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Accuracy of Frequency Domain Analysis Scenarios 
for the Determination of Complex Dielectric 
Permittivity* 

Abstract 
Various measuring and analysis scenarios for the determination of the complex 
frequency dependent dielectric permittivity were compared with the Shuffled 
Complex Evolution Metropolis algorithm (SCEM-UA), which simultaneously finds 
optimal Debye model parameters and their confidence intervals. The analysis of 
numerically generated measurements with added instrumental noise showed that 
analysis of network analyzer measurements in the frequency domain potentially has 
the highest accuracy for determination of dielectric permittivity. Furthermore, the 
analysis of time domain reflectometry waveforms in the time domain was found to 
be more accurate than analysis of these waveforms in the frequency domain. 
Analysis of real network analyzer measurements in the time and frequency domain 
showed that both analysis scenarios allowed reasonably accurate estimates of the 
Debye parameters with the SCEM-UA algorithm, even when the true value of a 
parameter falls beyond the upper limit of the frequency bandwidth. However, 
frequency domain analysis of ethanol measurements with different probes showed 
that results were susceptible to model errors caused by non-ideal probe behavior. 
These errors were larger for 3-wire probes than for 7-wire probes. In the time 
domain, the more pronounced non-ideal behavior of the 3-wire probe resulted in a 
slower rise time. This is important because mismatches in measured and modeled 
rise time will give rise to an apparent relaxation in permittivity in frequency domain 
analysis. Future research on frequency domain analysis should be directed towards 
reducing the model error, which can be achieved by improved modeling efforts and 
by using more advanced probes. The SCEM-UA algorithm proved to be a valuable 
tool in frequency domain analysis because reported problems with parameter 
identification and initialization of the optimization problem are circumvented with 
this robust and efficient optimization algorithm. 

* Submitted to Water Resources Research by J.A. Huisman, W. Bouten, J.A. Vrugt and 
P A . Ferré. 
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Chapter 3 

3.1 Introduction 
The dielectric permittivity is an important soil property. This stems from the fact 

that the dielectric permittivity of soils can serve as a sensitive and accurate indicator 
of soil water content. Since the early eighties, Time Domain Reflectometry (TDR) 
has been used to determine effective bulk permittivity, Ka [-], and bulk electrical 
conductivity, ab [Sm"1] (Topp et al., 1980; Dalton et al., 1984). These two properties 
are routinely obtained by direct analysis of the TDR waveforms in the time domain. 
Most often, Ka is calculated from the travel time of the TDR signal along the probe 
and <5b is calculated from the attenuation of the TDR signal while traveling along 
the probe. 

Since the early nineties, there has been an increasing awareness that TDR 
measurements contain information on the complex frequency dependent dielectric 
permittivity (hereafter referred to as just dielectric permittivity). Campbell (1990) 
measured dielectric permittivity in the 1 to 50 MHz range with a specially designed 
7-wire probe and a network analyzer. Using the extended Debye model for single 
relaxations (Hasted, 1973), Heimovaara (1994) showed that inverse modeling of 
TDR waveforms, also referred to as frequency domain analysis, enables extraction 
of information on the dielectric permittivity. He used TDR measurements made 
with a 7-wire probe similar to the one used by Campbell (1990) and measurement 
equipment commonly used in hydrology and soil science (i.e. a cable tester). Friel 
and Or (1999) used a cable tester connected to a regular three-wire probe in the 
frequency domain analysis and also suggested to optimize the Debye parameters in 
the frequency domain. Jones and Or (2001) demonstrated that information on bulk 
dielectric permittivity, lost in travel time analysis in saline soils, can be recovered in 
the frequency domain by using shorter wave guides to reduce signal attenuation. In 
chapter 2, frequency domain analysis was tested as an analysis algorithm for TDR 
waveforms. It was concluded that permittivity obtained with the frequency domain 
analysis corresponds closely to the permittivity obtained with travel time analysis 
and that the frequency domain analysis potentially has an even higher 
reproducibility than travel time analysis. 

Clearly, determination of dielectric permittivity with frequency domain analysis 
requires several choices: i) using a rugged cable tester also suited for field use versus 
using a network analyzer for potentially more accurate measurements, ii) optimizing 
in the time domain versus optimizing in the frequency domain and iii) using 
specially designed multi-wire probes versus using widely available 3-wire probes. In 
this chapter, we analyze numerically generated measurements to compare three 
possible analysis scenarios: cable tester measurements analyzed in the time domain 
(scenario I), or in the frequency domain (scenario II), and network analyzer 
measurements analyzed in the frequency domain (scenario III). The aim of this 
analysis was to assess the potential accuracy of these scenarios for determining the 
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complex frequency dependent dielectric permittivity as expressed by the Debye 
equation. We also carried out real network analyzer measurements with 3- and 
7-wire probes with two probe lengths (~0.03 and -0.1 m). The aims of this 
experiment were to assess the actual accuracy of frequency domain analysis and to 
explore the influence of different probes on the accuracy of dielectric permittivity 
determination in the time and frequency domain. 

Frequency domain analysis was carried out with the Shuffled Complex Evolution 
Metropolis algorithm (SCEM-UA), which is a global optimization algorithm that 
simultaneously infers the posterior distribution of the parameters (Vrugt 
et al., 2002). There are two distinct advantages of using the SCEM-UA algorithm in 
frequency domain analysis. First, the sensitivity to the initialization of the inverse 
problem reported in chapter 2 is removed because the SCEM-UA algorithm is a 
global instead of a local optimization method. Second, the posterior error 
distribution is helpful for assessing confidence intervals of optimized Debye 
parameters, which is important in the light of the parameter identification problems 
suggested by Weerts et al. (2001). 

3.2 Theory 
3.2.1 Time and frequency domain conversions 

Both TDR cable testers and network analyzers measure the signal reflected from 
impedance changes in a transmission line. Cable testers measure as a function of 
time whereas network analyzers measure as a function of frequency. In the time 
domain, the measured response r(t) is related to the input signal v0(t) and the system 
function s(t) by (van Gemert, 1973; Heimovaara, 1994) 

CO 

r(t)= jv0(t-x)s(x)dx [3.1] 
—oo 

where x is an integration variable. The equivalent frequency domain formulation is 

R(f) = V0(f)S(f) [3.2] 

in which / i s the frequency [Hz], R(f) is the reflected signal, V0(f) is the input signal 
and Sff) is the system response function. Rff), V0(f) and S(f) are related to r(t), v0(t) 
and s(t) by Fourier transforms. In the case of time domain measurements, Sff) is 
calculated from the ratio of the discrete Fourier transformation (DFT) of the 
backward difference of the reflected and input waveform r'(t) and v0'(t) 
(Heimovaara, 1994) 

DFT[r'{t)} 
S{f)~ DFT[<{t)] P J ] 
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The transformation of frequency domain measurements to the time domain is less 
straightforward. Measured magnitude, p, and phase, (|>, (e.g. with a network 
analyzer) can be converted to K(f) by 

R(f)= p cos § + ip sin <j) [3.4] 

R(f) can then be converted to a TDR waveform by the following steps: 1) delete 
imaginary component of the first and last number of R(f), 2) take the complex 
conjugate of Rff) and reverse the order of this sequence of data, 3) delete the first 
and last number of this sequence and append it to the end of the original data and 
4) calculate time domain waveform by inverse Fourier transform and the 
cumulative sum of the signal (Frohne, 1995; Heimovaara et al., 1996). 

3.2.2 S'„-scatter-function 
The system response function of an open-ended coaxial probe can be described 

by the J,,-scatter function (Clarkson et al., 1977; Heimovaara, 1994) 

5 (f)= P +e [3.5] 
uU) 1 + p Y - ^ ' L J 

in which 

. 1-Z[E*(/)]"2 

[3.6] 
\ + z[e'(f)]u2 

/ 2 ^ L [ e - ( / ) r [3.7] 
c 

z = Zc/Zp [3-8] 

where Z, is the impedance of the cable («50 Q), Zp [Q] the impedance of the probe 
in air and p*(f) is the complex scatter function of the interface between the cable 
and a probe with an infinite length. The term 2yL accounts for the attenuation of 
the signal as it travels back and forth through the probe (Heimovaara, 1994). 

The complex frequency dependent dielectric permittivity, £*(/), of the soil sample 
being tested is commonly described with the extended Debye model for single 
relaxation (Hasted, 1973) as was suggested by Heimovaara et al. (1996) 

s\f) = s«H^^)-^f- [3-9] 
1 + ( i X ) 27t/e0 

f rel 

in which odc [Sm1] is the conductivity at dc-voltage, s0 the dielectric permittivity of 
free space (8.854xl0"12 Fm"1), es [-] is the relative static permittivity, £„ [-] is the 
relative high-frequency permittivity and f„, [Hz] is the relaxation frequency, defined 
as the frequency at which the permittivity equals (£, + Ea,)/2. 
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The ^„-scatter function of equations 3.5 to 3.8 is a model of the transverse 
electromagnetic (TEM) behavior of an open-ended ideal coaxial transmission line. 
Multi-wire TDR probes are only an approximation of an ideal coaxial transmission 
line and, therefore, non-ideal behavior can be expected. Furthermore, TEM-mode 
propagation can only be assumed when the operating wavelength is much smaller 
than the dimensions of the probe. Therefore, two critical frequencies can be 
expected. The longitudinal resonance frequency, f, corresponds with minimums in 
the real part of the scatter function and can be calculated from the soil permittivity 
£ and the length of the probe L 

'--dx [3I0] 

and the circumferential resonance frequency, f , can be calculated from the 
diameter of the inner (a) and outer (b) conductor (Shang et al., 1999) 

Ve (a + bjn, 

3.2.3 Shuffled Complex Evolution Metropolis Algorithm (SCEM-UA) 
Estimation of parameters with automatic optimization algorithms suffers from 

several problems, namely the existence of multiple optima in the parameter space 
with both small and large domains of attractions, discontinuous first derivatives 
and curving multi-dimensional ridges due to model parameter correlations. These 
problems inspired Duan et al. (1992) to develop a global optimization procedure, 
entitled the Shuffled Complex Evolution (SCE-UA) algorithm. The SCE-UA 
algorithm combines the strengths of the simplex procedure with the concept of a 
controlled random search, competitive evolution and complex shuffling. However, 
as the goal of the SCE-UA algorithm is to find a single best parameter set in the 
feasible space, it continuously evolves the population of parameter sets toward 
better solutions, terminating occupations of the regions of the parameter space 
with lower posterior probability. Consequently, the SCE-UA algorithm does not 
provide information about model parameter uncertainty. 

To avoid the problem of the algorithm collapsing into a relatively small region 
around the single best parameter set, Vrugt et al. (2002) combined the SCE-UA 
strategy with the Metropolis algorithm (Tarantola, 1987; Kuczera and 
Parent, 1998), thereby creating a global optimization algorithm that simultaneously 
infers the most likely parameter set and its posterior probability distribution. 
A detailed description of the method is given by Vrugt et al. (2002) and will not be 
repeated here. In brief, the SCEM-UA algorithm is based on a Bayesian inference 
scheme and aims to extract information about the posterior probability distribution 
/>(P | D), which describes what is known about the model parameters P given the 
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data D and prior information. This prior information usually consists of a lower 
and upper bound for each of the model parameters, thereby creating the feasible 
parameter space. The posterior probability p($ \ D) for (3 is computed by 

/?(p |£>)<xexp 
i m 

'y,-y>s' [3.12] 

where j is they'-th of m measurements, J/, the corresponding model prediction and 
s is the error term of the measurements expressed as a standard deviation (Box and 
Tiao, 1973). Values for s can be based on instrumental error, quality of fit, etc. The 
SCEM-UA algorithm takes an initial population of points randomly placed in the 
feasible parameter space. For each of these parameter sets, the posterior probability 
is computed using the Bayesian inference scheme. The population is then 
partitioned into several complexes and in each complex a parallel sequence is 
launched starting at the point with the highest posterior probability. Subsequently, 
a new candidate point in each of the sequences is generated using the current draw 
in the sequence in combination with the covariance structure of the entire 
population of complexes. The Metropolis-annealing criterion (Metropolis 
et al., 1953) is used to test whether the candidate point is added to the current 
sequence. Finally, the new candidate point is shuffled into the original population 
of complexes. This series of operations results in a robust algorithm that conducts 
an efficient search of the parameter space and provides reliable estimates of model 
parameter uncertainty. 

3.3 Materials and Methods 
3.3.1 Frequency domain analysis of numerically generated measurements 

Numerically generated measurements were used to determine the potential 
accuracy of frequency domain analysis for the determination of the Debye 
parameters. Following Weerts et al. (2001), we used three numerically generated 
measurements with different relaxation frequencies (4/=106'5-107'5-1085 Hz), while 
the other Debye parameters were kept constant (£^=40, £o,=20 and cri,=0.1 Sm"). 
We preferred to use numerically generated measurements because the true 
parameters are then known. Furthermore, violations of model assumptions, such as 
non-TEM mode propagation and heterogeneous soil samples, need not be 
considered. The probe parameters were set to L=0.1 m and ^=0.3 and a simulated 
input function v0(f) based on the function suggested by Heimovaara and 
Huisman (2002) was used 

Vo(() = llféM [3.13] 
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1065Hz 
1075 Hz 
108-5Hz 

20 30 40 50 

Time (ns) 

Figure 3.1. Three numerically generated system functions magnitudes (a) and time domain 
waveforms (b). Model parameters were £,=40, £«,=20, Gi,=0A Star1, L=0.1 m and ^=0.30 
with varying relaxation frequency as shown in the legend. 

in which erf is the error function, / [s] is the time, a (6.42x109 s) is a parameter 
signifying the inverse of the rise time and t0 [s] is the onset of the rise (arbitrarily set 
to 10 ns). The rise time of the simulated v0(t) was 156 ps, which corresponds with 
the rise time of commonly used cable testers. 

Three scenarios of frequency domain analysis were considered for the analysis of 
numerically generated measurements: cable tester measurements analyzed in the 
time domain (scenario I), or in the frequency domain (scenario II), and network 
analyzer measurements analyzed in the frequency domain (scenario III). 
Equations 3.1 to 3.9 were used to generate either three time domain waveforms or 
three system function magnitudes (figure 3.1). Random instrumental error was 
added to the numerically generated measurements to assess the potential accuracy 
of the three analysis scenarios with the SCEM-UA algorithm. For scenario I, 
random noise with a standard deviation of ,r=6.5xl0~4 was added to the reflection 
coefficient of the time domain waveform. This noise level was determined by 
analysis of the reflection coefficient at long times measured in demineralized water 
with a Tektronix 1502 B cable tester (Beaverton, Oregon, USA). For scenario II, 
the time domain waveforms with added noise of scenario I were transformed to 
the frequency domain. This transformation changed the homogeneous noise in the 
time domain to heterogeneous noise in the frequency domain, i.e. noise increases 
with increasing frequency. This frequency domain noise sff) was approximated by 
calculating the standard deviation of 100 transformed waveforms with added 
random noise. For scenario III, a standard deviation of .r=0.0010 in system 
function magnitude was determined from an analysis of measured noise in 
magnitude and phase on a calibrated coaxial cable with the measurement set-up 
described in the next section. Transformation of system functions with this noise 
level to the time domain resulted in a time domain noise level close to that of 

1 2 
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^ -0.0 

E -0.2-
4> 

o 
ü -0.3-
c 
o 
= -0.4-
u 
2 
'S -0.5 
et 

-0.6 
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10 
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Table 3.1. Parameter ranges used as prior information for the Debye-parameters (ss, £x,f„i 
and Gb) in the SCEM-UA algorithm. 

Minimum 
Maximum 

0 
80 

H 
0 
80 

Vrel 

logfHz] 

5 
12 

[Sin1] 

0 
0.2 

scenario I. Therefore, the possible fourth scenario of analysis of network analyzer 
measurements in the time domain is not considered in this analysis. Scenarios I-III 
were then analyzed with the SCEM-UA algorithm with the appropriate settings of s 
in equation 3.12 and the prior information given in table 3.1. Confidence intervals 
for the optimized Debye parameters were approximated with the standard 
deviations of the posterior distribution determined with the SCEM-UA algorithm. 

3.3.2 Frequency domain analysis of network analyser measurements 
Measurements were carried out with a HP8752C network analyzer (NWA) 

calibrated with a HP 85033D calibration kit (open, short and match) at the end of 
the coaxial cable that connected the NWA to the probe. The probe used for the 
measurements was a 7-wire probe with a head impedance of 50 D., similar to the 
probe used by Heimovaara (1994). The head of the probe was fitted with a BNC 
connector. The NWA measurements consist of 1601 equidistant frequency points 
over the entire bandwidth from 300 KHz to 3 GHz. For the input signal V0(f) we 
used a measurement with the inner wire of the probe removed (Heimovaara, 1994). 
Time domain waveforms were obtained by converting the NWA measurements to 
the time domain with the procedures described in section 3.2.1. Prior to 
conversion, all Rff) were normalized to the magnitude of the first point in the 
measured input signal to compensate for the fact that the first frequency point is 
300 KHz instead of the required D C frequency (Frohne, 1995; Heimovaara 
etal. , 1996). 

The accuracy of frequency domain analysis of real measurements and the 
importance of non-ideal probe behavior was investigated with measurements with 
four probes on three media with known Debye parameters: air, demineralized 
water and ethanol (see table 3.2). The four probes are: a long 7-wire probe with 
L&0A0 m, a short 7-wire probe with IJ=S0.03 m and a long and short 3-wire probe. 
The 3-wire probe was created by removing the appropriate wires from the head of 
the 7-wire probe. The diameters of all probes are a — 1.6 mm and b = 13.8 mm, 
which results in a circumferential resonance frequency of 687 MHz in water and 
6.2 GHz in air. The probe parameters (^ and L) for the four probes were 
determined from air and water measurements in a time domain calibration and a 
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Table 3.2. Debye parameters (e,, £x, fi and <j«) of water, air and ethanol. 

Medium 

Water 
Air 
Ethanolb 

H 
79.90 
1.00 

22.0-25.2 

Coo 

[-] 
4.22 
1.00 
4.50 

Viel 

log[HZ] 

10.2 
0 

8.9 

[Sm"1] 

0.003 
0 
0 

[-] 
0.0125 

- P accounts for the spread in relaxation frequencies observed for water (Hasted, 1973): 
e0=ea:,+ {{Es-ea)/[\+(if/fKly

fi]} - {tah/2TijSo). 
b see Weerts et al. (2001) for references. 

frequency domain calibration with the SCEM-UA algorithm. For the calibration of 
£ and L in the frequency domain, we used the real and imaginary part of the air and 
water system functions because the magnitude of the air system function does not 
contain information regarding ^ and L. The error term, s, needed in equation 3.12 
for the determination of the posterior distribution was set equal to the root mean 
square error (RMSE) between measured and modeled waveforms (or system 
functions) for the optimized model parameters in an iterative approach. We did not 
use instrumental error as in the analysis of the numerically generated 
measurements, because this is not realistic in the presence of model errors. After 
probe calibration, the Debye parameters of ethanol were determined in the time 
and frequency domain with the SCEM-UA algorithm for all four probes. 

3.4 Results and Discussion 
3.4.1 Frequency domain analysis of numerically generated measurements 

Table 3.3 shows the results of the SCEM-UA algorithm for the three numerically 
generated measurements for each analysis scenario. Clearly, the optimized Debye 
parameters are close to the reference values for all numerically generated 
measurements and analysis scenarios. This suggests that the Debye parameters can 
be identified with the SCEM-UA algorithm for a wide range of conditions. 
Additionally, it also means that the choice of an appropriate initial guess for the 
Debye parameters, which was required in previous studies with local optimization 
algorithms, is not required for the global optimization algorithm SCEM-UA. 

Weerts et al. (2001) concluded that all Debye parameters could only be identified 
from TDR waveforms when the relaxation frequency falls well within the 
frequency bandwidth (i.e. f^W7'5 Hz). The results presented in table 3.3 for 
scenario I do not support this conclusion. With the SCEM-UA algorithm it is 
possible to find the optimal Debye parameters with reasonable accuracy for all 
three numerically generated measurements as indicated by the standard deviations 
(in parentheses) in table 3.3. The strong correlations between the Debye parameters 
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Table 3.3. Optimal Debye parameters (£-, £«, f„i and Oi) and confidence intervals 
(approximated by standard deviation of posterior distribution in parentheses) for the 
three reference sets (&=40, £«,=20, Oi=0.1 Snr1) and the three analysis scenarios (I-III) 
obtained with the SCEM-UA algorithm. For explanation see text. 

Seen. Ref. 
log[Hz] 

I 6.5 

7.5 

8.5 

e, 
H 

39.9978 
(0.1301) 
40.0263 
(0.0287) 
39.9691 
(0.0164) 

e„ 

H 
19.9942 
(0.0049) 
19.9969 
(0.0073) 
19.9847 
(0.0558) 

Jrel 

log[Hz] 

6.4980 
(0.0036) 
7.4994 

(0.0011) 
8.4993 

(0.0018) 

O"* 
[Sm"1] 

0.1000 
(0.0000) 
0.1000 

(0.0000) 
0.1000 

(0.0000) 

II 6.5 

7.5 

8.5 

41.3149 
(2.8336) 
39.9419 
(0.1304) 
40.0102 
(0.0331) 

20.0020 
(0.0156) 
19.9821 
(0.0151) 
20.1831 
(0.0954) 

6.4793 
(0.0311) 
7.5035 

(0.0033) 
8.4971 

(0.0033) 

0.1000 
(0.0001) 
0.0998 

(0.0001) 
0.1004 

(0.0001) 

III 6.5 

7.5 

8.5 

39.3270 
(1.7309) 
39.9969 
(0.1348) 
40.0277 
(0.0125) 

20.0004 
(0.0004) 
19.9999 
(0.0003) 
20.0012 
(0.0021) 

6.5223 
(0.0279) 
7.4992 

(0.0023) 
8.4994 

(0.0003) 

0.1000 
(0.0002) 
0.1001 

(0.0001) 
0.0999 

(0.0001) 

in the posterior distribution reported by Weerts et al. (2001) are confirmed by the 
results with the SCEM-UA algorithm, as can be seen in figure 3.2 for £s and fre, 
( r = -0.8614). 

The conclusions in Weerts et al. (2001) were derived with a specific parameter 
identification technique called Parameter Identification Method for the 
Localization of Information (PIMLI), which was based on the information content 
of specific parts of the TDR waveform. This method searches for those Debye 
parameters that resulted in simulated TDR waveforms that describe the most 
informative part of the measured TDR waveform with a predefined accuracy. 
There are two important reasons for the better performance of the SCEM-UA 
algorithm as compared with the PIMLI analysis. First, all simulations accepted by 
PIMLI are assigned equal probability (1 when accepted, 0 when rejected), whereas 
the SCEM-UA algorithm samples the posterior distribution and therefore has a 
higher probability for more likely simulations. Second, PIMLI uses only the most 
informative parts of the TDR waveform, whereas the SCEM-UA algorithm uses 
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40.5 

6.48 6.49 6.50 6.51 

frel (log Hz) 

6.52 

Figure 3.2. Scatter plot of Ss and frei for scenario I for the numerically generated waveform 
with Ss=40, 8^=20, f„/=106-5 and CT*=0.1 Snr1. 

1.00 

1 2 3 

Frequency (GHz) 

Figure 3.3. System function magnitude after conversion of numerically generated 
waveform with 8j=40, Sx=20, f„;/=\06-5, a*=0.1 Snr1 to the frequency domain (analysis 
scenario II). 

the entire waveform to obtain acceptable simulations. The much smaller range of 
model parameters accepted by the SCEM-UA algorithm indicates that the data 
reduction in PIMLI by focusing only on the most informative parts of the TDR 
waveform was perhaps too strong. 

Figure 3.3 shows the system function magnitude for demineralized water after 
the conversion of the numerically generated time domain waveform to the 
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Figure 3.4. System function magnitude (a,b) and time domain waveforms (c,d). Solid lines 
are simulations for Ej=20 and dotted lines are simulations for Sj=40 with the specified 
relaxation frequency. Other Debye parameters were 8^=20 and a$=0.1 Sm4. 

frequency domain (scenario II). The noise increases strongly with frequency due to 
the propagation of the added noise in the FFT conversion from the time domain to 
the frequency domain. This increase in noise with increasing frequency has also 
been observed in system functions obtained from measured TDR waveforms 
(Heimovaara et al., 1996; Friel and Or, 1999). Heimovaara et al. (1996) reported 
that the low signal to noise ratio at high frequencies hindered the (local) 
optimization of the Debye parameters and required the choice of a frequency 
upper limit, above which the system function values were not considered. We used 
the entire frequency bandwidth with the SCEM-UA algorithm, which was possible 
because of the ability of the SCEM-UA algorithm to deal with varying 
measurement error. Nevertheless, the standard deviations for scenario II in 
table 3.3 show that the analysis of TDR waveforms in the frequency domain is less 
accurate than the analysis of TDR waveforms in the time domain (scenario I) for all 
Debye parameters. 

The accuracy of dielectric permittivity determination from numerically generated 
N W A measurements analyzed in the frequency domain is also presented in 
table 3.3 (scenario III). The low standard deviation of random noise (J-=0.0010) in 
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1 2 

Frequency (GHz) 

20 30 

Time (ns) 

Figure 3.5. Magnitude of water system function (a) and time domain waveform for water 
(b) with (solid line) and without (dotted line) calibration of network analyzer with 
calibration kit. 

system function magnitude over the entire frequency bandwidth resulted in a high 
accuracy for £«,. Table 3.3 also shows that the accuracy of e, and fnl is lower for 
scenario III than for scenario I in case of low-frequency dispersion in dielectric 
permittivity (/^/=106'5 or 107'5 Hz). However, for a relaxation frequency of 108'5 Hz, 
the accuracy of ŝ  and fnl is highest for scenario III. This can be explained by a 
difference in sensitivity towards variation in the Debye parameters between time 
domain waveforms and 5,,-scatter functions as illustrated in figure 3.4. For low 
relaxation frequencies, the sensitivity of the time domain waveform for changes in 
e, is larger than the sensitivity of the i^-scatter functions (figure 3.4a and 3.4c). For 
higher relaxation frequencies (i.e. fnl =108'5), the sensitivity of the 5,,-scatter 
functions is larger (figure 3.4b and 3.4d). 

The comparison of the accuracy of the Debye parameters for different analysis 
scenarios, as obtained with the SCEM-UA algorithm, provided interesting insights 
in the potential of frequency domain analysis for the determination of dielectric 
permittivity. However, the accuracy reported in table 3.3 should not directly be 
interpreted as absolute accuracy because it was obtained from numerically 
generated 'measurements' with added noise based on realistic estimates of 
instrumental error. The accuracy of frequency domain analysis is not only subject 
to instrumental errors, but also depends on model errors such as non-TEM mode 
propagation and sample heterogeneity. In the next paragraphs, we investigate the 
accuracy of dielectric permittivity determination from real network analyzer 
measurements in the time and frequency domain, in the presence of non-ideal 
probe behavior. 

3.4.2. Probe calibration with measured waveforms and system functions. 
Figure 3.5a shows the system function magnitude for water measured with and 

without calibration of the NWA with a calibration kit. Clearly, the data quality is 
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Figure 3.6. Measured and modeled real parts of system function after probe calibration 
for water and air (a) and measured and modeled time domain waveforms (b). 

much higher when the system function is measured with a calibrated NWA. This is 
not as evident as it might seem, since theoretically the system function describes 
the system independent of the measurement configuration. Apparently, 
measurements with calibrated NWA's are less susceptible to propagation of error 
into the system function. Figure 3.5b shows the time domain waveforms 
corresponding to figure 3.5a. NWA calibration removed the familiar lead of the 
time domain waveform because the reference plane is moved from the NWA to 
the head of the probe thereby removing the influence of the cable and connectors. 
The modeling of time domain waveforms was more accurate after calibration, and, 
therefore, we will only consider calibrated NWA measurements for analysis in the 
time and frequency domain in the following. 

Figure 3.6 compares the measured and modeled waveforms and system 
functions for water and air after calibration of the long 7-wire probe. The quality of 
the fit is good, both in the time and in the frequency domain. In the time domain, 
measured and modeled waveforms can hardly be distinguished. In the frequency 
domain, structural differences between measured and modeled system functions 
exist, which indicate the presence of model errors. Theoretically, TEM-mode 
propagation can only be assumed up to the first minimum in the scatter function, 
which corresponds with the first longitudinal resonance frequency. The 
circumferential resonance frequency is 6.2 GHz for air and 687 MHz for water for 
all probes used here. These frequencies do not appear to be associated with sudden 
increases in error in the system function. The largest differences between measured 
and modeled air system function in figure 3.6a seem to be at the resonance 
frequencies, where the system function does not reach the theoretical value of —1. 
This indicates energy loss and non-ideal probe behavior, which increases with 
frequency. For the water system function, the difference between measurement and 
model also increases with frequency and becomes especially apparent for 
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Table 3.4. Probe parameters L and ^ and confidence intervals (approximated by standard 
deviation of posterior distribution in parentheses) obtained with the SCEM-UA algorithm 
by fitting JVz-scatter functions to system functions (FD) or by fitting calculated time 
domain waveforms for water and air to measured time domain waveforms (TD). Quality 
of fit is summarized by root mean square error (RMSE). 

7-wire, long 

3-wire, long 

7-wire, short 

3-wire, short 

L 
[m] 

0.0964 
(0.0000) 
0.0973 

(0.0000) 
0.0363 

(0.0000) 
0.0370 

(0.0000) 

FD 

Z 
H 

0.3712 
(0.0008) 
0.3140 

(0.0008) 
0.3714 

(0.0008) 
0.3160 

(0.0009) 

RMSE 

H 
0.0678 

0.0768 

0.0745 

0.1028 

L 
[m] 

0.0962 
(0.0001) 
0.0973 

(0.0001) 
0.0365 

(0.0001) 
0.0376 

(0.0001) 

TD 

Z 
H 

0.3847 
(0.0005) 
0.3005 

(0.0005) 
0.3879 

(0.0019) 
0.3139 

(0.0016) 

RMSE 

[-] 
0.0092 

0.0137 

0.0194 

0.0186 

frequencies higher than 2 GHz. However, it should be noted that the calibration of 
the network analyzer combined with the use of the specifically designed 7-wire 
probe improved the quality of the fit as compared with Heimovaara et al. (1996) 
and Friel and Or (1999). 

Table 3.4 shows the optimized probe parameters, their confidence intervals and 
the root mean square error (RMSE) of the probe calibration. The results of the 
probe calibration in the time and frequency domain are in good agreement, 
especially for L. The difference in ^ must be attributed to the different sensitivity of 
the time and frequency domain optimizations towards model errors due to non-
ideal probe behavior. The frequency domain optimization equally weighs all 
frequencies, whereas the conversion to the time domain puts more emphasis on the 
lower frequencies. Heimovaara et al. (1996) suggested that the differences in % 
might be explained by the correlation between % and L in the time domain 
optimization, which can potentially cause uncertainty in ^ and L. Although some 
correlation is indeed present in the parameters generated by the SCEM-UA 
algorithm (r=-0.42 for the long 7-wire probe), the confidence intervals in table 3.4 
indicate that the uncertainty in both ^ and L is very low. 

Figure 3.7 shows the measured and modeled water system function for different 
probes, varying in L (top row, long probe; bottom row, short probe) and number 
of wires (left, 7 wires; right, 3 wires). The RMSE of the frequency domain 
calibration given in table 3.4 indicates that reducing the number of wires increases 
the model error. Table 3.4 also shows that ^ is lower for the 3-wire probe, which 
indicates that the probe impedance increases with a decreasing number of wires. 
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Figure 3.7. Measured and modeled magnitude of system function for water for different 
probe designs: a) long 7-wire; b) long 3-wire; c) short 7-wire and d) short 3-wire. 

Theoretically, shorter probes should provide measurements with a higher quality 
due to higher longitudinal resonance frequency, but this is not confirmed by the 
RMSE in table 3.4 or figure 3.7. In fact, figure 3.7c seems to indicate that a 
different combination of % and L could improve the fit to the magnitude of the 
water system function. However, it should be remembered that the frequency 
domain probe calibration was performed on the real and imaginary parts of the 
water and air system functions and, therefore, ^ and L are not necessarily optimized 
for water alone. 

Figure 3.8 shows a close-up of the time domain waveforms of water measured 
with the short probe with seven wires (left) and three wires (right). The non-ideal 
probe behavior discussed above for the frequency domain has a more subtle 
influence in the time domain. It appears that the multiple reflections and the rise of 
the signal are less pronounced in the measured waveforms than in the modeled 
waveforms, which is especially clear for the 3-wire probe shown in figure 3.8b. The 
slower rise time of the signal for 3-wire probes also explains the longer 
electromagnetic lengths for 3-wire probes in table 3.4. This non-ideal probe 
behavior in the time domain is important because this type of model mismatch has 
also been observed in the probe calibration of frequency domain analysis of TDR 
waveforms (see figure 2.4 and Heimovaara and Huisman, 2002). Typically, the 
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Figure 3.8. Measured and modeled time domain waveforms for water with different probe 
designs: a) short 7-wire and b) short 3-wire. 

presence of this model mismatch in probe calibration with time domain waveforms 
will lead to frequency domain analysis results that indicate some dispersion at 
higher frequency with relaxation frequencies in the lower GHz range. This will 
mostly be noticed in measurements on media that do not exhibit dispersion in the 
MHz to GHz range, such as sandy soils. 

3.4.2. Frequency domain analysis of measured waveforms and system functions. 
Figure 3.9 shows measured and modeled time domain waveforms and system 

functions for ethanol measured with the long 7-wire probe. Table 3.5 shows the 
results of the time and frequency domain optimization of the Debye parameters for 
the long 3- and 7-wire probes. The results are compared with values from the 
literature. As with the probe calibration, the modeled time domain waveforms can 
hardly be distinguished from the measured waveforms (RMSE given in table 3.5). 
The modeled 5, rscatter function of ethanol closely follows the measured system 
function up to 600 MHz, after which the quality of the fit decreases. The 
comparison of optimized and earlier reported Debye parameters in table 3.5 shows 
that the results obtained with the SCEM-UA algorithm are in reasonable agreement 
with the literature values for all probes. Despite the fact that the relaxation 
frequency of ethanol is so high that the actual value of s^ falls beyond the upper 
limit of the frequency bandwidth (3 GHz), the value was extrapolated with 
reasonable accuracy by the SCEM-UA algorithm in both the time and frequency 
domain optimization. Close inspection of table 3.5 shows that the Debye 
parameters obtained with frequency domain optimization show greater deviation 
from the literature values than those determined by time domain optimization. 
Considering the narrow confidence intervals of the optimized model parameters, 
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Figure 3.9. Measured and modeled system function magnitude (a) and time domain 
waveform (b) for ethanol. 

Table 3.5. Debye parameters of ethanol with confidence intervals (approximated by 
standard deviation of posterior distribution in parentheses) obtained with the SCEM-UA 
algorithm for frequency domain system functions (FD) and time domain waveforms 
(TD). Literature values (lit.) and root mean square error (RMSE) of fit are also given. 

Lit. 

FD 7-wire, 10 cm 

3-wire, 10 cm 

T D 7-wire, 10 cm 

3-wire, 10 cm 

£ , 

H 
22.0-25.2 

24.8969 
(0.0513) 
27.0096 
(0.0581) 
25.2634 
(0.0235) 
23.9336 
(0.0653) 

Goo 

[-] 
4.5 

2.6664 
(0.0398) 
5.0264 

(0.0323) 
4.1173 
(0.2668) 
4.6264 
(0.5990) 

Jnl 

log[H2] 

8.9 

8.9638 
(0.0030) 
8.8522 

(0.0023) 
8.9460 

(0.0064) 
8.9247 

(0.0151) 

ab 

[Sm"1] 
0 

0.0008 
(0.0002) 
0.0006 

(0.0002) 
0.0009 

(0.0000) 
0.0006 

(0.0001) 

RMSE 

H 

0.0250 

0.0196 

0.0031 

0.0091 

the possibility of identification problems as reported by Weerts et al. (2001) can be 
excluded. Therefore, we suspect that the model errors clearly illustrated in 
figure 3.9a have caused the minor deviations from the literature values in the 
frequency domain optimizations. 

3.5 Conclusions 
We compared three frequency domain analysis scenarios for the determination 

of frequency dependent dielectric permittivity with the Shuffled Complex 
Evolution Metropolis algorithm (SCEM-UA). For all analysis scenarios, the 
SCEM-UA algorithm was able to find the optimal Debye parameters without 
strong constraints on the parameter search space. It was concluded that concerns 
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about parameter identification and initialization of the optimization problem with 
local optimization algorithms reported in chapter 2 and Weerts et al. (2001) could 
be avoided by using the robust and efficient SCEM-UA sampler. 

An analysis of numerically generated measurements showed that analysis of 
TDR measurements in the time domain is more accurate than analysis in the 
frequency domain due to accumulation of noise in the conversion from the time 
domain to the frequency domain. The analysis also showed that frequency domain 
analysis of system functions measured with a network analyzer potentially is the 
most accurate method for the determination of frequency dependent dielectric 
permittivity. Only low frequency dispersion can be determined more accurately 
from time domain waveforms due to differences in the sensitivities of time domain 
waveforms and J^-scatter functions to &s and 7 ^ 

The results of the sensitivity analysis were based on realistic estimates of 
instrumental errors but did not consider model errors, such as non-TEM mode 
propagation and sample heterogeneity. Therefore, the SCEM-UA algorithm was 
also used to analyze time domain waveforms and system functions measured on a 
network analyzer. The network analyzer measurements were made with a probe 
with a head impedance of 50 Q after calibration with a calibration kit. This set-up 
allowed high-quality measurements of time domain waveforms and in particular 
system functions. 

The probe parameters ^ and L were determined from time domain waveforms 
and system functions measured in water and air. Generally, the quality of the fit 
between measured and modeled time domain waveforms and system functions was 
sufficiently high to allow an accurate determination of the probe parameters with 
the SCEM-UA algorithm. However, the quality of the fit clearly decreased with 
increasing frequency for all probes, which indicated that even the supposedly more 
coaxial seven-wire probe suffers from non-ideal probe behavior. The time and 
frequency domain calibration of the probe parameters resulted in similar values 
for L, but slightly different values for ^. This was attributed to the different 
sensitivity towards model errors of both analysis scenarios. Calibration of a 3-wire 
probe showed that the quality of the fit decreased as compared to the 7-wire probe, 
which indicates that model error increased with a decreasing number of wires. 
Non-ideal probe behavior resulted in a slower rise time of the time domain 
waveform, which led to longer electromagnetic lengths for 3-wire probes. This 
observed decrease in rise time has implications for frequency domain analysis of 
TDR waveform because the mismatch between measured and modeled rise time 
could result in an apparent high frequency relaxation in dielectric permittivity when 
a soil sample is analyzed. 

Analysis of ethanol measurements showed good agreement with literature values, 
both for the time domain and the frequency domain analysis. The SCEM-UA 
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algorithm was able to identify the high-frequency parameter of the Debye model 
despite the fact that its value lies beyond the upper limit of the frequency 
bandwidth, although model errors lead to minor deviations from the literature 
values for the frequency domain analysis of the system functions. 

The analysis of real measurements showed that non-ideal probe behavior has a 
small but significant impact on the optimized probe and Debye parameters. The 
influence of non-ideal probe behavior is only partly captured by the confidence 
intervals of the SCEM-UA algorithm due to inherent difficulty of dealing with 
model error in this and any other algorithm. Therefore, future research efforts 
should be directed towards reducing the model error, which can be achieved by 
improved modeling, such as the use of the multi-scatter function of Feng 
et al. (1999) and the inclusion of extra terms to compensate for the observed 
energy loss, and by the use of more elaborate probes, such as the coaxial cell of 
Shangetal . (1999). 
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