shows the range of applicability (0.5 is set as the higher bound for ac- 

ceptable losses). Real part of the permittivity is 80, radius of the sphere 10 mm. 

m  

i

 

r  

p  

a  

o  

t  

n  

t  

c  

f  

i  

P  

t  

g  

t  

w  

t  

c  

e

 

e  

v  

a  

s  

t

 

w  

t

 

r  

t  

o  

r  

m  

t  

o

A

 

F  

g  

a  

s

3. Discussion 

It is important to consider the limitations of the proposed

method, namely, material losses which make the resonant re-

sponse less pronounced. We therefore performed a set of numer-

ical simulations, where the real part of the permittivity was kept

constant (80) and the loss tangent was varied from 10 −4 to ∼1.

The frequency range was taken to be between 0.5 and 3.5 GHz and

the radius of the sphere was 10 mm Fig. 4 demonstrates the data

where |S 11 | values are presented with colors, while vertical and

horizontal axes are the frequency and loss tangent, respectively.

Three first resonances can be clearly seen up to a point, where

losses smear out the resonant behavior. This information is virtu-

ally lost for loss tangent staring from about 0.5 and higher. It can

be also seen that resonance broadening affects the data already

starting from 10 −1 to 10 −2 , supporting the frequency dependent

deviations on Fig. 2 (losses of water grow significantly with fre-

quency). 

4. Conclusions 

We have demonstrated a new calibration-free method for ex-

tracting complex material permittivities of liquid solutions. Our

methodology combines the advantages of both the accurate reso-

nant and broadband non-resonant approaches. Our design is based

on a stretchable enclosure, which allows continuous tuning of sam-

ple’s (resonant cavity) dimensions. Note, that the essence of the
ethod is the resonant approach, while the broadband operation

s achieved via continuous tuning of the resonant condition. 

The key for the extraction procedure is Mie theory which links

esonant conditions, dimensions, and material parameters. The

roposed methodology was compared to calibrated commercially

vailable tools and showed a good agreement within 5% accuracy

ver a broad frequency range (0.5–3.5 GHz). The main fundamen-

al limitation of the method is related to loss tangent, which can-

ot access the value of 0.5. Practical difficulties of the implemen-

ation are related to mechanical stabilization of samples and ac-

urate maintenance of their spherical shape. Thermal control was

ound to be also an important factor. The temperature and chem-

cal resistance of the enclosing spherical shell can be increased, if

VC vinyl, neoprene or nitrile are used instead of latex. In this case,

hicker enclosures might be employed. As the result, a core–shell

eometry (shell – the enclosure; core – a liquid under investiga-

ion) will be involved. Core–shell geometries can be also analyzed

ith Mie solutions [21] , which, however, become cumbersome in

his case. Furthermore, the usage of thick shells might require a

alibration step to account for their response. In the case of latex

nclosure, shells’ influence can be safely neglected. 

The accuracy of the methodology can be further improved if the

ntire Mie resonance spectra are post-processed and complexes-

alued S-parameters are analyzed. However, higher-order modes

re more confined to the structure and, as the result, are more sen-

itive to surface imperfections and internal material losses, hence,

hey were excluded from the consideration in this work. 

The main advantages of the current method are its straightfor-

ard implementation, clear relation between measured data and

he physical origin, and cheap experimental equipment. 

In terms of future practical application, this new broadband

esonant approach can be employed for investigation of different

ypes of materials, such as liquids, powders and solids. Continu-

us shape variation of the cavity configuration allows permittivity

etrieval. Additive manufacturing techniques and selective surface

etallization can allow creating complex geometries [6,22] and, as

he result, can allow more accurate parametric retrieval on expense

f computational and post-processing simplicity. 
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