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A B S T R A C T   

Time Domain Reflectometry (TDR) is a non-destructive technique to determine the soil apparent dielectric 
constant, εa, the volumetric water content, θ, and bulk electrical conductivity, σ. However, the high cost of TDR 
devices may limit its use. This study evaluates two different low-cost Vector Network Analyzers (VNA) 
commercially available (NanoVNA), with 1.5 (VNA1.5) and 3.0 (VNA3.0) GHz maximum operating frequency. 
NanoVNA can be used for measurements of Frequency Domain Reflectometry (FDR) or, after suitable post- 
processing, for θ and σ TDR measures. Although FDR and TDR are dual procedures, TDR is easier to interpret 
for soil experiments. The TDR waveforms and εa measured with NanoVNA connected to 10 and 20 cm length 
three-rod probes immersed in air, distilled water, and a soil column with different θ were compared to those 
measured using a TDR100 (Campbell Sci.) instrument. The capacity of VNAs to measure σ was evaluated by 
immersing a 10 cm length three-rod probe in different NaCl-water solutions. Measurements obtained with the 
VNA and TDR100 were compared in a field test using two-rod 22 cm length TDR probes inserted in soil plots with 
increasing water content. A robust fit was observed between TDR waveforms registered with the two VNAs and 
the TDR100. Although VNA3.0 doubles the frequency range of VNA1.5, both devices allowed for good estimates 
of εa (εaVNA1.5, 3.0 = 1.001 εaTDR100 – 0.2125; R2 = 0.999). These results indicate that the low-cost VNA devices 
can measure soil water content with similar accuracy and precision as the TDR100. A good agreement (σVNA1.5, 

3.0 = 0.999 σCM + 0.0023; R2 = 0.999) was also observed between the σ measured using a conductivity meter 
(CM) and that estimated with the VNAs. Finally, a good correlation was also observed between θ measured in the 
field experiment with TDR100 and the VNA1.5 and VNA3.0 devices.   

1. Introduction 

Time domain reflectometry (TDR) and frequency domain reflec-
tometry (FDR) techniques, based on the measurement of apparent 
permittivity (εa), have been widely used for real-time and in situ esti-
mation of volumetric water content. of the soil (θ) and the global elec-
trical conductivity (σ). For this, TDR and FDR hardware designed and 
marketed mainly for the telecommunications industry, together with 
suitable probes for ground measurements, have been commonly used. 

The hardware used for FDR is the Vector Network Analyzer (VNA). 
This instrument is commonly used in high frequency technology labo-
ratories worldwide to characterize radiofrequency components, devices, 
circuits, and sub-assemblies. A review of VNA history, operation, 

applications and limitations can be found in chapter 5 of Sayed and 
Martens (2013). The first commercial VNAs reached the market in the 
1960’s and have evolved since then to the highly sophisticated equip-
ment needed by the telecommunications technology industry nowadays. 
Most of today VNAs are two-port devices. The reflection port, which 
functions as output and input, is connected with a transmission line to 
the input of the Device Under Test (DUT). This port generates an inci-
dent signal, usually a linear or logarithmic frequency swept electro-
magnetic wave. Simultaneously, the reflecting port, working as input to 
the VNA, measures the phase and amplitude of the signal reflected in the 
DUT. The transmission port, when used, works as an extra input also 
connected with a transmission line to the output of the DUT. The 
transmission port measures the phase and amplitude of the signal that 
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passes through the DUT. The VNA computes, stores and displays the 
scattering parameters of the DUT: S11 (the reflection coefficient) and S21 
(the transmission coefficient). S11 and S21 are defined as the dimen-
sionless complex ratio of the reflected or transmitted signal to the inci-
dent signal, respectively, measured for each frequency step. This process 
can be repeated several times to improve the signal to noise ratio by 
averaging if desired. 

The measurement of S11 with a VNA determines the frequency 
dependent complex input impedance Zin(ω) of a circuit (for instance a 
cable length ending in a probe inserted into the soil) connected to its 
reflection port. The result is referred to the system characteristic 
impedance R0 (50 Ω in most cases): 

S11(ω) =
Zin(ω) − R0

Zin(ω) + R0 

On the other side, a TDR generates a fast-rising step excitation that 
travels along the cable-probe circuit, recording at a high sampling rate 
the reflected signal for a time long enough to account for the possible 
multiple reflections. The output is presented as a time-dependent 
reflection coefficient S11(t) also referred to the system characteristic 
impedance R0. We will use the equivalent denominations ρ(ω) ≡ S11(ω)

and ρ(t) ≡ S11(t) for the reflection coefficients in the rest of the text, 
since they are in common use in the field of soil science. 

The VNA-measured complex ρ(ω) can be transformed to an equiva-
lent ρ(t) as being measured with a virtual TDR. Vice-versa, ρ(t) data 
obtained with TDR hardware can be translated to the frequency domain 
for further analysis. The main advantage of the analysis in the frequency 
domain is the possibility of using realistic transmission line models of 
the cable-probe assembly. In (Heimovaara 1994) and (Friel and Or 
1999) the analysis of TDR data is made in the frequency domain to be 
able to extract the frequency-dependent complex permittivity of soils. 
Huisman et al (2002) satisfactorily compared a direct analysis of travel 
time measurements in TDR data with synthetic TDR waveforms ob-
tained from frequency domain calculations in soil models with fre-
quency dependent permittivity. Later, Huisman et al. (2004) also 
compared TDR and direct VNA measurements of soil complex permit-
tivity made in the frequency domain. In this work, we will apply the 
opposite approximation: the transformation of VNA frequency domain 
measurements to the time domain. Although ρ(ω) can can be directly 
used to estimate θ and σ in soils, the analysis required to separate probe 
from cable effects is noticeably more complex in FDR than in TDR. 
Moreover, this transformation allows the use of VNA devices as a direct 
replacement of TDR instruments for soil characterization experiments 
under specific working conditions. 

A great advantage of TDR is its ability to make non-destructive, rapid 
and continuous measurements of both σ and θ with a single probe and in 
the same sampling volume (He et al., 2021). Determination of θ is based 
on the time required by the electrical signal to travel and reflect back 
along the probe’s rods (Topp et al., 1980). In contrast, σ is estimated 
from the long-time TDR waveform analysis (Lin et al., 2008). Another 
advantage of the TDR technique is the simplicity of the probes, which 
allows to design and manufacture its own probes. For instance, a TDR 
probe may consist on a two or three simple stain-steel wires inserted into 
the soil (Miyamoto et al. 2001). This makes the probes inexpensive and 
well suited for large-scale water content measurements. This great 
versatility to manufacture TDR probes allows, for example, to make 
discontinuous probes for soil water profiles (Topp et al., 1982), non- 
invasive sensors to estimate soil surface water content (Selker et al., 
1993) or soil sensors to measure the matrix water potential (Or and 
Wraith, 1999) or the electrical conductivity of the soil water solution 
(Moret-Fernández et al., 2012). Furthermore, modeling of the TDR 
signal also allows estimation of the soil water profile from the inverse 
analysis of a single waveform recorded with a long probe inserted 
vertically into the soil (Greco 2006). 

Since its first application for soil water profiling in the 1980s, the 
TDR technology has evolved towards more accurate and portable 

instruments. For example, the 1502C Metallic Cable Tester, manufac-
tured by Tektronix of Beaverton, Oregon, was the first device used for 
soil field research. This instrument incorporated a small LCD screen to 
identify the inflection points of the TDR waveform. Because the manual 
waveform analysis performed with the 1502C Tektronix was inaccurate 
and time-consuming, additional software for TDR analysis was devel-
oped, e.g., TACQ (Evett, 2000), WinTDR (Jones et al., 2002) or the TDR- 
LAB (Moret-Fernández et al., 2010). Although these programs allow 
accurate determination of the soil water content, the weight and volume 
of the TDR instruments plus a laptop running the software could limit its 
use in field measurements. To date, many companies make and 
commercialize TDR instruments for soil applications: Adcon, Vienna, 
Austria, Streat Drycom, Bradford, UK, Campbell Scientific Inc., Logan, 
UT, USA, Stetel srl, LI, Italy, Meteolabor, Wetzikon, Switzerland, Soil-
moisture Equipment Corp., California. USA, among others. Recently, 
Villoro et al. (2021) presented TDR-WiFi, a small system that can be 
used with TDR100 (Campbell Scientific) devices and allows a conve-
nient use under field conditions because their reduced volume and 
weight. 

Although these recent developments make the TDR technique more 
portable and facilitate the use of these devices in difficult to access areas, 
the high cost of TDR instruments (around 4000 €, depending on the 
model) may still limit their use in some scenarios. To overcome this 
potential limitation, a recent work of Qiwei et al. (2019) proposed using 
a mini vector network analyzer (miniVNA) for soil moisture measure-
ment. MiniVNA is a quantum leap in electromagnetic technology, with a 
relatively small size and a fraction of the cost of standard tabletop VNAs 
(between 50 and 100 € unit− 1). In this case, the miniVNA, which 
operated between 1 MHz and 3 GHz, was connected to a standard 0.60- 
cm thickness telescopic very high frequency (VHF) radio communica-
tion monopole antenna. Although this new technology showed a 
response to the soil water content, the relatively low R2 value obtained 
in the calibration model could be explained by the fact that the antenna 
probe was not specifically designed for measuring soil moisture but for 
radio communication. Using an open-ended coaxial probe, González- 
Teruel et al. (2022) evaluated the NanoVNA for dielectric measurements 
within the frequency domain. Results showed that the accuracy of the 
NanoVNA was comparable to that of a commercial VNA between 1 and 
500 MHz according to tests in reference organic liquids, while a lack of 
stability was found beyond 700 MHz. The dielectric response of the soils 
approximated the well-known Topp et al. (1980) equation at high fre-
quencies. However, in those latter studies, no evaluation of the Nano-
VNA for soil bulk electrical conductivity measures was performed. 

Given the promising capabilities of NanoVNAs for soil water content 
measures, this study evaluates two different small volume and low-cost 
NanoVNA, NanoVNA of 1.5 (VNA1.5) and 3.0 (VNA3.0) GHz, for 
measuring soil θ and σ. However, unlike to the previous NanoVNA 
studies, which worked in the Frequency Domain, the soil water content 
and bulk electrical conductivity are here analyzed within the Time 
Domain, using two- and three-rod probes. The results (i.e., derived TDR 
waveforms and measured θ) obtained with these VNA devices connected 
to a 10 and 20 cm length three-rod probes immersed in air, distilled 
water, and a soil column with different values of θ were compared to 
those measured with a TDR100 (Campbell Sci.) cable tester. Analo-
gously, the accuracy of NanoVNAs to measure σ was evaluated by 
immersing a 10 cm length three-rod probe in different NaCl-water so-
lutions. Finally, the NanoVNA devices were tested and compared to the 
TDR100 in a water content measurement field trial. 

2. TDR analysis of FDR measurements 

The analysis of TDR and FDR measurements in soils is usually carried 
out under the assumption that the cable-probe assembly behaves as a 
Linear Time Invariant (LTI) causal system. This assumption is indeed 
valid for the weak electromagnetic fields involved in these measure-
ments. From general LTI systems theory (Oppenheim et al., 1997), a LTI 
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system is fully characterized by its unit impulse response h(t). The 
response of the system to any excitation x(t) can be obtained applying 
the convolution theorem: 

y(t) = x(t)*h(t) =
∫ t

− ∞
x(τ)h(t − τ)dτ 

The * symbol stands for convolution. For LTI systems, convolution is 
a commutative operation and then x(t)*h(t) = h(t)*x(t). 

In TDR measurements, the excitation signal is not an impulse but a 
step. The unit-step is defined as u(t) = 1 for t > 0 and u(t) = 0 for t < 0. In 
systems theory, the unit impulse is represented with a Dirac delta 
generalized function, and thus the unit step u(t) and the unit impulse are 
related as: 

u(t) =
∫ t

− ∞
δ(τ)dτ 

This expression can be interpreted in the LTI context as follows: the 
unit step function u(t) is the impulse response of an integrator. The step 
response s(t) of a LTI system with impulse response h(t) is s(t) = u(t)*h 
(t). Applying the commutative property of convolution, s(t) = h(t)*u(t), 
which equals the response of an integrator (with impulse response u(t)) 
to the input h(t). That is, the unit step response of a LTI system is the 
running integral of its impulse response: 

s(t) =
∫ t

− ∞
h(τ)dτ 

When making TDR or FDR measurements, the reflection coefficient 
are recorded as a discrete series of data. In the time domain, N TDR data 
points are registered at a selectable high sampling rate (Fs) and thus 
consecutive data points are separated by a short time interval (Δt =

1/Fs). The maximum sampling rate available is device-dependent and is 
limited by the rise time of the exciting step, the slew rate of the input 
amplifiers and the A/D subset working rate. Higher sampling rates 
provide finer temporal resolution and consequently shorter probes can 
be used. For the conductivity estimation at longer times after the exci-
tation, the sampling rate can be decreased. Notice however, that 
decreasing the sampling rate does not reduce the high frequency content 
of the exciting step. In a VNA, when the aim is to transform the measured 
reflection coefficients to an equivalent virtual TDR instrument output, N 
FDR data points are recorded in a linear frequency sweep from Fmin (the 
lowest operating frequency available of the VNA) to Fmax, and thus 
consecutive data points are separated by a frequency interval ΔF =

(Fmax − Fmin)/N ≈ Fmax/N. The maximum and minimum operating fre-
quencies are device-dependent. In this work the possible values for Fmax 

are 1,5 or 3 GHz and for Fmin 10 or 50 KHz, depending on the hardware 

used, and thus the above approximation for ΔF is good to parts in 105. 
As already mentioned, for causal LTI systems, the time domain 

response to a step excitation is the time integral of the impulse excitation 
response. Thus, to compute the TDR response from the FDR data, a 
synthetic ideal impulse excitation is Fourier transformed to the fre-
quency domain, which is then multiplied by the complex FDR data that 
represents the frequency response of the circuit and the result is 
numerically integrated. The real part of the resulting data series con-
stitutes the virtual TDR response. 

As both TDR and FDR signals are discrete, the Discrete Fourier 
Transform (DFT) and the Inverse Discrete Fourier Transform (IDFT) 
should be used to swap from the time domain to the frequency domain 
and vice-versa. The theory of DFT and IDFT can be found in signal 
processing textbooks (i.e. Oppenheim et al., 1997), and its application to 
TDR measurements is explained in several of the cited works (Heimo-
vaara 1993; Heimovaara 1994; Friel and Or 1999; Huisman et al., 2002). 
In practice, both transformations are computed by well-known highly 
efficient algorithms (Cooley and Tukey, 1965) nowadays named Fast 
Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT). 
Implementations of these algorithms are included in many mathemat-
ical packages, libraries and in Digital Signal Processing (DSP) chipsets. 
The detailed implementation used in this study to obtain the TDR 
waveforms from the FDR dataset can be found in Section 3.1. 

Starting with a N points FDR array sweep from Fmin to a maximum 
frequency Fmax ≫ Fmin, the process ends up with a M = 2 N-1 TDR array 
with a time resolution of 1/(2Fmax), that is, approximately 333 ps for 
VNA1.5 and 167 ps for VNA3.0 measured datasets. Notice that 
increasing the frequency resolution of the FDR sweep results only in a 
longer TDR array but not in a finer time resolution. The resulting VNA 
time resolution is coarser than the 12 ps best resolution of the Campbell 
TDR100 but, as we will show in the following sections, it is enough for 
soil characterization using probes of 10 cm length or longer. 

Determination of θ from TDR waveform is based on previous calculus 
of εa, estimated according to (Topp et al., 1980). 

εa =
(ctL

2L

)2
(1)  

where c (3 × 108 m/s) is the light speed, L (m) is the length of the probe 
rod embedded in some media, and tL (s) is the two-way pulse travel time 
along L. The travel time is the difference between the time at which the 
signal enters the TDR probe’s rods (first peak) and the time when it 
arrives at the end of the TDR probe’s rods (second reflection point) 
(Fig. 1). Among the different methods to determine this last point (He 
et al., 2021), the tangent procedure (Heimovaara, 1993) was employed. 
Then, the Topp et al. (1980) polynomial function is generally employed 
to relate θ with εa. 

The bulk electrical conductivity, σ, is calculated with the long-time 
TDR waveform analysis, according to 

σ =
Kp

Zr

(1 − ρ∞,scale

1 + ρ∞,scale

)

(2)  

where Zr is the output impedance (50 Ω), Kp (m− 1) is the probe-geometry 
cell constant and ρ∞,scale is the scaled steady-state reflection coefficient, 
calculated according to (Lin et al., 2008). 

ρ∞,scale = 2
(ρair − ρSC)(ρ− ρair)

(1 + ρSC)(ρ − ρair) + (ρair − ρSC)(1 + ρair)
+ 1 (3)  

where ρ, ρairand ρSCare the long-time reflection coefficients measured in 
the studied medium, in air and in a short-circuited probe, respectively. 
An accurate approximation for a three-rod probe cell constant Kp can be 
calculated from Green and Cashman (1986) and Ball (2002): 

Kp ≈
1

4πLeff
ln
(

1
2b3

)

(4) 

Fig. 1. TDR waveforms recorded with TDR100 and VNA1.5 and 3.0 devices 
connected to a 10 cm length TDR probe immersed in distilled water. 
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where 

b =
r
s

(5)  

Leff = L+ΔL (6)  

and 

ΔL ≈
2s

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3.9542 +
(
2.564cosh− 1( 1

2d

) )2
− 3.954

√ (7)  

where r and s denote the rod probe radius and the separation between 
the central and external rods of the three-rod TDR probe. 

3. Material and methods 

3.1. Hardware and data acquisition of NanoVNA devices 

Several models of low-cost, handheld VNAs are available under the 
root name NanoVNA. The original version (Takahashi, 2017), designed 
to operate in the frequency range of 50 kHz to 300 kHz, was latter 
improved to provide measurements up to 1.5 GHz. Recently, an inde-
pendent project released VNA models under the name NanoVNA V2 or 
S-A-A-2 reaching up to 4 GHz. This study evaluates two different small- 
volume and low-cost NanoVNAs (names of the NanoVNA versions), 
whose operating frequency ranges from 50 kHz to 1.5 GHz (NanoVNA-H 
rev4; Hu, 2019) and from 50 kHz to 3 GHz (S-A-A V2; Owotech, 2019), 

respectively. Both devices include a 2.8-inch touch screen and a 500 
mAh battery, which can be used offline for 2 h. For a longer measure-
ment, the analyzer can also be connected to an external power supply. In 
both cases, data was recorded using the open-source program Nano-
VNASaver (Broberg, 2019) and the transformation to the time domain 
was computed with Fast Fourier Transform (FFT) and Inverse Fast 
Fourier Transform (IFFT) efficient algorithms using the open source 
Python Numpy library (2021 NumPy; https://numpy.org/). The Nano-
VNA firmware includes a TDR mode of operation, but its applicability is 
rather limited as it is focused to test transmission lines of known, uni-
form electromagnetic wave propagation velocity ending in discrete 
loads -usually ham radio antennas – and is not flexible enough to be 
useful for soil characterization. 

Before each experiment, both VNA1.5 and 3.0 devices were cali-
brated following the Open-Short-Load standard calibration procedure 
(Sayed and Martens, 2013) with the assistance of the NanoVNA 
firmware. 

3.2. Laboratory experiments 

A first laboratory experiment was performed to test the accuracy of 
the VNA devices. To this end, the TDR waveforms and εa obtained with 
the two NanoVNAs were compared to those obtained with a TDR100 
(Campbell Scientific Inc., Logan, UT, USA) cable tester. All TDR devices 
were connected to two three-rod probes (4 mm rod diameter and 48 mm 
space between the central axis of the outer rods) of 10 and 20 cm 
effective length, respectively. The first 5 cm of the rods, with a total 
length of 15 and 25 cm, respectively, were inserted into a PVC probe 

Fig. 2. Comparison of TDR waveforms recorded with TDR100 and VNA1.5 and VNA3.0 devices using 10 cm and 20 cm length TDR probes inserted in saturated soil 
column and the same column after one and two month of drying. 
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Fig. 3. Relationship between the apparent permittivity estimated with 
TDR100, εa TDR100, and the VNA1.5 and VNA3.0 devices, εa VNA1.5, VNA3.0, 
connected to a 10 and 20 cm length TDR probes immersed in air and distilled 
water and the same probes inserted in a soil column with different water 
content gradient. 

Table 2 
Regression lines and determination coefficient, R2, for the relationship between 
the apparent dielectric constant determined with TDR100 and the correspond-
ing values estimated with the Nano-VNA1.5 and Nano-VNA3.0 devices con-
nected to the 10 cm 20 cm length TDR probes immersed in air, distilled water 
and inserted in a soil column during a drying process.    

Regression line R2 

VNA1.5 10 cm y = 0.99x + 0.012  0.997  
20 cm y = 1.00x + 0.004  0.998 

VNA3.0 10 cm y = 0.98x + 0.002  0.995  
20 cm y = 0.99x + 0.002  0.998  

Fig. 4. Long-time TDR waveforms recorded with VNA1.5 and VNA3.0 devices 
connected to a 10 cm length three-rod TDR probe immersed distilled water and 
five different NaCl-water solutions. 
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head (4 cm high, 9 cm wide, and 2 cm thick). The remaining 1-cm of rod 
protruding above the PVC block was connected to a coaxial cable 0.5 cm 
in diameter and 150 cm long. The inner cable and outer sheath of the 
coaxial cable were soldered to the central rod and external rods, 
respectively. The end of the coaxial cable was finally soldered to a BNC 
connector. Although the BNC was connected directly to the TDR100, a 
BNC-SMA adapter was required to connect the coaxial cable to the 
VNAs. The two probes were immersed in distilled water and air, and 
inserted in a soil column with different water contents. In the soil col-
umn experiment, the two probes were vertically inserted in a 25 cm high 
and diameter cylinder filled with 2 mm sieved and air-dried loam. An 
initial measurement was performed in the dry soil column. Next, the 
column, which has a drain at the bottom, was wetted until the water 
started to drain by the base. Under these conditions, which corre-
sponded to soil saturation, a second measurement was performed. From 
this moment, additional TDR waveforms were recorded during several 
weeks as the soil dried. A total of 14 measurements, from saturation to 
dry soil, were registered. 

The Wifi-TDR (Villoro et al., 2021) system was employed to record 
TDR waveforms with the TDR100 cable tester. While TDR100 can move 
and zoom the analysis window to fix the TDR signal between the first 
peak and the second reflection point (i.e. Fig. 1), no zooming was 
possible with the NanoVNAs. No calibration of the cable length was 

needed. Each of the two probes were soldered to a different coaxial cable 
which was connected either to the TDR100 or the NanoVNA devices. 
This design resulted in the probes remaining fixed during the experi-
ment. In all cases, the section of the TDR waveform used to estimate θ 
was located between the first peak and the second reflection point 
(Fig. 1). The first peak of the TDR waveform was calculated as the 
intersection of the regression lines from both sides of the maximum 
value. The second reflection point was located from the intersection 
between the horizontal line corresponding to the minimum TDR signal 
value and the line from the maximum slope point found after this 
minimum value. Given that TDR100 waveforms presents higher density 
of points than the NanoVNA devices, direct comparison between them 
required to interpolate the NanoVNA signals to the TDR100 temporal 
resolution. To this end, a cubic interpolation method was applied to the 
VNA TDR waveforms. Subsequently, the interpolated VNA TDR wave-
forms were used to estimate εa using the tangent method. 

A second laboratory experiment was performed to evaluate the ac-
curacy of the VNA devices to estimate σ. This consisted of comparing σ 
measured with both NanoVNA connected to the 10 cm length probe 
immersed in increasing NaCl-water solutions with the reference values 
determined using an electrical conductivity cell, CM (Conductivity 
meter 522, Crison Instruments, Barcelona). To this end, Kp for each 
NanoVNA was optimized from the best fit between σ measured with the 
conductivity meter and the corresponding values calculated with Eq.(2). 
The probe was immersed in a cylindrical clear plastic container (30 cm i. 
d. and 30 cm in height) filled with deionized water (0.007 dS m− 1) and 
five increasing NaCl-water solutions with electrical conductivities of 
0.1, 0.5, 1.0, 2.5, and 5 dS m− 1 at 25 ◦C. For these measurements, the 
section corresponding to the long-time TDR waveform was selected. 
Finally, optimized Kp were compared with the corresponding theoretical 
value calculated according to Eq.(4). While TDR100 allowed decreasing 
the window zoom to select long-time reflection values, in the case of 
NanoVNA, the long-time signal was obtained by adding successive TDR 
waveform records. 

3.3. Field experiments 

The VNA devices were tested in a field trial in order to determine θ in 
five 0.5 m2 plots with increasing water contents. The perimeter of the 
plots was limited by a small earthen wall 5 cm-high. Within each plot, 
two two-rod 25-cm long probes (0.5 cm rod diameter and 4 cm space 
between the central axis of the rods) were vertically inserted to a depth 
of 22 cm, remaining 3 cm of the probe end in contact with air. The top 
end of the probes were connected to the TDR100 and NanoVNA via an 
interchangeable clamp interface, which in turn was connected to the end 
of a coaxial cable 0.5 cm in diameter and 120 cm long. This means that 
the same coaxial cable was employed in all measures. The soil, which 
was initially dry (≅ 0.03 cm3 cm− 3), was previously tilled with a 

Fig. 5. Relationship between the apparent bulk electrical conductivity 
measured with the conductivity meter, σCM, at different NaCl-water solutions 
and the corresponding values estimated with the VNA1.5, σVNA1.5, and VNA3.0, 
σVNA3.0, devices, connected to a 10 cm length three-rod TDR probe. 

Fig. 6. Comparison of TDR waveforms recorded from field experimental plot watered with 2 l of water using TDR100 and VNA1.5 and 3.0 devices.  
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rototiller. While the first plot was left as dry soil, the remaining plots 
were watered by applying 1, 2, 5 and 10 l of water within the perimeter 
of each plot, respectively, 24 h before the measurements. While the TDR- 
WiFi (Villoro et al., 2021) device was employed to acquire the TDR100 
waveforms, NanoVNA FDR data were recorded using a laptop. The first 
series of measurements performed with the TDR100 were followed by 
VNA1.5 and VNA3.0 measurements. 

4. Results and discussion 

TDR waveforms registered with both NanoVNA devices and the 
TDR100 using a 10 cm length probe immersed in distilled water shows 
that the number of points per waveform follows the gradient TDR100 ≫ 
VNA3.0 > VNA1.5 (Fig. 1). For instance, while TDR100 registered 254 
points within the [0, 13] ns interval, the number of points decreased to 
81 and 41 for VNA3.0 and VNA1.5, respectively. These differences are 
consequence of the lower temporal resolution of the NanoVNA devices, 
as explained in Section 2, showing that higher frequency devices allow a 
better temporal resolution of the TDR waveform. Given that both 
TDR100 and NanoVNA waveforms presented different temporal reso-
lution, from now on, comparisons will be made after interpolating the 
VNA waveforms to the TDR100 temporal resolution. 

Overall, a robust fit was observed between TDR waveforms recorded 
with TDR100 in the soil column experiment and the corresponding 
interpolated signals from the two NanoVNA devices (Fig. 2). The high R2 

and low RMSE values, together with the close to one regression lines 
slope (Table 1) indicates the VNA devices offer accurate reconstruction 
of TDR waveforms. Similarly, the robust relationship between the εa 
measured with TDR100 and the NanoVNA devices (Fig. 3), demon-
strates these alternative low-cost cable testers can measure εa with 
similar accuracy and precision as the TDR. Although VNA3.0 presents 
double frequency than VNA1.5, no significant differences in the εa 
estimation were observed (Table 2). Given that θ is directly related to εa, 
these results can be extrapolated, affirming that both VNA3.0 and 
VNA1.5 also allow accurate determinations of the soil water content 
within the tested experimental conditions. These results, which signifi-
cantly improve those obtained by Qiwei et al. (2019), could be attrib-
uted to the 3-rod probe used in our experiment, which probably made 
possible a better analysis of the TDR signal. 

Overall, no significant differences were observed between the long- 
time TDR waveforms used to estimate σ and recorded with the 
VNA1.5 and VNA3.0 connected to the 10 cm length probe immersed in 
different NaCl-solutions (Fig. 4). Given that σ estimation depends only 
on the stationary section of the TDR waveform, unlike the TDR signal 
used for water content determination, the higher frequency with 
VNA3.0 did not result in better estimates of σ. In this case, both devices 
resulted in an accurate determination of σ (Fig. 5). The constant cell 
values experimentally optimized from σCM vs σVNA relationship (45.5 
m− 1 for both VNA1.5 and VNA3.0) were close to the theoretical value of 
46.77 m− 1 calculated according to Eq. (4). These small differences be-
tween theoretical and optimized Kp values, which should be attributed 
to the presence of sharp edges in the probe tips and to small differences 
in gain between input stages, confirm the robustness of the NanoVNA 
devices for measuring σ. 

The satisfactory results obtained with the NanoVNA devices in lab-
oratory were supported by the field experiments, where TDR waveforms 
recorded with NanoVNA instruments connected to two-rod 22 cm length 
probes matched well with the corresponding signals registered with the 
TDR100 (Fig. 6). Also, a robust relationship was observed between the θ 
estimated with the TDR100 and those measured with the two NanoVNA 
devices (Fig. 7). Although no significant differences were found between 
VNA1.5 and VNA3.0 devices, the slightly better results obtained with 
VNA3.0 can be attributed to the higher frequencies offered by this de-
vice. Compared with the laboratory experiments, the differences found 
in the field trial (Fig. 3 vs Fig. 7) can be attributed to the coaxial cable 
connection employed in both experiments. Unlike the laboratory 
experiment, where the probes remained fixed, the interchangeable 
clamp interface used in the field could cause small displacements of the 
TDR rods and hence affecting the water content measurements. How-
ever, despite these small differences, field results were, overall, satis-
factory and indicate that the low-cost NanoVNA devices are an accurate 
alternative for measuring θ. 

5. Conclusions 

This study evaluates two different low-cost FDR-TDR devices 
NanoVNA, from 50 kHz to 1.5 GHz (VNA1.5) and from 50 kHz to 3.0 
GHz (VNA3.0), for measuring the soil volumetric water content and the 
bulk electrical conductivity. The εa estimated with both NanoVNA de-
vices connected to a 10 and 20 cm length three-rod probes immersed in 
water, air and inserted in soil column with different water contents was 
satisfactorily compared with the corresponding values measured using a 
TDR100 (Campbel Sci.) cable tester. In addition, the σ measured with a 
conductivity meter in different NaCl-water solutions also agreed with 
the corresponding values measured using a 10 cm length TDR probe 
connected to the VNA devices. These results are supported by a field 
trial, demonstrating that the evaluated devices result in accurate mea-
surements of both θ and σ. These results indicate that these low-cost 
instruments (€ 50–100 unit− 1), which can indistinctly run with 2- or 
3-rod probes, can be a robust alternative for water content measure-
ment, and can expand the TDR applications. On the other hand, the 
small volume of these devices, which can also be connected to a 
smartphone, result in a portable and easy handling instrument. Finally, 
the easy operation of the NanoVNA instruments allows the users to 
calibrate them in a simple and fast way. The characteristics of the 
evaluated devices, along with the versatility of the TDR technique, 
which can connect a same instrument very different types probes, makes 
these devices have great potential for soil research. However, one lim-
itation of these new devices is that no zooming of TDR waveforms was 
possible. On the other hand, although both NanoVNA presented good 
results when connected to a 10 and 20 cm-length TDR probe, further 
efforts should be done to test its accuracy on shorter probes. In addition, 
it would be interesting to study the behavior of these devices outdoors 
considering, for instance, the effect of extreme temperatures or relative 
humidity on soil moisture measurements. 

Fig. 7. Relationship between volumetric water content, θ, measured in the field 
experiment with TDR100, θTDR100, and the VNA1.5 and VNA3.0 devices, 
θVNA1.5, VNA3.0. 
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González-Teruel, J.D., Jones, S.B., Robinson, D.A., Giménez-Gallego, J., Zornoza, R., 
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