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Abstract

Time domain reflectometry has been used for fluid level measurement and

characterization since the 1960’s, however, there is little research present in

the literature to improve the measurements by using alternate probe designs.

Numerical analysis of a dielectric loaded circular waveguide probe has deter-

mined that appropriately chosen dimensions and dielectric loading will allow

for control of the reflection coefficient and consequently its permittivity ac-

curacy. Additionally, the resulting reduction in signal velocity allows for an

increase in height measurement accuracy. A detailed optimization procedure

has been developed and implemented with MATLAB to determine the required

probe dimensions and dielectric loading for a particular lossless application.

Using Ansoft HFSS the validity of the lossless method was confirmed at low

frequencies for lossy ethanol-water and acetic acid solutions. At 1GHz the

procedure yields parameters that allow for accuracy increases on the order of

5 to 20 times that of a traditional probe.
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Chapter 1

Introduction

Time domain reflectometry (TDR) has become an accepted method for

simultaneously measuring the level of liquid within a tank while also measur-

ing the relative permittivity of the liquid. Cost efficient measurements can be

made by using only the amplitude and delay of the received pulse. The permit-

tivity can then be used to estimate properties of the fluid, including, compo-

sition, quality, concentration, density or water content. TDR for permittivity

measurements has been in use since the 1960’s [1], although the concept had

been in use for fault detection for many years. Within the last two decades,

TDR has been heavily utilized and researched for soil moisture content. In

recent years, very fast pulse repetition times have allowed TDR to become a

practical and cost effective means to monitor height and permittivity changes

in real time for industrial process control applications. This thesis explores

the feasibility of utilizing a dielectric loaded circular waveguide probe to have

greater control over its signal propagation and reflection properties, thereby

allowing for a significant increase in accuracy over conventional probes.

1.1 Literature Review

A review of the state of the existing literature relative to TDR, fluid level,

and permittivity measurement applications has been given in this Section. Al-

though the focus of this thesis is on fluid level and its material characterization

using TDR, it is more popularly used in soil measurement and fault location

applications. A brief review of the other TDR applications is given in Section

1.1.1. The competing microwave methods for determining liquid level and the

permittivity of materials are summarized in Section 1.1.2. The literature rel-
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evant to liquid level and material characterization has been given in Section

1.1.3.

1.1.1 Other TDR Applications

Determining soil water content has traditionally been one of the most com-

mon applications of TDR [2, 3]. A detailed review of the advances in measure-

ment of the dielectric and electrical conductivity of soils has been prepared

in [4, 5, 6]. Various probe designs have been studied to alter the field con-

figuration which can result in an improved spatial sensitivity. Single rod [7],

two wire, three wire, seven wire, coaxial, parallel plate and dielectric coated

probes have been investigated [6, 8, 9]. For example, single rod probes were

shown to have an increased sensitivity over two rod probes due to the circular

symmetry. A dielectric coating with relative permittivity of approximately 35

was found to increase sensitivity measurements of very lossy soils where the

signal would otherwise be attenuated. The measurement of soil water content

typically uses a probe that penetrates into the soil, however, it has been shown

that noninvasive methods can be used that allow for measurement of the water

content of pavement, hard rock drill cores, or hardened soil [10]. Recently, a

coiled probe has been designed to measure the Matric potential of soil. The

Matric potential is a soil property that is a combined measure of the capillary

and absorptive forces of soil particles [11].

In recent years TDR has been applied to a wide range of applications. The

moisture content in rice and its dielectric relaxation curves have been found

[12]. TDR has been used as a method to locate discontinuities and to monitor

water trees on power cables [13], or to monitor the integrity of pipelines [14].

Application specific probes have been proposed that allow for landslide detec-

tion [15], obstacle detection [16] or pressure measurement [17]. TDR has also

been used to measure the characteristic impedance of nonuniform transmission

lines [18].

1.1.2 Alternate Measurement Methods

A review of the available microwave techniques to measure the dielectric

properties of polar liquids has been prepared by [19]. The complex permit-

tivity of a material can be found by measuring the reflected and transmitted
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signal. This can be done using either free space [20] or waveguide [21, 22, 23]

based methods. The permittivity can also be determined by filling a waveg-

uide with the liquid sample and measuring the change in cutoff frequency

[24, 25]. Typically, a sample of known dimensions is prepared and frequency

domain measurements are performed using a calibrated Vector Network Ana-

lyzer (VNA).

Time domain measurement methods will be covered in depth in the re-

mainder of this thesis, however, frequency domain and time-frequency do-

main methods are also present in the literature. Frequency domain methods

typically utilize either single or multiple continuous single frequency signals

[26, 27, 28]. The minimum liquid thickness is determined by the attenuation

of the liquid and the frequency separation of the signals. The system described

in [27] reports a range error of ±0.2mm, with the use of an HP-8510 network

analyzer. Time-frequency domain based methods have reported an increase in

fault detection [29] and permittivity measurement accuracy [30].

1.1.3 Applications of TDR for Liquid Characterization

This section will focus on liquid level and characterization applications.

TDR was first proposed in the 1960’s as a method to simultaneously char-

acterize liquid properties and measure liquid levels. Time domain methods

using amplitude based measurement, in conjunction with sequential sampling

techniques [31], provide a cost effective alternative to frequency domain meth-

ods for industrial applications [32]. TDR has also been shown as a suitable

method for monitoring liquid properties in real time [33].

The dielectric properties of a solution are typically proportional to its chem-

ical composition, allowing for material properties to be inferred based on the

measured dielectric properties. The fat content in milk and the freshness of the

milk can be determined based on its dielectric properties [34, 35]. The result-

ing decrease in glucose during the fermentation process of Japanese sake has

been shown to be related to its complex permittivity [36]. TDR has been used

to measure the relaxation and thermodynamic behaviour of propylene glycol,

it was found that the degree of polymerization is related to temperature and

its complex permittivity [37]. The concentration of water based solutions such

3



as alcoholic beverages or acetic acid have been shown to be related to its com-

plex permittivity [38, 39, 40].

TDR has been shown to perform favourably in most industrial environ-

mental conditions. When compared to float, capacitive, ultrasonic and radar

methods it performs well in most categories, including: dust, slurry, foam and

agitation. However, it does not perform well in viscous, sticky or applica-

tions prone to encrustation [41]. Experiments have been performed by [42]

to demonstrate the performance of TDR for real time measurement of liquid

height and the dielectric properties of ethanol, acetone, fuel and diesel oil.

The relative error in liquid level measurement was reported as 1.4% to 2.7%

for liquid levels ranging from 12.5cm to 41.2cm. The relative error in permit-

tivity measurement was reported to be less than 2%. De-ionized water has

been studied in [43, 44] where a reported 2.1% error in relative permittivity

measurement has been achieved.

Numerous probe designs have been proposed for soil measurement as dis-

cussed in Section 1.1.1, however, no literature related to alternate probe de-

signs for the purpose of increased accuracy of permittivity or height mea-

surement has been found. As will be discussed in the following sections, TDR

probes typically utilizes TEM mode propagation which does not allow for such

improvements. Two non-TEM structures, a dielectric rod and the Goubau

waveguide, have been proposed in [45] for use with continuous wave liquid

level measurement. It was found that these structures are less susceptible

to deposits on the probe and the attenuation can be reduced. The Goubau

waveguide and Sommerfeld wire (a Goubau waveguide without dielectric coat-

ing) have been studied for TDR applications [46, 7]. It was found that the

region of influence of these probes is considerably larger and more symmetric

than typical two-wire probes. A dielectric coating with relative permittivity

up to 100 was studied, it was found that materials with high dielectric constant

reduces the spatial sensitivity of the probe. Furthermore, it has been shown

that a coiled probe can be used to reduce the impact of reflections from the

end of the probe by increasing the distance the pulse travels [47].

4



1.2 Contributions of this Thesis

The primary focus of this thesis is the investigation of alternative probe

configurations and their impact on fluid level monitoring and characterization

applications. It was found that TEM mode structures, although established

and widely used, cannot be customized further for particular applications.

This resulted in the investigation of non-TEM mode structures, in particular

the TE01 mode of a dielectric loaded circular waveguide. The propagation and

reflection properties of waves utilizing these types of field configurations are

extremely dependent on the geometry, frequency, and material composition of

the probe. It has been found that this dependency allows for customization

based on a specific application, thereby improving a variety of desirable prop-

erties, which is not possible using conventional TEM methods.

Non-TEM waves can be supported by a variety of structures. In this thesis,

metallic waveguides will be studied in detail. At the desired frequency range,

the size and strength of these structures are feasible for use in fluid level mon-

itoring applications. The governing equations for dielectric loaded metallic

waveguides have previously been studied in-depth, therefore derivations are

not required as part of this work. However, the equations governing the field

configurations are non-trivial transcendental equations. This required a de-

tailed numeric solution strategy and optimization method to be developed for

this work. This method has been implemented using MATALB. Liquid losses

have been shown to have a detrimental impact on the reflection coefficient

while significantly increasing the complexity and computational requirements

of the solution procedure. As a result, low loss applications are preferred and

losses have been omitted in the optimization procedure.

It has been found that dispersion is a significant drawback of non-TEM

probes for measurement applications. Without diligent consideration given to

the effects of dispersion, the impacts of pulse spreading would make non-TEM

methods infeasible for measurement applications. The effects of dispersion

have been well studied in fiber optic communication systems. Previously de-

rived theory has been adapted in this thesis to allow for the use of these

dispersive modes.
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The performance of the optimized probe designs has been confirmed us-

ing Ansoft HFSS software. High permittivity applications were found to have

the greatest potential for permittivity accuracy improvement. Multiple probe

configurations have been provided for a range of liquid applications. To test

the validity of the low loss assumption used in the optimization procedure,

lossy ethanol-water and acetic acid solutions have been studied. At a carrier

frequency of 1GHz it has been found that the lossless optimization routine can

determine the dimensions and parameters of a probe for use in lossy applica-

tions.
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Chapter 2

Principles of Time Domain
Reflectometry

The basic theory required to measure the liquid permittivity and height

using time domain reflectometry techniques will be described in this section.

A typical setup used for these measurements is discussed in Section 2.1. The

basic principals required to measure the height and liquid permittivity using

TEM methods have been reviewed in Sections 2.2 and 2.3 respectively. The

limitations that arise due to the presence of multiple reflections will be dis-

cussed in detail in Section 2.4. These limitations are often neglected due to

attenuation or deemed insignificant because of small pulse widths. However,

such simplifications are not applicable to the non-TEM methods proposed in

this thesis. Consequently, a detailed method for determining the impact of

multiple reflections on the above measurements has been developed. This

method also allows for easy transition to the non-TEM methods discussed in

the following Chapters.

2.1 Typical Measurement Setup

The TDR applications studied in this thesis are limited to the measurement

of fluid level and material characterization, such as measuring the dielectric

constant or concentration of the liquid solution. The experimental setup pro-

posed in this thesis is shown in Figure 2.1. The probe illustrated in the figure

provides a controllable means for which an electromagnetic pulse can interact

with the liquid. The pulse is launched from the top of the guiding structure

and is confined by the outer conducting walls as it propagates towards the

liquid. Small perforations may be present on the exterior of the probe walls to

7
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Figure 2.1: Typical experimental setup.

allow the liquid to easily pass into it. Provided that these holes are sufficiently

small, they will not have a significant impact on the performance of the probe.

The injected pulse travels down the probe a distance (d) towards the liquid

with the group velocity (vg) of the probe. Upon interaction with the liquid,

the reflected signal is generated with amplitude proportional to the reflection

coefficient (Γ). The remaining portion of the signal transmits into the liquid.

The reflected signal then propagates back the same distance and velocity to

the receiver. The reflected signal can modeled by,

yr(t) ≈ Γy(t− t1) (2.1)

where y(t) is the input signal and t1 is the total delay introduced. In Sec-

tion 2.2 it has been shown that this delay can be used to determine the height

(h) of the liquid. Similarly, in Section 2.3 it has been shown that the ampli-

tude can be used to determine the permittivity of the liquid.

The received signal modeled in Equation 2.1 is an approximation because
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it neglects the impact of the portion of the signal that was transmitted into the

liquid. This transmitted signal will continue to travel down the probe at the

group velocity of the probe filled with the liquid (vg,Liq). The probe is typically

terminated with a solid piece of metal which has a reflection coefficient of −1,

although other terminations are possible. The signal reflected from the probe

termination travels back along the probe to the liquid interface where a third

reflection occurs. A portion of this signal will be reflected back into the liquid

where this process repeats indefinitely while the remaining portion enters the

air filled region of the probe and returns to the receiver. This phenomenon

will be referred to as multiple reflections. The result is an infinite series of

reflections that can cause errors in measurement. The conditions necessary to

neglect these multiple reflections are discussed in detail in Section 2.4.

2.2 Propagation and Height Measurement

Fluid level measurement relies on the predictable nature of the speed of an

electromagnetic wave in the guiding structure. In general, the group velocity

of a TEM wave through a medium is known to be,

vg =
c
√
εr

(2.2)

Where c is the speed of light in vacuum (2.998×108 m/s), and εr is the relative

permittivity of the medium the wave is travelling in. The relative permittivity

of air is approximately 1. The distance to the liquid level interface can be

found using the total delay between the launched and received time of the

reflected pulse. The speed at which the signal travels is known from Equation

2.2, which results in,

d =
vgt1

2
(2.3)

From this calculated distance and the known length of the probe, the liquid

height can be determined,

h = L− d (2.4)
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2.3 Reflection and Permittivity Measurement

The magnitude of the reflection coefficient is defined as the ratio of reflected

to incident signal amplitudes, and can be derived using either electromagnetic

or impedance analysis. The latter will be used in this thesis as it provides

a simple and intuitive method for comparing the reflection coefficient profile

for various structures. Equations 2.5 to 2.12 are well known electromagnetic

relationships as described in more detail by [48]. The reflection coefficient in

terms of the characteristic impedance of the probe in the air and liquid filled

regions of the probe is,

Γ =
Z2 − Z1

Z2 + Z1

(2.5)

where Z2 and Z1 represent the characteristic impedance of the respective media

filled portion of the probe. In our case Z2 is the characteristic impedance of the

probe within the liquid under test, while Z1 is the characteristic impedance of

the probe in air. Additionally, the transmission coefficient is defined in terms

of the reflection coefficient,

T = 1 + Γ =
2Z2

Z2 + Z1

(2.6)

The impedance of a TEM wave is,

Z =
jωµ

γ
(2.7)

and γ is the complex propagation constant,

γ = jω
√
µε0ε′(1− j tan δ) (2.8)

The loss tangent (tan δ) is defined in terms of the real (ε′) and imaginary

component (ε′′) of the dielectric constant (εr = ε′r + jε′′r),

tan δ =
ε′r
ε′′r

(2.9)

and where,

µ = µrµ0 ε = εrε0

µ0 = 4π × 10−7 H/m ε0 = 8.8542× 10−12 F/m
(2.10)
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The permeability (µ) is defined in terms of the free space permeability, (µ0)

and the relative permeability of the material (µr). Similarly, the permittivity is

defined in terms of the free space permittivity (ε0) and the relative permittivity

of the material (εr). For typical TDR applications µr = 1 and in air εr =

1. Applying the results of Equations 2.5 to 2.10 yields the complex valued

reflection coefficient of a TEM wave for a lossy liquid,

Γ =
1−

√
ε′r,2(1− j tan δ)

1 +
√
ε′r,2(1− j tan δ)

(2.11)

For low loss liquids tan δ ≈ 0 which allows the complex component of the

permittivity to be neglected. The reflection coefficient can then be written

simply as,

Γ =
1−√εr2
1−√εr2

(2.12)

Where εr2 is the relative permittivity of the liquid under test. Note that the

reflection coefficient is independent of the probe geometry for a TEM wave.

The reflection coefficient over the range of relevant permittivity values is shown

in Figure 2.2.
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Figure 2.2: TEM reflection coefficient.
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2.4 Pulse Width and Minimum Height

The minimum height (hmin) is defined as the minimum required liquid

height such that the subsequent reflected pulses do not cause significant error

in the measurements. The minimum height is dictated by the pulse width

used, the attenuation of the liquid, and the termination of the probe. For

example, the pulse used in [38] has a rise time of 18ps which corresponds

to a minimum height of less than 1cm. However, such a pulse would require

significant bandwidth and is not suitable for dispersive waveguide applications.

For liquids with significant attenuation the reflected pulses from the probe

termination can be neglected [32]. Liquid losses will have a significant impact

on the reflection properties of a waveguide probe, thus, liquids with low losses

have been considered. Finally, the termination of the probe determines the

magnitude of the subsequently reflected pulses. The probe can be terminated

with either a short circuit, open circuit, or matched termination. A short

circuit termination has been shown to provide more accurate results than the

open ended type [49]. A matched termination can be used to absorb reflections

but is not suitable for a large range of fluid permittivity values [45]. A short

circuit termination has been used in this thesis. Careful consideration has

been given to account for multiple reflections and to determine the required

minimum height.

2.4.1 Pulse Width

The time domain pulse width (Tp) is defined for the purpose of this work

as the point where the amplitude is reduced to the user defined value, ATp .

It has been shown that this allows for a simple definition of minimum height

and a direct correlation between ATp and the error introduced due to multiple

reflections.

ATp ≡
y(Tp/2)

y(0)
=
Y (BW/2)

Y (0)
(2.13)

where BW is the bandwidth of the pulse and y(t) and Y (f) are the time and

frequency representations of the Gaussian pulse. The Gaussian pulse is defined

as,

y(t) = exp

(
−t2

2τ 2
0

)
(2.14)
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Where τ0 is the Gaussian pulse width. Solving for y(Tp/2) = ATp , setting

t = 0, and rearranging gives the definition for the pulse duration that will be

used in this thesis,

Tp = τ0

√
−8 ln(ATp) (2.15)

The same definition has been applied to bandwidth as this will determine the

portion of the signal that is contained within the allotted frequency range. This

will be of particular importance in the following chapter where this definition is

utilized to determine the limit imposed by higher order modes. The frequency

domain representation of a Gaussian signal is,

Y (f) = τ0

√
2π exp

(
−(2πfτ0)2

2

)
(2.16)

Solving for Y (BW/2) = ATp , setting f = 0, and rearranging, the bandwidth

is,

BW =

√
−2 ln(ATp)

τ0π
=
−4 ln(ATp)

Tpπ
(2.17)

The above definitions are illustrated in Figures 2.3 and 2.4.
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Figure 2.4: Definition of pulse bandwidth for a modulated Gaussian pulse.
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2.4.2 Minimum Height

Presently in the literature many applications are limited to lossy dielectric

materials where the attenuation is large enough that multiple reflections can

be neglected [50, 51, 52, 32]. Otherwise, the impact of multiple reflections

have been minimized by using broadband pulses with very fast rise times

[38, 53]. Neither of these are suitable to the waveguide methods proposed in

the following Chapter. The minimum height of the fluid that can be accurately

measured has been defined in this Section in terms of the pulse width defined

in Section 2.4.1. The pulse transmitted into the liquid is delayed by,

td =
2h

vg,Liq

(2.18)

as a result of travelling twice the height of the liquid. At the minimum height

the delay is equal to half the pulse duration of the signal [53],

td =
Tp
2

(2.19)

This definition allows for the leading edge of the transmitted pulse to coincide

with the peak of the reflected pulse. Substituting Equation 2.19 into Equation

2.18 and considering only the maximum group velocity in the liquid (vg,Liq,Max)

gives the minimum height of the liquid,

hmin =
vg,Liq,MaxTp

4
(2.20)

For a TEM wave the group velocity is highest when εr,Liq = 1, which corre-

sponds to vg,Liq,Max = c.

The total error introduced due to the overlap of all transmitted pulses can

be derived from the series of infinite reflections [48]. The total received signal

for an input signal y(t) is,

yr(t) = Γ1y(t) + T12T21Γ3y(t− td) + T12T21Γ2
3Γ2y(t− 2td) + · · · (2.21)

which can be simplified to,

yr(t) = Γ1y(t) + T12T21Γ3

∞∑
n=0

Γn2 Γn3y (t− (n+ 1)td) (2.22)
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Where,

T21 = 1 + Γ1 , T12 = 1 + Γ2 , Γ2 = −Γ1 (2.23)

For a short circuit termination, Γ3 = −1. Applying Equation 2.23, Equa-

tion 2.22 reduces to,

yr(t) = Γ1y(t) + (Γ2
1 − 1)

∞∑
n=0

Γn1y(t− (n+ 1)td) (2.24)

Changing the index to n = 1 gives the simplified expression for the received

pulse,

yr(t) = Γ1y(t) + (Γ2
1 − 1)

∞∑
n=1

Γn−1
1 y(t− ntd) (2.25)

The total reflection coefficient can be defined relative to t = 0 and using,

ΓT ≡
yr(0)

y(0)
(2.26)

utilizing the symmetry of the Gaussian pulse, y(t) = y(−t),

ΓT = Γ1 + (Γ2
1 − 1)

∞∑
n=1

Γn−1
1 y(ntd) (2.27)

The error introduced due to multiple reflections (Γerror) can now be isolated,

ΓT = Γ1 + Γerror (2.28)

Γerror = (Γ2
1 − 1)

∞∑
n=1

Γn−1
1 y(ntd) (2.29)

For a Gaussian pulse, the quantity y(ntd) decreases exponentially.

y(ntd) = exp

(
− (ntd)

2

2τ 2
0

)
(2.30)

Rearranging Equation 2.15 for τ0 and substituting into Equation 2.30 gives,
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y(ntd) = exp


−

(
nTp

2

)2

2

(
Tp√

−8 ln(ATp)

)2

 (2.31)

Which reduces to,

y(ntd) = (ATp)n
2

(2.32)

Γerror = (Γ2
1 − 1)

∞∑
n=1

Γn−1
1 (ATp)n

2

(2.33)

ATp is significantly less than 1 by definition, therefore, the terms for n > 1 will

not contribute significant error to measurements and can be neglected.

Γerror ≈ (Γ2
1 − 1)ATp (2.34)

The maximum absolute error introduced will occur when the reflection co-

efficient is small (Γ1 ≈ 0). The maximum absolute error introduced due to

multiple reflections is,

|Γerror,max| = ATp (2.35)

The above derivation is only valid at t = 0. Where t = 0 is set to corre-

spond to the peak amplitude of the first received signal. The error introduced

adjacent to this time must be considered to ensure that the first reflected

pulse is distinguishable. A range of values for ATp have been investigated in

the following figures with Γ1 = 0.1. At ATp = 10−2 the first reflection is not

distinguishable, as shown in Figure 2.5. When ATp is reduced to 10−3 the first

pulse becomes distinguishable, however, the peak of the first reflected pulse

is shifted slightly, refer to Figure 2.6. This peak shift would result in height

measurement error. For ATp ≤ 10−4 the first reflected pulse is distinguishable

and the error due to peak shifting is negligible. For reference, these figures are

given in Figure 2.7 and Figure 2.8.

From Equation 2.17 the bandwidth of the signal is increased with decreas-

ing ATp. Therefore, it is preferred to choose the highest value of ATp that

will allow for the error introduced to be negligible. In this thesis, the value of

ATp = 10−4 has been used.
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Figure 2.5: Envelope of the typical received time domain pulses as a result of multiple
reflections for ATp = 10−2. (a) Received signal and (b) individual reflections.
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Figure 2.6: Envelope of the typical received time domain pulses as a result of multiple
reflections for ATp = 10−3. (a) Received signal and (b) individual reflections.
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Figure 2.7: Envelope of the typical received time domain pulses as a result of multiple
reflections for ATp = 10−4. (a) Received signal and (b) individual reflections.
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Figure 2.8: Envelope of the typical received time domain pulses as a result of multiple
reflections for ATp = 10−5. (a) Received signal and (b) individual reflections.
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2.5 Summary

In this Chapter the proposed experimental setup, required background

knowledge, and required definitions have been introduced. The basics of liquid

permittivity and height measurement based on the peak amplitude and delay

of the measured signal have been reviewed. For the case of a TEM wave, both

the propagation velocity of a signal and the reflection coefficient were confirmed

to be dependent only on the permittivity of the air and liquid. The concepts of

pulse width and minimum height were defined. These are applicable to all time

domain reflectometry applications, but will become of particular importance

for the dispersive structure studied in the following Chapter. It was found

that a pulse width definition (ATp) of 10−4 can be used to neglect the impact

of multiple reflections.
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Chapter 3

Analysis of Waveguides for
TDR Applications

In order to use waveguides for time domain reflectometry applications, it

is necessary to modify the fundamental concepts established in Chapter 2.

The relevant background theory required will be briefly reviewed, including,

probe configuration, the characteristic equation, waveguide modes and cut-

off frequency. These topics are covered in Sections 3.1. The propagation

and reflection properties of waveguides has been discussed in Section 3.2 and

3.4. The resulting impacts on the minimum height required will be discussed

in Section 3.3. A detailed optimization strategy has been developed in Sec-

tion 3.5 to determine the necessary probe parameters. This strategy provides

the optimized probe dimensions, dielectric loading and pulse configuration for

any particular application. Finally, measurement of the liquid permittivity

and height necessitates accounting for the effects of dispersion on the received

pulse. This is covered in Section 3.6. This thesis will focus on dielectric loaded

circular waveguides, however the theory presented here could also be applied

to other waveguides, such as rectangular, elliptical and coaxial.

3.1 Probe Configuration and Waveguide

Theory

The proposed dielectric loaded circular waveguide is shown in Figure 3.1.

The center of the waveguide core is loaded with a dielectric material of known

permittivity (εr,1 = εr,Load) with a radius a. The circular waveguide wall of

radius b is assumed to be a perfect electric conductor (PEC). The gap be-
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Figure 3.1: Side view (left) and cross section (right) of the dielectric loaded circular
waveguide probe.

tween the dielectric loading and the conducting surface is filled with either air

(εr,2 = 1) or the liquid under test (εr,2 = εr,Liq).

The complex propagation constant (γ) is a frequency dependent parameter

that determines the attenuation and propagation of the pulse. It is defined as

[48],

γ = α + jβ (3.1)

Where α is the attenuation constant and β is the phase constant. The propa-

gation constant can be found by solving the characteristic equation [48],

F (γ) = 0 (3.2)

The characteristic equation (F (γ)) is derived by solving Maxwell’s equations

subject to the boundary conditions. Maxwell’s equations in source free region

are [48],

∇× ~E = −jωµ ~H (3.3)

∇× ~H = jωε ~E (3.4)

The boundary conditions that must be satisfied at the interface between the

two dielectric filled regions are [54],

E
‖
1 = E

‖
2 (3.5)

εr,1E
⊥
1 = εr,2E

⊥
2 (3.6)
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H
‖
1 = H

‖
2 (3.7)

µr,1H
⊥
1 = µr,2H

⊥
2 (3.8)

and the electric field on the surface of a perfect electric conductor must satisfy,

E
‖
2 = 0 (3.9)

Before the characteristic equation is presented, the concept of modes must

first be introduced. A waveguide mode is a specific configuration of the electric

and magnetic fields that allow the boundary conditions to be satisfied. For

high frequencies, there will be multiple modes that are able to satisfy these

conditions. These modes have distinct frequency dependent propagation and

reflection properties. The three modes possible for a loaded circular waveguide

are: transverse electric (TE), transverse magnetic (TM), and hybrid (HE). For

TE modes the electric field is always perpendicular to the direction of propa-

gation while for TM modes the magnetic field is always perpendicular to the

direction of propagation. In other words, TE modes do not have an electric

field component in the direction of propagation and TM modes do not have a

magnetic field component in the direction of propagation. Hybrid modes have

both electric and magnetic field components in the direction of propagation

and are only supported by dielectric loaded waveguides [55].

The field configuration of each mode is indicated by the subscripts n and

m. For a circular waveguide, n corresponds to the angular variation while m

corresponds to the radial variation of the fields. For dielectric loaded waveg-

uides, hybrid modes are generally required in order to satisfy all the boundary

conditions, with the exception of TE0m and TM0m modes. TE0m and TM0m

modes are able to satisfy the boundary conditions because the fields do not

have angular dependence. Hybrid modes (HEnm) require angular dependence,

therefore n 6= 0 [56, 57].

Hybrid modes are highly complicated and the reflection coefficient cannot

be calculated in terms of only the phase constant. For TM modes, the pres-

ence of the electric field in the direction of propagation results in the Brewster

angle phenomenon that reduces the reflection coefficient to zero at some ge-
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ometric and frequency dependent permittivity value [54]. Below and above

this value there will exist multiple liquid permittivity values that will result

in reflection coefficients of equal magnitude, which is not desired for permit-

tivity measurement applications. TE0m modes will be used in this thesis as

the reflection properties can be modeled similar to TEM modes. Additionally,

TE0m modes are known to have the lowest conductor losses amongst available

modes in homogeneously filled circular waveguides. A typical field pattern for

the TE01 mode in a dielectric loaded circular waveguide is shown in Figure 3.2.

The full derivation of the characteristic equation is given in [58]. It can be

found by using Equations 3.3 to 3.9 and setting Ez = 0,

J1(x)

xJ0(x)
− J1(y)N1(zy)− J1(zy)N1(y)

J0(y)N1(zy)− J1(zy)N0(y)

1

y
= 0 (3.10)

where,

x = k1a , y = k2a , z = b/a (3.11)

k1 =
√
k2

0εr,1 + γ2 (3.12)

k2 =
√
k2

0εr,2 + γ2 (3.13)

k0 =
2πf

c
(3.14)

J0 and J1 are Bessel functions of the first kind of order 0 and 1 respectively. N0

and N1 are Bessel functions of the second kind of order 0 and 1 respectively.

Equation 3.10 is a transcendental equation and therefore must be solved nu-

merically. Either εr,1 or εr,2 may be complex valued to account for losses in

the materials to give the resulting complex valued propagation constant γ. To

simplify the solution process the losses in both materials have been neglected

resulting in purely real values for εr,1 and εr,2 and allowing for the substitution

of γ2 = −β2.

Figure 3.3 shows a typical dispersion relation for the TE0m modes. A

dispersion relation is used to describe the variation of the phase constant with

respect to frequency. As discussed further in Section 3.2.3, non-linear variation
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Figure 3.2: Field lines of the TE01 mode in the dielectric loaded circular waveguide.
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Figure 3.3: Dispersion relation for the TE01 and TE02 modes in air and with a liquid
permittivity of 80. The probe has a permittivity loading of 9.74, inner radius 5.69cm and
outer radius 6.90cm.

of β leads to dispersion of the signal. The cutoff frequency of a particular

mode is defined as the frequency at which the phase constant equals to zero.

A mode will not propagate below its cutoff frequency. A carrier frequency

will be chosen such that it is operating above the cutoff frequency of the TE01

mode in the air filled region and below the cutoff frequency of the TE02 mode

in the liquid filled region. This condition ensures monomode operation. In

Figure 3.3, monomode operation is possible for frequencies between 0.866GHz

and 1.10GHz.
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3.2 Propagation

The propagation characteristics of a waveguide are frequency dependent

and must be determined from the phase constant solution of the characteristic

equation. The proximity of the carrier frequency of a signal to the cutoff of a

particular mode will have a significant impact on the maximum group velocity

in the liquid region and introduce dispersive effects. The ability to reduce the

group velocity in the air region of the probe with dielectric loadings will allow

for an increase in accuracy of height measurements.

3.2.1 Group Velocity

The speed of a pulse within a waveguide is determined by the group velocity

[59]. The group velocity can be found from the phase constant [48],

vg =

(
dβ

dω

)−1

(3.15)

As discussed in Section 3.1, the phase constant is a frequency dependent prop-

erty that varies with the geometry and the permittivity of the dielectrics within

the probe. The group velocity in a waveguide is influenced by two factors:

the proximity to the cutoff, and the permittivity of the dielectrics within the

waveguide. At the cutoff frequency of a particular mode (fc,0m) the group

velocity is zero. When the operating frequency is much greater than the cutoff

frequency the group velocity approaches to that of a TEM wave within the

medium. The group velocity of a typical TE01 mode is given in Figure 3.4.

From Equation 2.20 the minimum height of the fluid is dependent on the

peak group velocity within the liquid. This may not occur at εr,Liq = 1 as is the

case for a TEM probe. As stated previously, the group velocity is dependent

on the proximity to cutoff and the permittivity of the materials within the

probe. As the permittivity of the liquid within the probe is increased, the cut-

off frequency of all modes will be decreased [60], which results in an increase

in group velocity. However, the presence of the liquid results in a decrease in

group velocity as it would for a TEM wave. The net result is dependent on

the geometry and dielectric loading of the structure. A typical result is given

in Figure 3.5.
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Figure 3.4: Group velocity of the TE01 mode in the air filled region of the probe with a
permittivity loading of 9.74, inner radius 5.69cm and outer radius 6.90cm.
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Figure 3.5: Group velocity of the TE01 mode in the liquid filled region of the probe with
a permittivity loading of 9.74, carrier frequency of 1GHz, inner radius 5.69cm and outer
radius 6.90cm.
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3.2.2 Height Measurement Accuracy

The error in height measurement (∂h) due to error in the finite time mea-

surement (∂t) can be derived from the group velocity of the signal in the air

filled region of the probe. Rearranging Equation 2.3 and 2.4,

h = L− vgt

2
(3.16)

taking the partial derivative with respect to time gives,

∂h = −vg∂t
2

(3.17)

The accuracy improvement of height measurement (∆h) relative to a TEM

probe (vg = c) is defined as the ratio of the error introduced for the TEM and

TE cases for a finite time measurement error ∂t,

∆h =
−c∂t/2
−vg∂t/2

(3.18)

which reduces to,

∆h =
c

vg
(3.19)

From the above equations it can be concluded that the error in height mea-

surement varies linearly with the group velocity of the signal, allowing more

accurate height measurements to be made by reducing the group velocity of

the signal. Alternatively, if a minimum height error is required for a given

application, the minimum time resolution of the accompanying measurement

devices could be reduced by using slow wave structures.

3.2.3 Impacts of Dispersion on TDR

Dispersion occurs when the group velocity of the signal varies significantly

over the frequency range of the signal. This variation causes different fre-

quency components to travel at different velocities and leads to pulse spread-

ing [61, 62]. Design strategies have been introduced in this thesis to utilize

dispersive modes, which are not a typical issue with TEM probes. Dispersion

theory used in fiber optic communication systems has been applied here [63].

In communication systems, dispersion must be limited to avoid the overlap of

sequential pulses. The impacts of overlapping pulses will be discussed in detail
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in Section 3.3.

A full derivation of pulse propagation in a dispersive media has been derived

in Chapter 3 of [63]. The key results used in this thesis are presented here

in Equations 3.20 to 3.25. In order to derive an analytical expression, the

propagation constant is approximated as a second order Taylor series,

β(ω) ≈ β0 + β′0(ω − ω0) +
1

2
β′′0 (ω − ω0)2 (3.20)

where,

β0 = β(ω0) β′0 =
∂β

∂ω

∣∣∣∣
ω=ω0

β′′0 =
∂2β

∂ω2

∣∣∣∣
ω=ω0

(3.21)

Where ω0 is the center frequency of the pulse spectrum. In typical TDR

applications, either a step or Gaussian pulse is used. Secant-squared pulses

have a similar shape to the Gaussian pulse and have been shown to have a

superior time bandwidth product [64]. A Gaussian pulse requires less band-

width than a step pulse and is mathematically simpler than the secant-squared

type. Although the secant-squared pulse may provide superior performance

in dispersive applications, the Gaussian pulse has been chosen to allow for

a mathematical solution while utilizing a standard TDR pulse configuration.

The pulse has been modulated with a carrier signal (fcar) to allow the signal

to operate in the desired frequency range. In the time and frequency domain

the modulated Gaussian pulse is,

y(t) = cos(2πfcart) exp

(
−t2

2τ 2
0

)
(3.22)

Y (f) = τ0

√
2π exp

(
−(2π(f − fcar)τ0)2

2

)
(3.23)

Using the above Taylor approximation, the envelope of the received pulse has

been shown to be,

yr(d, t) =

[
τ 4

0

τ 4
0 + (β′′0 2d)2

]1/4

exp

[
− (t− β′02d)2τ 2

0

2(τ 4
0 + (β′′0 2d)2)

]
(3.24)

Where d is the distance traveled by the pulse. By inspection, the peak occurs

at t−β′02d = 0 which is independent of the dispersive property β′′0 . Therefore,

for a second order approximation, dispersion does not shift the peak location of
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the pulse. The second order approximation is valid for determining the probe

parameters, however, peak shifting may occur due to third order and higher

components. Significant errors may be introduced if these are not taken into

account. This has been discussed in detail in Section 3.6. Similarly, a reduc-

tion in amplitude must be taken into account to calculate the permittivity.

For an unchirped pulse the Gaussian pulse width will spread from τ0 to τ

after traveling a distance 2d,

τ =

[
τ 2

0 +

(
β′′0 2d

τ0

)2
]1/2

(3.25)

An unchirped signal is a signal where the frequency is constant with respect

to time.

The spectral distribution and second order approximation of β are shown

in Figure 3.6 for a probe with a permittivity loading of 9.74. Refer to Table

3.2 for additional parameters.

The effects of dispersion can be reduced by using a chirped carrier signal

[63]. If the leading edge of the signal has a lower frequency than the falling

edge, the leading edge will travel slower than the falling edge. This will result

in pulse compression for a short distance after which the pulse will again

begin to spread. Therefore, if the distance the pulse is going to travel can

be estimated, it is possible to minimize the impact of dispersion. However,

dispersion compensation methods will result in another potential source of

error and have not be included in the solution procedure. The dispersionless

solution can be found by simply setting β′′0 = 0 to determine if dispersion

compensation methods are necessary.

3.3 Minimum Height

The dispersive behaviour of waveguides must be accounted for to accu-

rately determine the minimum height, as defined in Section 2.4.2. Dispersion

results in an increase in pulse width which corresponds to an increase in min-

imum height. The amount of pulse spreading is proportional to the dispersive
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Figure 3.6: Normalized spectral comparison of (a) Taylor approximation of β, (b) β and
(c) the modulated Gaussian pulse with a bandwidth of 196MHz. The outer radius of the
probe is 6.90cm. The probe is loaded with a material that has a relative permittivity of
9.74 and radius of 5.69cm.

properties of the probe and the distance the pulse travels, as given by Equa-

tion 3.25. The substitution of τ in place of τ0 in Equation 2.15 and revising

Equation 2.20 gives,

hmin =
vg,Liq,Maxτ

√
−8 lnATp

4
(3.26)

Dispersion in the liquid can be neglected due to the reduction of cutoff

frequency caused by the presence of the liquid. This reduction in cutoff fre-

quency shifts the dispersion relation to the left, on the frequency scale, which

allows the pulse to operate in a more linear region of the curve. Additionally,

dispersion of the pulse in the liquid will not increase the minimum height as

it will only cause further delay and reduced amplitude.

3.4 Reflection

The reflection at a lossless interface can be handled using the impedance

method outlined in Section 2.3. Equation 2.5 can be rearranged in terms of

only β for a TE wave at a lossless liquid. The impedance of the wave is given
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by,

Z =
Ex
Hy

(3.27)

For a TE wave, Ez = 0 and Hz 6= 0 [48],

Ex =
−jωµ
k2
c

∂Hz

∂y
(3.28)

Hy =
−jβ
k2
c

∂Hz

∂y
(3.29)

Then by Equation 3.27,

ZTE =
ωµ

β
(3.30)

Substituting Equation 3.30 into Equation 2.5 and assuming µ = µ0 gives,

Γ =
β1 − β2

β1 + β2

(3.31)

Equation 3.31 is valid for frequencies less than the cutoff frequency of the TE02

mode in the liquid filled region of the probe. Above this frequency, energy is

transferred into the higher order mode. This results in a sudden decrease in

the reflection coefficient as shown in Figure 3.7. For this probe, below 1.1GHz,

monomode operation is possible in both the air filled and liquid filled region

up to a liquid permittivity of 80. Therefore, the maximum liquid permittivity

considered for a particular application must be known (εr,Max). Operating in

the monomode region of the liquid filled portion allows for the use of Equation

3.31, which has been shown to agree well with results from HFSS. Addition-

ally, the high reflection coefficient in the monomode region allows for more

accurate permittivity measurements to be made.

When losses are present (α 6= 0), γ cannot be substituted for β as would

be the case for the TEM reflection coefficient. That is,

Γ 6= γ1 − γ2

γ2 + γ1

(3.32)

The presence of losses allows the waveguide modes to satisfy the boundary

conditions below the cutoff frequency of the lossless probe. This allows energy

to be transferred into the higher order modes at the liquid discontinuity, as
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Figure 3.7: Comparison of the frequency dependent reflection coefficient using Equation
3.31 and as determined by HFSS for lossless and lossy liquids. The real component of
the relative permittivity is 80. The liquids simulated in HFSS have a loss tangent of (a)
tan δ = 0, (b) tan δ = 0.05 and (c) tan δ = 0.2. The dielectric loading has a relative
permittivity of 9.74 and radius of 5.69cm. The outer radius of the probe is 6.90cm.

shown in Figure 3.7. Hence, monomode operation is not possible when losses

are present. The portion of the signal transmitted into the higher order modes

can be found using modal analysis [65].

Waveguide permittivity measurement applications typically require the

thickness of the sample to be less than one-half of the guided wave length

to suppress higher order modes [66]. Such a restriction is not practical for

industrial applications where the liquid height may be large compared to the

guided wavelength within the liquid filled region of the probe. These concepts

will not be covered mathematically in this thesis due to the low loss assump-

tion that has been made. However, the validity of this approximation has been

studied for lossy liquids in Section 4.2.

The permittivity measurement accuracy of a probe is dependent on the

variation of the reflection coefficient with respect to the relative permittivity

of the liquid. The accuracy increase has been determined based on the ratio

of the error in permittivity measurement for a TE and TEM probe. The

error in the liquid permittivity measurement (∂εr,Liq) due to a finite amplitude
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measurement (∂Γ) can be found by taking the partial derivative of Equations

3.31 for the TE probe, and 2.11 for the TEM probe. The increase in accuracy

of permittivity measurement can be determined by finding the ratio of the

error introduced for a TEM probe and TE probe. The permittivity accuracy

increase is defined as,

∆εr =
∂ΓTE/∂εr
∂ΓTEM/∂εr

(3.33)

In other words, the accuracy of a TE probe will be greater than that of a

TEM probe if the change of the reflection coefficient with respect to the liquid

permittivity is greater than that of the TEM case.

3.5 Optimization Procedure

An iterative optimization procedure has been implemented using MATLAB

to determine the probe dimensions (a, b), c.f. Figure 3.1, operating frequency

range (fc,01, fc,02), dielectric loading (εr,Load), and probe performance parame-

ters (∆εr, ∆h) for a desired probe length (L), minimum height (hmin), carrier

frequency (fcar), pulse width definition (ATp), maximum liquid permittivity

(εr,Max) and peak permittivity (εr,Peak). These terms have been defined previ-

ously, with the exception of peak permittivity. This parameter is necessary

to optimize the probe design for a particular liquid application. The peak

permittivity value is the permittivity at which the permittivity accuracy is

optimized. This is used to determine the dielectric radius.

Normalized values for most probe parameters will be used to simplify the

optimization procedure. The normalized values are defined for an outer radius

of b = 1, with the exception of normalized carrier frequency. It has been shown

that the outer radius can be determined based on the application defined

properties which allows for computation of the remaining parameters. The

absolute values can be defined in terms of b as follows,

a = anb β =
βn
b

vg=vg,n β′′0 = β′′0,nb τ0 = τ0,nb f =
fn
b

(3.34)

Where fn and f correspond to the normalized and absolute cutoff frequencies.

Applying Equation 2.4, 3.26 and 3.34 to Equation 3.25 results in an equation

for b in terms of the normalized values, dispersive properties of the probe,
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length of the probe and the minimum height,

b =
1

τ0,n

√√√√( 4hmin

vg,Liq,Max

√
−8 ln(ATp)

)2

−
(
β′′0,n2(L− hmin)

τ0,n

)2

(3.35)

The parameters which determine b are dependent only on the normalized

dielectric radius (an) and the chosen carrier frequency within the useable

monomode frequency range. Monomode operation is ensured if the carrier

frequency is above the normalized cutoff frequency of the TE01 mode in the

air filled region (fc,01,n) and below the normalized cutoff frequency of the TE02

mode in the liquid filled region (fc,02,n). To simplify calculation requirements

the normalized carrier frequency is defined relative to the monomode operating

frequency range,

fcar,n =
f ′car,n − fc,01,n

fc,02,n − fc,01,n

(3.36)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Carrier Frequency (fcar,n)

fc,01,n fc,02,n

Figure 3.8: Definition of normalized carrier frequency.

Where f ′car,n = fcar/b and the normalized carrier frequency satisfies 0 < fcar,n <

1. This allows for easy selection and comparison of the carrier frequency

regardless of the monomode operating limits. Additionally, when fcar,n = 0.5

the carrier signal is at the center of the useable monomode frequency range

and allows for all available bandwidth to be used. The definition of normalized

carrier frequency is illustrated in Figure 3.8. Values of fcar,n < 0.5 would result

in a reduced useable bandwidth while operating in the more dispersive region,

therefore these values are not considered. As the normalized carrier frequency

is increased, it approaches the upper limit of the frequency range. An increase

in normalized carrier frequency results in a decrease in useable bandwidth.

Thus, the normalized bandwidth used is defined as,

BWn = 2(fc,02,n − (fcar,n(fc,02,n − fc,01,n) + fc,01,n)) (3.37)

From Equation 2.17 it was shown that the Gaussian pulse width (τ0) can be
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determined based on the bandwidth of the signal. Additionally, the normal-

ized Gaussian pulse width (τ0,n) was defined in Equation 3.34. Therefore, the

normalized Gaussian pulse width is determined based on the normalized car-

rier frequency. As a result, b and all other resulting probe parameters can be

compared and determined based on the same range of an and fcar,n. The nor-

malized radius has been solved over then range of 0 < an < 1 to a resolution

of 0.001. The normalized carrier frequency has been solved over the range of

0.5 ≤ fcar,n < 1 to a resolution of 0.01. The performance of the probe is more

sensitive to fluctuations in an, thus, it must be evaluated at a higher resolution

than fcar,n.

To illustrate the variation of the key parameters discussed in this section,

example figures have been provided for an application with requirements given

in Table 3.1. A probe with a permittivity loading of 9.74 has been used. The

parameters of this probe are summarized in Table 3.2. The permittivity load-

ing of 9.74 was found after multiple iterations to satisfy the application specific

requirements.

Table 3.1: Probe parameters for example Figures in Section 3.5.

Parameter Value

εr,Peak 60
εr,Max 80
ATp 10−4

L 3m
hmin 1m
fcar 1GHz

The first step is to determine the normalized cutoff frequency of the dom-

inant mode in air and the first higher order mode in the liquid. Higher order

modes will have a significant impact on the performance of the probe, there-

fore, it is important to take them into account when choosing the thickness

of the dielectric loading. The presence of higher order modes can allow for

energy to be transferred between modes due to imperfections in the waveguide

construction or discontinuities [67]. This is referred to as modal dispersion,

which is detrimental to the performance of the probe. Monomode operation

can be ensured by choosing an only for values which result in fc,02,n > fc,01,n.

A typical set of curves is given in Figure 3.9. The presence of the dielectric

36



loading reduces the rate at which the cutoff frequency in the liquid filled por-

tion of the probe is decreased. This provides a range of monomode operation

for high dielectric thicknesses.

In order to simplify the computational requirements, the phase constant has

been solved for a limited range of values of an and fcar,n. The values of normal-

ized radius have been restricted to the range of an,min < an < 1, where an,min

is the smallest value that ensures fc,02,n > fc,01,n and consequently monomode

operation. The phase constant is first calculated in the air filled region to deter-

mine the dispersive properties (Equation 3.21), group velocity (Equation 3.15)

and increase in height accuracy (Equation 3.19). The second order dispersive

parameter is given in Figure 3.11. Next, the phase constant is calculated at the

liquid permittivity where the peak accuracy is required. From the phase con-

stant in air and the liquid filled regions of the probe, the reflection coefficient

(Equation 3.31) and permittivity accuracy increase (Equation 3.33) can be

calculated. A typical accuracy increase profile is given in Figure 3.10. For this

application, it is shown that a normalized dielectric radius between 0.824 and

0.832 will result in the greatest increase in permittivity measurement accuracy.

The final component required to calculate the outer radius (b) is to de-

termine the peak liquid group velocity. From Section 3.2.1 and Figure 3.5 it

was shown that this value does not typically occur at εr,Liq = 1 as would be

the case for a TEM probe. This necessitates solving for the phase constant at

a range of liquid permittivity values to determine the permittivity where the

group velocity is highest. The group velocity is calculated for the range of car-

rier frequencies but it is only necessary to calculate at the normalized radius

where the accuracy is highest, in this case 0.824 ≤ an ≤ 0.832. This allows

for a significant reduction in the computational requirements. The peak group

velocity and its corresponding liquid permittivity varies as shown in Figure

3.12.

Now the outer radius can be calculated over the range of normalized car-

rier frequencies using Equation 3.35. At lower values of normalized carrier

frequency dispersive effects are dominant. This has been illustrated in Figure

3.15, where b has been solved with and without dispersion. For the dispersion-

less case, the outer radius decreases monotonically with increasing normalized
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carrier frequency. For the dispersive case, the outer radius is highly dependent

on the normalized carrier frequency. At high normalized carrier frequencies,

the dispersive parameter β′′0,n and the useable bandwidth are low (See Figure

3.11 and 3.13). These two effects result in dispersion being negligible for high

normalized carrier frequencies. Dispersion and bandwidth are greatest at low

normalized carrier frequencies. High bandwidth corresponds to a smaller time

domain pulse, while dispersion corresponds to pulse spreading. These two

competing effects necessitate a decrease in the outer radius at low normalized

carrier frequencies to increase the absolute bandwidth and consequently sat-

isfy the minimum height requirement. This is further illustrated in Figure 3.16

which shows the operating frequency range, carrier frequency and bandwidth

for both the dispersive and non-dispersive cases.

The impact of losses can be reduced by operating the probe at low frequen-

cies. The operating frequency can be controlled to some extent by choosing

the normalized carrier frequency and dielectric loading. The normalized carrier

frequency that provides the lowest higher order mode cutoff frequency is cho-

sen. For the example figures provided, the trade-off between bandwidth and

dispersion corresponds to a normalized carrier frequency of 0.58 and gives the

desired carrier frequency of 1GHz. Note that several iterations are required in

order to determine the permittivity loading which results in the desired carrier

frequency, if possible.

All probe parameters are now known for a particular permittivity loading

at a desired minimum height. If a lower frequency is desired, the permittivity

of the loading can be increased. However, since dispersion increases faster

than the rate of frequency reduction, there is a limit to the minimum possi-

ble operating frequency. This has been shown in the following Chapter. If a

higher frequency is desired, the permittivity of the loading can be decreased.

If the operating frequency is desired to be increased beyond the value given at

a permittivity loading of one, then either the minimum height can be reduced

or the probe length can be increased.

The results of the iterative procedure to obtain the required permittivity

loading of 9.74 are given in Table 3.2. An initial guess with a permittivity

loading of 5 is used. The result gives a carrier frequency of 1.561GHz. This
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value is greater than the desired carrier frequency of 1GHz, therefore the per-

mittivity loading is increased by 2 and the next value determined, otherwise

the loading would be decreased by 2. The results with a permittivity loading

of 1 and 3 have been included for comparison. The carrier frequency at a per-

mittivity loading of 7 is found to be 1.243GHz. The next permittivity loading

is determined using linear interpolation with the previous two values. This

procedure is continued until the resulting carrier frequency is found to within

the desired value to within ±5MHz, or until it is determined that a suitable

permittivity value cannot be found.

In practice, materials with the desired permittivity loading may not be

available. Probe parameters have been solved for permittivity loadings within

±1 of the desired permittivity loading. The results have been summarized in

Table 3.3. It has been found that a small change in the desired permittivity

does not have a significant impact on the performance properties of the probe,

provided that the desired permittivity loading is not close to 1. The increase

in accuracy of permittivity measurements varies by 0.2 while the increase in

accuracy of height measurements varies by up to 0.3. Additionally, the carrier

frequency varies by up to 71MHz.

Filling the probe with a dielectric loading has two important impacts on

the cutoff frequency. When the loading is greater than 1, the wavelength at

a particular frequency is increased, allowing for lower frequencies to satisfy

the boundary conditions and therefore lowering the cutoff frequency. By the

same reasoning, when the probe is filled with liquid, the cutoff frequency of

the higher order modes will reduce rapidly. Finally, the amount of physical

space available for the liquid to occupy is reduced, thereby lowering the rate

at which the cutoff frequency of higher order modes is reduced.

Figure 3.14 shows the height measurement accuracy as the normalized car-

rier frequency increases. The permittivity accuracy is primarily dependent on

the radius of the dielectric loading, and therefore, does not vary significantly

with the normalized carrier frequency. The reflection coefficient and the in-

crease in accuracy over the range of liquid permittivity values will be covered

in Section 4.1.
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Table 3.2: Example results of the iterative optimization procedure for the determiniation
of dielectric loading, subject to the restraints given in Table 3.1.

fcar εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(GHz) (cm) (GHz) (GHz) (×10−18)

4.951 1.00 0.949 3.98 0.61 4.598 5.176 0.402 -46 0.59 2.7 11.7
2.241 3.00 0.909 5.23 0.59 2.022 2.393 0.266 -80 0.54 4.0 7.2
1.561 5.00 0.880 5.95 0.59 1.384 1.685 0.222 -100 0.51 4.8 5.8
1.243 7.00 0.855 6.43 0.59 1.087 1.351 0.197 -116 0.48 5.4 5.0
1.090 8.53 0.838 6.73 0.59 0.945 1.191 0.184 -127 0.47 5.8 4.6
1.024 9.42 0.828 6.86 0.59 0.884 1.120 0.178 -133 0.46 6.0 4.4
1.002 9.74 0.824 6.90 0.58 0.866 1.100 0.175 -139 0.46 6.1 4.3

Table 3.3: Variation of the probe parameters within ±1 of the desired permittivity loading
of 9.74.

fcar εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(GHz) (cm) (GHz) (GHz) (×10−18)

1.073 8.74 0.835 6.75 0.58 0.932 1.175 0.181 -132 0.47 5.9 4.5
1.038 9.24 0.829 6.81 0.58 0.900 1.138 0.178 -136 0.47 6.0 4.4
1.017 9.49 0.827 6.87 0.58 0.881 1.116 0.176 -137 0.46 6.1 4.4
1.002 9.74 0.824 6.90 0.58 0.866 1.100 0.175 -139 0.46 6.1 4.3
0.987 9.99 0.821 6.93 0.58 0.853 1.084 0.173 -141 0.46 6.2 4.3
0.970 10.24 0.819 6.98 0.58 0.837 1.066 0.172 -142 0.46 6.3 4.2
0.944 10.74 0.813 7.02 0.58 0.813 1.038 0.169 -146 0.46 6.4 4.1
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Figure 3.9: Normalized cutoff frequency for the dominant mode in air (fc,01,n) and the
first higher order mode (fc,02,n) at the maximum liquid permittivity (εr,Max) for all possible
values of normalized dielectric radius (an).
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Figure 3.10: Permittivity accuracy increase over the range of normalized dielectric radius
at a normalized carrier frequency of 0.50, 0.75 and 0.99. Accuracy increase is reported
relative to a TEM probe.
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Figure 3.11: Dispersive behaviour over the range of normalized carrier frequencies. Solved
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Figure 3.13: Normalized bandwidth and normalized Gaussian pulse width over the range
of normalized carrier frequencies.
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Figure 3.14: Permittivity and height accuracy increase over the range of normalized car-
rier frequencies. Solved at the normalized radius corresponding to the peak permittivity
accuracy.
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Figure 3.15: Outer probe radius over the range of normalized carrier frequencies, with and
without dispersion. Solved at the normalized radius corresponding to the peak permittivity
accuracy.
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bottom: fc,02, fcar, fc,01 and BW . Solved at the normalized radius corresponding to the
peak permittivity accuracy.
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3.6 Determining Height and Permittivity

Values

As discussed in the preceding sections, the liquid permittivity and height

can be determined from the amplitude and delay of the received signal. How-

ever, the effects of dispersion must first be accounted for. As discussed in

Section 3.2.3 the second order approximation is useful for determining probe

parameters but is not sufficient for measurement purposes. Third order effects

have been shown to shift the peak of the pulse [68], which will introduce height

measurement error. Equation 2.1 for a dispersionless signal has been modified

to,

yr(t) = Γ′y(t− t′1) (3.38)

Where,

Γ′ = Γ(Adisp + Γdisp) (3.39)

t′1 = t1 + tdisp (3.40)

Γ′ is the measured reflection coefficient and t′1 is the measured delay. Γ is

proportional to the liquid permittivity as determined by Equation 3.31. t1

is proportional to the liquid height as determined by Equation 3.16. Adisp is

defined as the peak amplitude of a dispersed pulse by taking the magnitude

of Equation 3.24,

Adisp =

[
τ 4

0

τ 4
0 + (β′′0 2d)2

]1/4

(3.41)

The remaining parameters, Γdisp and tdisp are proportional to the third order

and higher dispersive properties of the probe and the distance the pulse trav-

els. The total impact of dispersion can be found using the inverse Fourier

transform,

yp(d, t) = F−1{Y (f)e−jβ2d} (3.42)

Where F−1{} is the inverse Fourier transform and Y (f) is the Fourier trans-

form of the input signal. The peak amplitude and peak delay have been solved

numerically from Equation 3.42 to determine Γdisp and tdisp. The results are

given in Figure 3.18 and 3.19 for a probe with a permittivity loading of 9.74

and other parameters as described in Table 3.2. At the maximum expected

pulse propagation distance of 4m the peak of the pulse is delayed by an addi-
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Figure 3.17: Dispersive effects on a pulse after traveling 4m, relative to an input pulse with
an amplitude equal to 1. Calculated using (a) the second order Taylor approximation and
(b) the Fourier method. The probe used has a permittivity loading of 9.74 with properties
given in Table 3.2.

tional 0.96ns and the amplitude is further reduced by 0.0136. This is further

illustrated by Figure 3.17, which shows the predicted pulse propagation and

spreading due to the second order Taylor approximation and the result us-

ing the Fourier method. Using the Fourier method, the peak value occurs at

82.29ns, with an amplitude of 0.8737. Using the second order Taylor approx-

imation the peak value occurs at 81.33ns, with an amplitude of 0.8873. This

results in a maximum percent error of 1.16% and 1.56% for the delay and

amplitude respectively. Such error is significant for measurement applications

and should be accounted for.

Equation 3.42 has been modified to include the reflection at the liquid to

give the received pulse,

yr(d, t) = F−1{ΓY (f)e−jβ2d} (3.43)

A lookup table can be generated by solving Equation 3.43 for the peak am-

plitude and peak delay over the range of expected liquid permittivity values

and propagation distances. This lookup table can then be used to provide the

one to one mapping necessary to determine the liquid permittivity and height

46



from the measured peak amplitude and peak delay.
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Figure 3.18: Time delay adjustment factor for a probe with a permittivity loading of 9.74
with properties given in Table 3.2.
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of 9.74 with properties given in Table 3.2.
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Chapter 4

Performance Analysis

In this Section, the optimization procedure developed in Section 3.5 has

been used to determine the probe parameters for a wide range of applications.

The results have been confirmed with the simulation software, Ansoft HFSS.

The design parameters and probe performance have been studied for lossy so-

lutions of ethanol-water and acetic acid to determine the validity of the lossless

approximation. It has been found that the design parameters determined us-

ing the lossless method can provide increased fluid height and characterization

measurement accuracy for lossy applications at low frequencies.

4.1 High Permittivity Measurements of

Lossless Liquids

The strategy outlined in Section 3.5 will be applied here to three appli-

cations involving high permittivity solutions and a range of minimum height

values. The maximum permittivity of the liquids considered are 80, 60 and 45.

The permittivity at which the accuracy is desired to be optimized is chosen

to be at 75% of the maximum permittivity, corresponding to permittivities of

60, 45 and 30. These three applications are intended to illustrate the potential

of TE waveguide probes for high permittivity liquids. Examples of high per-

mittivity liquids include solutions that contain large amounts of water (80.1),

glycerol (46.5), ethylene glycol (41.4), methanol (33.0) or ethanol (25.3). The

number in parathensis is the static permittivity of the liquid [69].

To minimize the impact of liquid losses on the lossless method used, a

carrier frequency of 1GHz has been chosen. A pulse bandwidth definition of
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ATp = 10−4 has been assumed. For all cases, a total probe length of 3m has

been used based on the typical probe length for an industrial application [42].

Typical applications include large storage or mixing tanks. The permittivity

loadings required in order to meet a range of minimum heights has been de-

termined down to 1m.

To confirm the validity of the characteristic equation for lossless applica-

tions, the example probe used in Section 3.5 has been simulated using Ansoft

HFSS for a range of frequencies and liquid permittivity values. The results

are presented in Figures 4.1 and 4.2. The results shown for both the phase

constant and reflection coefficient agree very well with the values predicted us-

ing the characteristic equation and the impedance based reflection coefficient

equation.

The accuracy increase over the range of liquid permittivities for the exam-

ple probe is given in Figure 4.3. The probe is shown to provide an increase

in accuracy for any liquids with a relative permittivity greater than 25. Note

that the accuracy results have been reported in multiples of TEM. For exam-

ple, at the liquid permittivity at which the probe is optimized (εr,Peak = 60)

the permittivity accuracy of the probe is 4.3 times that of a TEM probe. In

other words, if a TEM probe can determine the relative permittivity to within

±1 then the TE probe would have an accuracy of ±0.23. It has also been

observed that the greatest increase in permittivity accuracy may not occur at

the permittivity at which the probe is optimized. The optimization procedure

determines the radius of the dielectric loading that results in the greatest in-

crease in permittivity accuracy at the desired liquid permittivity (εr,Peak). The

greatest increase in permittivity accuracy over the range of liquid permittiv-

ities considered in this example occurs for a liquid with relative permittivity

of approximately 75, corresponding to an increase in permittivity accuracy of

4.7 times that of a TEM probe.

For the three scenarios studied in Tables 4.1, 4.2 and 4.3 the trends between

the various probe parameters are consistent. The most notable difference is

that higher accuracy increases are possible at higher liquid permittivity values.

This is largely due to the low variance of the TEM reflection coefficient at high

permittivity values.
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air (bottom) and a liquid permittivity of 20, 40, 60 and 80 (top). The probe parameters are
εr,Load = 9.74, an = 0.824 and b = 6.90cm.
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Figure 4.2: Magnitude of the reflection coefficient determined using theory and HFSS over
the range of expected liquid permittivity values. The probe parameters are εr,Load = 9.74,
an = 0.824 and b = 6.90cm.
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Figure 4.3: Permittivity accuracy increase over the range of expected liquid permittivity
values. The probe has been optimized at εr,Peak = 60 for a liquid with a maximum relative
permittivity of εr,Max = 80 . The probe parameters are εr,Load = 9.74, an = 0.824 and
b = 6.90cm. Accuracy increase is reported relative to a TEM probe.

Table 4.1: Summary of probe construction and performance parameters (εr,Max = 80,
εr,Peak = 60, ATp = 10−4, L = 3m, fcar = 1GHz).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

1.0 9.74 0.824 6.90 0.58 0.866 1.100 0.175 -139 0.46 6.1 4.3
1.2 5.61 0.872 8.70 0.53 0.895 1.097 0.207 -125 0.51 5.2 5.4
1.4 3.63 0.899 10.57 0.50 0.911 1.088 0.237 -113 0.55 4.6 6.5
1.6 2.67 0.914 12.18 0.50 0.920 1.080 0.265 -99 0.57 4.2 7.4
1.8 2.14 0.923 13.49 0.50 0.929 1.077 0.287 -91 0.60 3.9 8.2
2.0 1.77 0.930 14.72 0.50 0.933 1.072 0.307 -84 0.62 3.7 8.9
2.2 1.51 0.936 15.95 0.50 0.934 1.066 0.326 -78 0.62 3.4 9.5
2.4 1.32 0.940 16.97 0.50 0.937 1.063 0.341 -74 0.63 3.3 10.0
2.6 1.17 0.944 18.03 0.50 0.939 1.061 0.358 -69 0.63 3.2 10.6
2.8 1.05 0.947 18.98 0.50 0.941 1.058 0.372 -66 0.64 3.1 11.1

2.91 1.00 0.948 19.39 0.50 0.943 1.057 0.378 -66 0.65 3.0 11.3

Table 4.2: Summary of probe construction and performance parameters (εr,Max = 60,
εr,Peak = 45, ATp = 10−4, L = 3m, fcar = 1GHz).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

1.0 9.20 0.797 7.22 0.58 0.860 1.108 0.187 -116 0.47 5.8 3.5
1.2 5.17 0.856 9.14 0.53 0.890 1.105 0.222 -103 0.52 4.9 4.5
1.4 3.36 0.886 11.06 0.50 0.906 1.095 0.254 -94 0.56 4.3 5.3
1.6 2.46 0.904 12.78 0.50 0.914 1.086 0.284 -81 0.58 3.9 6.1
1.8 1.95 0.915 14.21 0.50 0.924 1.083 0.309 -74 0.60 3.6 6.8
2.0 1.62 0.923 15.53 0.50 0.927 1.077 0.330 -68 0.62 3.4 7.3
2.2 1.38 0.929 16.73 0.50 0.931 1.073 0.350 -63 0.63 3.2 7.8
2.4 1.20 0.934 17.88 0.50 0.932 1.068 0.368 -60 0.63 3.0 8.3
2.6 1.07 0.938 18.94 0.50 0.935 1.065 0.384 -57 0.64 2.9 8.7

2.72 1.00 0.940 19.53 0.50 0.936 1.064 0.393 -55 0.65 2.9 9.0
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Table 4.3: Summary of probe construction and performance parameters (εr,Max = 40,
εr,Peak = 30, ATp = 10−4, L = 3m, fcar = 1GHz).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

1.0 8.98 0.740 7.61 0.58 0.848 1.114 0.203 -93 0.48 5.4 2.6
1.2 4.72 0.826 9.80 0.52 0.874 1.108 0.243 -81 0.54 4.5 3.4
1.4 3.00 0.866 11.91 0.50 0.892 1.099 0.280 -71 0.58 3.9 4.1
1.6 2.19 0.888 13.74 0.50 0.903 1.092 0.313 -61 0.60 3.5 4.7
1.8 1.73 0.901 15.26 0.50 0.912 1.087 0.341 -55 0.62 3.2 5.2
2.0 1.44 0.910 16.62 0.50 0.918 1.083 0.364 -51 0.64 3.0 5.6
2.2 1.22 0.918 17.97 0.50 0.921 1.079 0.387 -47 0.64 2.9 6.0
2.4 1.07 0.923 19.08 0.50 0.927 1.076 0.405 -45 0.67 2.7 6.4

2.50 1.00 0.926 19.73 0.50 0.927 1.073 0.415 -43 0.66 2.7 6.5

The dielectric loading directly affects most probe parameters such as the

group velocity in the liquid, dispersion, probe radius and the probe perfor-

mance. It is shown that the minimum height is strongly correlated with the

maximum group velocity in the liquid. For loadings with relative permittivity

greater than 10 the benefit due to the reduction in group velocity in the liquid

diminishes while dispersion continues to increase. As a result, it is not possi-

ble to achieve continuously lower minimum heights by increasing the dielectric

loading. In the three above cases, this occurs for minimum heights below 1m.

As expected, the probe radius is reduced with increasing dielectric loading

by reducing the effective wavelength within the air filled region of the probe.

Increasing dielectric loading results in an increase in height measurement ac-

curacy as there is a direct correlation between the signal velocity in air and

height measurements. Increasing the dielectric loading results in a decrease in

the magnitude of the reflection coefficient, hence the permittivity accuracy is

reduced. The increased dielectric loading effectively decreases the change in

the impedance between the air and liquid filled regions. Smaller impedance

change results in lower reflection coefficient magnitude and consequently per-

mittivity measurement accuracy.

The amount of pulse spreading due to dispersion is evident in changes to

the normalized carrier frequency and bandwidth requirement. Ideally, the nor-

malized carrier frequency is 0.5 as this results in a carrier frequency halfway

between the cutoff frequency of the fundamental mode in air and the cutoff

frequency of the first higher order mode at the highest liquid permittivity con-

sidered. With this setting, all available bandwidth is used thereby allowing

for the smallest duration of the time domain signal possible. However, dis-
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persion increases as normalized carrier frequency decreases towards the cutoff

frequency. Eventually, the benefit of optimally using the available bandwidth

is negated by the increase in pulse spreading. When dispersion is high, still

a lower minimum height can be achieved by increasing the normalized carrier

frequency, at the expense of usable bandwidth. This is evident from the selec-

tion of the normalized carrier frequency equal to 0.58 at a minimum height of

1m in all three cases.

Fluids having a relative permittivity less than 30 have not been considered.

At low values of relative permittivity the TEM reflection coefficient changes

rapidly, thereby greatly reducing the opportunity for improvement using TE

probes. Refer to Figure 2.2 for the TEM reflection coefficient.
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4.2 Validating the Lossless Approximation

on Lossy Liquids

In this section the validity of the lossless approximations will be investi-

gated by applying it to water based solutions. In particular, ethanol-water

and acetic acid solutions of varying concentrations have been investigated.

Polar liquids, such as water and ethanol-water solutions can be modeled by

the Debye relation [70],

ε′(ω) = ε′∞ +
ε′s − ε′∞

1 + ω2τ 2
Re

(4.1)

ε′′(ω) =
ωτIm(ε′s − ε′∞)

1 + ω2τ 2
Im

(4.2)

Where ε′s is the real static permittivity at low frequency, ε′∞ is the real per-

mittivity at very high frequency, τRe is the relaxation time corresponding to

the real component of the permittivity, and τIm is the relaxation time corre-

sponding to the imaginary component of the permittivity. For solutions that

contain free ions, as is the case for acetic acid solutions, Equation 4.2 can be

modified to include the conductivity (σ) [70],

ε′′(ω) =
ωτIm(ε′s − ε′∞)

1 + ω2τ 2
Im

+
σ

ωε0
(4.3)

Measurement of three parameters (liquid height, real and complex permit-

tivity) cannot be done directly while using only the amplitude and delay of

the first reflected signal. However, the real and imaginary components of the

permittivity are directly related to the concentration of the solution. Thus,

the liquid height and its concentration, based on the measurement of the real

permittivity, can be determined. Such measurements are difficult using tra-

ditional TEM methods as the amplitude of the reflection coefficient may not

vary significantly over the expected concentration of the solutions. Addition-

ally, when the magnitude of the reflection coefficient is close to one, very little

energy is able to penetrate into the liquid. As a result, complex permittivity

measurements of such applications are difficult [71].

From the above equations, the dielectric properties are frequency depen-

dent and therefore the reflection coefficient and concentration accuracy are
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also frequency dependent. To investigate the impact of the frequency depen-

dent liquid properties on measurements, probes have been compared at 1GHz

and 5GHz carrier frequencies.

It is known that below the relaxation frequency of the liquid, dielectric

losses will increase with increasing frequency, as determined by Equation 4.2 or

4.3. A carrier frequency of 1GHz is chosen as it represents the lowest frequency,

and therefore lowest losses, that can be constructed with physically reasonable

dimensions. The 5GHz carrier probe is used to investigate the performance

where losses are considered high. The lossy data points have been determined

with the simulation software, Ansoft HFSS, with the exception of the TEM

case, which can be calculated using Equation 2.11.

4.2.1 Ethanol-Water Solutions

This section investigates the feasibility of measuring liquid height and the

concentration of an ethanol-water solution using the results of the lossless

method established previously. The required Debye parameters and subse-

quent real and imaginary components of permittivity have been calculated

using experimentally derived equations in [39] and summarized in Table 4.4.

The probe parameters have been optimized for a real permittivity midway

between the expected concentration range of 0% to 40%.

Table 4.4: Dielectric properties of ethanol-water solutions at 1GHz and 5GHz at room
temperature [39].

Ethanol 1GHz 5GHz
Concentration ε′r ε′′r tan δ ε′r ε′′r tan δ

0% 79.19 3.74 0.047 74.46 17.54 0.236
5% 76.55 4.45 0.058 69.96 20.21 0.289
10% 73.89 5.10 0.069 65.36 22.36 0.342
20% 68.55 6.24 0.091 56.17 25.16 0.448
40% 57.80 7.88 0.136 39.42 25.97 0.659

4.2.1.1 Ethanol Concentration: Low Frequency Measurement

(1GHz)

Two probe designs have been chosen for this investigation to establish the

range of expected probe performance. These two designs represent the best
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and worst case scenario for error introduced due to multiple reflections. De-

termining the optimum probe design requires determining the mode transfer

coefficients and liquid attenuation which is beyond the scope of this thesis.

The results for these probes are summarized in Table 4.5. The reflection coef-

ficient over the range of real liquid permittivities is shown in Figure 4.4 with

the increase in accuracy over the same range given in Figure 4.5. The lossy

data points are summarized in Table 4.6.

Table 4.5: Summary of probe construction and performance parameters at 1GHz (εr,Max =
79.20, εr,Peak = 68.50, ATp = 10−4, L = 3m).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

- 1.00 0.953 20.00 0.61 0.914 1.054 0.43 -33.7 0.54 2.5 13.5
1 8.77 0.848 7.27 0.58 0.861 1.101 0.18 -119 0.46 5.8 5.1

The first design assumes the liquid is sufficiently lossy such that multiple

reflections can be neglected, allowing for the lowest permittivity loading pos-

sible of εr,Load = 1. Alternatively, a matched termination could be used to

reduce the amplitude of the reflections from the bottom of the probe. This

results in an anticipated concentration accuracy increase of 13.5 times, and 2.5

times for height measurement over TEM measurement methods at the same

frequency. With losses taken into account for both TE and TEM cases, the

accuracy of concentration measurements is 11.0 times that of a TEM probe.

The second design assumes the worst case where no attenuation occurs

and the permittivity loading must be chosen sufficiently high to ensure that

multiple reflections are negligible, as would be the case for a lossless liquid. A

total probe length of 3m with a minimum height of 1m has been used. This

results in a loading permittivity of εr,Load = 8.77. This probe has an antici-

pated concentration accuracy increase of 5.1 times, and 5.8 times for height

measurement over TEM measurement methods at the same frequency. With

losses taken into account for both TE and TEM cases, the concentration ac-

curacy is slightly decreased to 4.7 times that of a TEM probe.

By analyzing the results shown in Figure 4.4 the validity of the lossless

approximation can be established. The introduction of losses results in a re-

duction of the magnitude of the reflection coefficient, however, the trend in
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Table 4.6: Reflection properties of ethanol-water solutions at 1GHz and room temperature.
(a) εr,Load = 1 and (b) εr,Load = 8.77.

Ethanol

Concentration |ΓTEM| |ΓTE|(a) |ΓTE|(b)

0% 0.798 0.534 0.399
5% 0.795 0.489 0.378
10% 0.792 0.442 0.353
20% 0.785 0.356 0.323
40% 0.769 0.225 0.254

both probe designs agrees with the predicted results. The impact on the re-

duction in reflection coefficient magnitude due to the introduction of losses can

be seen in Figure 4.4. The reduction of the magnitude of the reflection coef-

ficient is dependent on many factors, including, the mode transfer coefficients

and loss tangent. Without knowledge of the mode transfer coefficients, it can

be inferred that the rate at which the losses increase, with increasing ethanol

concentration, directly correlates with the reduction in the reflection coeffi-

cient. In other words, at low ethanol concentrations the losses are relatively

low and result in a small deviation from the lossless prediction. The increase

in concentration results in a rapid increase in the losses and consequently, the

deviation from the lossless prediction. This results in a net increase in per-

mittivity accuracy at low ethanol concentrations and a decrease in accuracy

for mid to high concentrations. Furthermore, the TEM reflection coefficient

increases as the losses are increased, therby effectively decreasing the sensitiv-

ity of the TEM probe. The dashed line, shown in Figure 4.5, illustrates the

increase in accuracy compared to the lossless TEM reflection coefficient. It is

shown that the introduction of losses to the TEM case results in an increase

in permittivity measurement accuracy of the waveguide probe but does not

affect the shape of the curve.
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Figure 4.4: Reflection coefficient for lossless and lossy ethanol-water mixtures at 1GHz
for (a) lossless TEM, (b) lossy TEM, (c) lossless εr,Load=1, (d) lossy εr,Load=1, (e) lossless
εr,Load=8.77 and (f) lossy εr,Load=8.77.
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Figure 4.5: Permittivity accuracy increase at 1GHz for (a) lossless εr,Load=1, (b) lossy
εr,Load=1, (c) lossless εr,Load=8.77, (d) lossy εr,Load=8.77 and (e) compared with lossless
TEM.
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4.2.1.2 Ethanol Concentration: High Frequency Measurement

(5GHz)

An ethanol-water solution has been studied at 5GHz to determine the va-

lidity of the proposed method where losses are considered high. The resulting

probe parameters as determined by the proposed optimization routine are

given in Table 4.7. A probe with total length of 3m and minimum height of

1m would result in a carrier frequency of 4.88GHz at a permittivity loading

of 1. Since the permittivity cannot be reduced any further, the dimensions of

the probe can be reduced slightly to obtain a frequency of 5GHz, resulting in

a minimum height of at most 98.8cm. Note that the minimum height would

be significantly reduced if attenuation was included.

The reflection coefficient over the range of real permittivities of the liquid

are shown in Figure 4.6 with the accuracy increase over the same range given

in Figure 4.7. The lossy data points are summarized in Table 4.8.

Table 4.7: Summary of probe construction and performance parameters at 1GHz (εr,Max =
74.46, εr,Peak = 56.94, ATp = 10−4, L = 3m).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

0.988 1.00 0.947 3.94 0.61 4.637 5.233 0.41 -44.1 0.62 2.7 11.3

Table 4.8: Reflection properties of ethanol-water solutions at 5GHz and room temperature.

Ethanol
Concentration |ΓTEM| |ΓTE|

0% 0.796 0.437
5% 0.792 0.380
10% 0.788 0.335
20% 0.779 0.263
40% 0.756 0.166

The TEM reflection coefficient of a lossy liquid is greater than that of the

lossless case. This effect is shown in Figure 4.6. Increased ethanol content

in the solution results in a decrease in the real component of the permit-

tivity and an increase in the loss tangent. For an ethanol concentration of

0%, corresponding to pure water, the reflection coefficient is 0.796 and 0.792

where losses are accounted for and neglected, respectively. Similarly, at 40%
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ethanol concentration the reflection coefficient is 0.756 and 0.725 where losses

are accounted for and neglected, respectively. If the losses are neglected, the

reflection coefficient would vary by 0.071 over the concentration range of 0% to

40%. The actual reflection coefficient for the lossy solution varies by 0.036 over

the concentration range of 0% to 40%. This decrease in the variation of the re-

flection coefficient when losses are present results in a decrease in measurement

accuracy for a TEM probe. Consequently, a portion of the increase in accuracy

of the TE probe is a result of this decrease in permittivity accuracy for the

TEM probe. As discussed previously, the reflection coefficient of the TE probe

decreases for lossy solutions due to energy transferred into higher order modes

within the liquid. The net result is that TE probes can be used to provide

increased measurement accuracy for lossy liquids. This is demonstrated in Fig-

ure 4.7. The dashed line, (c), corresponds to the predicted increase in accuracy

of the TE probe compared to the reflection coefficient calculated when TEM

losses are neglected. It has been shown that accounting for the losses of the

liquid when calculating the TEM reflection coefficient results in both a more

realistic approximation and an increase in permittivity measurement accuracy.

At a carrier frequency of 5GHz the high losses result in a significant reduc-

tion in the amplitude of the reflection coefficient. In both the 1GHz and 5GHz

results, the loss tangent nearly triples over the increase in concentration from

0% to 40%. This rapid increase in both cases results in a similar reshaping of

the reflection coefficient profile and the resulting accuracy increase. For per-

mittivity values greater than 65 the accuracy of the lossy case exceeds that of

the lossless case, corresponding to an improvement of 9.6 times that of a TEM

probe at the same frequency. At the peak design permittivity the accuracy

is decreased from 11.3 to 6.5 times that of a TEM probe at the same frequency.
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Figure 4.6: Reflection coefficient for lossless and lossy ethanol-water mixtures at 5GHz for
(a) lossless TEM, (b) lossy TEM, (c) lossless εr,Load=1 and (d) lossy εr,Load=1.
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Figure 4.7: Permittivity accuracy increase at 5GHz for (a) lossless, (b) lossy and (c)
compared with lossless TEM.
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4.2.2 Acetic Acid Solutions

This section will investigate the feasibility of measuring liquid height and

the concentration of an acetic acid solution using the results of the lossless

method established previously. The required Debye parameters and subse-

quent real and imaginary components of permittivity have been calculated

using experimentally derived equations in [40] and summarized in Table 4.9.

The probe parameters have been optimized for a real permittivity midway

between the expected concentration range of 0% to 10%.

Acetic acid solutions have been chosen to observe the impact of free ions on

the frequency dependent permittivity and the resultant reflection coefficient.

The impact of these free ions have been shown to have a significant correlation

to the performance of the probe. Additionally, the magnitude of the reflection

coefficient varies by 1% or less for TEM probes, which makes measurement

difficult and allows for greater opportunity for improvement with TE probes.

Table 4.9: Dielectric properties of acetic acid solutions at 1GHz and 5GHz at room tem-
perature [40].

Acetic Acid 1GHz 5GHz
Concentration ε′r ε′′r tan δ ε′r ε′′r tan δ

0% 78.29 4.51 0.058 73.68 17.59 0.239
2% 77.25 5.54 0.072 72.16 17.78 0.246
4% 76.21 6.55 0.086 70.66 17.91 0.254
6% 75.16 7.56 0.101 69.19 17.99 0.260
8% 74.12 8.55 0.115 67.76 18.00 0.266
10% 73.08 9.52 0.130 66.36 17.95 0.271

4.2.2.1 Acetic Acid: Low Frequency Measurement (1GHz)

Again two probe designs have been proposed for the low loss approxima-

tion. The results are given in Table 4.10. The reflection coefficient over the

range of real liquid permittivities is shown in Figure 4.8 with the accuracy

increase over the same range given in Figure 4.9. The lossy data points are

summarized in Table 4.11.

Where multiple reflections can be neglected a permittivity loading of 1 can

be used, resulting in an anticipated accuracy increase of 15.0 and a height
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Table 4.10: Summary of probe construction and performance parameters at 1GHz
(εr,Max = 78.29, εr,Peak = 75.69, ATp = 10−4, L = 3m).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

- 1.00 0.956 20.33 0.60 0.899 1.067 0.451 -25.3 0.51 2.3 15.0
1 7.86 0.866 7.64 0.57 0.862 1.112 0.192 -104 0.45 5.4 5.8

Table 4.11: Reflection properties of acetic acid solutions at 1GHz and room temperature.
(a) εr,Load = 1 and (b) εr,Load = 7.86.

Acetic Acid

Concentration |ΓTEM| |ΓTE|(a) |ΓTE|(b)

0% 0.797 0.375 0.349
2% 0.796 0.348 0.338
4% 0.795 0.323 0.327
6% 0.794 0.301 0.315
8% 0.793 0.283 0.306
10% 0.792 0.265 0.296

accuracy of 2.3 times over that of a TEM probe at the same frequency. With

multiple reflections accounted for, a permittivity loading of 7.86 is required.

This results in a permittivity accuracy increase of 5.8 and a height accuracy

increase of 5.4 times that of a TEM probe at the same frequency.

When losses are taken into account, the permittivity accuracy is increased

to 20.2 and 10.0 respectively for the two probes. This increase in accuracy can

be attributed to the impact of free ions at low frequencies. The presence of

free ions results in a rapid increase in the loss tangent at low frequencies as

the concentration is increased from 0% to 10%. This results in a similar effect

to the ethanol-water probes, however, since the loss tangent quickly increases

over a small range of liquid permittivity values, the result is a net increase

in accuracy over the range of interest. Additionally, the relatively high loss

tangent has a noticeable affect on the TEM reflection coefficient and conse-

quently the accuracy improvement. This effect is shown by the dashed line,

(e), in Figure 4.9.

63



0246810

0

0.2

0.4

0.6

0.8

1

Acetic Acid Concentration (%)

71 72 73 74 75 76 77 78 79
0

0.2

0.4

0.6

0.8

1

εr,Liq

R
efl

ec
ti

on
C

o
effi

ci
en

t
(|Γ
|)

(a)
(b)
(c)
(d)
(e)
(f)

Figure 4.8: Reflection coefficient for lossless and lossy acetic acid mixtures at 1GHz,
(a) lossless TEM, (b) lossy TEM, (c) lossless εr,Load=1, (d) lossy εr,Load=1, (e) lossless
εr,Load=7.86 and (f) lossy εr,Load=7.86.
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Figure 4.9: Permittivity accuracy increase at 1GHz for (a) lossless εr,Load=1, (b) lossy
εr,Load=1, (c) lossless εr,Load=7.86, (d) lossy εr,Load=7.86 and (e) compared with lossless
TEM.

64



4.2.2.2 Acetic Acid: High Frequency Measurement (5GHz)

In this section, the frequency is increased to 5GHz where the impact of

free ions are negligible, but polar losses remain high. A permittivity loading

of 1 results in a carrier frequency of 3.69GHz for a minimum height of 1m on a

probe with a total length of 3m. To increase the operating frequency to 5GHz

the radius has been reduced from 5.48cm to 4.07cm and the normalized carrier

frequency increased from 0.59 to 0.63. This results in a decrease in minimum

height from 1m to 86.1cm. Alternatively, the normalized carrier frequency

could be increased from 0.59 to 0.73 to operate at 5GHz with a minimum height

of 1m, which would also result in a slight increase in permittivity accuracy from

14.2 to 14.5. The former has been used as the reduction in minimum height

is more significant than the increase in permittivity measurement accuracy.

Table 4.12: Summary of probe construction and performance parameters at 5GHz
(εr,Max = 73.68, εr,Peak = 70.02, ATp = 10−4, L = 3m).

hmin εr,Load an b fcar,n fc,01 fc,02 vg,Liq

c

β′′0,n |ΓTE|
|ΓTEM|

∆h ∆εr
(m) (cm) (GHz) (GHz) (×10−18)

0.861 1.00 0.954 4.07 0.63 4.488 5.304 0.455 -24.4 0.53 2.3 14.2

Table 4.13: Reflection properties of acetic acid solutions at 5GHz and room temperature.

Acetic Acid
Concentration |ΓTEM| |ΓTE|

0% 0.795 0.242
2% 0.794 0.233
4% 0.792 0.224
6% 0.790 0.215
8% 0.788 0.207
10% 0.787 0.199

From Table 4.9 it is evident that an increase in concentration does not

have a significant impact on the losses present. Increasing the concentration

from 0% to 10% results in an increase in the loss tangent from 0.239 to 0.279.

Consequently, the accuracy is reduced from 14.2 to 4.9 times that of a TEM

probe at the same frequency. It has been concluded that when the losses are

high and the losses do not vary significantly over the range of interest the

results do not agree with those predicted by the lossless assumption.
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Figure 4.10: Reflection coefficient for lossless and lossy acetic acid mixtures at 5GHz, (a)
lossless TEM, (b) lossy TEM, (c) lossless εr,Load=1 and (d) lossy εr,Load=1.
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Figure 4.11: Permittivity accuracy increase at 5GHz for (a) lossless, (b) lossy and (c)
compared with lossless TEM.
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Chapter 5

Summary and Future
Recommendations

A probe optimization procedure has been developed to determine the pa-

rameters of a dielectric loaded circular waveguide probe that utilizes the TE01

mode for TDR applications. It has been found that fluids having a relative

permittivity greater than 30 are able to be more accurately characterized us-

ing the proposed TE probes. For fluids with a relative permittivity below 30,

the TEM reflection coefficient changes rapidly, therefore, significant accuracy

improvements are not feasible. For all liquid applications it has been found

that the proposed probes provide increased height measurement accuracy pro-

portional to the dielectric constant of the loading material. Although the

optimization procedure uses a lossless assumption, the resulting probe designs

have been shown to provide improved accuracy over TEM probes in lossy ap-

plications.

Ethanol-water and acetic acid solutions were chosen to investigate the va-

lidity of the lossless optimization procedure for lossy applications. It was found

that the magnitude of the losses and the rate at which the losses increase de-

termine the performance of the probe. The presence of free ions results in a

rapid change in losses at low frequencies. This results in a significant increase in

permittivity accuracy at low frequencies and a significant drop in permittivity

accuracy at high frequencies. At 1GHz the measurement of the concentration

of an ethanol-water solution ranges from 4.7 to 11.0 times greater than that

of a TEM probe, depending on the dielectric loading used and the minimum

height required. Similarly, at 1GHz the measurement of the concentration of

an acetic acid solution ranges from 10.0 to 20.2 times greater than that of a
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TEM probe, depending on the dielectric loading used and the minimum height

required. In both cases losses have been taken into account using simulation

results from Ansoft HFSS. The losses of the liquid do not have an impact on

the height measurement accuracy. The permittivity accuracy exceeded that

of the TEM probe in all cases considered.

The optimization procedure accounts for the dispersive nature of waveguide

probes, multiple reflections within the fluid and ensures monomode operation

while meeting the minimum height of the fluid for a particular application. A

probe length of 3m with a minimum height of 1m has been assumed, except

where otherwise stated. This probe length is typical for an industrial appli-

cation. A minimum height of 1m is significantly larger than that of a TEM

probe, however, this conservative value could be reduced by accounting for the

attenuation of the fluid, utilizing a matched termination or by implementing

dispersion compensation methods. Dispersion could be reduced by utilizing

a signal that has a better time-bandwidth product, such as a secant-squared

pulse. A signal that is chirped proportional to the anticipated height of the

liquid could result in pulse compression rather than pulse spreading, thereby

reducing the minimum height. The optimization procedure could be further

improved by incorporating the expected losses of the liquid while calculating

the reflection coefficient.
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