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Final Project: Dielectric Spectroscopy with the NanoVNA2

The code and raw data for this project live here.

The project development documentation lives here.
Motivation

Though dielectric spectroscopy would appear limited to characterizing a material’s dielectric
properties, it is a useful tool in a diverse set of applications as many other material properties
can be related to dielectric properties [1]. Example industrial applications include
determining chemical behaviors of food products or bacterial contamination [2]. As shown in
the Agilent Technologies tech note on dielectric spectroscopy (Figure 1), the real

permittivity of milk measurably changes as it approaches spoilage [2].
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Figure 1 — Agilent tech note graph of the real permittivity of milk. Source [2].

(Dielectric properties are also interesting in their own right, beyond applications to food. [3]
boldly asserts that broadband dielectric spectroscopy should one day compete with infrared

spectroscopy and nuclear magnetic resonance in its publication amount).

The experimental set up for dielectric spectroscopy requires expensive lab equipment, which
limits its wider use. Agilent (now Keysight) vector network analyzers run from >$3k used to
$10-100k new (e.g., handheld analyzer, ENA VNA). The additional testing equipment

required (probes, fixturing) can also run on the order of $10k additional cost.

Very cheap VNAs have (somewhat) recently come on the scene, such as the NanoVNA SAA-

2N V2.2 which runs for $130 on Amazon (and also maintains extensive documentation). So,

this projects asks: Can we do dielectric spectroscopy at the “fablab-able scale?

Figure 2 — NanoVNA. From Amazon listing.

Background

We have the constitutive relations:

And
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Where ¢ and p are the electrical permittivity and magnetic permeability, respectively. These
parameters describe the way fields interact with materials. In DC land, these can both be
treated as constants. As frequency increases, this no longer holds.
The relative complex permittivity is given by:

& =¢' —je&"
Where ¢’ (the real part of the permittivity) describes the material’s ability to store electric
field (in DG, the dielectric constant), and &" is the loss factor and describes the energy loss.

(&" is responsible for how microwave ovens cook).

The relationship between complex permittivity and frequency is illustrated in Fig. 3.
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Figure 3 — relative complex permittivity mechanisms as a function of frequency [1]. Image

source.

Let’s consider dipolar relaxation since if we are able to see any interesting behavior, it will
likely be dominated by these effects. For an ideal distribution of non-interacting dipoles, the

permittivity is described using Debye relaxation, which gives [4]:
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Where ¢ is the static permittivity (what we think of as the dielectric constant in DC), &, is

the upper limit of the frequency (what e’ approaches in the above figure), and 7 is the

relaxation time.

Using these equations, we can plot the ideal responses for various materials. Given what I

will test, let’s plot DI water and ethanol (see Fig. 4 and Fig. 5). The material parameters are

from [5].
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Figure 4 — The permittivity of DI water and ethanol from 0.1-30GHz. Solid line is ¢" and

dashed line is &".

We won’t be able to measure for this range though, so let’s plot just the range 1.5-3GHz.
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Figure 5 — The permittivity of DI water and ethanol from 1.5-3GHz. Solid line is £’ and

dashed line is &".



As you can see, there aren’t any particularly dramatic changes in this region, so please begin

to scale your expectations appropriately for the following sections.

Overview

I will use free-space dielectric spectroscopy for this project. The apparatus for this consists of
two horn antennas with a material under test (MUT) between them, and a VNA measuring

the transmissivity between the antennas. This is illustrated in Fig. 6, from [1].

Figure 6 — Free space measurement set up. Source

The advantages to this design include flexibility in the type/shape and temperature of the
material under test, and that it is fairly broadband. However, as we will soon see, in the
lower frequency range, the horn antenna size is a limiting factor and given this, it may have
made more practical sense to pick a different testing set up, such as a coaxial probe or even a

capacitive plate design. Anyways, this is what Neil encouraged me to do, so here we are.

From this testing apparatus, our collected data consists of S-parameter data, which describes
the transmission/reflection of signals in the system. We then have to extract permittivity
(and permeability, if you're so inclined) from that. To recap nomenclature, Fig. 7 from [6] is a
useful illustration.
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Figure 7 — S-parameter illustration. Source [6].
Experimental design
3D printed horn antennas

Prior to thinking deeply about the frequency range of our VNA, I made a pair of Ka-band
horn antennas according to procedure given by the Antenna Test Lab [7].

[7] Gives very detailed documentation on the process of producing 3D printed horn antennas
with comparable performance to commercial versions. The print file is made using the
manufacturer provided CAD model for the antenna and printed on a standard FDM printer.
In this case, I used PLA filament on a Prusa. The surface is then smoothed. The reference
uses chemical smoothing or sanding. Since I used PLA, I sanded the horn down. The

difference between a smoothed and unsmoothed print is shown in Fig. 8.
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Figure 8 — raw print and smoothed print.

The antennas are then painted with a conductive spray paint. I used MG chemicals spray on

paint.

Figure 9 — 3D printed horn antennas

I made the SMA-to-antenna launch in the same fashion. I found a commercial inline launch
model and adapted it to fit the SMA ends we had. The final horns are shown in Fig. 9. Upon
trying them out with the VNA, I realized that these are for a frequency range an order of

magnitude above the maximum of the VNA. So, there was no wave propagation.
Laser cut horn antennas

To pick reasonable waveguide dimensions, we should know the wavelengths that we’ll be
sweeping through. Let’s say we want to go from 1GHz to 3GHz:
c 3x108

AIGHZ =;= 1 % 109 == 3 X 10_1[m]
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From here [], the cutoff frequency is given by:

1 2 2
o= e | (2

Where a and w are the side lengths of the rectangular waveguide and (m, n) are the mode

numbers. There are then additionally other heuristics and guiding equations at play for

picking the correct dimensions, some of which are discussed here [8].

After fruitlessly exploring that, I abdicated responsibility and picked a commercial
waveguide in the relevant frequency range: WR430, which has a cutoff frequency of

1.362GHz for the lowest order mode and a recommended range of 1.7-2.6GHz.

With a commercial specification, I can then use the dimensions of a commercial product for
the horn antenna. I picked Pasternack’s WR-430 Waveguide Standard Gain Horn Antenna

Operating from 1.7 GHz to 2.6 GHz with a Nominal 15 dB Gain SMA Female Input, which
goes for >$3k. Their product image is shown in Fig. 10.

Figure 10 — The Pasternack horn antenna. Source.

This horn is huge, massive even. The 3D printing strategy becomes less appealing at this
scale, given that the model would have to be sectioned into separate prints and would still
require sanding. So, I pivoted to a new process: laser cut panels out of acetal, tape on copper

foil, and hold position with a 3D printed bracket. This is shown in Fig. 11. The antenna sides


http://web.mit.edu/6.013_book/www/chapter13/13.4.html
https://www.everythingrf.com/tech-resources/waveguides-sizes/wr430
https://www.pasternack.com/standard-gain-horn-waveguide-size-wr430-15-db-gain-sma-female-pe9864sf-15-p.aspx
https://www.pasternack.com/standard-gain-horn-waveguide-size-wr430-15-db-gain-sma-female-pe9864sf-15-p.aspx
https://www.pasternack.com/standard-gain-horn-waveguide-size-wr430-15-db-gain-sma-female-pe9864sf-15-p.aspx

were longer than the bed of the Trotec Speedy 100 Flexx, so I instead down-sized to half the
length, which is closer to Pasternack’s 10dB version of this horn (this is shown in the
highlighted portions of Fig. 11).

Figure 11 — CAD of WR430 horn modified for printing and cutting.

This still leaves some ambiguity about the placement and dimensions of the SMA launch. In

the language of Fig. 12, the dimensions C and D are not fully decided by this.

Figure 12 — SMA rectangular wave guide launch dimensions. [Source]


http://4.bp.blogspot.com/_Sa606hz-BgY/TTqXZ3WGgLI/AAAAAAAABhI/nxNnys7ZeLA/w1200-h630-p-k-no-nu/Prijelaz+koax-valovod+za+3cm+podrucje+rada.jpg

In practice, the dimension C is usually pre-set and using the heuristic:

C_/1
T4

However, [8] suggests that this is not always ideal, with potentially smaller distances
outperforming this spec. To this end, the back short of the horn can be adjusted. I did not
find a good reference for the dimension D, so this was experimentally chosen based on a few

lengths and the antenna pair’s resulting transmission gain.

The complete horns are shown in Fig. 13.
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Figure 14 — Free space measurement set up. Source.
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Revisiting Fig. 14, the antennas are placed 24.5cm from each other. Their gain in dB is shown
in Fig. 15 for the full range of the VNA and for the target range (magnitude S11 in blue and
magnitude S21 in red).
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Figure 15 — (left) antenna gain from 200MHz to 3GHz. Blue line is S11 magnitude and red
line is S21 magnitude. (right) antenna gain from 1.5GHz to 3GHz.

For fun, we can look at the antenna response using one of the fancy VNAs (Figure 16). (They

look about the same.)

s ——
Figure 16 — S21 log magnitude for the antennas over the same frequency range.

Data acquisition
For planar materials (e.g., plastic sheet stock), the material is placed at the midpoint of the

horns. For liquid materials, a plastic holder was made, consisting of acetal sheets glued

together with a spacer to help maintain known thickness. This forms a flat container which

12



can be filled with liquids. Unfortunately, I used a very thin Delrin that results in some

bulging in the sample holder, which contributes to systemic error.
Calibration

The VNA is calibrated using SOLT at the cable ends (no horns), using the standards given in
the kit (Short, Open, Load, and Thru). The measurements were all taken with this

calibration. For reference, see [9].

To calibrate out the testing set up (i.e., calibration plane between the antennas), there are a
variety of calibration procedures, such as GRL, which Agilent has built in on some of their
systems [2]. I am using TRL, or Through-Reflect-Line [10] because of its simplicity. For this,
we first measure a Through standard, which consists of the antennas at the measurement
distance with nothing between them. Next, we measure a reflect standard. TRL does not
require a known reflectivity for this, only that the reflectivity is high. This is done using
3.16mm aluminum sheet placed at the midpoint between the antennas. The line standard is
then a delay measurement. This is taken with the horn antennas offset by a quarter
wavelength of the mid-band frequency, as recommended by this. “Thru-Reflect-Line” is first

described in [10], and a diagram from that paper is shown below for reference.
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Figure 17— From here. The measurement planes for TRL [10].
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The TRL calibration is then implemented using scikit-rf, a python library for RF/Microwave
engineering [11]. After the TRL calibration, we can re-run our standards through the
calibration to see how it looks. For the through standard, we expect 0dB for the transmission
parameters and negative infinity dB for the reflectivity parameters. In practice, we get close
to 0 dB for S21 and S12, and fairly negative gain for S11 and S22, which seems good. The
results are shown in Fig. 18. Note that the NanoVNA2 is not a true 2 port network analyzer

and it’s not completely clear to me how it generates S22 and S12 parameters when it exports.

Corrected S-parameters for Through standard

5 Smith chart for corrected Through
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® —30 ‘
3
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Figure 18 — Through standard after calibration.

The Reflect standard performs a bit worse. For this, we expect the opposite of the Through
standard. That is, 0dB for the reflection parameters (S11 and S22) and negative infinity for
the transmissions parameters (S21 and S12). This is not the case for the corrected S-
parameters for the reflect standard, but I also don’t think the results are terrible. The TRL

calibration I used leaves out switch terms [11][12], which could improve the results.
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Figure 19 — Reflect standard after calibration.

For reference, here is a comparison of the raw S parameters for a 0.16mm copper sheet and

the corrected S parameters (see Fig. 20). This will look a lot like the Reflect standard, since

both of these are high reflectivity materials.
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Figure 20 — Uncorrected (left) and corrected (right) S-parameters for a copper sheet.
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Figure 21 — Uncorrected and corrected parameters for tap water sample.

The uncorrected and corrected S-parameters for a tap water sample are shown. There is an
amount of noise that appears to be introduced by the TRL calibration which may be a

problem.
Extraction of permittivity

Now that we have our reflection and transmission coefficients, we need to get our complex
permittivity out of them. This is more difficult than I assumed it would be! The procedure for
this (I think) varies a bit on the testing set up you're using. It appears common to use an
iterative method for this [13], but I tried using two non-iterative methods instead, the New
Non-Iterative Method from [14] (abbreviated NNI), and Nicholson-Ross-Weir (NRW) [15].
The methodologies for both are described in [13], and in my implementation I leaned heavily
on this implementation of NNI [16] and this implementation of NRW [13].

Results

So, spoiler alert, the permittivity extraction did not go so well. Is it because of a problem in
the physical apparatus? In the VNA calibration? In the TRL calibration? In the choice of
permittivity extraction procedure? In the implementation of said procedure? I don’t yet

know! Though I suspect the answer could be any and all of them.
Permittivity
Here are all the permittivity measurements for the samples which it seemed mildly valid to

do this with. I have plotted 3 versions of the permittivity for each, NNI, NRW, and NRW on

the un-corrected data.
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Figure 22 — Permittivity measurements. Solid line is e’, dashed line is e”

The NRW implementations have a recurrent not-non-negative problem. All the
implementations are quite noisy; these are plotted with 10 sample moving average. All the
implementations have what might be an offset problem. The other unfortunate thing about
evaluating these is that in the frequency band that we’re in, there aren’t huge changes,
which it makes it harder to see if we’re in the right ballpark. Improving this goes into the

beyond-the-scope-of-this-class-project bucket.

S-parameters, everything

Here are the S-parameters (corrected and uncorrected) for every sample I measured. Some of
these measurements are not of structures we would reasonably be able to get permittivity

measurements out of! Some of these measurements I would think we could get permittivity

measurement out of, and yet, can we?
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Figure 23 — All of the S-parameter measurements. Sample names are in the legend.
Summary

If the initial guiding question to this project is: “Can I do dielectric spectroscopy?” then the

results of this project would suggest an ambivalent “maybe.”

I think someone with more experience in RF generally or dielectric spectroscopy specifically

could make this project work and the output would be useful.
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