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ABSTRACT to measure permittivity. In this discussion we will dem-
onstrate the need for carefully choosing the correctIn a paper presented by Heimovaara (1993) a method of calibrating
waveform analysis method to obtain the best measure-TDR sensors was presented using air and water. Time has moved on

but time domain reflectometry (TDR) sensors are still calibrated in ment of permittivity. This is crucial for the subsequent
a number of different ways. In this article we present a rigorous stage, which is the calibration between permittivity and
investigation of the method proposed by Heimovaara and demon- the desired physical quantity. Errors in the measure-
strate its accuracy. We demonstrate that the placement of a starting ment of permittivity are systematically carried over intopoint in any place other than the one determined using Heimovaara’s

the next calibration stage and can lead to erroneousmethod results in erroneous permittivity measurement. This will be
interpretations of physical quantities.most significant at low values of permittivity. We propose that Heimo-

The velocity (v) of an electromagnetic-plane wavevaara’s method be adopted as a standard method for calibrating TDR
sensors for measuring permittivity. The discussion centers on the propagating through a dielectric material is a function
placement of the first time marker used to measure the signal travel of both the relative permittivity (εr) and the relative
time from which permittivity is measured. Our modeling results sug- magnetic permeability (�r) of the material.
gest that this point is slightly forward of the apex of the bump on the
waveform which corresponds to the impedance increase as the wave

v �
c

√�r,εr

[1]travels from the cable into the TDR sensor head. We also demonstrate
that using the apex of this bump as a starting point reference can
lead to erroneous measurements of travel time in layered dielectric The relative permeability in most soils (which aremedia. Finally we examine the use of long cables to connect sensors

nonmagnetic) can be assumed equal to unity, makingto the TDR. We demonstrate that the travel time in the cable changes
the velocity an inverse function of the square root ofas a function of temperature and that fixed travel time markers based
the permittivity. Conversely, the permittivity of a mate-on cable length cause error in the measurement of travel time. For

a 2.6-m cable the error was 1.6% at 50�C, and 4.7% for a 10.3-m rial can be calculated knowing the velocity of a wave
cable, relative to calibration at 25�C. Software that tracks the sensor travelling over a known distance in a transmission line.
head either through the impedance mismatch caused by the head or The permittivity measured using TDR is termed the
using an electrical marker eliminates this source of error. apparent or measured permittivity (Ka), if the complete

transmission line system is considered with back and
forth wave propagation Eq. [2a] should be used and if

Obtaining a permittivity measurement with TDR is only the one way travel time is considered as measuredrelatively straightforward; to obtain good quality
from the waveform Eq. [2b] is appropriate:measurements with TDR requires careful TDR probe

construction and waveform analysis. The measurement
Ka � �cts2

2L�
2

[2A]of porous media permittivity has been used to provide
estimates of a number of physical properties including
water content (Topp et al., 1980; Gardner et al., 2001;
Noborio, 2001), porosity (Sen et al., 1981), surface area Ka � �cts1

L �
2

[2B]
(Or and Wraith, 1999), and density (Perdok et al., 1996,
Feng et al., 1999). The accuracy of these estimates de-

where ts2 is the travel time in two directions and ts1 ispends on a two-stage calibration. The first element of
the travel time in one direction only, usually in the rangethis is the measurement of permittivity and the second
of nanoseconds, c is the velocity of light (3 � 108 m s�1),is to obtain a calibration between permittivity and the
and L is the length (m) of the probe over which theestimated physical quantity. Time domain reflectometry
signal travels in a single direction. It is important tohas been proven to be a very successful technique for
consider that this measured permittivity is a function ofmeasuring the permittivity of materials. However, a

number of methods and a variety of software packages not only the energy storage of the dielectric material
with varying algorithms are used to analyze waveforms but also any losses that may arise because of ionic con-

ductivity or dielectric relaxation phenomena. In many
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Ka � ε���1 � �1 � �ε″
ε��

2

�/2� [3]

The imaginary part (ε″) is composed of relaxation
losses, ε″relaxation and ionic conductivity, �dc:

ε″ � ε″
relaxation �

�dc

2�fεo

[4]

Where, f is the frequency (Hz) and εo is the permittiv-
ity in a vacuum (8.85 pF m�1). Importantly, an increase
in the imaginary component leads to increased TDR
travel times and so higher measured permittivity values.
In the work presented in this study the materials mea-
sured have negligible ionic conductivity and relaxation
frequencies that do not interfere with the permittivity
measurement in the TDR bandwidth so that the mea-
sured permittivity can be considered equivalent to the
real part of the relative permittivity, discussed below.

In this introduction two sets of nomenclature are
used; the symbol K is reserved for a measured feature
using the TDR or any other instrument. The symbol ε
is reserved for the permittivity of a material and is an
intrinsic property of that material. When the material
exhibits no losses Ka � ε�, for most coarse sandy soils,
which are none saline, this is true.

Fig. 1. Waveforms in air with a 20-cm probe shorted at (A) the base
of the electrodes and (B) at the electrodes tips.

Calibration and Waveform Analysis
for Permittivity Measurement mittivity the travel time in the sensor itself (ts) could

As demonstrated in Eq. [2b] the apparent permittivity be determined.
is measured using the travel time (ts) of the signal in a

tp � to � ts � to � L √εr/c [5]single direction along the length (L) of the TDR probe.
Hence one needs to be able to find the point at which Where the symbols where defined for Eq. [2]. The above
the wave leaves the sensor head and enters the probe
electrodes and the point at which the signal is reflected.
This can be demonstrated in a simple manner by placing
a shorting bar across the electrodes. Figure 1 demon-
strates three waveforms, one in air and then two with
the probe shorted at the base of the electrodes (A)
and at the tip of the electrodes (B). This gives a good
impression of where the beginning and end of the probe
are and the time interval that should be used to deter-
mine the permittivity.

Heimovaara’s 1993 Method of Probe Calibration
in Air and Water

All probes require calibration for accurate measure-
ment of permittivity. Heimovaara (1993) presented a
method of obtaining accurate calibration of a sensor
using air and water. The analysis software presented in
Heimovaara and de Water (1993) has a start and end
reflection analysis mode. The software locates the base
of the bump created by the impedance mismatch be-
tween cable and sensor head by fitting tangents (Fig.
2.2). It then locates the second reflection from the end
of the sensor, denoted ‘end point’ in Fig. 2.1. The time

Fig. 2. (2.1) A waveform in water illustrating how the travel time isbetween these two points is denoted as tp (Fig. 2.1). The
usually measured from the waveform. WINTDR measures fromtravel time tp is a combination of the travel time of the
the apex of the bump to the end point located by the tangent lines.signal in the sensor head (to) and the sensor electrodes (2.2) The software of Heimovaara (1993) can either use a fixed

(ts). Heimovaara (1993) suggested that by taking mea- start point based on cable length or can find the tangents for the
first bump and calculate the travel time according to ts � tp � to.surements in air and water with known values of per-
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equation can now be solved simultaneously for both obtained from a Tektronix TDR (1502C) (Tektronix,
Beaverton, OR) with a perfect 50-ohm load attachedwater and air so that both L and to can be found.
to the cable tester, making the modeling more realistic.

Alternative Methods of Measuring Travel Time
Laboratory ExperimentationAn alternative method to this procedure is to calibrate

sensors using only water and to fix the starting reference Instrumentation
at the apex of the bump as shown in Fig. 2.1. The travel

Two types of TDR probes were used in our experi-time is then measured from the bump apex to where
mentation, a 20-cm coaxial probe with a 5-mm centralthe tangent lines cross at the end of the waveform (t).
conductor, 19.6 cm tall, in a 2.65-cm diameter outerAutomated software such as WINTDR (Or et al., 1998)
cylinder, which was used for calibration measurementstracks the position of the bump apex locating the start
with dielectric fluids. The other probe used in the experi-point for travel time measurement at the apex (soilphy-
mentation was a Soil Moisture Equipment Corps 20-cmsics.usu.edu). A similar method appears in Feng et al.
buriable probe (Soil Moisture Equipment Corp., Santa(1999; Fig. 9) for the analysis software TDR��. Once
Barbara, CA). The probe has three stainless steel rodsthe travel time is known, Eq. [2] is rearranged to solve
with a 6-mm central rod and two 3-mm outer rods atfor the probe electrical length (L). The value of L is
rod center spacing of 25 mm. An electrical marker (Dipoften close to the physical length and the difference
in Fig. 1) is placed in the head of the sensor to ease thebetween this value and the physical length is considered
locating of the start point where the signal leaves theto be because of a fringing electrical field at the end of
sensor head and enters the electrodes. The cable lengththe probe. The use of the apex of the peak is a somewhat
was 1 m of Belden RG58 coaxial cable. The permittivityarbitrary location for the start point of the probe chosen
measurements were made with the probe attached to afor the sake of convenience.
Tektronix 1502C cable tester (Tektroninix, Beaverton,We will demonstrate the validity and accuracy of the
OR) and the waveforms were collected with softwaremethod presented by Heimovaara (1993) and also show
developed by Heimovaara and de Water (1993).that at higher permittivity values negligible error is en-

countered using the bump apex as a starting reference
Measurementspoint for measuring travel time. However, we will also

demonstrate that the bump apex moves in layered mate- Three sets of experiments were performed; measure-
rial when a low permittivity region is above a high one. ments in fluids using the coaxial cell, measurements in
This is a commonly encountered phenomenon in coarse layers of water and air using the commercial sensor
soils when there is a drying front. and an experiment using differing lengths of cable at

different temperatures to determine the effect of cable
Modeling of a TDR Transmission Line Using length and temperature on the location of the apex of

the Multisection Approach the first reflection.

The modeling of TDR waveforms has consistently
Dielectric Fluidsbeen improved over the last decade. Yanuka et al.

(1988) and Heimovaara (1994) presented a method of Accurate measurements of permittivity (Lide, 1992)
modeling the waveforms. Feng et al. (1999) presented were made using air (1), penetrating oil (2.3), acetone
a refined method that has similarities to the method of (20.7), and water (78.5) at 25	C. The measurements were
Yanuka et al. (1988). This model treats the transmission made in the coaxial cell previously described, in a con-
line with cable, sensor head, and electrodes as sections stant temperature room at 25	C. The actual temperature
with differing impedance in a multisection transmission of each of the fluids was measured before and after each
line. This method determines the frequency-domain set of ten measurements. Each of the liquids was chosen
scatter function of each section and subsequently com- because of its negligible relaxation in the TDR fre-
putes the effective scatter function of the entire cable- quency bandwidth, ensuring clear waveforms.
sensor head-electrode system. A convolution of the in-
put signal and scatter function followed by an inverse Measurements in Water–Air layers
Fourier transform then leads to a time domain signal. The second experiment sequentially removed theFor the details of the modeling, we refer the reader to three-wire probe, 1 cm at a time out of a cylinder ofthe paper of Feng et al. (1999). This model was used to deionized water. The dimensions of the water columnsimulate waveforms for a system with a cable of 3 m were 14.3 cm in diameter and 34.0 cm deep. The measure-having a permittivity of 2.295, equivalent to polyethyl- ments were performed in a temperature-controlled labo-ene, commonly used in cables. A 3-cm sensor head was ratory at 25	C. The probe was calibrated using Heimo-used with permittivity of 1 but with three different im- vaara’s above mentioned air-water calibration method.pedances, 40, 50, and 60 ohms, achieved by altering the
spacing ratio of the electrodes. Ten-centimeter elec-

Measurements Using Different Cable Lengthstrodes were attached to this with impedance of 150 ohms
at Different Temperaturesin a vacuum. Waveforms with medium permittivities

of 1, 5, 20, 40, 50, and 78.54 were generated with no The permittivity of a water-filled coaxial cell was mea-
sured using two different cable lengths of 2.6 and 10.3relaxation. The input function used in the modeling was
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m. The cables were placed in a circulating water bath corresponds to the optimal frequency range for de-
that was used to control the temperature of both the termining soil water content.
coaxial cell with dimensions as previously described and The right-hand side of Fig. 3 shows two waveforms
attached cables; the temperature was varied from 1 to calculated for permittivities of 50 and 78.5. Note that
50	C. Waveforms were analyzed for permittivity using there is no bump at the beginning of the waveform as
WINTDR99 analysis software. the sensor head impedance was matched to the cable

at 50 ohms. Knowing the permittivity of the cable, the
sensor head and the material in which the electrodesRESULTS AND DISCUSSION are immersed one can calculate the points along the

Waveform Modeling transmission line corresponding to the input signal en-
tering the sensor head, leaving the sensor head, andModeled waveforms are presented in Fig. 3. The first
being reflected from the end of the probe. The traveldiagram (0–2 ns) shows the input function obtained from
time equals (section length/c)��εr, where c is the speedthe TDR. The line on the graph marked start of the
of light and εr is the permittivity of the section. Theseinput function is the location of the start of the input
points are all marked on the diagram with dashed lines.according to the fitting of a tangent line to the rising
The diagram also shows the modeled reflections for theinput signal (1.18 ns). From this point the amplitude of
cable and the sensor head terminated in an open circuit.the input function increases until it reaches a maximum
These open reflections correspond with the calculatedvalue of 0. Hilhorst (1998) proposed an estimate of
end of the cable head and end of the sensor head asthe frequency bandwidth of the TDR signal based on
demonstrated by the dashed lines in the figure.electronic filter theory (Bird, 1980). The rise time (
)

The upper diagram in Fig. 4 shows computed wave-is defined as the time it takes for the step function to
forms for permitivities of 1 and 50. The diagrams belowreach 0.66 of its value after a first reflection. We chose
show a magnified section (16.2–17.0 ns) concentratingthe start point and end point to be the point at which
on the sensor head. Graphs are presented for sensorthe signal had risen 1% (1.14 ns) to the point where it
heads with three differing impedances, 40, 50, and 60reaches 66% (1.23 ns). This gave a rise time of 0.09 ns.
ohms. Clearly it can now be seen that the 40-ohm headThe maximum passable frequency is then calculated
causes a dip, the 50-ohm head is matched to the cableaccording to, fTDR � 1/(2�
), which for the TDR gives
and no reflection results off the head, and the 60-ohma bandwidth of 1.768 GHz. This is in good agreement
head results in a bump. This is the bump commonlywith the value given by Tektronix (Appendix C, Tek-
observed when an unmatched TDR probe is attachedtronix metallic TDR’s for cable testing) who give a maxi-
to the cable tester; most TDR probe heads have imped-mum passable frequency of 1.75 GHz. Friel and Or
ances higher than 50 ohms causing this initial bump or(1999) demonstrated with the aid of a spectrum analyzer
spike on the wave trace. It is the apex of this bump,connected to a Tektronix TDR that above 1 GHz the
which is commonly used as the reference point to setsignal is mostly noise. This means that although the
the start time. These diagrams also suggest that the startbandwidth of the TDR is wide, most of the power is

concentrated between 0.01 and 1 GHz, however, this point that should be used for measuring the time when

Fig. 3. The left-hand figure shows the input function with the point at which the first element of the signal leaves the cable tester. The right-
hand diagram shows two waveforms for permittivities of 78.5 and 50. The dashed lines illustrate the calculated points at which the signal first
enters the sensor head, leaves the sensor head and is reflected from the end of the probe respectively.
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applying tangent fitting to the end reflection should be
a little to the right of the apex of the bump. The amount
will depend on the time width of the bump, which de-
pends on the length of the sensor head and its permittiv-
ity. This is the same for all the heads but most clearly
observed for the 60-ohm head (Fig. 4) where the bump
apex is located at 16.42 ns and the calculated reflection
from the end of the head is located at 16.44 ns. Measure-
ments using a calibrated electrical length determined in
water and using Eq. [2] can eliminate some of this error
but it does mean that low permittivity values can be
over estimated as we will go on to demonstrate using
measurements.

Measurements in Dielectric Fluids
Measurements were made in four dielectric fluids that

have negligible relaxation in the TDR frequency range.
The waveforms are presented in Fig. 5 with approximate
end reflection tangent line locations. The right-hand
figure shows a close-up of the start of the waveforms
as they enter the sensor electrodes. The apex points
all fell in the same time location, forming a common
reference point, the point being marked as the bump
apex. This is important, as the start point does not de-
pend on the medium permittivity for a homogeneous
dielectric. We used the bump apex as measured in water
as the reference point from which to measure tp, to check
the validity of Heimovaara’s (1993) method. Using Eq.
[5] and the travel time in water and air we calculated
an electrical length of 0.1956 m and a value for to of
0.035 ns. All travel times measured from the bump apex
have the value of to subtracted, the location of this point
relative to the bump apex is indicated on Fig. 5 as the
‘fixed start point’. Note that this is in agreement with
the findings of the modeling that suggested it should lie
to the right of the bump apex.

To demonstrate the effect of only calibrating in water
and using start points other than the one described
above the apex was set as the reference time marker.
The travel time was then artificially increased and de-
creased by adding or subtracting increments of 0.02 ns
from the reference time. This is equivalent to moving the
start point to the left and right of the apex respectively
(Fig. 6). The electrical length of the probe was then
calculated for each measurement of time using only the
travel time in water. The permittivity for the other three
fluids was then calculated using their respective altered
travel times with their corresponding electrical lengths
determined from this calibration. The results are pre-
sented in Fig. 6 with permittivity as a log scale on the
vertical axis. The horizontal lines show the actual per-

Fig. 4. The top figure shows modeled waveforms for permittivities of mittivity values expected; the permittivity of water was
1 and 50. The equivalent probe is shown below and then three fixed at 78.65 (24.7	C). The line marked with the arrow
graphs showing start points for sensors with 40, 50, and 60 ohm in the left-hand diagram is the calculated start pointimpedance heads, 3 cm long; the solid lines represent the calculated

according to the method of Heimovaara and clearlystart and end of the sensor head. The 40-ohm head creates a dip
in the waveform, the 50-ohm head is matched and the 60-ohm demonstrates the validity of this permittivity calibration
head creates a bump. over the range of permittivity. The dashed line B marks

the values that would have been obtained using only
the peak apex as the reference and calibrating for the
electrical length using only water. The other dashed
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Fig. 5. Waveforms for water, acetone, penetrating oil, and air measured in a 19.5-cm coaxial cell. The right-hand figure illustrates the bump
apex and the fixed start point that was found to correspond with cited permittivity values.

lines, A, C, and D clearly demonstrate that choosing an This potentially may result in overestimation of water
arbitrary start point and calibrating with only water content in dry soils but negligible errors in wet soils.
produces increasingly erroneous results, especially at
low permittivity values. Measurements in Water–Air layers

As expected from the waveform modeling, the re-
The previous section demonstrated that to achievequired start point for accurate travel time measurement

accurate permittivity measurements a start point forto obtain permittivity is slightly to the right of the bump
travel time could be determined using a calibration inapex, the amount will vary depending on the length of
air and water. Calibration performed solely in waterthe sensor head. Interestingly, the value of the electrical
using the apex as the reference start point could intro-length calculated by the method of Heimovaara was
duce a small error at low permittivity values. However,0.1956 m, the physical length of the central electrode was
using the apex as the start point for measuring travelmeasured as 0.196 m. This suggests that for a reasonably
time is convenient for software, which can easily locatelong coaxial cell the physical length and electrical length
this point. For monitoring applications calibration inmay be close in value. The practical implications of
water maybe sufficient for looking at changes in waterthis analysis suggest that failing to position the marker
content. However, in this section we go on to examine aaccording to the calibration method of Heimovaara
specific case where using the apex can lead to enhanced(1993) will create an error in permittivity measurement

that will increase toward small values of permittivity. erroneous permittivity determination at low permittiv-

Fig. 6. Permittivity estimated from calibration of probe adjusting the electrical length of the probe according to measurements in water using
the bump apex as a timing reference. The arrow on the left-hand diagram indicates to calibrated permittivity using Heimovaara’s calibration
method. This point is located 0.035 ns to the right of the bump apex and corresponds to an electrical length of 0.1956 m. The dashed lines
on the left-hand diagram correspond to the positions of the lines used to measure travel time on the right-hand diagram.
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Fig. 7. A sequence of waveforms measured using a 20-cm probe sequentially dipped into a water column 1 cm at a time. Note how the bump
apex at the start of the probe electrodes moves.

ity values. We examine the case of a probe inserted Knight (2001) pointed out that as the ratio of wavelength
vertically downward into a low permittivity layer over to layer thickness increases above four the averaging
a high permittivity layer, air–water in our case but lay- regime changes from refractive index to arithmetic aver-
ering of dry soil over moist soil commonly occurs, espe- aging of the permittivity, which they demonstrated using
cially in coarse soils. Measurements were performed in TDR. In the case of the layering used in our experiment
layers of water and air. The waveforms collected with the mean layer thickness was 10 cm and following Chan
the probe sequentially dipped into water are presented and Knight (2001) the effective frequency was about
in Fig. 7. The apex of the bump is observed to move 750 MHz. This gives a wavelength varying according to
forward in time as the probe is removed from the water. 0.4/�Ka, and values for wavelength over layer thickness

Measurements made using vertically inserted TDR of between 0.45 and 4, within the refractive index re-
probes are often obtained from soils in which the soil gime. For most purposes when TDR is used in soils with
surface is drying resulting in layering down the probe, wet and dry layers the layers are of sufficient thickness
this will be most distinct in sandy, coarse soils. The to obey the refractive index regime.measured permittivity of layered dielectrics lends itself

A comparison of permittivity values using a stationaryto theoretical analysis so that the expected apparent
calibrated start point (0.0 ns, Fig. 7) and a start pointpermittivity can be easily modeled. The propagation of
moving with the bump apex are presented along withan electromagnetic wave through a medium made up
the refractive index model for air and water in Fig. 8.of alternating homogeneous dielectric layers has been
The point that we clearly demonstrate is that using thepreviously analyzed (Birchack et al., 1974). The simplest
moving apex of the bump erroneously determines theway to analyze the problem is to refer to the time of
permittivity, underestimating the value. The permittiv-travel through each layer, which is equal to:
ity measurements made with the calibrated start point
follow the refractive index model, which is the theoreti-t �

f(L)
v

�
f(L)√ε

c
[6]

cal lower bound for the layered system, reasonably well.
This has important consequences for measurements ofwhere, f, is the volume fraction of a layer that is a
water content. Errors carried forward to estimate waterfunction of its length (L), v, is the velocity of propagation
content from the determination of the permittivity, us-through that layer, and c is the speed of light (3 � 108 m
ing the apex of the first reflection to determine permit-s�1). The total time of propagation through for example
tivity, can create substantial underestimation if the pre-a two-layer medium is therefore:
diction of water content is made using a standard calibra-

ttotal � t1 � t2 � √Ka � f1 √ε1 � f2 √ε2 [7] tion such as that of Topp et al. (1980). In addition to
the error in the permittivity determination, one shouldThe speed of light and the total lengths drop out of
take into account the large d� /dKa in the dry region ofthe equation. This equation has been expanded for three
the permittivity water content calibration (Topp et al.,or more layers and is commonly termed the refractive
1980), making the relative error in water content greaterindex model. A note of caution must be added when
than that of permittivity. An error of as much as 5 tousing this model, which is it is only valid for thick layers

compared with the traveling wavelengths. Chan and 7% might be expected at the lower permittivity values.
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Fig. 8. Permittivity calculated as a function of immersion length using
a fixed start point and one following the bump apex. Note how
the moving apex causes underestimation of the permittivity.

Measurements Using Different Cable Lengths
at Different Temperatures

Fig. 9. Sensor-head waveform reflections for a probe and cable im-
mersed in a constant temperature bath between 1 to 50�C. TheHaving determined a value for �to with Heimovaara’s
upper figure is for a 2.6-m cable and the lower figure for a 10.3-mcalibration method, it would be convenient to put a
cable. Note how the reflection coefficient of the head reduces asfixed value of cable length into the software, equivalent the cable becomes longer and how it moves with temperature.

to the travel time in the cable. This is feasible and would Using a fixed start point in these circumstances would result in
erroneous measurements.reduce the analysis time if only one set of tangent lines

has to be fitted to the waveform. This can be useful
when large numbers of waveforms are to be analyzed. temperatures. For measurements using a ‘fixed’ first
It is also especially useful in the particular case when reflection point, an error in the computed permittivity
the sensor head impedance matches the impedance of based on travel time analysis may result from cable
both the sensor head and soil so that no reflection occurs temperature fluctuations, which are amplified by longer
at the start of the waveform. This section demonstrates cable lengths. As an example of the type of error associ-
why this is not such a good idea in general, especially ated with using a ‘fixed’ time marker for the travel
with longer cables and fluctuating temperatures. time start point, we calculated percentage error in water

In his paper on sensor design, Heimovaara (1993) permittivities obtained from the waveforms shown in
pointed out that the use of long cables would seriously Fig. 9. Assuming a fixed first reflection point, the maxi-
distort waveforms. Practically speaking, higher frequen- mum error is associated with the greatest deviation from
cies are filtered by the longer cable lengths and the the fixed bump set at the calibration temperature (i.e.,
waveforms become more rounded and harder to deter- 25	C). For the 2.6-m cable the error was 1.6% at 50	C,
mine travel time from. Reece (1998) demonstrated that (i.e., a measured permittivity of 69.0 instead of 70.1)
cable resistance affecting TDR measurement of electri- and 4.7% for the 10.3-m cable (permittivity � 66.8).
cal conductivity increases with cable length; however, This highlights the importance of either working at a
this is not the issue here. In this final set of experiments fixed temperature or using analysis software that hunts
we examine the issue of the effect of cable length on for the bump apex to locate the start point. Where the
the position of the waveform as measured by the TDR. bump was tracked using analysis software, the measure-
The changing temperature alters the permittivity of the ment error was considerably less, being 0.8 and 1.1%
dielectric in the cable and so changes the cable imped- for the 2.6- and 10.3-m cables, respectively. Automatic
ance. We found that the cable length between the TDR bump tracking features are available in WINTDR99
measurement device and the TDR probe held at differ- analysis software (Or et al., 1998), which allows a user-
ent temperatures affects not only the magnitude of the specified search window centered around the original
bump but the position, effectively creating a time-shift bump, from which the waveform derivative is used to
of the bump as illustrated in Fig. 9. The start point bump track the moving bump. It is also accommodated for in
of a TDR waveform, using a typical cable length of the software of Heimovaara and de Water (1993) when
2.6 m is compared with measurements using a 10.3-m using their double reflection analysis.
cable for temperatures varying from 1 to 50	C. A left- As pointed out earlier the requirement for auto-
ward shift in the bump position corresponds to faster tracking of the bump is the presence of an identifiable

marker at the first reflection. As the modeling in Fig. 4travel times in the coaxial cable resulting from higher
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