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Abstract

Time domain reflectometry (TDR) is a well-established method for the
measurement of moisture in various materials, especially soils. Standard
waveform analysis usually provides the average water content along the

length of the TDR probe, while more sophisticated methods are required to
reconstruct the spatial water content profile. A reconstruction algorithm has
been developed which uses one- or two-sided reflection data to calculate
capacitance and conductivity distributions from which water content profiles

can be derived. Several examples demonstrate the performance of the
algorithm under various conditions in lossless and lossy materials.

Keywords: time domain reflectometry with spatial resolution, water content

profile reconstruction

1. Introduction

Knowledge of moisture content is essential to many
applications in hydrology, agriculture and civil engineering.
One of the standard measurement methods is time
domain reflectometry (TDR) providing automated moisture
monitoring with high accuracy (Robinson et a/ 2005). TDR
probes usually consist of two- or three-wire transmission lines
which are embedded in the material under test (figure 1).
A fast rise time voltage step propagates through the system
being partly reflected at the coaxial cable to probe transition
and totally reflected at the end of the probe. These reflections
show up in the TDR trace from which the wave velocity can
be derived. Together with an electrical equivalent circuit
of the transmission line and the dielectric characteristics
of the material under test the mean water content is
calculated.

For many applications this standard waveform analysis
is not sufficient. Instead of the mean water content spatial
distribution of moisture along the transmission line is required.
One approach has been developed by Hook et al (1992)
dividing the transmission line into several sections by remote-
controlled switches. Others change the diameter of the probe
to create a series of characteristic reflections or use a number

0957-0233/07/041147+08$30.00 © 2007 IOP Publishing Ltd Printed in the UK

of probes with different lengths (Topp et a/ 1982, Malicki and
Skierucha 1989). Besides the coarse local resolution these
methods may fail at layered materials with high conductivity.
More sophisticated methods consist of modelling the wave
propagation along the transmission line in inhomogeneous
media and solving the inverse problem in order to retrieve
the water content profile (Schlaeger 2005). These methods
are usually based on the following electrical equivalent circuit
of a very short or infinitesimal piece of the transmission line
(figure 2). Each section of the line may have different line
parameters according to the water content of the surrounding
material. In a lossless material only the capacitance C
is influenced by the water content whereas in a lossy
material both capacitance C and conductance G are
variables.

The transmission line parameters vary with frequency due
to the skin effect (R, L) and relaxation of water molecules
(C, G) (Heimovaara et al 2004). For simplicity the following
investigations assume frequency-independent parameters L,
C and G. The series resistance R and relaxation processes
are neglected. Exemplary relations between the electrical
equivalent circuit parameter C, relative dielectric permittivity
& and water content Vi are given by the following equations
(see also figures 3 and 4) and are used in the subsequent
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Figure 1. Basic TDR set-up and typical TDR trace (sum signal).
Oscilloscope and pulse generator are usually integrated in a single
TDR instrument.
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Figure 2. Equivalent circuit of a short section of a transverse
electromagnetic (TEM) transmission line. V (x) and 7 (x) are the
voltage and the current at the beginning and end of the section.
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simulations:

Vir = 1.5789 x 107 - &3 — 1.1415 x 1073 - &2

+3.765 x 1072 . ¢ — 8.061 x 1072 (1)
Cr-e-C
C=C +2 553 )
Ci+¢e-Cy

with C; = 4.094 pF m~!, C; = 303.67 pF m~! and C3 =
13.72 pF m~!. Equation (1) is the inversion of the empirical
relation ¢ = f(V,,) given by Topp et al (1980).

The capacitance of the transmission line depends on its
geometry and on the relative dielectric permittivity ¢ of the
surrounding material which is related to the water content
(Huebner et al 2005). Equation (2) is based on the electrical
equivalent circuit of the flat band cable shown in figure 4 which
is used in a number of soil moisture measurement applications
where sensor lengths up to several metres are required (Kupfer
and Trinks 2005).
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Figure 4. Flat band cable used for TDR measurements and
corresponding electrical equivalent circuit.
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Figure 5. TDR input signal (rise time about 0.5 ns).

2. Step response of inhomogeneous transmission
lines

The response of the transmission line to an incident step
impulse can be calculated in the time domain (Feng et al 1999,
Lundstedt and He 1996, Schlaeger 2005) or in the frequency
domain (Norgren and He 1996, Heimovaara et al 2004).
The approach chosen here is to determine the time domain
waveforms by the calculation of the scattering parameter
S11(f) of asectioned transmission line in the frequency domain
and to perform a subsequent inverse Fourier transform. The
algorithm for this so-called forward problem uses an analytical
model of the TDR input signal (figure 5):

Vin = erf( - 1) 3

in which erf is the error function and « is a parameter to adjust
the rise time.
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Figure 3. Examples of water content to permittivity (left) and capacitance to permittivity (right) relations.
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Figure 6. Multisection transmission line.

The reflected signal at the beginning of the multisection
transmission line depends on the line parameters R; ( f), L; (f),
Ci(f), G;(f) of each section and their lengths /; (figure 6).
The algorithm allows for line parameters with arbitrary

frequency dependence.

Each section can be described by its propagation

coefficient y;:

Vi =V (Ri +joL)(G; +jwC;)
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and characteristic wave impedance Z;:

(&)

The following equations relate the reflection factor Sy ;4 of
the section i + 1 to the reflection factor S;;; of section i
(Michel 1981):

1+ S
Zinis) = — L+ 7 6
in,i+1 1— Sll,i+1 0 ( )
Zinis1 — Z;
pri= N
? Ziniv1 +Z;
_ VARSA ®)
PLi = Z,‘ + Z()
1
Sii = “(pri + pai-e Ty (9)

L+p1i-po;-e2nh

Zy is the reference impedance, usually 50 €. The reflection
factor Sy1;—0 = S at the beginning of the transmission line
is calculated by iterating through all n sections. In case of an
open-ended transmission line the iteration starts at the open
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Figure 7. Examples of water content profiles (left) and step response (right) of a 2 m long transmission line embedded in a lossless material.
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Figure 8. Examples of water content profiles (left) and step response (right) of a 2 m long transmission line embedded in a lossy material.

end of the line with a reflection factor of 1. The dc-value
S11(f = 0) depends on the type of transmission line and
equals 1 when a dielectric coating around the conductors is
used.

The final steps are then to transform S;; into the time
domain by an inverse Fourier transform:

h(t) = ifft(S11(f)) (10)

and to convolve the result with the input signal to obtain the
reflected signal:

Vet = conv(Viy, h). (11)

Figure 7 shows several examples of water content profiles
along a transmission line and the corresponding responses to
step-like electrical pulses. Low water content sections are
identified by high reflected voltages/fast travel time and vice
versa. The strong reflections at around 31 to 36 ns mark
the open end of the transmission line. For more complicated
and/or continuous profiles the step response is influenced by
many multiple reflections. Then more sophisticated methods
are required to analyse the waveform and reconstruct the water
content profile.

In the case of lossy materials the analysis of the waveform
is complicated. The simulations in figure 8 assume that the
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conductivity is proportional to the capacitance. This is often
a reasonable approximation, because losses are mainly due
to solute ions in the water fraction. Increasing water content
raises capacitance and conductivity at the same time. In the
step response the losses reduce the reflected voltage until
the partial reflections from the transitions between different
water content sections are barely visible. Then, the amplitude
resolution of the TDR instruments and noise are limiting
factors for any analysis method.

3. Reconstruction algorithm

The reconstruction of transmission line parameters has already
been investigated both in time and frequency domains. The
methods presented by Lundstedt and He (1996) and Schlaeger
et al (2001) are computationally fast algorithms in the time
domain for frequency-independent line parameters, where
the latter is especially suited for automated calculations
and batch processing. Frequency domain algorithms are
computationally much slower, but easily include frequency-
dependent line parameters. In order to account for arbitrary
dispersive line parameters a new reconstruction algorithm
has been developed which is a combined frequency and
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Figure 9. Block diagram of the reconstruction algorithm.

time-domain approach. It is also suited for dielectric-coated
transmission lines with enhanced electrical equivalent circuits
compared to the simple model shown in figure 2 (Huebner
et al 2005). Furthermore high frequency models of the coaxial
cable to probe transition may be included for a more accurate
description of wave propagation. Lundstedt and Norgren
(2003) pointed out that it is of crucial importance to estimate
the stray capacitance and incorporate it into the calculation.

Figure 9 shows the block diagram of the reconstruction
algorithm. The TDR signal (step response) Vief calculated
is calculated from assumed water content profiles and
compared with the measurement Viefmeasured- AN initial
water content profile is iteratively adjusted until a sufficient
match between calculated and measured TDR signal is
achieved. The objective is to minimize the function
fofsmp Vref,measured - Vref,calculated| dt, where IStop is equal to the
round trip time. The convergence criteria depend on the
accuracy of the measurement. In case of 8-bit resolution of
the TDR instrument the least significant bit corresponds to
about 0.4% of the maximum amplitude. So if the differences
between Vief measured A0d Vier calculated Values are less no further
refinement will be achieved.

The algorithm has been implemented in Matlab using the
optimization toolbox (unconstrained nonlinear optimization).
For each iteration the frequency domain response S;;(f)
is calculated and transformed into the time domain which
is computationally slow, but a single transformation of the
measured/simulated signal and comparison in the frequency
domain has not been successful so far.

The reconstruction algorithm presented in this paper
differs from the methods presented earlier by a combination
of frequency and time domain calculations. In contrast to the
time domain algorithm of Schlaeger (2005) the transmission
line parameters are allowed to arbitrarily vary with frequency.
Therefore any kind of dispersion may be included in the
reconstruction algorithm. The combined frequency and time
domain approach requires a Fourier transform for each solution
of the forward problem which is computationally slow, but
gave the best results with regard to convergence of the
optimization.

4. Reconstruction examples

Figure 10 shows an example for a reconstruction of
a theoretical water content profile in lossless material
(G =0).

The true profile consists of five sections with water
contents between 10% and 35%, whereas the initial profile
for the reconstruction algorithm is constantly 5%. The
corresponding step responses are clearly different at the
beginning. After several iterations true and reconstructed
signals are getting closer as well as true and reconstructed
water content profiles until the algorithm converges.

The three reconstruction results required computation
time of 30, 90 and 240 s on a 1.7 GHz mobile Pentium.
Each 30 s interval corresponds to five iterations with about
120 function evaluations of the forward problem. Increasing
the spatial resolution further improves accuracy (figure 11) at
the cost of computation time.

The reconstruction algorithm is well suited for lossy
materials if the relation between capacitance and conductivity
is known, even in the case of noisy signals. Figure 12 shows
a reconstruction example for this case. Capacitance C is
assumed to be proportional to conductivity G using

C/F —40.66 x 10712
165.77 x 10712 — 40.66 x 10-12"

If the relation between the capacitance and conductivity
is not known the algorithm has to reconstruct both profiles
which doubles the number of unknowns. This is very difficult
from one-sided measurements in practical applications. The
numerical experiments of Norgren and He (1996) indicated
that using only one-sided excitation good simultaneous
reconstruction of two parameters (e.g. C and G profiles)
with a frequency domain optimization approach could not be
obtained. Lundstedt (Lundstedt and He 1996, Lundstedt and
Strom 1996) reconstructed two parameters from a one-sided
reflection but required data from two times round trip time.
In practical applications the resolution and accuracy of the
TDR instruments sets limits on the use of the reconstruction
algorithm and the number of unknowns to resolve.

From two-sided measurements of the step response it is
easier to retrieve both profiles, which can be later transformed
into water content again. Figure 13 shows on the left a
capacitance and a conductivity profile. The corresponding
step responses from the left and from the right side of the
transmission line are shown on the right. Both have the same
time to the hard reflection at the open end of the line, but the
partial reflections are different of course.

The reconstruction results in figure 14 show a sufficient
match between true and reconstructed profiles. A finer
spatial resolution would give even better results at the cost
of computation time.

The disadvantage of two-sided measurements is the
requirement for two connections at both ends of the
transmission line of course. Therefore standard TDR probes
may be replaced, e.g., by flat band cables with attached
coaxial feeding lines which require the development of new
installation procedures in the field.

Optimization algorithms are usually assessed with regard
to their speed of convergence and even more important with

G =0.01S-

12)
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Figure 11. Reconstruction example in lossless material: (left) water content profiles, (right) step response. The spatial resolution is doubled
compared to figure 10. The reconstruction required 36 iterations with 1584 computations of the forward problem and took 12.5 min.
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The noise is low-pass filtered by the algorithm according to the spatial resolution. The reconstruction required 15 iterations with 356

computations of the forward problem and took 14 min.

250 5
225 4| —— capacitance profile - 4.5
200 o | = conductivity profile -4
175 o - 35
£ 150 3
e
Q 125 o 25
£
o 100 -2
75 15
50 -1
25 - 05
0 T T T Y
0.0 0.5 1.0 1.5 20
Length in m

0.8

— true signal from left side
true signal from right side

0.7 -

0.6 -

0.5 o
0.4 o

G in mS/m
Reflected voltage

03
0.2 -

0.1

0.0 T T T
20
Time in ns

40

Figure 13. Left: capacitance and conductivity profiles for a 2 m long transmission line embedded in a lossy material, right: step responses
from the left and the right ends of the line. The other end is always left open.
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Figure 14. Left: true and reconstructed capacitance profiles, right: true and reconstructed conductivity profiles.

regard to their ability to converge to the right solution (global
minimum) and not to stick in a local minimum of the function
to be optimized. The reconstruction examples shown in
this paper are challenging examples with strong variations
of the transmission line parameters. For these worst cases
the algorithm always converged to the right solution. A
question is about the ability to reconstruct line parameters
in the case of dispersion. The examples considered in this
study are long transmission lines (2 m) where frequencies up
to 1 or 2 GHz are involved and higher frequencies are strongly
attenuated. In this frequency range free water relaxation is
relatively weak. So conductivity is the main loss mechanism.
Further investigations are required to assess the potential of the
algorithm in the case of highly dispersive materials where other
loss mechanisms like relaxation are becoming more important.

5. Conclusion

Reconstruction of water content profiles is essential for
advanced measurement tasks in hydrology, agriculture and
civil engineering. A reconstruction algorithm has been
developed which is suited both for lossless and lossy materials.
It is based on a combined time and frequency domain
optimization and accounts for conductive and dispersive
materials.  Using one-sided measurements capacitance,
respectively, water content profiles can be retrieved when the
electrical loss mechanism is known. Otherwise two-sided
measurements are required for calculating capacitance and
conductivity profiles separately. Several simulation examples
have shown the performance of the algorithm under various
conditions.  Practical applications in the field will suffer
from the limited amplitude resolution of TDR instruments and
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noise. Further investigations will be conducted to quantify this
influence on the reconstruction accuracy and to study other loss
mechanisms than conductivity in detail.
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