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A simple and novel setup for high-frequency dielectric spectroscopy of materials has

been developed using a portable vector network analyzer. The measurement principle

is based on radio-frequency reflectometry, and both its capabilities and limitations are

discussed. The results obtained on a typical liquid crystal prove that the device can

provide reliable spectra between 107 Hz and 109 Hz, thus extending the capabilities

of conventional impedance analyzers.
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I. INTRODUCTION

Below the frequencies of resonance phenomena due to atomic or molecular vibrations

characteristic of optical processes lies the domain of broadband dielectric spectroscopy

(BDS). This technique investigates the electrical properties of materials as a function of

frequency. For this purpose, the sample is typically sandwiched between two electrodes and

an impedance analyzer measures its response to a sinusoidal electric field. The frequency

regime of BDS now extends from 10−6 Hz up to 1012 Hz, opening up the possibility of ob-

serving a wide variety of so-called relaxation processes.1 Among these are the reorientational

motions of molecular dipoles and the translational motions of free charges (ions and elec-

trons). These fluctuations determine the dielectric properties of the material under study,

and a great deal of information about molecular dynamics and structure can be extracted

from carefully analyzing the measured spectra. Thanks to the considerable advances it has

experienced over the last few decades, BDS is nowadays a valuable tool in condensed matter

physics and physical chemistry. In fact, even though infrared (IR) and nuclear magnetic

resonance (NMR) spectroscopies are more popular among researchers, BDS is a rapidly

growing field and is set to match IR and NMR in the next thirty years.2

Depending on the frequency range of interest, several different methods can be used to

measure the complex dielectric permittivity ε(f) = ε′(f) − iε′′(f). Below 106 Hz, Fourier

correlation and impedance analysis are the most common methods. At higher frequencies

(106 − 1010 Hz), radio-frequency (RF) reflectometry and network analysis can be employed.

Finally, the higher-frequency end of BDS (1010 − 1012 Hz) is dominated by quasi-optical

setups3 or even Fourier-transform spectroscopy at the far infrared. Most materials physics

laboratories have access to impedance analyzers which, under ideal conditions (i.e. good

connections, very careful calibrations and appropriate equipment), can perform experiments

up to 106 Hz. It is worth commenting here that although this equipment is usually advertized

to measure up to 107 Hz, it is not so and 106 Hz is, in our experience, more realistic. However,

certain relaxation processes in molecular materials like glass-forming liquids, polymers or

liquid crystals occur at slightly higher frequencies (108 − 109 Hz). On the one hand, certain

experimental setups especially designed for high frequencies are rather sophisticated and

their implementation is not devoid of difficulties. On the other hand, specialized impedance

or vector network analyzers (VNAs) can bridge this gap and provide measurements up to a
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few GHz. Nonetheless, these instruments are generally very expensive, most notably in the

case of high-quality devices for materials science. The fact that the spectra are only stretched

one or two decades at such a high price discourages many laboratories from expanding their

capabilities.

The NanoVNA project has recently emerged as a low-cost alternative to conventional

VNAs.4,5 It is a portable VNA originally intented for measuring antennas, filters, duplexers

and amplifiers. Just like regular VNAs, it can characterize the device under test (DUT) by

generating an electromagnetic wave of a given frequency and measuring either the reflected

or the transmitted signal. Since its original design, several improvements have been imple-

mented and different versions are currently being commercialized by various manufacturers,

some of them at a very low price. Moreover, the NanoVNA is an open-source project, and

extensive resources and support are available online.6–9 Up to now, there have been a few

works that have carried out permittivity measurements with a NanoVNA device, but only

in the context of soil analysis.10–12 Furthermore, these studies were performed using open-

ended coaxial probes or rod-like probes, which are not suitable for temperature-dependent

measurements or if the amount of available material is somehow limited. Additionally, the

authors had to carry out a sophisticated calibration procedure for that purpose. In any

case, promising results were obtained. In fact, in one of these studies, the authors measured

the dielectric spectra of a few reference liquids and compared the results with an Agilent

4395A VNA.10 The relative error was small in all cases, and they were able to measure up to

900 MHz. The NanoVNA version they used, however, has already been superseded, so even

better results can be obtained in principle. Indeed, the newer versions are now capable of

reaching 4.4 GHz with a higher dynamic range. Finally, it should be mentioned that other

authors have also explored the NanoVNA’s capabilities for biotechnological applications.13,14

The aim of this work is to develop a dielectric spectroscopy setup capable of measuring

up to ∼ 109 Hz. In this way, researchers working in the field of relaxation phenomena will

be able to stretch dielectric spectra a few more decades in frequency with a simple experi-

mental arrangement, which is also very affordable. The general considerations and working

principle of the device will be explained in detail. Lastly, the results on a liquid crystal will

be presented together with those of the widespread ALPHA-A impedance analyzer from

Novocontrol, leading to a complete characterization of the material.
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II. METHODS

A. NanoVNA

In this work we used the NanoVNA V2. Similarly to other commercially available models,

it has a two-port network implemented with SMA connectors and a touch screen. A micro

USB port allows for direct computer connection, from which the device can be controlled

and measurements and calibrations saved. The nominal measurement frequency-range of

this device is 50 kHz–4.4 GHz, although it will only be used in the 10 MHz–1 GHz range

due to the lower accuracy outside this interval. After calibration, the system dynamic range

is 70 dB. The device additionally comes with two SMA cables, male/female adapters and

calibration standards (open, short and 50 Ω standards).

B. Measurement principle

As mentioned previously, the two-port network of the NanoVNA allows measuring on

reflection or transmission. In terms of the scattering parameters (S-parameters) typically

used in microwave engineering, these are the so-called S11 and S21 parameters, respectively.15

In the context of BDS, the easiest method is to perform the experiments on reflection. Fig.

1 shows the experimental scheme for the dielectric measurements. The sample, like in many

BDS experiments, is sandwiched between two electrodes forming a parallel-plate capacitor.

The NanoVNA is connected by means of a coaxial line to the sample, and the ratio of the

reflected (b1) and incident (a1) waves is obtained, namely:15

S11 =
b1
a1

. (1)

It is important to note that S11 is a complex number. Since this quantity is equivalent to

the complex reflection coefficient in this case, we will denote it by the more common symbol

Γ. The complex impedance of the sample can then be calculated as1,15

Z = Z0
1 + Γ

1− Γ
, (2)

where Z0 is the system characteristic impedance (50 Ω in most cases). The impedance spec-

trum can be directly saved in the computer from the NanoVNA-QT program.8 The complex
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dielectric permittivity of the sample can then be easily obtained from its impedance:1

ε =
d

iωε0AZ
, (3)

where ω = 2πf , ε0 is the vacuum permittiviy, A is the area of the capacitor and d the

separation between the plates.

FIG. 1. Schematic of the measurement principle.

A few issues must be considered when using the NanoVNA. Firstly, prior to any mea-

surement, the device has to be calibrated with short, open and load (50 Ω) standards. This

calibration needs to be done at the so-called measurement plane (see Fig. 1) in order to

minimize propagation losses.15 For this purpose, the frequency interval and the number of

sweep points have to be specified. Additionally, the number of averages for the measure-

ments can also be specified. These parameters will be saved for the experiments. Secondly,

it should be noted that the NanoVNA has some limitations, and that the characteristics of

the capacitor formed by the sample should be taken into account. For instance, it would be

convenient to estimate the capacitance of the sample so that its associated impedance falls

within the range of the NanoVNA’s capabilities. The capacitance of the sample will change

with frequency, and one must recall that the device was calibrated to 50 Ω, so the impedance

to be measured should, ideally, not be significantly higher or lower than this value. Finally,

the system accuracy at the lower and higher frequency ends will always diminish, so it is

best to limit the frequency range for reliable results.
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FIG. 2. Proposed experimental setup for high-frequency dielectric spectroscopy measurements.

C. Experimental setup

Constructing an experimental setup based on the measurement principle described above

is simple. As already stated, we will use a liquid crystal material as a proof of concept,

nonetheless, the setup can be adapted to any kind of sample with very little change. For

room temperature measurements, a SMA-PC7 adapter is connected at the end of the SMA

cable going from the NanoVNA device to the sample, since the sample is directly connected

to a PC7 connector in our fixture. It is important to note that conventional RG58 cables and

BNC connectors should not be used to avoid parasitic effects at high frequencies. The sample

is sandwiched between two gold-plated brass electrodes, which ensures reliable measurements

at high frequencies due to the high conductivity of gold.16 Since the sample to be measured is

a liquid, the electrodes themselves are separated with silica microspheres (20 µm in diameter

from EHC Co. Ltd., Japan). This parallel-plate capacitor is placed at the end of the PC7

connector and the circuit is closed with a modified HP 16091A fixture. In order to keep

the connection to the sample vertically straight, a mount with an adjustable clamp can
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be attached to the PC7 piece. For temperature dependent experiments typical in BDS,

this setup must be slightly modified. Instead of placing the sample at the end of the PC7

connector, a PC7 extension line is connected, the top part of which goes inside a cryostat

controlled by a Quatro Cryosystem from Novocontrol. The top of the PC7 line is thermally

isolated from the bottom by a teflon ring. In this way, the NanoVNA is isolated from the

temperature-controlled zone. The sample is placed and the circuit is closed at the end of

this line similarly to the room temperature case. The described arrangement is summarized

in Fig. 2. In any case, as explained earlier, this setup can be greatly simplified for room

temperature measurements.

III. RESULTS AND DISCUSSION

In order to test the developed setup, we measured the broadband dielectric spectra of

the nematic liquid crystal 7OCB (heptyloxycyanobiphenyl) in the temperature range 50◦C–

80◦C. The low- and intermediate-frequency measurements (1 kHz–1 MHz) were carried out

using a conventional ALPHA-A impedance analyzer. High-frequency measurements (10

MHz–1 GHz) were done with the NanoVNA in the proposed configuration. All experiments

were done on cooling from 80◦C at 0.5◦C/min. The results are shown in Fig. 3.

Below 1 MHz, the spectra are characterized by a plateau in the real component of the

permittivity and a pronounced increase in the imaginary component due to ohmic conduc-

tion. At the low-frequency end, a slight increase in ε′ is observed, suggesting the onset of the

electrode polarization effect. This is a well-known phenomenon that affects the dielectric

spectra of a wide variety of samples at low enough frequencies due to the accumulation of

ions at the electrodes, and several methods have been developed throughout the years to

minimize it.17–19 Additionally, a small jump in ε′ is observed at ∼ 74◦C, namely, upon the

transition from the isotropic to the nematic phase. This indicates that the molecules tend

to align somewhat perpendicular to the gold electrodes. At high frequencies (∼ 107–108 Hz)

another absorption process takes place. Note that the observation of this mode would not

have been possible with a standard dielectric spectroscopy setup that can only measure up

to 106 Hz. In order to analyze the data more carefully, we plotted the data at two differ-

ent temperatures (corresponding to the isotropic and nematic phases, respectively) in Fig.

4. These results agree with those already published in the literature.20 A decrease in the
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FIG. 3. Three-dimensional plot of the real (a) and imaginary (b) components of the complex

dielectric permittivity as a function of frequency and temperature.

data quality is observed in the higher part of the frequency spectrum, which is expected but

which, in our case, is also likely due to the low impedance value (c. 2 Ω) of our sample in this

highest range. Moreover, although the data are noisier at the high-frequency end, the quality
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and functional form of the experimental points are adequate, which proves that the setup

is suitable to analyze relaxation processes. The data were fitted to the Havriliak-Negami

formula with a conductivity term:

ε(f) =
∑
k

∆εk[
1 +

(
i f
fk

)αk
]βk

+ ε∞ +
σ

ε0(i 2πf)λ
, (4)

where ∆εk, fk, αk and βk are respectively the dielectric strength, relaxation frequency and

broadness exponents of mode k, ε∞ is the high-frequency dielectric permittivity, σ is a

measure of the conductivity, and λ is an exponent between 0 and 1.

FIG. 4. Spectra of the real and imaginary components of the complex dielectric permittivity

at 80◦C (isotropic phase, top) and 60◦C (nematic phase, bottom) measured with the ALPHA-A

analyzer and the NanoVNA. The dashed lines correspond to fits to Eq. 4 with parameters shown

in Tables S1 and S2 and RMSE values of 0.019 and 0.021 at 80◦C and 60◦C respectively.
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At 80◦C the data were fitted to a single relaxation process. However, a broadness ex-

ponent β = 0.62 was obtained, suggesting the presence of two independent modes which

appear overlapped in frequency.1 At 60◦C, on the contrary, the spectra can be deconvoluted

into two relaxation processes: one of them at ∼ 6 MHz and the other one at ∼ 110 MHz.

These modes, which were almost degenerate in the isotropic phase, correspond to the rota-

tion of individual molecules around their short and long axis, respectively. The fit to the

imaginary component at high frequencies is slightly worse due to the already mentioned

noise of those data points. Residual plots of both fits in Fig. 4 are shown in Fig. S1 in the

Supporting Information. The performed deconvolution, as well as the interpretation of the

corresponding modes, is in keeping with the literature.20

Although these results agree with measurements already published in the literature, it

would be convenient to more carefully assess the accuracy of the experimental data. For that

purpose, we performed the same set of experiments with an HP 4294A impedance analyzer,

which can measure up to 110 MHz. In this way, we can at least estimate the quality of the

data in the frequency-range 107–108 Hz. This comparison is shown in the top graphs of Fig.

5, with the data corresponding to the isotropic phase. As it can be seen, the data points lie

very close to each other. In order to make this comparison more quantitative, we fitted the

data obtained with the HP 4294A analyzer to equation 4, taking this as a reference, and

calculated the relative error of the NanoVNA data points. The results are plotted at the

bottom of Fig. 5. The relative error does not exceed 6% in any case, which is very acceptable

since there are sources of error of this order such as the uncertainty in the thickness of the

sample. Furthermore, the accuracy of the HP 4294A impedance analyzer in this frequency

and impedance range is ∼ 3%. Therefore, we conclude once again that the results obtained

with the developed setup are good and representative of the material under study.

IV. CONCLUSIONS

A high-frequency dielectric spectrometer for materials analysis based on the reflectometric

technique has been developed using a portable VNA. The proposed experimental setup

is easy to reproduce and is shown to provide reliable measurements between 107 Hz and

109 Hz. Even though the experimental points near the high-frequency end are slightly

noisier owing to the lower dynamic range of the NanoVNA device compared to high-end
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FIG. 5. Top: comparison of the measured spectra of the real and imaginary components of the

complex dielectric permittivity at 80◦C with the NanoVNA and a HP 4294A impedance analyzer.

Bottom: calculated relative error with respect to the fitted curve to the data from the HP 4294A

impedance analyzer.

VNAs/impedance analyzers, the obtained results are adequate. In fact, the quality of the

data in the case of a liquid crystal material allows to deconvolute the dielectric spectra into

underlying relaxations. We have thus proven the usability and utility of this novel setup

for the study of dipolar fluctuations in materials. It is the authors’ hope that this work

will encourage laboratories working on the dielectric properties of materials to expand their

capabilities.
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V. SUPPLEMENTARY MATERIAL

The supplementary material includes a document with some information about the fitting

quality and parameters as well as files with the raw measurement data.
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