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Comparison of time domain refiectometry performance factors 
for several dielectric geometries: Theory and experiments 

S. V. Maheshwarla and R. Venkatasubramanian 

Department of Electrical and Computer Engineering, University of Nevada, Las Vegas 

Robert F. Boehm 

Department of Mechanical Engineering, University of Nevada, Las Vegas 

Abstract. We propose three nontraditional dielectric geometries and present an 
experimental and theoretical analysis and comparison of time domain reflectomerry 
(TDR) performances for them. The traditional geometry (the probes inserted in material 
of essentially infinite extent) is compared to three nontraditional geometries where the 
probes are affixed outside of a core sample, inside of a bore, or flat on the surface of a 
semi-infinite solid. Our derivation relates the velocity of electromagnetic wave propagation 
to the complex permittivities and permeabilities of the media and the geometry for the 
three nontraditional configurations. Experimental results for air, styrofoam, dry sand, wet 
sand of varying water content, nylon, dry wood, and ferromagnetic steel are obtained for 
the three proposed configurations and are in fair agreement with the literature within the 
experimental uncertainties. Through experiments and theoretical analysis, the TDR 
performance is found to be the same within the experimental uncertainties for the three 
nontraditional geometries. The proposed geometries yield slightly lower sensitivities 
compared to the traditional geometry. Advantages and disadvantages of the geometries 
compared to the traditional geometry are also discussed. 

1. Introduction 

In the 1970s broadband VHF and UHF transmission line 

methods were developed for characte.rizing materials based on 
their dielectric and magnetic properties [Bussey, 1967; Chu- 
dobiak et al., 1979a, b; Van Beck, 1965]. Some of the possible 
geometries are completely embedded parallel bar balanced 
open transmission lines, partially embedded open parallel 
plate transmission lines, and completely embedded unbalanced 
coaxial transmission lines [Chudobiak et al., 1979b]. The rela- 
tionships between the complex permittivities and permeabili- 
ties and the dimensions of the transmission, the characteristic 
impedance, and the velocity of propagation for all the above 
discussed geometries are presented by Chudobiak et al. [1979a, 
b]. Several materials, moist soil, concrete, asphalt, moist paper, 
and Plexiglas have been characterized based on the transmis- 
sion line technique in the frequency range of 10-1000 MHz 
[Chudobiak et al., 1979a, b]. 

In the last decade, time domain refiectometry (TDR) has 
become one of the primary tools for measuring water content 
in soil [Toppet al., 1980]. The first report of Toppet al. [1980] 
showed that TDR is a powerful tool to measure water content 
in soil. In a later study, Toppet al. [1982] showed that by 
introducing convenient discontinuities in the geometry of the 
transmission line, water content depth profiles can be ob- 
tained. Recently, three-wire and four-wire transmission lines 
have been proposed and demonstrated to overcome the diffi- 
culties arising from the change of the transmission line from an 
unbalanced coaxial line to a matched twin-lead line [Zegelin et 
al., 1989]. In a recent noninvasiv9 TDR technique [Selker et al., 
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1993] the probes are placed on the surface of the wet sand and 
are demonstrated to be useful for soil water content measure- 

ment. However, the dielectric constants at a given water con- 
tent are about one half that reported by Topp et al. [1980]. In 
a recent experimental study, Xu et al. [1993] have demon- 
strated a noninvasive TDR technique for unsaturated flow 
experiments. Knight et al. [1994] have discussed a surface probe 
with the probe placed in between two dielectric media and 
proposed a possible relationship to infer the permittivities of 
the media. 

In most of the above mentioned studies, the soil completely 
surrounded the transmission line probes. In this paper we 
propose three new nontraditional geometric arrangements of 
probe conductors in two different media with varying dielectric 
and magnetic properties which are suitable for TDR measure- 
ments. The proposed geometries naturally exist in many engi- 
neering situations such as mines and tunnels used in geologic 
studies. These geometries can also be intentionally created if 
they will not interfere with the physics of the problem of study. 
The performance factor of the three nontraditional geometries 
is compared with that of the traditional geometry where the 
two probes are inserted a fixed distance apart in an infinite 
medium. 

This paper is organized as follows. In section 2 the three 
nontraditional probe geometries are proposed. The transmis- 
sion line problem related to one of the geometries is ad- 
dressed. An analytical relationship is developed between the 
velocity of propagation of an electromagnetic wave in the me- 
dia and characteri'stics including permittivity and permeability 
and geometric parameters such as the distance between the 
probes and the radii of the probes. In section 3, experimental 
results for various combinations of dielectric and magnetic 
media are presented and compared with the available data. 

1927 
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Figure 1. Three nontraditional geometries of arrangement of the two media. The small circles represent 
conducting probes. 

The performance factors of the three proposed geometries are 
compared with the traditional one using experiments and a 
theoretical analysis. Conclusions are presented in section 4. 

2. Nontraditional Geometries and Their 

Electromagnetics 
2.1. Geometric Configuration 

The three nontraditional geometries are shown in Figure 1. 
Figure la describes the geometry in which the probes are 
placed at diametrically opposite points of a circular core sam- 
ple of radius a whose electrical and magnetic properties are 
different from that of the surrounding medium (geometry 1). 
Figure lb is similar to Figure la, except that the media are 
interchanged (geometry 2). Figure lc describes the geometry 
which consists of two semi-infinite media with the probes being 
placed at the interface between the media at a distance of 2a 
apart (geometpy 3). 

Let us the consider the geometry i as shown in Figure la and 
obtain the relationship between the velocity and the properties 
and geometry of the media. Denote the permittivity and per- 
meability of the infinite medium as 8 2 and /-/'2, respectively. 
Further, denote the permittivity and permeability of the circu- 
lar medium as 8• and/_q, respectively. In general, the permit- 
tivity can be treated as complex with the form 

8 = 8' -js" (1) 

where 8' and the 8" are the real and imaginary parts of the 
permittivity with the imaginary part representing the loss in the 
medium. Similarly, the permeability can be treated as complex 
with the form 

tz = tz' - jtz" (2) 

where/z' and the/z" are the real and imaginary parts of the 
permeability, with the imaginary part representing the mag- 
netic losses in the medium. 

2.2. Electromagnetic Problem and Its Solution 

Let the probes of a twin-lead transmission line be placed at 
the interface between the media at diametrically opposite ends 
on the y axis as shown in Figure 1. Note that the the interface 
is the x axis and the small circles represent the probes. The 
velocity of propagation of an electromagnetic wave in the in- 
homogeneous media, v, is related to the capacitance, C, and 
inductance, L, of the transmission line as 

v = 1/(LC) 1/2 (3) 

where C and L are assumed frequency independent. To obtain 
the velocity of propagation for the three geometries discussed 
in section 2, the capacitance and inductance of the transmis- 
sion line should be related to the permittivities, permeabilities, 
and geometries. 

Conformal mapping of the geometry using the following 
transformation was performed to make it amenable to a simple 
solution: 

z=x+iy 

=a i+ (4) 
where a is the radius of the second medium and w = u + i v. 

The reverse transformation results in 

2ay 
u = (x + a) 2 +y2 (5) 

a 2 _ x 2 _ y2 
v = (x + a) 2 +y2 (6) 

Pictorially, the transformation is shown in Figure 2. The ge- 
ometry shown in the w plane in Figure 2 is amenable to easy 
solution. 

2.3. Capacitance of the Line 

With Gauss law and appropriate field boundary conditions, the 
electric field due to the +Q located on the probe at (a, 0), as 
shown in Figure 2, can be shown to be 

-Q 

E+(u, 0) = 'n'(1 - U)(81 4- 82) an (7) 
where au is the unit vector along the u direction. Similarly the 
electric field due to the -Q on the probe at (-a, 0) can be 
shown to be 

-Q 

E_(u, 0) = •r(1 +/,/)(81 4- 82) an (8) 
From (7) and (8) we get the total electric field, Etot(U , 0) as 

Etot(U , 0)= E+(u, 0) + E_(u, 0) 

= + au (9) 1-u l+u 

Noting that the potential difference between the probes, V. qB, 
is independent of path, we get an expression for V. qB as 
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Figure 2. Conformal transformations z --> w and resulting change in the geometry. Note that the probe radii 
change from r to r'. 

V•s = - Etot(U, v)' di 
- 1 +r' 

(lO) 

= + du VAB 7r(el + e2) 1 -- U 1 + U 
-l+r' 

V• = vr(e; 7+ e2) log , 

(11) 

(12) 

where r' is the radius of the probe in the w plane along the u 
direction. Equation (12) is strictly true only when r' << 2. 
Using (12), the capacitance per unit length, C in the z plane, is 
given by 

C = 21 - r 2 (13) 
log 

where the terms 2 and r' (w plane) in the logarithmic term of 
(12) transform to 21 and r, respectively, in (13) (z plane). 
Note that the el and e2 can be treated as complex if the 
dielectric media are lossy. Equation (13) shows that the trans- 
mission line for geometry 1 can be modeled as two capacitors 
in parallel connection as shown in Figure 3. Under the condi- 
tion that e• = e2, the capacitance per unit length given by (13) 
reduces to that of a twin-lead transmission line with a homo- 

geneous dielectric medium [Liboff and Dalrnan, 1931]. Since 
the capacitance given by (13) is symmetric in el and e2, it is 
obvious that (13) applies to geometry 2 as well. The above 
derivation shows that the inner cylindrical core material and 
the surrounding infinite medium play equally important roles 
in deciding the capacitance of the line. Capacitance for geom- 

i I 
v 1C• 

L1 
x+dx 

I+dI 
-•+ 

. . 

V+ dV 

C 2 

Figure 3. An equivalent transmission line model showing 
parallel capacitors and parallel inductors. 

etry 3 can be evaluated from (12) by assuming r' = r, which 
yields (13). Thus the three proposed geometries are identical 
in terms of the capacitance of the line. 

2.4. Inductance of the Line 

Using an approach similar to that employed in section 2.3, with 
Ampere law and appropriate boundary conditions for the mag- 
netic fields, the total magnetic flux density, Btot(U ) can be 
obtained as 

Btot(/• , 0)-- B+(/•, 0) q- B_(u, 0) 

--/ btl/X2 [ 1 1] = + a, (14) qr /.1,1-['- t.1,2 1-u 1 +u 

Noting that the magnetic flux between the probes per unit 
length, •tot, is independent of path, we get an expression for 
•tot as 

I I-r' •tot --- Btot(U , v). di (15) 
-l+r' 

f l-r' I(IXl•[2) [ 1 •tot -'- qr(/J• 1 q- /J•2) 1 - u 
- 1 +r' 

0tot '--7r•/•[ q- /J•2)log , 

du (16) +l+u 

(17) 

where r' is the transformed radius of the probe in the w plane 
along the u direction. Equation (17) is strictly true only when 
r' << 2. Using (17), the inductance per unit length, L, in the 
z plane, can be shown to be 

log (18) 
The integration approach here is similar to that performed to 
obtain the capacitance. Note that the/zl and/z2 can be treated 
as complex if the dielectric media are lossy. Equation (18) 
shows that the transmission line shown in Figure 2 can be 
modeled as two inductors in parallel connection as shown in 
Figure 3. Under the condition that/zl = •2, the inductance per 
unit length given by (18) reduces to that of a twin-lead trans- 
mission line with a homogeneous magnetic medium [Liboff and 
Dalman, 1931]. Symmetry arguments presented in section 2.3 



1930 MAHESHWARLA ET AL.: TIME DOMAIN REFLECTOMETRY PERFORMANCE FACTORS 

TDR 

Two Wire Line 

B 
Probes 

Figure 4. A schematic TDR setup showing the coaxial line, the two-wire line, and the brass probes. 

Ferromagnetic Steel Plates 

can be extended to (17) and (18), which show that (18) applies 
to all three geometries. Moreover, it is found that the inner 
core material and the surrounding medium play equally im- 
portant roles in deciding the inductance of the line. 

2.5. Velocity of Propagation 

Using (13) and (18), the velocity of propagation of an elec- 
tromagnetic wave along the transmission line given by (3) for 
the three geometries can be written as 

1 

v = Re { i (/x• + /x2] ((8 • 82)) ] 2} JLl•lJt/•2 / q_ (19) 
t 

In the above equation, in general, 8 • = 8 [ - j8 'i, 82 = 8 2 - 
j 8 '•, p• • = p• [ - j p•'i, and P•2 = P• • - J P• '•, where the double 
prime terms represent the lossy nature of the media. Equation 
(19) shows that the solution for these geometries is the solution 
of a transmission line with two capacitors and two inductors all 
in parallel combination with each capacitor and inductor com- 
bination representing the inner core material and the infinite 
medium. Equation (19) also shows that in the limit 
and 8• = 82, this case reduces to the solution of a homoge- 
neous transmission line [Liboff and Dalman, 1931]. 

3. Results 

In this section we present results confirming the validity of 
the analytical expression given by (19) through TDR experi- 
ments using a variety of dielectrics and magnetic materials. 
Additionally, we present results of water content measurement 
of wet soil using geometry 1 and compare it to reinterpreted 
literature data [Selker et al., 1993] of geometry 3. Also, a the- 
oretical analysis of the sensitivities of the proposed geometry 
and the traditional geometry is performed, and the sensitivities 
are compared. 

3.1. Experiments 

A Tektronix model 1502 C cable tester was employed for 
experiments. The coaxial line from the output of the TDR was 
soldered to a two-wire line, and the two-wire line was con- 
nected to two brass probes of 2.5 mm diameter and 30 cm 
length. The brass probes were placed at diametrically opposite 
ends of the inner cylindrical medium. Thus the distance be- 
tween the probes was always equal to the diameter of the inner 
cylindrical medium. A schematic picture of the setup is shown 
in Figure 4. 

Owing to multiple reflections of the electromagnetic wave at 

the various junctions resulting from the impedance changes, it 
is hard to relate the displayed signal and the corresponding 
point along the probes. To counter this problem, the following 
technique was followed to accurately relate the signal and the 
point along the probe. Steel plates measuring 5 x 5 x 0.5 cm 
(with high magnetic permeability, p• = 5000p•o) with a central 
hole were placed at the two ends of both the probes. The 
presence of a highly permeable medium such as steel presents 
an impedance to the electromagnetic wave, and therefore a dip 
in the TDR signal is expected. A typical TDR scan for geom- 
etry 2 with the ferromagnetic steel plates placed at the end of 
the probe is shown in Figure 5. Even though the approximate 
location corresponding to the ferromagnetic plate can be ob- 
tained by accounting for each discontinuity in the signal as a 
discontinuity in the TDR probe, the exact location is hard to 
find. The dip in the signal denoted as a cross in Figure 5 was 
found by a series of experiments to correspond to the position 
of the ferromagnetic plate. The experiments consisted of mov- 
ing the ferromagnetic plate an elemental distance and observ- 
ing the location along the scan at which the signal registers the 
maximum change. By performing numerous experiments with 
various media, it was found that the location of the start of the 
probe is a fixed value on the length scale of the TDR and is 
independent of the media between and surrounding the 
probes. This is expected as the TDR distance from the output 
of the TDR (A in Figure 4) to the start of the probe (B in 
Figure 4) is dictated primarily by the coaxial line and the 
two-wire lines so long as the electrical and magnetic properties 
of the media in between are kept unchanged. Thus it is suffi- 
cient to use two steel plates, one at each end of the probes. 

Two sets of experiments, measurement of permittivities and 

Figure 5. A TDR scan for the geometry 2 showing the dis- 
continuities in the signals. Note that the dip denoted with a 
cross corresponds to the position of the ferromagnetic plates 
placed at the end of the probes. (1 foot equals 0.3048 m.) 
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Table 1. Measured Values and Literature Data for Relative Permittivities of Sand (Ksan) , Styrofoam (Ksty), Nylon (Knyl) , 
and Dry Wood (g,voo) 

Interprobe Assumed Relative Calculated Relative 
Distance, Geometry 1: Permittivity Used Permittivity of 

cm Medium 1/Medium 2 in (21) Unknown Medium 
Relative Permittivity From the 

Literature With Reference 

10 styrofoam/styrofoam ... /(sty = 1.275 1.03' [Liao, 1988] 
20 styrofoam/styrofoam '.. /(sty = 1.27 1.03' [Liao, 1988] 
10 dry sand/styrofoam* /(sty = 1.3 /(san = 2.728 2.8 [Liao, 1988] 
20 dry sand/styrofoam* /(sty = 1.3 /(san = 2.642 2.8 [Liao, 1988] 
30 dry sand/styrofoam* /(sty = 1.3 /(san = 3.025 2.8 [Liao, 1988] 
5 nylon/air /(air = 1.0 /(nyl = 2.85 3.6 at 1 MHz*, 

[NYTEF Company, 1994] 
5 hard dry wood/air /(air = 1.0 /(woo = 2.98 1.5-4.0' [Liao, 1988] 

10 styrofoam/air /(air = 1.0 /(sty = 1.55 1.03' [Liao, 1988] 

Note that % = ei/e0 where e0 is the permittivity of free space. 
*Permittivity of styrofoam depends on the density. 
*For our experiments with styrofoam as the material with known permittivity, we have used the permittivity of styrofoam from our 

measurements owing to the consistency of the values for all four geometries, including the traditional geometry. 
*Permittivities of wood and nylon are dependent on the frequency of the electromagnetic signal and the specific form of the material. 

permeabilities of various dielectric and magnetic materials (ex- 
periment 1), and measurement of permittivity of soil as a 
function of water content (experiment 2), were performed. 
Details of the experiments and the results are presented and 
discussed below. 

3.1.1. Experiment 1. Dielectric and magnetic materials of 
a cylindrical shape or with a cylindrical hole in them were 
employed to study their permittivities and permeabilities. The 
media considered were air, dry sand, low-density styrofoam, 
ferromagnetic steel, nylon, and dry wood. Owing to the limi- 
tations of some of the materials, only some of the configura- 
tions could be tested. Note that the effective permittivity of the 
media is an arithmetic mean of the permittivities of the two 
media and the effective permeability is a harmonic mean of the 
permeabilities of the media. The TDR experiments yield rel- 
ative velocity of the electromagnetic wave in the media to that 
of air, t/media/t/ai r . The relative velocity is directly related to the 
effective permittivities and permeabilities of the media as 

( / 2 Vmedia __ •o/Xo (20) 
t/ai r /t • eft/• eft 

with /.•Leff = 2/•/•2/(/• + /•2) and Ser f = (81 q'- 62)/2. Consider 
the TDR results of a combination of two nonmagnetic dielec- 
tric media. Equation (20) will simplify to 

( t 2 t/medi a 60 _ 260 
t/air / -- 6e-- • -- 61 q._ 62 (21) 

To infer the permittivity of one of the medium from (21), one 
needs to know the permittivity of the other medium. A similar 
argument holds for the permeability also. 

The results of our measurements of relative velocity along 
with (19) were employed to obtain the permittivities and per- 
meabilities of various dielectric and magnetic materials and are 
reported in Table 1. The known permittivity listed in the "as- 
sumed relative permittivity" of Table i is assumed to infer the 
permittivity of the unknown material. These results were com- 
pared with experimental data reported in the literature [Liao, 
1988; NYTEF Company, 1994]. Fairly good agreement ob- 
tained as shown in Table i establishes the validity of equations 
(13), (18), and (19) within the experimental uncertainties such 
as the influence of frequency, temperature, and humidity on 
the dielectric and magnetic properties of the materials, the 

error in interpreting the TDR scan, and the possibility of 
excitation of nontransverse waves. Experiments with a 15-cm- 
long and 5-cm-diameter ferromagnetic steel rod (covered with 
electrical insulation) yielded a velocity of about 1.4 times that 
of air, which by (20) results in /_Lstee I ))) /-LO, which is in agree- 
ment with [Liao, 1988]. It is noted that the data reported in 
[Liao, 1988] are frequency, temperature, humidity, and the 
history of the material and the TDR employs a rectangular 
pulse which contains many frequency components. Therefore 
any comparison of the results should be made with caution. 

3.1.2. Experiment 2. For the purpose of this experiment, 
a 120 x 120 x 60 cm low-density styrofoam block was used 
with circular through cuts of diameters 10, 20, and 30 cm along 
the thickness direction. The concentric cylindrical pieces were 
preserved and employed during the experiments. A schematic 
picture of the block is shown in Figure 6. By removing the 
inner pieces one by one, the diameter of the hole in the sty- 
rofoam can be changed from 10 to 20 to 30 cm. Since the probe 
length was 30 cm, a circular styrofoam block of diameter 30 cm 
was placed at a distance of 30 cm from the bottom as illustrated 
in Figure 6. The reason for limiting the hole length to 30 cm, 
even though 60 cm could have been used, is for ease of the 
experiment and economy of sand. (Unfortunately, the annular 

120 cm f to TDR 
•_ .................. __•__• Two Wire Line 

I / ..... "Xl/ 
I/ / -- 
• • •gs of •iame• 

10, 20 •d 30 cms. 

30 cm long 30 cm long 
BoSom S•rofoam Bl•k Brass 

Figure 6. A schematic styrofoam block configuration used 
for the wet soil experiment. 
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Figure 7. Permittivity of wet soil versus water content (by 
volume) from our experiments and reinterpreted from Selker et 
al. [1993]. 

pieces could not be cut to 30 cm due to difficulties in scooping 
out the bottom without destroying the annular pieces.) The 
probe end with the steel plate was made to exactly rest on the 
bottom styrofoam block and the probes were placed at diamet- 
rically opposite ends of the inner hole. Then the hole was filled 
with sand with varying contents of tap water. Four sets of 
experiments with three interprobe distances were performed 
and the results were obtained. The results for 0%, 10%, 20% 
and 30% (by volume) water contents are shown in Figure 7. 
The relative permittivity of styrofoam was assumed to be 1.3 
(data from our experiments with four geometric configura- 
tions). The results are consistent among themselves and are in 
fairly good agreement with the literature [Topp et al., 1980; 
Selker et al., 1993]. 

3.2. Theoretical Analysis 

Using a theoretical analysis, let us compare the sensitivities 
to permittivity variation of these three geometries to that of the 
traditional geometry. Since the three geometries result in the 
same relationships and hence the same sensitivity to moisture 
content, let us consider the geometry 1 as shown in Figure la. 
Let the radius of the circular hole be a. The hole contains air 

and, therefore, its 6• = 6o = 8.85 x 10 -•2 F/m. Let us vary the 
6 2 and plot the velocity given by (19). It is assumed that/x• = 
•2 = •0 --' 4z' x 10 7 H/m. For this case, (19) reduces to 

( 2 )•/2 v = (60 + •2)(•0) (22) 
A plot of v versus 62 is shown in Figure 8, showing that the 62 
varies with moisture content [Topp et al., 1980]. Consider the 
traditional application and let the permeability be 6 2 (soil with 
varying water content) and/x• = •2 = •o = 4•r x 10 7 H/m. 
Equation (22) for this case reduces to 

v= (62) (/x0) (23) 
A plot of v versus 6 (soil with varying water content) is shown 
in Figure 8. From Figure 8 it is obvious that the geometry 1 is 
of comparable sensitivity to the traditional application. 

3.3. Reinterpretation of Literature Data 

The geometric configuration proposed by Selker et al. [1993] 
is similar to that of our geometry 3, except for the presence of 

the thin acrylic material. In the absence of the acrylic material 
in their configuration, the velocity of propagation of an elec- 
tromagnetic wave along the probe placed at the interface be- 
tween two semi-infinite media should follow (19). Thus the 
effective dielectric constant, 6eft reported by Selker et al. [1993], 
in actuality, satisfies the following condition: 

air -[- 6wet soil : 2 (6 e,) (24) 

assuming that the acrylic is thin and plays a minor role in the 
propagation of electromagnetic waves. Data from Figure 2 of 
Selker et al. [1993] were reinterpreted using (24) and are pre- 
sented along with our data for geometric configurations 1 and 
2 in Figure 7. The good agreement between the data again 
establishes the validity of the (13), (18), and (19). It is noted 
that there is a constant shift of about 1.0 in the relative per- 
mittivity for the data of Selker et al. [1993] which is due to 
neglecting the acrylic materials whose high-frequency relative 
permittivity is approximately 2.7. Thus, if a relative permittivity 
between 1.0 and 2.7, for example, 2.0, is used in (24), the 
agreement between our data and those of Selker et al. [1993] 
will be excellent. It is noted that the present theory can only be 
used for obtaining semiquantitative behavior for the configu- 
ration presented by Selker et al. [1993]. Since the configuration 
of Selker et al. [1993] is theoretically very complicated, and 
because of the added uncertainties from experiments, the ap- 
proach of obtaining calibration curves and utilizing them is the 
best approach [Selker et al., 1993]. 

4. Discussion 

It is shown that the velocity of electromagnetic wave prop- 
agation for three proposed geometries is related to the elec- 
trical and magnetic properties and the geometry through an 
analytical expression. The validity of the analytical expression 
is established through measurement of permittivities and per- 
meabilities of various materials with known properties within 
experimental uncertainties such as signal interpretation, vari- 
ation of properties with frequency, temperature, and humidity, 
and the possibility of excitation of nontransverse waves. Ex- 
perimental studies on sand with varying water content have 
shown that the proposed configurations can be used for water 
content measurement of soil in cases where a hole already 
exists in the soil or where one can be drilled without affecting 
the flow characteristics. The comparative numerical study pre- 
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sented in section 3.2 shows that the proposed geometries are of 
comparable sensitivity to the traditional geometry. Even 
though the traditional geometry is more sensitive to moisture 
content, owing to field constraints it may not be possible or 
desirable to install the probes into the medium. In such a case, 
geometry 3 can be adopted. For those cases where a hole, 
tunnel, or mine already exists, geometries 1 and 2 are more 
suitable than the traditional geometry or geometry 3. 

The proposed geometries have several advantages over the 
traditional geometry for permittivity and permeability mea- 
surements. First, in many media (semi-infinite), drilling holes 
may not be desirable or possible, in which case the traditional 
geometry and geometries 1 and 2 cannot be used and geometry 
3 is suitable. In cases of materials which exist or are produced 
in cylindrical form, the traditional geometry and the third pro- 
posed geometry are not suitable, whereas geometries 1 and 2 
will be suitable. Second, instead of leaving the probe end open 
as is the standard practice in the traditional methods, it can be 
shorted for the proposed geometries. This will not only provide 
mechanical strength to the transmission line system, but also 
help in maintaining the distance between the probes constant 
throughout the measurement. 

The limitations of the proposed geometries are as follows. 
First, intentionally forming a hole for the purpose of this mea- 
surement may interfere with fluid flow characteristics of the 
soil. But if the depth profile information is not needed, then 
geometry 3, which obviates the need for a hole, can be em- 
ployed. Second, digging a hole for the purpose of this mea- 
surement is destructive and may not always be possible or 
desirable. Third, if the probes are too far apart and the input 
signal is weak, the TDR output will be weak. In this case, none 
of the proposed geometries is suitable. Also, these configura- 
tions are not suitable if the interprobe distance and the probe 
radii are of comparable dimension. It was found by experimen- 
tation with the instrumentation and the transmission line sys- 
tem described in section 3.1 that for an interprobe distance 
greater than 30 cm, the signal is weak and the error in the 
measurement is greater. It is noted that the experiments per- 
formed under this study are controlled laboratory experiments. 
Before these geometries are used in the field, field experimen- 
tation needs to be performed. 

Use of a ferromagnetic steel plate to correlate the location 
along the probe to the distance scale on the TDR probe is 
unique to this study. Any material which provides high imped- 
ance to the electromagnetic wave, such as ferroelectric or fer- 
romagnetic or ferrimagnetic materials, will be equally suitable. 

5. Conclusion 

We have proposed three nontraditional geometries for TDR 
characterization of various media. We have shown that the 

velocity of the TDR signal is related to the permittivities and 
permeabilities of the media through an analytical expression, if 
the media are homogeneous. The validity of the analytical 
expression is established by experimental measurement of per- 
mittivities and permeabilities of various media with known 
properties. It is also shown by experimentation that the pro- 

posed nontraditional geometries can be employed for water 
content measurement in soil. It is shown by a theoretical anal- 
ysis that the TDR applications with the proposed geometries 
are comparably sensitive to variation in permittivity to the 
traditional geometry. It is believed that in applications where a 
hole or tunnel already exists, one of the geometries proposed, 
that is, as shown in Figure la, is the most suitable nondestruc- 
tive technique to obtain property profiles of the matter sur- 
rounding the tunnel. If digging a hole is undesirable and the 
depth profile is not needed, then geometry 3 is the most suit- 
able one. 
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