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Abstract 

 

This thesis presents research into microwave remote sensing technologies for Arctic Science 

applications.  

In the first part of my thesis, I created and verified procedures for measuring the dielectric of a 

small volume of oil with cavity resonator and dielectric probe techniques. I designed and fabricated 

a cavity resonator and utilized a dielectric probe to demonstrate the technique and to generate new 

measurement results for three types of oil products. The measurement results are needed in 

dielectric mixture modelling and simulations of the normalized radar cross section (NRCS) of oil-

contaminated sea ice. 

I utilized five existing dielectric mixture models and the measured dielectric constants of three 

types of oil to model both clean and oil-contaminated sea ice. I simulated and compared their 

NRCS (three different types of contamination with three different amounts). The simulation results 

showed that I could distinguish between the clean and oil-contaminated sea ice based on the NRCS 

magnitudes. The simulation results demonstrate that for higher incidence angles, distinguishing 

clean sea ice from oil-contaminated sea ice with VV polarization is easier than HH polarization. 

In the second part of my thesis, I designed C-band Short Back-fire antennas that can be used for 

remote sensing applications. I simulated and characterized six different designs of Short Back-Fire 

antennas. The first design, SBF-1, is an optimum case of the conventional SBF antenna. In SBF-

2, I improved the realized gain and bandwidth of the first one by adding a cylindrical choke to the 

main reflector. In the third design, I filled the choke with Teflon. In the subsequent designs, I 

increased the bandwidth and realized gain of SBF-1 and SBF-2 by adding a ring beside the rim 

and by adding a choke to the rim. To validate the simulations, I fabricated and tested SBF-1 and 

SBF-2. The measurement results show good agreement between the simulations and the actual 

measurements. 
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1.  Introduction 

1.1 Motivation 

In the past decades, there has been a growing demand for the studies of the Arctic regions of our 

planet. Climate change, Global warming, Oil industry, Shipping, and tourism in the Arctic region 

are the most important reasons for this enormous attention to the Arctic. One of the ways of 

continuously monitoring the Arctic is utilizing microwave remote sensing technologies.  

Microwave remote sensing has been used to monitor maritime Arctic regions for many decades 

[1] [2]. It is well stablished that remote sensing systems are sensitive to the differences in properties 

of seawater and sea ice. In recent years, an increase in transportation in the Arctic has led 

researchers to consider the scenario of an oil spill in the region. Introducing oil products into a sea 

ice environment (due to a spill) would change the physical, thermodynamic, and dielectric 

properties of the sea ice. Remote sensing systems would be sensitive to the changes, and therefore, 

have the potential for detecting and monitoring oil spills. This is important for enacting a clean-up 

response and has significance for the government, industry, and Arctic communities.   

Almost 13 percent of the whole world's oil has been encapsulated in the Arctic region [3]. Oil 

extraction and transportation are two other important topics that have impact on the Arctic [4]. 

During either the extraction procedure or transportation of the oil by ships, there might be some 

leakage into the ocean water. Furthermore, global warming is one of the most important challenges 

that the world encounters nowadays and there is a close linkage between global warming and the 

Arctic weather alteration. The gradual replacement of multi-year sea ice with young sea ice, which 

mostly has occurred throughout the past years in the Arctic regions, is one of the important 

expressions of global warming [5].  

Shipping to the Arctic has been increased throughout the years and tourism is one the most 

important industries in Canada [6]. The optimized ship paths through the iceberg and the maritime 

Arctic regions must be figured out, which are important for the government, tourism industry, and 

commerce. For this purpose, an appropriate live map needs to be generated, which must be 

sensitive to the differences in sea ice, ocean water, snow, and some other parameters. This map 

can be generated using satellite imagery. The Canadian Ice Service create daily ice chart utilizing 

satellite data. As there is a change in the formation and location of sea ice in the Arctic region, 
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observing the sea ice movements is a high priority. Because of the weather conditions in the Arctic, 

and logistical challenges, doing in-situ measurements is difficult and costly. To overcome this 

issue, monitoring this area by satellite has been found to be the best way to have an up to date map 

of the region. Besides, there are some expectations that by improving satellite technology, oil 

leakage in the Arctic region could be detected. Satellite technology and distinguishing oil-

contaminated sea ice from clean sea ice are two research areas that need further enhancements. All 

these topics need experts from different fields of study and are tied together in the field of 

microwave remote sensing. 

Development of microwave remote sensing technology and techniques will help us to improve: 

 Monitoring the Arctic continuously by smaller satellites with higher technology and lower 

fabrication cost. 

 Oil spill detection in the Arctic region 

 Distinguishing between oil-contaminated sea ice and clean sea ice 

 Real-time maps of the dynamic Arctic region with higher accuracy 

 Monitoring global warming by charting Arctic sea ice coverage and detecting multiyear 

sea ice from first-year sea ice. 

 Modeling oil-contaminated sea ice which is a porous medium and is a combination of brine, 

pure ice, and oil. 

 Finding normalized radar cross-section of objects under test and analyze them 

 Microwave imagery 

 Communication network systems 

1.2   Thesis outline 

This thesis is composed of six chapters. The first chapter includes motivation and a thesis outline. 

The second chapter provides background materials, as well as a brief introduction to remote 

sensing technology and relevant topics for Arctic science. This chapter consists of three main 

sections, which are listed as follows: 1) Measurement of dielectric of different materials, 2) 

geophysical and electromagnetic properties of Arctic sea ice, as well as an overview of the current 

knowledge on oil-contaminated sea ice as it pertains to this research, and finally 3) designing an 

antenna, namely the Short Back-Fire Antenna (SBF), for remote sensing applications. Following 
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this, the third chapter presents research results on dielectric measurements and modeling studies 

for oil contaminated sea ice. Dielectric constants of three different types of oil, crude oil, marine 

ship diesel, and regular ship diesel are measured with two different dielectric measurement 

methods, high-temperature dielectric probe and cavity resonator. Materials in this chapter were 

presented in an IEEE conference paper entitled “Development of Dielectric Measurement 

Techniques for Arctic Oil Spill Studies”. The authors of this paper have trained to work with 

HAZARDOUS materials. Next, the simulation results of monostatic Normalized Radar Cross-

Section (NRCS) of uncontaminated sea ice and oil-contaminated sea ice. In this chapter, by 

utilizing five existing dielectric mixture models and the measured dielectric value of different types 

of oil, NRCS of oil-contaminated and clean sea ice have been simulated. These simulations have 

been done for three different amounts of oil including 5%, 7.5%, and 10%. The simulation results 

were used to verify the models for the satellite application at C-band. Following this, the fourth 

chapter presents a complete study on the C-band waveguide-fed Short Back-Fire antenna and its 

applications in remote sensing. Six configurations of these antennas were completely studied and 

simulated and the simulation results are included in this chapter. Two optimum designs, SBF-1 

and SBF-2 were fabricated and tested in the antenna lab at the University of Manitoba. Three 

additional design variations were simulated (i.e., I did not fabricate them in this thesis), and a 

summary of the simulation results are given. In the first design, SBF-1, I introduced an optimum 

case of conventional C-band waveguide Short Back-Fire antenna. In the second design, SBF-2, by 

adding a choke to the main reflector, I increased the realized gain and bandwidth of SBF-1. In the 

next three designs, with new techniques, I increased the bandwidth of SBF-1 and SBF-2, 

significantly.  

The fifth chapter presents the fabrication process and encountered challenges during the 

fabrication and measurement procedures. In the fabrication procedure and encountered challenges 

section, I discussed different topics including material selection, attaching different components 

of antennas, and inevitable alterations in the geometry due for the sake of fabrication. In the 

measurement section, I measured the bandwidth, S11, realized gain, and cross polarization and co-

polarization of the antennas. I also updated the simulations and increased the simulations quality 

to match the results of measurements with simulations.  The actual measurement results were in 

good relative agreement with the updated simulations. 



 

 
 4  
 
 

Finally, the sixth chapter concludes this thesis by summarizing the conclusions drawn from the 

research presented herein and providing suggestions for future extensions of the work presented 

in this thesis.   
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2.  Background 

 Introduction 

In this chapter I present relevant background information on three major topics that form the basis 

of my thesis: 1) Dielectric measurement techniques, 2) Dielectric modeling and Normalized Radar 

Cross-Section (NRCS), and the 3) Short Back-Fire (SBF) antenna. 

I start with an introduction to electromagnetic theory. Next, I present six dielectric measurement 

techniques and explain two of them in detail. Next, I present geophysical and electromagnetic 

properties, formation, and structure of sea ice. Furthermore, I explain different parameters related 

to sea ice including brine, salinity, snow, and thermodynamics of sea ice. The dielectric profile of 

sea ice, NRCS, and sea ice remote sensing are discussed in this section as well.  In the next section 

of this chapter, I describe the waveguide-fed SBF antenna and its applications including a 

discussion on the relative effects of antenna dimensions on the radiation characteristics of the 

antenna. 

 Electromagnetic Theory and Maxwell’s equations 

In order to understand the behavior of dielectric measurement process and remote sensing systems, 

knowledge of electromagnetic and Maxwell’s equations is necessary. For this purpose, I start with 

the differential form of Maxwell’s equations and then I derive the wave equation.  

The differential form of Maxwell’s equations is given as: 

 ∇ × 𝐸 = −
𝜕𝐵

𝜕𝑡
 (2.2.1) 

 ∇ ×𝐻 = 𝐽 +
𝜕𝐷

𝜕𝑡
 (2.2.2) 

 ∇ ∙ 𝐷 = 𝜌 (2.2.3) 

 ∇ ∙ 𝐻 = 0 (2.2.4) 

Where: 

E is the electric field intensity   [V/m]  

B is the magnetic flux density   [Wb/𝑚2] 

H is the magnetic field intensity  [A/m] 



 

 
 6  
 
 

D is the electric flux density   [C/𝑚2] 

J is the electric current density  [A/𝑚2] 

𝜌 is the electric charge density  [C/𝑚3] 

The constitutive relationships are given as: 

 B = 𝜇𝐻 (2.2.5) 

 J = σE (2.2.6) 

Where: 

휀 is the permittivity of the medium  [F/m] 

𝜇 is the permeability of the medium  [H/m] 

σ is the conductivity of the medium  [S/m] 

By assuming a linear, isotropic, and homogeneous, non-conducting media, the wave equation can 

be derived: 

 ∇ × ∇ × 𝐸 = −𝑗𝜔𝜇∇ × 𝐻 (2.2.7) 

 ∇2𝐸 − 𝑗𝜔𝜇(𝜎 + 𝑗𝜔휀)𝐸 = 0 (2.2.8) 

 ∇2𝐸 − 𝛾2𝐸 = 0 (2.2.9) 

Where 𝛾 is the wave propagation constant. The frequency dispersion property can be seen in many 

materials that are exposed to electromagnetic waves. Applying electric fields to many materials 

causes displacement of bound charges that leads to polarized material. There is a relationship 

between the electric flux density and the applied electric field to the material and the polarization 

vector of the material due to the electric field. 

 𝐷 =  휀0𝐸 + 𝑃 = 휀0휀𝑟(𝜔)𝐸 =  휀̂(𝜔)𝐸 (2.2.10) 

Where 휀𝑟 is the relative permittivity of the medium as a function of frequency and P is polarization 

vector due to an applied field and divergence of the electric flux density is equal to the total charge 

enclosed.  

 ∇ ∙  D =  ρ (2.2.11) 

Which results in:  

 ∇ ∙ 휀̂(𝜔)𝐸 =  ρ (2.2.12) 

 

The imaginary part of complex permittivity contains information of ohmic and damping loss. 
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Properties of Dielectric Materials 

The electrical properties of dielectric materials can be presented by the complex permittivity and 

tangent loss. For lossy materials, the complex permittivity consists of a real and an imaginary part 

which both are relative to the permittivity of vacuum. The real part shows the stored energy within 

the material while the imaginary part determines the material’s loss. It is common to represent a 

material with its loss tangent and permittivity.  

 

 휀∗ = 휀′ − 𝑗휀′′ (2.2.13) 

 𝑡𝑎𝑛 𝛿 =
휀′′

휀′
 (2.2.14) 

 Dielectric Measurement Methods 

2.3.1 Introduction 

Microwave dielectric measurement techniques are one of the most important fields of study in 

applied electromagnetics and have been investigated for many years [7] [8] [9]. These 

measurement techniques have been developed during the past decades and each of them has pros 

and cons. As time goes by, new horizons of research start to appear and there are researchers who 

are trying to improve measurement techniques as much as possible to make them usable for the 

new applications. A comprehensive study on different microwave measurement techniques has 

been provided in [10], [11], and [12], and different techniques have been discussed in detail.  

Generally speaking, measurement techniques can be classified into resonant or non-resonant 

methods. In the following, six of the more common techniques from either resonant or non-

resonant have been explained [12]. These six techniques are as follows: 1) parallel plate capacitor, 

2) Inductance measurement, 3) transmission line, 4) Free space, 5) coaxial cable (high-temperature 

probe), and 6) cavity resonator. In this thesis, two of the techniques, high-temperature probe and 

cavity resonator, have been used for dielectric measurements of different materials. 
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2.3.2 Parallel Plate Capacitor 

The parallel plate technique can be used to measure the permittivity of solids or liquids. This 

measurement system consists of two parallel metallic plates which are separated by a constant 

distance ‘t’ as shown in Figure 2.1. A dielectric material of interest is sandwiched between them 

as shown in Figure 2.1. The dielectric can be changed to the material of interest and the change in 

the dielectric of the capacitor leads to the alteration of the capacitance. Based on the measured 

capacitance, the dielectric of the material under test (MUT) can be found. The equivalent circuit 

of the structure and important formulas for this technique are given in Figure 2.1, and Figure 2.2 

respectively. This technique is a good choice for thin, flat sheets. It can accurately measure the 

dielectric of the MUT for low frequencies (up to 1.8 MHz). [13] 

In the following, both AC and DC voltage sources for the parallel plate system will be explained. 

Applying a DC voltage to a capacitor leads to storing charges. When the parallel plate is filled 

with a dielectric (or MUT, which is a dielectric material), more charge is stored in comparison 

with no material inside. This mechanism is used for finding the dielectric constant of the MUT. 

The following figure represents the parallel plate measurement system supplied with a DC voltage 

source.  

 

Figure 2.1. Parallel plate with DC supply. 

Relative dielectric constant of the MUT can be found by utilizing the following formulas: 

 𝐶0 =
𝐴

𝑡
 (2.3.1) 
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 𝐶 = 𝐶0휀𝑟
′  (2.3.2) 

 휀𝑟
′ =

𝐶

𝐶0
 (2.3.3) 

Where, 𝐶0 and 𝐶 are the capacitance of the parallel plate in the absence and presence of the 

dielectric material. “A” is the parallel plate area and “t” is the distance between the two parallel 

plates. 휀𝑟
′  is the relative permittivity of the sandwiched dielectric between the two plates.  

Supplying a parallel plate measurement system with an AC voltage source leads to two different 

currents as shown in Figure 2.2.  𝐼𝑐ℎ𝑎𝑟𝑔𝑒  and 𝐼𝑙𝑜𝑠𝑠  are charging current and loss current, 

respectively. The losses in the MUT are shown as a capacitor (C) and a conductance (G). The 

presence of dielectric material while the system is supplied by an AC voltage source increases the 

storage capacity of the capacitor. 

 

Figure 2.2. Parallel plate equivalent circuit for DC case. 

By utilizing an impedance measurement instrument, the impedance of the MUT is measured. Then, 

based on the measured impedance, permittivity and loss tangent of the MUT can be calculated [12] 

[13]. 

2.3.3 Inductance Measurement  

Measuring the permeability of a material can be done with an inductance measurement method. 

The most common form of doing this measurement involves winding a length of wire around a 

manufactured toroidal. Based on the changes of inductance due to the presence of the material, 

effective permeability of the material can be measured [13]. Figure 2.3 shows an equivalent circuit 

for a typical inductance measurement system. For more details, see [13] [10]. 
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Figure 2.3. Inductance measurement equivalent circuit. 

2.3.4 Transmission Line  

The transmission line measurement technique can be used to measure permittivity and 

permeability of different MUTs, such as liquid and solid, in a broad frequency band. This technique 

consists of a section of a rectangular or circular waveguide or coaxial transmission line which can 

be filled with the MUT. Based on the reflected signal (S11) and transmitted signal (S21), permittivity 

and permeability can be calculated [12]. Although it can measure a broad range of frequency, there 

are some limitations to the materials selection that should be taken into account. In the following, 

these considerations will be discussed.  

The first limitation is related to the material shape and possible air gaps between the transmission 

line and the MUT. Solid materials should be manufactured in a way to fit into the transmission 

line. For the sake of liquid measurements, liquid substances must fill the transmission line 

thoroughly to avoid any possible air gaps. MUTs should have flat faces and should be kept 

perpendicular to the long axis of the transmission line. The second limitation is that the MUT 

should be assumed as a homogeneous material. This microwave measurement technique can be 

done with rectangular or circular waveguide or a coaxial transmission line as shown in Figure 2.4. 
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Figure 2.4. (a) Rectangular waveguide, (b) circular waveguide, and (c) coaxial transmission line 

structures with MUTs. 

2.3.5 Free Space Measurement System 

A typical free space measurement system consists of two antennas, a sample holder and a vector 

network analyzer (VNA). This non-contacting measurement method is useful for high or low 

temperatures material measurements [13]. Unlike the transmission line method, this technique does 

not need the material to be manufactured in a specific shape such as toroid. However, choosing flat 

materials can decrease the surface scattering from the MUT and will lead to more accurate results 

because of less surface scattering when the MUT’s dimensions are comparable with the operational 

wavelength. Calibration of these type of systems can be done in different ways such as utilizing:  

1) TRM (Thru, Reflect, Match) 

2) TRL (Thru, Reflect, Line) 

 

Two configurations of free space measurement systems can be seen in the following figures.  

 

Figure 2.5. Typical free space measurement system. 

(a)
(b) (c)

 

 

 

Antenna (2) 

Connected to port 2 of VNA 

Antenna (1) 

Connected to port 1 of VNA 

Material under test 
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Figure 2.6. Free space measurement system. 

As can be seen from the above figures, the first and second antennas are connected to the first and 

second channels of the VNA, respectively. Additional details are available in [9] [12]. 

2.3.6 Coaxial Cable (High Temperature Probe) 

2.3.6.1. Introduction 

In addition to its easy setup, having the ability to measure a wide range of frequencies and 

temperatures make the high dielectric probe one of the most popular techniques for measuring 

solids and liquids in the microwave regime. A typical configuration of the measurement system is 

shown in Figure 2.7. This measurement system consists of a high-temperature dielectric probe, 

which is essentially a specially-designed cut off section of a transmission line, a coaxial cable, and 

a VNA. 

 

Figure 2.7. High-temperature dielectric probe measurement system. 

 

 

𝛼 

Antenna (1) 

Connected to port 1 of VNA 

Antenna (2) 

Connected to port 2 of VNA 

Material under test 
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The high-temperature dielectric probe withstands −40℃ to +200℃ temperature range and this 

property allows to make measurements in a wide range of temperatures. Another important feature 

of this probe is its resistance to corrosive or abrasive chemicals. In my study, I performed 

measurements of oil with this probe and I benefited from this property as I cleaned the probe with 

hexane after each measurement. The other important thing about the high-temperature probe is its 

flange which makes it possible to use it to measure the solid materials with flat surfaces with it. 

As the measurements are made utilizing an open-ended coaxial probe, this technique is able to 

give us the dielectric constant of the MUTs in a broad frequency band [12] [13] [14].  

During measurement, the high-temperature probe must be immersed into a liquid or must be 

touched to the flat face of the solid material or powder. The phase of the reflection coefficient is 

an important part of this technique. The change in the fields, which fringe into the material and 

reflect back, are the key concept of this method. The reflection coefficient (S11) can be measured 

and based on the measured reflected signal, the dielectric constant of the MUT is calculated. This 

measurement method is very accurate and is able to provide us with the dielectric constant of low-

loss solid materials with an uncertainty of about 2%-3%. For liquid substances, the uncertainty of 

the dielectric constant is about 1%-2% [14]. 

2.3.6.2. Theoretical Analysis 

The high-temperature dielectric probe can give us both the real and imaginary parts of the 

permittivity. Reflection coefficients at the interface between the probe and the high-temperature 

probe can be related to the permittivity of the MUT [14]. In Figure 2.7 a configuration of the probe 

is presented.  

 

Figure 2.8. Dielectric probe equivalent circuit without (a) and with MUT (b). 

(a) Air

(b) Dielectric
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By using the lumped element method, an equivalent circuit of the probe can be presented.  Figure 

2.8 shows two different configurations of probe interfacing air and MUT. The effect of presence 

of the material can be seen in the capacitor of the second configuration. The capacitance of the 

capacitor has changed from 𝐶0with no sample present (coaxial line open to air) to 휀𝐶0with the 

presence of MUT. There are two scenarios for the analysis of the equivalent circuit: 

1) When no material is present 

The capacitance due to the fringing field inside the coaxial line and capacitance related to the 

fringing field in air have been represented with 𝐶𝑓  and 𝐶0, respectively. The summation of the 

related capacitances gives the total capacitance of the system, 𝐶𝑡. 

2) When probe is terminated by a semi infinite material: [15] [16] 

Terminating by a material with complex dielectric constant, changes 𝐶0 to 휀𝐶0while 𝐶𝑓 remains 

unchanged.  

The final formula for capacitance can be represented by the following: 

 𝐶𝑡 = 𝐶𝑓 + 휀𝐶0 = 𝐶𝑓 + (휀
′ − 𝑗휀′′)𝐶0 (2.3.4) 

Based on the reflection coefficients of the reflected wave from the intersection of the material and 

probe, the permittivity of the MUT can be found. As can be seen in the following formula, 

reflection coefficients of the transmitted wave depend on the complex impedances of MUT 

(𝑍𝑡=−
𝑗𝜔

𝐶𝑡
 ) and probe. 

 Γ =
𝑍𝑡 − 𝑍0
𝑍𝑡 + 𝑍0

 (2.3.5) 

Next, a summary of the concept of the reflection coefficients in dielectric probe measurements and 

calibration process are given.  

2.3.6.3. Dielectric probe calibration: 

Based on Figure 2.8, S11 equation can be written as follows: 

 𝑆11
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

𝑗𝑡𝑎𝑛(𝛽𝑙) − 1

𝑡𝑎𝑛(𝛽𝑙) + 1
 (2.3.6) 

Input impedance can be found with the following formula: 
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 𝑍𝑖𝑛 = 𝑍0
𝑍𝐿 + 𝑗𝑍0tan (𝛽𝑙)

𝑍0 + 𝑗𝑍𝐿tan (𝛽𝑙)
 (2.3.7) 

Calibrating the dielectric probe measurement system needs three sets of measurements. In the 

calibration procedure, the absolute phase shift of the system, 𝐶0 and 𝐶𝑓 will be determined.   

For the calibration process, the following three measurements need to be done: 

1. Short circuit measurement 

In this measurement, 𝑍𝐿 is zero, and therefor Γ𝐿 is equal to -1. The phase shift of the measurement 

system, which is shown as 𝛽𝑙, can be found by measuring S11 and using this equation: 

 𝑆11
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

𝑍𝑖𝑛 − 𝑍0
𝑍𝑖𝑛 + 𝑍0

 (2.3.8) 

2. Two known Sample Measurement  

2.1.  Air measurement 

Measuring the air (휀𝑟 = 1 + 𝑗0) leads to the following equation: 𝑍𝐿 = 𝑗𝜔(𝐶𝑓 + 𝐶0)
−1 with two 

unknowns (𝐶𝑓 𝑎𝑛𝑑 𝐶0). Thus, another measurement is needed for solving the equation. 

2.2. Known fluid measurement 

Measuring a known fluid (휀𝑟 = 휀𝑟
′ + 𝑗휀𝑟

′′) results in the following equation with two unknowns 

(𝐶𝑓 𝑎𝑛𝑑 𝐶0). 

 𝑍𝐿 = 𝜔휀𝑟
′′𝐶0 + 𝑗𝜔(휀𝑟

′𝐶0 + 𝐶𝑓)
−1 (2.3.9) 

Solving these two equations together leads to the answer for 𝐶0 and 𝐶𝑓.  

After these steps, the calibration is complete, and the measurement system is ready to be used for 

material measurement. More information on this topic can be found in [12].  

2.3.7 Cavity Resonator 

Microwave cavity resonators have been used to measure the permittivity and permeability of 

materials for a specific frequency. Cavity resonators are microwave structures with high quality 

factor (high Q), which resonate at the frequency of interest. The introduction of the small dielectric 

material into the cavity results in a small shift in the resonant frequency, which permits calculation 

of the dielectric constant of the material. In the cavity perturbation model, the size of the perturbing 
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material must be small enough in order not to affect the formation of the standing wave inside the 

cavity [17]. The requirement for a small volume of material (< 1 mL) is an advantage of this 

technique, as large amounts of a substance might not always be readily available. A typical cavity 

resonator microwave measurement system which consists of a VNA, a coaxial cable, an SMA 

connector, and a metallic cavity resonator can be seen in Figure 2.9. 

 

Figure 2.9. Cavity resonator measurement set-up. 

The cavity resonator technique is one of the most reliable methods for the measurement of a small 

volume of material [13]. This technique is a suitable candidate for the measurement in the Arctic 

as frequently it is not possible to extract large volumes of materials in an experimental Arctic 

setting. Using a C-band cavity resonator can give us the dielectric constant of the MUT at a 

frequency around 5.5 GHz which is the same as the operational frequency of RADARSAT 

Constellation Mission. This method is accurate and can be used for both liquid and solid 

substances. In the following sections, a complete discussion about the rectangular cavity resonator 

that has been designed to operate at 5.5GHz will be given. 

 Theoretical analysis of rectangular cavity resonator 

Rectangular cavity resonators can be constructed using a section of waveguides terminated with 

metallic end walls. The main concepts of waveguides and cavity resonators are similar. Thus, the 

analysis of waveguides can be helpful in understanding the behavior of cavity resonator as well.   

Series or parallel RLC circuits can be an acceptable model for microwave cavity resonators at 



 

 
 17  
 
 

frequencies near resonance. Thus, there is a correlation between quality factor (Q) of the 

aforementioned RLC circuits and cavity resonators [17].  

The geometry of a rectangular cavity resonator and electric field variations of resonant modes are 

shown in the following figure.  

 

Figure 2.10. Rectangular cavity resonator and electric field variations of TE101, TE102, TE103 

resonant modes. 

There are different ways that a cavity resonator can be fed including feeding with a waveguide, or 

a small probe, or a loop of wire. The waveguide feeding can be found in [18] [17]. In the probe 

feeding configurations, there is a coaxial cable connected to an SMA. Coupling in these types can 

be adjusted by changing the length of the wire or probe. Figure 2.11 illustrates a typical coaxial 

fed cavity resonator.  

 

Figure 2.11. Rectangular cavity resonator with a coaxial cable feed. 

 

Cavity Resonator 

SMA 

Connector 

Coaxial Cable 

MUT Location 
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When the cavity is excited, electric and magnetic fields are excited within the cavity. These electric 

and magnetic fields correspond to the electric and magnetic energy. The energy is dissipated in 

both the medium of the cavity, which might be filled with a dielectric material, and in the metallic 

walls of the cavity.  

Based on the dimensions and design of the cavity, different TEmnp or TMmnp modes can be excited. 

In the design section, these modes will be discussed and equations for the related resonant 

frequencies and the unloaded quality factor (Q) of TE10p mode will be derived.  

Other important characteristics of the cavity resonator, such as propagation constant, resonant 

frequency, dominant excitation mode, quality factor, and equivalent circuit of the cavity, will be 

discussed in the following. 

 Propagation Constant and Resonant Frequency 

The geometry of a rectangular waveguide, which has been terminated at both ends (z = 0, d) with 

metallic walls is shown in Figure 2.11. 

In order to find the electric and magnetic fields inside the cavity resonator, Helmholtz equations 

should be solved. However, it is easier to start with writing TE and TM mode equations and satisfy 

the boundary conditions for the cavity resonator.  

In the following, TE and TM waves and their related parameters will be discussed [17].  

TE and TM waves can be written as: 

 �̅�𝑡(𝑥, 𝑦, 𝑧) = 𝑒̅(𝑥, 𝑦)(𝐴
+𝑒−𝑗𝛽𝑚𝑛𝑍 + 𝐴−𝑒+𝑗𝛽𝑚𝑛𝑍) (2.3.10) 

Where 𝑒̅ is the transverse variation of the mode and 𝛽 which is propagation constant is defined as: 

 𝛽𝑚𝑛 = √𝑘2 − (
𝑚𝜋

𝑎
)
2

− (
𝑛𝜋

𝑏
)2 (2.3.11) 

Where m and n are the mode numbers and a and b are dimensions of the selected waveguide and 

amplitude of forward and backward propagating waves are A+, A−, respectively and 𝛽𝑚𝑛 is the 

propagation constant of the m, nth TE or TM mode. 

𝐾, which is the wave number, has a relationship with permeability (𝜇) and permittivity (휀) of the 

material filling the cavity. 
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 𝑘 =  𝜔√𝜇휀 (2.3.12) 

After satisfying boundary conditions, solutions lead to the following equations for resonance wave 

number and resonance frequency of TEmnp or TMmnp modes, respectively. 

 𝑘𝑚𝑛𝑝 = √(
𝑚𝜋

𝑎
)
2

+ (
𝑛𝜋

𝑏
)
2

+ (
𝑝𝜋

𝑑
)2 (2.3.13) 

 𝑓𝑚𝑛𝑝 =
𝑐𝑘𝑚𝑛𝑝

2𝜋√𝜇𝑟휀𝑟
=

𝑐

2𝜋√𝜇𝑟휀𝑟
√(
𝑚𝜋

𝑎
)
2

+ (
𝑛𝜋

𝑏
)
2

+ (
𝑝𝜋

𝑑
)2 (2.3.14) 

Based on the design and dimensions, within the cavity different modes can be excited. In this 

thesis, I have selected the dimensions of the cavity resonator to operate at 5.5 GHz. In order to do 

so, a metallic section of standard WR-187 waveguide (47.55mm by 22.15mm) has been chosen 

and has been terminated with two metallic end walls.  

 Dominant Excitation Mode  

Variations in length of the chosen waveguide can change the exciting mode within the cavity. The 

length of the cavity was selected as 100 mm to allow for operation and measurements in the TE103 

mode. Thus, the dominant excitation mode of this cavity is TE103. Figure 2.12 depicts the electric 

and magnetic fields of the TE103 mode within the designed cavity resonator. 

 

Figure 2.12. Electric and magnetic fields of the TE103 mode inside the rectangular cavity 

resonator. 
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There are three peaks for electric fields distribution inside the cavity resonator. The related formula 

for the electric and magnetic fields inside the cavity (standing wave) are given in the following: 

 𝐸𝑦 = 𝐸0𝑠𝑖𝑛
𝜋𝑥

𝑎
𝑠𝑖𝑛

𝑝𝜋𝑧

𝑑
 (2.3.15) 

 𝐻𝑥 =
−𝑗𝐸0
𝑍𝑇𝐸

𝑠𝑖𝑛
𝜋𝑥

𝑎
𝑐𝑜𝑠

𝑝𝜋𝑧

𝑑
 (2.3.16) 

 𝐻𝑧 =
𝑗𝜋𝐸0
𝑘𝜂𝑎

𝑐𝑜𝑠
𝜋𝑥

𝑎
𝑠𝑖𝑛

𝑝𝜋𝑧

𝑑
 (2.3.17) 

 Quality Factor 

In the analysis of the cavity resonator, two important parameters are the resonance frequency and 

the quality factor. Quality factor, which is denoted by Q is a parameter that depends on different 

terms such as dielectric loss and conducting loss of the cavity and stored electric and magnetic 

energies inside the cavity. Dielectric loss is due to the loss in the material that fills the cavity. In 

the case of air-filled cavities, the loss at high frequency is very low. The conduction loss is because 

of the current flow in the cavity walls, which means that some loss occurs due to the electrical 

resistivity of the metal.  

 Equivalent Circuit  

A rectangular cavity resonator can be modelled with an equivalent RLC circuit, which is shown in 

Figure 2.13.  

 

Figure 2.13. Equivalent RLC circuit of the rectangular cavity resonator. 
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Based on circuit theory, the input impedance of the equivalent circuit is: 

 𝑍𝑖𝑛 = 
𝑅

1 + 𝑗𝑅 (𝜔𝐶 −
1
𝜔𝐿)

 (2.3.18) 

Near the resonance frequency, 𝜔 is substituted by 𝜔0.  

By assuming ∆ =  
𝜔−𝜔0

𝜔0
 , the final equation for input impedance will be: 

 𝑍𝑖𝑛 =
𝑅

1 + 𝑗𝑄02∆
     (2.3.19) 

Where  

 𝑄0 =
𝑅

𝜔0𝐿
 (2.3.20) 

Coupling factor is a measure of the level of coupling between a resonator and a feed and is related 

to the reflection coefficient of the resonator. This factor describes how well energy has transferred 

from the feeding line to the resonator. If the resonator is matched to the feeding line at the resonant 

frequency, then the resonator is critically coupled to the feed [17]. The coupling factor of the 

equivalent circuit of the cavity resonator can be written as: 

 
𝑔 = 

𝑅

𝑍0
 (2.3.21) 

There are three different situations for the coupling factor of the equivalent circuit of the cavity 

resonator. These are: 

1) Cavity resonator is under-coupled if   𝑔 < 1 

2) Cavity resonator is critical-coupled if   𝑔 = 1 

3) Cavity resonator is over-coupled if       𝑔 > 1 

After substituting 𝑔 in the (equation 2.3.19), the final equation for the input impedance becomes:  

 𝑍𝑖𝑛 =
𝑔𝑍0

1 + 𝑗𝑄02∆
 (2.3.22) 

 Cavity coupling 

In this section, I explain different methods of feeding the cavity resonator and discuss the Smith 

chart of the cavity.  
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2.3.7.6.1. Probe coupling 

In order to operate a cavity at a specific frequency, electric and magnetic fields need to be excited 

in the cavity. In my design, I have used the coaxial cable feeding mechanism as it is easy to use, 

and the length of the probe can be adjusted easily. One typical way of exciting the cavity is to 

connect it to a VNA. The VNA provides a source of signal and is able to measure transmitted and 

reflected waves. An SMA connector is used to connect the coaxial cable to the cavity. The 

extension of the SMA wire can be formed in different ways which can be seen in Figure 2.14.  

 

Figure 2.14. Different feeding mechanisms (Extension of the SMA wire). 

The generated electromagnetic fields with these coupling devices can be approximated with either 

electric or magnetic dipole moment. The dipole moment couples the generated fields to the 

resonance mode of the cavity resonator [18] [17].  

In the following I discuss the coupling probe. The other coupling methods can be found in [18].  

2.3.7.6.2. Coupling probe 

A coupling probe can be used for the cavity resonator excitation. The following figure depicts a 

configuration of the extended inner conductor of the coaxial cable. The inner conductor acts as a 

coupling probe. The extension length is smaller than the operating guide wavelength and as a 

result, the impedance of the probe is almost near zero and its equivalent circuit is an open circuit. 

The current flow in the probe is very weak and is near zero. On the other hand, the probe’s voltage 

loop

Flat

Probe

Right angle probe
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creates an electric field between the probe and the adjacent walls as shown in the following figure. 

The electric field radiates the electromagnetic energy into the resonator and the radiation 

mechanism can be modeled with a monopole antenna. There are important parameters that affect 

the dipole moment of the coupling probe. These parameters are listed as follows: 

1. Length of the probe 

2. Dielectric of the insulator 

3. Inner diameter of the probe 

Tuning the coupling probe is readily accomplished by adjusting the length of the probe. 

 

Figure 2.15. Electric fields representation of the rectangular cavity resonator with coupling 

probe. 

2.3.7.6.3. Smith Chart Analysis of Coupling 

Based on the section (Equivalent circuit, 2.3.7.6.2), the Smith chart measurements of the cavity 

resonator can have different curves. Figure 2.16 shows three different types of coupling: under-

coupled, critically coupled, and over-coupled. The length of the probe extension affects the 

coupling type, which means that the length of the probe can be adjusted based on the application 

of interest.  
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Figure 2.16. Smith chart representation of different cavity resonator coupling. 

By now, important and crucial characteristics and concepts about cavity resonator have been 

discussed completely. In the following sections, I will explain how a cavity resonator can be used 

for dielectric measurement of different materials using the cavity perturbation method. 

 Cavity Perturbation Method 

In this thesis, I have focused on the cavity perturbation method. This method approximates the 

electric and magnetic fields of the cavity resonator, and based on the shift in resonance frequency, 

electrical properties of MUT such as real and imaginary parts of permittivity can be found. To be 

able to utilize the perturbation method, it is crucial that the volume of the introduced material into 

the cavity should not be comparable with the volume of the cavity. The perturbation model 

assumes that there should not be a noticeable change in the electric and magnetic fields of the 

cavity due to the perturbation. There are two different perturbation types including material 

perturbation and shape perturbation. In this thesis, I am focused on the first type that is material 

perturbation. Shape perturbation can be found in the literature [17].  

 Material Perturbations 

A cavity resonator can be perturbed by a small change in either the permittivity or permeability of 

the filling material inside it. In the following formulas, the small change is shown with ∆𝜇 and ∆휀 

for a small change in permeability and permittivity, respectively. 
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In order to find the perturbation effect and its relationship with the shift in resonance frequency, 

the following formulas need to be used. E0 and H0 are electric and magnetic fields of the 

unperturbed cavity while E and H represent the electric and magnetic fields of perturbed cavity 

resonator, respectively. 

 ∇ × �̅̅� = −𝑗𝜔 (𝜇+∆𝜇)𝐻  (2.3.23) 

 ∇ × �̅̅� = −𝑗𝜔 (휀+∆휀)�̅�  (2.3.24) 

Where  

𝜔0: frequency of the original cavity 

𝜔: frequency of the perturbed cavity 

 

Doing some mathematical operations leads to the exact equation for the change in the resonant 

frequency due to material perturbations as shown in the following [17]: 

 
𝜔 −𝜔0
𝜔

=
−∫ (∆휀�̅� . �̅�0

∗ + ∆𝜇�̅�. �̅�0
∗) 𝑑𝑣

 

𝑉0

∫ (휀�̅�0. �̅�0
∗ + 𝜇�̅�. �̅�0

∗) 𝑑𝑣
  

𝑉0

 (2.3.25) 

As �̅� and �̅� are typically unknown, this formula is not practical. By assuming ∆휀 and ∆𝜇 are small, 

perturbed electric and magnetic fields (�̅�  𝑎𝑛𝑑 �̅� , respectively) can be approximated by original 

electric and magnetic fields (�̅�0 𝑎𝑛𝑑 �̅�0, respectively). The frequency of the original cavity can 

be replaced by the frequency of the perturbed cavity.  

 
𝜔 −𝜔0
𝜔0

=
−∫ (∆휀|�̅�0|

2 + ∆𝜇|�̅�0|
2) 𝑑𝑣

 

𝑉0

∫ (휀|�̅�0|2 + 𝜇|�̅�0|2) 𝑑𝑣
  

𝑉0

        (2.3.26) 

Equation 2.3.26 demonstrates that resonant frequency of the cavity is dependent on the change in 

휀 and 𝜇. In other words, if either 휀 or 𝜇 or both of them change, the resonant frequency changes 

as well.  

 Measurement procedure and related formulas 

Standard design formulas that are given in the following are used to derive the real and imaginary 

parts of the permittivity. Material measurement using cavity resonator requires multiple 

measurements and utilizing the following formulas. 
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The first step is to measure the reflection coefficient, S11, of the unperturbed cavity resonator 

(cavity resonator with an empty tube (sample holder)) using a VNA. Then, the second step is to 

measure the perturbed cavity resonator (filled tube with the material of interest). Based on the 

change in resonant frequency, the loaded quality factor of the perturbed cavity can be found as 

follows: 

 𝑄𝐿 =
𝑓𝑠

∆𝑓𝑋𝑑𝐵
         {

𝑓𝑠                          𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑡 |𝑆11| 𝑚𝑖𝑛
 

∆𝑓𝑋𝑑𝐵    𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑡|𝑆11| = − 𝑋𝑑𝐵
 (2.3.27) 

Where,  

𝑓𝑠  is the resonant frequency when cavity resonator is perturbed 

∆𝑓𝑋𝑑𝐵  is the discrepancy between the resonant frequency of perturbed and unperturbed resonator.  

The unloaded quality factor of the cavity resonator is found from the following expression and is 

based on the loaded quality factor.  

 

𝑄𝑈 = 𝑄𝐿 {
2

1 ± |𝑆11|𝑓0
√
|𝑆11|𝑋𝑑𝐵

2 − |𝑆11|𝑓0
2

1 − |𝑆11|𝑋𝑑𝐵
2   }    {

−    if cavity is overcoupled
 

  +     if cavity is undercoupled
 

 

(2.3.28) 

In the last step, based on the following formulas, real and imaginary parts of the MUT can be 

calculated: 

 휀𝑟
′ = 1 − 2

𝑓𝑠 − 𝑓0
𝑓0

𝐶𝐹 (2.3.29) 

 휀𝑟
" = 𝐶𝐹(

1

𝑄𝑈
−
1

𝑄𝐿
) (2.3.30) 

 𝐶𝐹 =
𝑉𝑐

   4𝑉𝑠  |sin(
𝑚𝜋
𝑎 𝑥) sin(

𝑝𝜋
𝑑
𝑧)|

2

   
 (2.3.31) 

Where,  

𝑓𝑠  denotes the resonant frequency when cavity resonator is perturbed. 

𝑓0 is the resonant frequency when cavity resonator is empty. 

𝐶𝐹 denotes the correction factor. 

𝑉𝑐  is the volume of the cavity. 

𝑉𝑠 is the volume of the perturbation. 
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𝐶𝐹 is being calculated for the 𝑇𝐸𝑚0𝑝  mode at the location of the perturbation (x = 23.775mm, z = 

77.8mm).  

This method is accurate while the size of perturbed material is much smaller than the size of the 

cavity [12] [17]. These expressions are used to calculate the dielectric constant of several materials 

of interest in Chapter 3. 

 Summary 

In the previous sections, six microwave measurement methods have been summarized. In the 

following table a summary of the aforementioned techniques can be found. In this thesis, the main 

focus is on the cavity resonator technique and the high temperature probe dielectric measurement. 

In Chapter 3, I will discuss these two techniques in further detail and the reasons for the selection 

of these techniques for my research.  

 

Table 2.1. Summary of the microwave measurement techniques. 

 

 

Type of 

substance 

under test 

Frequency 

band 

Sample 

Preparation 

Accuracy for lossy 

material 

measurement 

Applicable for 

permittivity or 

permeability 

measurement 

Parallel Plate 

Capacitor 
Thin layer Single Difficult 

High for low loss & lossy 

materials 
Permittivity 

Transmission 

Line 

Solid, Sand, 

Liquids 
Broadband Difficult Moderate Both 

Cavity 

Resonator 

Solid, Sand, 

Liquids 

Single 

 
Difficult 

High for low loss 

materials. Low for lossy 

materials 

Both 

Free Space Flat materials Broadband Easy Moderate Both 

High-

temperature 

probe 

Liquids, Semi 

solid, Sand 
Broadband Easy High for lossy materials Both 

Inductance 

method 

Cylindrical / 

toroid shape 
Single Medium Moderate Permeability 
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Figure 2.17. Loss of different dielectric measurement techniques versus frequency. 

 Geophysical and Electromagnetic Properties of Sea Ice 

In this section, I discuss sea ice physical and dielectric properties, as they are critical to remote 

sensing of the Arctic marine environment.  

The Arctic Ocean is a major body of water in the Northern Hemisphere. In remote polar oceans, 

sea ice forms, grows, and melts. On average sea ice covers about 25 million square kilometers of 

the earth (about two and a half times area of Canada) and for most of the year it is covered with 

snow. Sea ice melting and forming seasons are summer and winter, respectively. If sea ice survives 

the melting season, it becomes multiyear sea ice [19] [20].  

2.4.1.  Structure of Sea Ice 

First year sea ice can be characterized with three distinct layers. The upper layer of sea ice is known 

as the frazil layer. This layer typically is 1-10 cm (5% of the whole) and is the uppermost layer of 

sea ice [21]. Due to the turbulent mixing that happens during the formation of this layer, it consists 

of randomly oriented ice crystals. The transition layer is beneath the frazil layer and is the middle 

layer in the congelation growth of sea ice. In this layer, ice forms based on geometric selection 

Loss

High

Medium

Low

FrequencyFrequency

Loss
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process. Formation based on the geometric process means if crystals have different orientations of 

c-axis cannot grow and are cut off while crystals which are orientated in c-axis and perpendicular 

to the temperature gradient grow. The columnar layer, which is beneath the transitional layer, is 

the largest of the three layers within the sea ice. It contains vertically oriented ice crystals with 

brine pockets interspersed throughout. The bottom of the sea ice, i.e., where the ice meets the 

water, is known as the skeletal layer. This layer which is the last layer of sea ice forms at the 

interface of sea water and sea ice and has a thickness of about 1-3cm. This layer’s structure has a 

dendrite shape. In the following figure, first year sea ice is shown.  

 

Figure 2.18. First year sea ice, (Photo credit: Dr. Isleifson). 

2.4.2.  Brine and Salinity  

From microwave remote sensing point of view and radar signature, due to the inclusions and 

presence of brine, sea ice is different from pure ice. The thermodynamic and mechanical properties 

of these two types of ice are different as well.  Typically, a linear and a C-shape curve as shown 

in Figure 2.19 demonstrate the salinity profile and temperature of sea ice versus depth, 

respectively. The thermodynamic evolution of sea ice and the change in temperature during the 

formation process affect the sea ice salinity and, as a result, change the dielectric constant of sea 

ice. This change in dielectric constant can be distinguished in radar signal processing and is one 

of the main topics in microwave remote sensing of sea ice. 
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Figure 2.19. Sea ice properties (Salinity and Temperature Versus Depth). (Credit: Sea ice data is 

provided with Dr. Isleifson) 

2.4.3.  Brine Volume Fraction 

The brine volume fraction of sea ice is the percentage of brine with respect to the total given 

volume of sea ice. The brine volume fraction is a function of temperature and salinity of sea ice.  

Empirical formulas for the brine volume fraction over the range of temperature of −0.5℃ to -29℃ 

have been derived by Frankenstein and Garner [22]. In the following, the derived brine volume 

fraction formulas and related figures for different amount of salinity can be found. 

 

 𝑣𝑏 = 10
−3𝑆𝑖 (−

52.56

𝑇
− 2.28),     − 0.5°𝐶 ≥ 𝑇 ≥ −2.06°𝐶, (2.4.1) 

 𝑣𝑏 = 10
−3𝑆𝑖 (−

45.917

𝑇
+ 0.930),     − 2.06°𝐶 ≥ 𝑇 ≥ −8. 2°𝐶, (2.4.2) 

 𝑣𝑏 = 10
−3𝑆𝑖 (−

43.795

𝑇
− 1.189) , −8.2°𝐶 ≥ 𝑇 ≥ −22. 9°𝐶, (2.4.3) 
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Figure 2.20. Brine volume fraction versos temperature. 

Where 𝑣𝑏,  𝑆𝑖, and 𝑇  are brine volume fraction, Salinity, and Temperature in degrees Celsius, 

respectively. Figure 2.20 demonstrates that there is a direct relationship between salinity and brine 

volume fraction which means by increasing salinity and temperature, brine volume fraction 

increases. Later revision of these formulas can be found in [23], which include the effects of air 

volume fraction and solid salt. 

2.4.4.  Snow 

One of the most important areas in the geophysical properties of Arctic sea ice involves the 

properties of the snow layer that is often found on the surface of sea ice. Considering that the sea 

ice is thermodynamically and dynamically active, the temperature, structure, and salinity of the 

sea ice are measured and described in a single point in time. The presence of snow on sea ice 

affects the thermodynamics, dielectrics, and scattering profile of the sea ice. Snow forms when the 

temperature drops to 0℃ or below, in the presence of moisture in the air. It consists of individual 

ice grains and air and, depending on conditions, can also consist of both liquid pure water and 

brine [1] [19] [24] [25] [26]. To characterize the snow that covers the sea ice, a number of 
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measurements are taken including the thickness, density, temperature, salinity, liquid content, and 

grain size and structure.  

Differences exist between the different depths of the snow layer in terms of their density, salinity, 

grain size and shape, and these differences define horizontal sublayers within the snow cover [27] 

[28]. In cases where liquid is present in the snow, the wet snow is also classified based on its liquid 

content. Further details can be found in [29]. 

2.4.5.  Thermodynamics 

One of the main properties of interest in Arctic Microwave Remote sensing is the temperature of 

sea ice, which can be linked to the salinity of the brine within the ice without the use of physical 

measurements. A complex thermodynamic system, including the atmosphere, snow cover on the 

surface of the ice, sea ice, and the ocean exists in the Arctic. As such, there are various factors that 

can influence the temperature of sea ice. The temperature can vary with depth, as the surface of 

the ice is exposed to the cold air and snow, lowering the temperature, while the ocean waters 

underneath the ice are relatively warmer. Therefore, it would be more accurate to refer to the 

temperature profile of the ice. If we parameterize the factors that affect the temperature of ice into 

heat fluxes, the thermodynamics of sea ice can be modelled as a one-dimensional system, assuming 

that the snow and ice layers are homogenous and infinitely long in the horizontal direction. This 

assumption ensures that the heat only transfers in the vertical direction [30].  

2.4.6.  Sea Ice Dielectric Properties 

In terms of dielectric properties, sea ice is a complex structure since it has been made of different 

components, such as brine, air pocket inclusions, and pure ice as a host material. In other words, 

sea ice is a heterogeneous medium and this means that permittivity of sea ice varies with sea ice 

depth. The variation of permittivity in the horizontal distance is relatively negligible, in 

comparison, for undeformed first year sea ice.  

In-situ measurement of permittivity of sea ice is difficult, however, the complex permittivity of 

sea ice can be specified with the measurement of bulk salinity and ice temperature which is easier 

to perform.  

In the following, pure ice and brine which are components of sea ice, will be discussed separately. 
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2.4.6.1   Pure Ice 

Pure ice is made of freshwater without any solved or dissolved salt. The dielectric constant of pure 

ice follows a Debye model and is dependent upon both frequency and temperature. However, at 

microwave frequencies due to the fact that relaxation time for the pure ice is less than freshwater, 

frequency dependency of dielectric constant of pure ice to the frequency can be neglected. [31] [1] 

[32] 

 휀𝑝𝑢𝑟𝑒 𝑖𝑐𝑒 = 3.1884 + 0.00091 𝑇 (2.4.4) 

At microwave frequencies, the imaginary part of permittivity of pure ice is typically on the order 

of 10−3 which can often be neglected in the modelling approaches.  

2.4.6.2    Pure water 

Debye model is a prominent candidate for liquids dielectric modeling, specifically pure water, and 

shows their frequency dependency. Pure water, which its molecules have permanent dipole 

moment can be modeled as follows: 

 휀𝜔(𝜔) = 휀𝜔,∞ +
휀𝜔,𝑠 − 휀𝜔,∞
1 + 𝑗𝜔𝜏𝜔

 (2.4.5) 

Where value of high frequency permittivity, 휀𝜔,∞, is 4.9. 휀𝜔,𝑠 represents the static permittivity of 

pure water (𝜔 = 0) and 𝜏𝜔 is the relaxation time. They are both temperature dependent [1]. The 

response of the water molecules to the applied electric field can be represented by the relaxation 

time term. External applied electric field changes the initial position of water dipoles and relaxation 

time is the required time interval for molecules to get back to their initial positions after turning 

off the external field. 

2.4.6.3    Brine  

The real and imaginary parts of brine permittivity are shown in the following. [1] 

 

 
휀𝑏
′ = 휀W∞ +

휀𝑏0 − 휀𝑊∞
1 + (2𝜋𝑓𝜏𝑏)2

 (2.4.6) 
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 휀𝑏
′′ = (2𝜋𝑓𝜏𝑏)

휀𝑏0 − 휀𝑊∞
1 + (2𝜋𝑓𝜏𝑏)2

+
𝜎𝑏

(2𝜋𝑓휀0)2
 (2.4.7) 

Where  

휀𝑏0   is the DC permittivity of brine 

𝜏𝑏    is the relaxation time constant of brine 

𝜎𝑏   is the conductivity of brine 

휀W∞  is equal to 4.9 

 

Figure 2.21 shows the changes of real and imaginary parts of dielectric constant at different 

temperatures over a range of frequency, respectively. It can be seen that the real part of dielectric 

constant of brine decreases as frequency increases. The real part has the highest value at 0°𝐶. The 

imaginary part at 0°𝐶, −30°𝐶, and −40°𝐶, increases over the frequency range. However, at 

−10°𝐶, and −20°𝐶, the imaginary part over the frequency range decreases. In this example plot, 

the imaginary part has the highest value at −10°𝐶.  

 

Figure 2.21. Real and imaginary parts of brine permittivity at different temperatures versus 

frequency. 

(a) Real Part (b) Imaginary Part



 

 
 35  
 
 

2.4.7.  Dielectric Profile of Sea Ice 

Dielectric mixture model is a term that is used to describe the equivalent dielectric constant of a 

heterogeneous material. Heterogeneous material consists of two or more substances. The 

substance, which has the highest volume fraction is considered as the host material, and the other 

substances are regarded as inclusions [1].  

The properties of the individual substances, which are listed below have an important impact on 

the modeling of heterogeneous material. [1] 

1. Dielectric constant of individual substances 

2. Volume fractions  

3. Spatial distributions  

4. Orientation relative to the direction of incident field vector 

As it is shown in Figure 2.22 inclusions within the host material can be categorized into three 

groups: 

1. Spherical inclusions 

2. Disc shape inclusions 

3. Needle shape inclusions 

 

Figure 2.22.  Different inclusion types within the host material. 

To represent complex medium dielectric, dielectric mixture models such as linear mixture model, 

refractive mixture model, cubic mixture model, and Polder-van Santen/de Loor can be used.  

Host material and inclusions within the host comprise the mixture material. In a mixture model, 

the mixture permittivity includes the permittivity of the host material and the inclusions within the 

host. On the other hand, in the macroscopic point of view, the mixture permittivity is a function of 
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the permittivity of the inclusions, and the shape and orientation of the inclusions. A comprehensive 

study on these models and modeling approaches can be found in [1] 

Sea ice is considered as a complex medium and is a mixture of the following:  

 pure ice as a host material 

 liquid brine inclusions (in some cases solid salts are present as well) 

 air pockets 

The dielectric constant of each of the components of sea ice is well investigated and known. 

However, representing a complex dielectric constant of the sea ice is challenging. Determining the 

value of the dielectric constant for a mixture (in this case sea ice), which is a non-homogeneous 

medium is the main reason of modeling the dielectric of a random medium. Figure 2.23 and Figure 

2.24 represent the goal of using the mixture model in general and specifically for sea ice case, 

respectively.  

 

Figure 2.23. Effective permittivity of mixture structures. 

 

Figure 2.24. Sea ice effective permittivity. 

The focus of this section is on dielectric mixture modeling of sea ice. For this purpose, amongst 

all the modeling approaches in the literature, five common dielectric mixture models for sea ice 

modelling are listed in the following: 

1. Linear mixture model 

2. Refractive mixture model 
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3. Cubic mixture model 

4. Two phase Polder-van Santen/de Loor (PVD)  

5. Tinga-Voss-Blossey (TVB) 

2.4.7.1    Linear, Refractive, Cubic mixture models 

Mixture models of 1, 2, and 3 follow the general formula: 

 휀𝑚𝑖𝑥𝑡𝑢𝑟𝑒
𝛼 = 휀ℎ

𝛼 + 𝑣𝑖(휀𝑖
𝛼 − 휀ℎ

𝛼) (2.4.8) 

Where,  

휀ℎ  is the dielectric of the host material, in this case pure ice 

휀𝑖         is the dielectric of the inclusions within the host material in this case brine  

𝑣𝑖        is the inclusion volume fraction 

𝛼 = 1, 1 2⁄ , 𝑎𝑛𝑑 1 3⁄  represent the linear mixture model, the refractive mixture model, and the cubic 

mixture model, respectively.  

2.4.7.2    Two phase Polder-van Santen/de Loor mixture model (PVD) 

Two-phase Polder-van Santen/de Loor mixture model is the fourth model that has been utilized in 

this thesis. The main assumption in this approach is that the geometry of the inclusions within the 

host material is considered elliptic shape. In this model, it is also assumed that the mixture consists 

of randomly oriented ellipsoidal inclusions surrounded by the host material. Equation 2.4.11shows 

the general form of the PVD mixture model for sea ice modeling with randomly oriented brine 

inclusions within a host material which is pure ice [1] [33] [34] 

휀𝑚𝑖𝑥 = 휀𝑒𝑓𝑓 = 휀ℎ +
𝑣𝑖
3
(휀𝑖 − 휀ℎ) ∑  

𝑢=𝑥,𝑦,𝑧

(
1

1 + 𝐴𝑢 (
휀𝑖
휀𝑒𝑓𝑓

− 1)
) 

 

휀𝑒𝑓𝑓 = {

휀ℎ        𝑣𝑖 ≤ 0.1
 

휀𝑒𝑓𝑓      𝑣𝑖 ≤ 0.1
 

(2.4.9) 

 

Where  
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𝐴𝑢 is the depolarization factor (a geometric factor) for the ellipsoidal inclusions in the u   

axis 

휀𝑒𝑓𝑓           is the effective dielectric constant of the mixture 

휀ℎ             is the dielectric of the host material, in this case pure ice 

휀𝑖              is the dielectric of the inclusions within the host material in this case brine  

𝑣𝑖             is the inclusions volume fraction 

 

And the depolarization factor for each axis of an ellipsoidal inclusion can be calculated with the 

following formula: 

  

𝐴𝑢 =
𝑎𝑥𝑎𝑦𝑎𝑧
2

∫
𝑑𝑠

(𝑠 + 𝑎𝑢2)√(𝑠 + 𝑎𝑥2)(𝑠 + 𝑎𝑦2)(𝑠 + 𝑎𝑧2)

∞

0

 (2.4.10) 

 

Where, 𝑎𝑥, 𝑎𝑦, and 𝑎𝑧 are the semi axes of the ellipsoid.  Assuming spherical shape for inclusions, 

the depolarization factor becomes 𝐴𝑥 = 𝐴𝑦 = 𝐴𝑧 = 1 3⁄ . (summation of the depolarization factors 

for each axis must always be equal to unity)  

 

Polder-van Santen/de Loor mixture model for the spherical shape inclusions is given in the 

following: 

휀𝑚𝑖𝑥 = 휀𝑒𝑓𝑓 = 휀ℎ + 3𝑣𝑖휀𝑒𝑓𝑓
휀𝑖 − 휀ℎ
휀𝑖 + 2휀𝑒𝑓𝑓

  (2.4.11) 

Where,  

휀𝑒𝑓𝑓           is the effective dielectric constant of the mixture 

휀𝑖              is the dielectric of the inclusions within the host material in this case brine  

휀ℎ             is the dielectric of the host material, in this case pure ice 

 

It is worth mentioning that Equation 2.4.11 is a quadratic equation in 휀𝑒𝑓𝑓 . 
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2.4.7.3    Tinga-Voss-Blossey (TVB) 

Two-phase Tinga-Voss-Blossey is the fifth modeling approach in this thesis. The principal 

assumption in the TVB approach is that the geometry of the inclusions within the host material is 

considered elliptic shape within a fictitious confocal ellipsoidal shell representing the host 

material. This is shown in Figure 2.25. 

 

Figure 2.25. Two-phase confocal ellipsoidal Tinga-Voss-Blossey model. 

The general form of this model for randomly oriented ellipsoidal brine inclusions within a pure ice 

host is shown in the following: 

휀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 휀ℎ +
𝑣𝑖
3
(휀𝑖 − 휀ℎ) ∑  

𝑢=𝑥,𝑦,𝑧

(
1

1 + (𝐴𝑢1 − 𝐴𝑢2𝑣𝑖) (
휀𝑖
휀ℎ
− 1)

) (2.4.12) 

Where  

𝐴𝑢1      is the depolarization factor (a geometric factor) for the host in the u axis 

𝐴𝑢2      is the depolarization factor (a geometric factor) for the ellipsoidal inclusions in the u  

       axis 

휀ℎ             is the dielectric of the host material, in this case pure ice 

휀𝑖              is the dielectric of the inclusions within the host material in this case brine  

𝑣𝑖             is the inclusions volume fraction 
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For the spherical inclusions, the depolarization factors for each axis of the inclusion are equal and 

is equal to 1 3⁄ . TVB mixture model for the spherical shape inclusions is given in the following: 

휀𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 휀ℎ +
3𝑣𝑖휀ℎ(휀𝑖 − 휀ℎ)

2휀ℎ + 휀𝑖 − 𝑣𝑖(휀𝑖 − 휀ℎ)
 (2.4.13) 

Dielectric mixture models are good approximations for the dielectric of the heterogeneous 

materials at low frequencies. These models have some limitations at higher frequencies as the 

wavelength becomes comparable to the size of the inclusions. Despite the limitations, these 

modeling approaches are suitable tools for representing the dielectric of a heterogeneous material 

as a single material.  

For sea ice dielectric mixture modeling, it is significant to mention that the effect of brine inclusion 

scattering can be seen at frequencies above 20-30GHz, while air bubbles affect the scattering at 

frequencies above 2-3 GHz. The mixture models are appropriate at 5.5 GHz as the inclusions size 

is not comparable to the wavelength to affect the scattering mechanism and the mixture model is 

accepted [21]. 

2.4.8.  Electromagnetics and Sea ice microwave scattering 

Due to the importance of the Arctic in today’s world, continuous observation of this dynamic area 

and monitoring sea ice movement are important topics. In order to continuously monitor the 

region, there are some difficulties including expenses of physical presence in the Arctic. Satellite 

microwave remote sensing can make regular visits over a region of interest and can provide 

observations of expansive areas, such as the Arctic Ocean. For instance, RADARSAT-2 visit a 

region twice a daily and RADARSAT Constellation Mission (RCM), which consists of three 

satellites provides higher temporal resolutions. This is due to the fact that in RCM there are more 

satellites to take images, so there is less time between images. This is important since the Arctic 

Ocean is a very dynamic region, especially during shipping season and fall freeze-up. 

Microwave remote sensing can be classified into two categories: 

1) Active microwave remote sensing 

2) Passive microwave remote sensing.  

These two remote sensing systems have different applications and different functionality. 
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Active microwave remote sensing:  

In an active microwave remote sensing system, the system illuminates an area by transmitting 

energy (e.g., a pulse) and receiving backscattering waves. This type of system has its own source 

of power for sending waves. Radar systems, scatterometers, and satellites-based synthetic aperture 

radar (SAR) are three well-known active remote sensing systems.  

Polarimetric radar systems can measure both cross-polarized and co-polarized components. On the 

other hand, other radar systems can only measure either HH or VV polarizations.  

Radar systems can be also classified based on the receiver location. Monostatic and bistatic 

systems are two different radar systems based on the receiver location. If the receiver’s location is 

not the same as the transmitter location, the system is called bistatic, while, if the receiver and 

transmitter have the same location, the system is called monostatic and 𝜙𝑜 = 𝜙𝑖 + 𝜋, and 𝜃𝑜 = 𝜃𝑖.  

Passive microwave remote sensing:  

Passive remote sensing systems do not send electromagnetic pulses. A radiometer is an example 

of a passive sensor. This type of sensor measures the radiation of electromagnetic waves, which 

have been emitted by objectives in the field of view of the antenna.  

In this thesis, I have considered the application of C-band scatterometers, which are active remote 

sensing systems. Scatterometers send electromagnetic waves towards the object (in my study, sea 

ice) and measure the backscattered waves. To be able to discuss the results of scattered waves from 

snow-covered sea ice and process information on thermodynamic and geophysical properties of 

sea ice, a deep understanding of electromagnetic waves, the dielectric constant of the material, 

wave propagation, and electromagnetic scattering from objects under test are needed. One of the 

parameters that has been utilized for remote sensing study of different objects and also is utilized 

in scatterometer is Normalized Radar Cross-Section which is explained in the next section.  

2.4.9.  Normalized Radar Cross-Section 

The Radar Cross Section (RCS) of an object or region of interest is a far-field (FF) parameter and 

is used to characterize the scattering properties of a target of interest by determining the ratio 

between the scattered and incident electromagnetic power for the target of interest. The RCS of a 

target is defined as the cross-sectional area of a Perfect Electric Conductor (PEC) sphere which 
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would provide the same scattering as the actual target, when illuminated by electromagnetic waves 

[1] [35].  

RCS is a function of: 

1. Polarization of the incident wave 

2. Angle of observation 

3. Geometry of the target 

4. Electrical properties of the target (such as dielectric of the material) 

5. Operational frequency 

From a mathematical point of view, the RCS of a single target is defined as follows: 

 𝜎𝑝𝑞 = lim
𝑅→∞

4𝜋 𝑅2
|𝑆𝑠| 
𝑝

|𝑆𝑖| 
𝑞

= lim
𝑅→∞

4𝜋 𝑅2
|𝐸𝑠| 
𝑝 2

|𝐸𝑖| 
𝑞 2

 (2.4.14) 

Where, 

p  is the polarization of the incident electromagnetic wave 

q  is the polarization of the received electromagnetic wave 

R  is the distance between scattering target and the observation point (radar) 

𝑆𝑠  is the Poynting vector of scattered field 

𝑆𝑖  is the Poynting vector of incident field or the energy flux density of the incident plane wave 

𝐸𝑠  is the scattered electric field 

𝐸𝑖  is the incident electric field 

 

The Normalized Radar Cross-Section (NRCS) of distributed targets which is a dimensionless 

quantity is computed utilizing scattered FF quantities and is defined as follows: 

 𝜎𝑝𝑞
0 (𝜃𝑖, 𝜙𝑖 , 𝜃𝑜 , 𝜙𝑜) = lim

𝑅→∞

4𝜋𝑅2

𝐴

〈 |𝑆𝑠| 
𝑝 (𝜃𝑖 , 𝜙𝑖, 𝜃𝑜 , 𝜙𝑜)〉

|𝑆𝑖| 
𝑞

 (2.4.15) 

Where, 

p  is the polarization of the incident electromagnetic wave 

q  is the polarization of the received electromagnetic wave 

𝜃𝑖  is the elevation incidence angle 

𝜙𝑖  is the azimuth incidence angle 
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𝜃𝑜  is the elevation observation angle 

𝜙𝑜  is the azimuth observation angle 

R  is the distance between scattering surface (target) and the observation point (radar). 

A  is the surface area 

𝑆𝑠  is the Poynting vector of scattered fields 

𝑆𝑖  is the Poynting vector of incident fields or the energy flux density of the incident plane      

wave 

𝐸𝑠  is the scattered electric field  

𝐸𝑖  is the incident electric field 

Lastly, 〈 |𝑆𝑠| 
𝑝 (𝜃𝑖, 𝜙𝑖 , 𝜃𝑜 , 𝜙𝑜)〉 is the value of the energy flux density at the observation point from 

a unit area of the surface.  

2.4.10.   Microwave Scattering Models for sea ice 

The backscattered signal from sea ice can be a result of surface scattering from layer interfaces, or 

volume scattering from inhomogeneities or a combination of both of them.  

The volume scattering occurs from within a dielectric volume due to 1) the discrete dielectric 

particles in a homogenous background, and 2) The dielectric properties that vary continuously. In 

the scattering modeling, some parameters including the size, orientation, shape, and dielectric 

constants of scatterers are really important. These factors will determine which assumption is valid 

for the model. In this thesis, due to the low penetration depth of the incident electromagnetic waves 

in C-band, specifically at 5.5 GHz, in the sea ice, because of the high salinity of sea ice and drastic 

attenuation of the penetrating wave within the medium, volume scattering, which does not have a 

strong contribution to the overall scattering is neglected [36] [37]. Further information about 

volume scattering can be found in [1].  

For the modeling of surface scattering some assumptions and approximations are needed. These 

assumptions and approximations are as follows: 1) Dimensions of scattering elements should be 

much smaller or much larger than the incident wavelength, 2) Radius of surface curvature should 

be much larger than the incident wavelength, 3) Shadowing effects need to be neglected, 4) Only 

FFs should be calculated, 5) Multiple scattering should be ignored, and 6) A specific surface 

roughness model needs to be considered [1]. There are several surface-scattering models including 
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Small Perturbation Model (SPM), Kirchhoff scattering model (KA), Integral Equation Model 

(IEM), and Improved Integral Equation Model (I2EM). Generally, for modeling a rough surface, 

there is not a general approach and based on the scenario, each of the modeling can be utilized. 

The SPM and KA are good models for low and high frequency approximations, respectively. The 

SPM has been developed for slightly rough surfaces with RMS heights and correlation lengths 

both smaller than the incident wavelength, which makes it a good candidate for sea ice surface 

scattering at 5.5GHz. In other words, the SPM is applicable when the surface is relatively smooth 

and does not have major perturbations in the surface. More information about the surface scattering 

modeling approaches and sea ice scattering can be found in [1] [38]. In the following figure, the 

surface scattering and volume scattering are shown.  

 

Figure 2.26. Surface and Volume Scattering. 

In microwave scattering modeling of sea ice, in order to utilize the SPM approach, surface 

roughness needs to be considered and the criteria for SPM surface roughness should be satisfied. 

The surface roughness can be measured by several technologies including LiDAR technology, 

which provides high accuracy representation of surface topography. In general, there are three 

parameters that define a rough surface: 

1. Root Mean Square (R.M.S.) height  

2. Correlation length 

3. Root Mean Square (R.M.S.) slope 

The RMS height is the standard deviation of the height distribution of the surface. The correlation 

length function and RMS slope are defined with two functions [1].  

Half-space

Medium 2

Medium 1 (Air)

Incidence wave

Surface Scattering

Volume Scattering
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The SPM formulations are applicable for any rough surface that satisfies the following conditions: 

   

 

{
 
 

 
 
𝑘 𝜎𝑟                          < 0.3

  
𝑘𝐿𝑐                             < 3     

 
  𝜎𝑟 
𝐿𝑐
                              < 0.3

 (2.4.16) 

   

Where, 

𝑘    is the wave number and equal to 
2𝜋

𝐶 𝑓⁄
=

2𝜋

𝜆
 

 
𝐿𝑐   is the correlation length of the rough surface 

𝜎𝑟   is the standard deviation of the rough surface 

 

For the first-year sea ice that I am considering in this thesis, the aforementioned conditions for 

wavelengths in C-band (5.5 GHz) are satisfied and this model can be utilized. As in this thesis, I 

am considering the SPM for my simulations, I describe the theory behind it in the following. The 

main idea of the SPM is to replace the surface roughness by surface currents on the mean surface. 

The surface fields as shown in the following can be expanded into a series: 

   

 

{
 
 

 
 
�̅� = �̅�(0) + �̅�(1) + �̅�(2) +⋯

 
 
 

�̅� = �̅�(0) + �̅�(1) + �̅�(2) +⋯

 (2.4.17) 

   

In the absence of rough surface, zero order terms (�̅�(0) & �̅�(0)) can be derived directly from solving 

Maxwell’s equations. These zero order terms must satisfy boundary conditions at infinity. First 

order terms (�̅�(1) & �̅�(1)) depend on the surface roughness and through Fourier integral can be 

considered as a superposition of infinite number of plane waves that are leaving the rough interface 

in multiple directions.  
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To determine the scattered fields, zero order and first order terms should be substituted into the 

boundary conditions at the mean level of the rough interface and FF scattered fields can be 

calculated from the diffraction integral.  

For slightly rough surfaces in SPM, radar backscattering coefficients are given as follows: 

 

 𝜎𝑣𝑣 = 8𝑘
4𝜎𝑟

2 |𝑅𝑇𝑀  𝐶𝑜𝑠
2(𝜃) +

𝑆𝑖𝑛 2(𝜃)(1 + 𝑅𝑇𝑀)
2

2
 (1 −

1

ɛ𝑟
)|

2

∗ 𝑊(−2𝐾𝑥 , 0) (2.4.18) 

 𝜎𝐻𝐻 = 8𝑘
4𝜎𝑟

2|𝑅𝑇𝐸 𝐶𝑜𝑠
2(𝜃)|2 ∗ 𝑊(−2𝐾𝑥 , 0) (2.4.19) 

 𝜎𝑉𝐻 = 𝜎𝐻𝑉 = 0 (2.4.20) 

Where, 

𝐾𝑥 = 𝑘 × 𝑠𝑖𝑛(𝜃)      

𝐾𝑧 = 𝑘 × 𝑐𝑜𝑠(𝜃)  

𝜌(𝜉) = 𝑒
−
𝜉2

𝐿𝑐
2⁄
  

𝑊(−2𝐾𝑥), which is given in the following is the roughness spectrum of the surface 

 𝑊(−2𝐾𝑥) =
𝐿𝑐
2

2
𝑒[−(𝑘

2𝑆𝑖𝑛2(𝜃)𝐿𝑐
2)] (2.4.21) 

RTM and RTE are Fresnel reflection coefficients and can be calculated with the following formulas. 

   

 

{
  
 

  
 𝑅𝑇𝑀 =

𝜂2𝑐𝑜𝑠𝜃2 − 𝜂1𝑐𝑜𝑠𝜃1
𝜂2𝑐𝑜𝑠𝜃2 + 𝜂1𝑐𝑜𝑠𝜃1 

 
 

𝑅𝑇𝐸 =
𝜂2𝑐𝑜𝑠𝜃1 − 𝜂1𝑐𝑜𝑠𝜃2
𝜂2𝑐𝑜𝑠𝜃1 + 𝜂1𝑐𝑜𝑠𝜃2

 (2.4.22) 

   

In Chapter 3, I will utilize the SPM modeling and dielectric mixture modeling in the NRCS 

simulations of sea ice.  
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 Short Back-Fire Antenna Design for Remote Sensing Applications 

2.5.1 Introduction 

There are different important parameters including realized gain, bandwidth, S11, co-polarization and 

cross polarization levels, and radiation pattern in the antenna design. These factors are briefly 

summarized here, and further details can be found in the literature [35]. The realized gain defines the 

antenna directivity or ability of the antenna to focus energy on a specific direction. The antenna 

bandwidth is a range of frequencies in which the reflection coefficient magnitude, S11, is less than -10 

dB. The co polarization can be defined as the desired wave polarization to be radiated by the antenna. 

The cross-polarization of the antenna is the polarization orthogonal to the co-polarization of the 

antenna. The antenna radiation pattern describes the variation of the power radiated, as a function of 

direction. 

2.5.2 The Short Back-Fire Antenna 

Remote sensing antennas typically require a robust low-profile structure with a medium-range gain. 

For remote sensing applications, a 500MHz bandwidth is acceptable. For instance, the SERF 

scatterometers have a bandwidth of 500 MHz and the RADARSAT-2 and RADARSAT Constellation 

Mission have a bandwidth of 100 MHz [39]. One of the options that meets the criteria for the design 

of a remote sensing antenna is a Short Back-Fire antenna. This antenna is a robust low-profile structure 

that can be mounted on aero vehicles to be used for the Arctic remote sensing.  

The SBF antenna was invented by Ehrenspeck in 1962 [40]. The standard SBF antenna, which 

first was designed based on cut and try, is a structure that consists of three parts: a main circular 

reflector including a rim, a circular sub-reflector, and a feed as shown in Figure 2.27 from different 

views [40] [41] [42]. The other common type of this antenna is a waveguide fed SBF antenna. 

Typical form of this antenna is shown in Figure 2.28 and Figure 2.29 in different views and consists 

of a main reflector, a sub-reflector, a rim, and a waveguide to feed the antenna [42] [43]. 

Theoretical analysis of dipole-fed and waveguide-fed SBF can be found in [44] and [45], 

respectively.  
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Figure 2.27. Two different views of Short Back-Fire antenna with dipole excitation. 

 

Figure 2.28. Geometry of Short Back-Fire Antenna with waveguide excitation. 

 

Figure 2.29. Geometry of Short Back-Fire Antenna with waveguide excitation (Side View). 
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This antenna was obtained by placing a big reflector at the open end of an end-fire antenna 

perpendicularly to its axis. Thus, the antenna increases its length for the surface wave which leads 

to the improvement of the antenna gain and directivity. 

The SBF antenna with a circular reflector is now the typical SBF antenna [46]. This structure 

consists of two planar circular reflectors, a main-reflector and a sub-reflector, with two different 

diameters, 𝐷𝑚 and 𝐷𝑠, respectively, which are located half of a wavelength apart. Placing a main 

reflector at the end of the end-fire excitation antenna perpendicular to the axis of the end-fire, 

forms a leaky cavity resonator with radiation perpendicular to the sub-reflector. A dipole antenna 

that is located symmetrically between the two reflectors is used as the feed of this antenna. The 

presence of the rim affects the radiation pattern and increases the antenna gain [47]. Based on the 

studies on the near-field radiation pattern of this type of antenna, it is seen that the radiation 

mechanism is characterized by multiple reflections of feed-excited electromagnetic waves between 

the two planar reflectors. These act as an open resonant cavity that radiates most of its energy from 

a virtual aperture exactly at the feed location between the edges of the sub-reflector and the rim, 

extending outside the rim.  

The reason for naming this antenna “back-fire” is due to its radiation mechanism, which is the 

opposite direction of the end-fire [48]. Some portion of the spherical waves from the dipole 

excitation propagate towards the main reflector (waves in green) (1), transform to surface waves 

and reflect back from the surface of the main reflector (2) towards the sub-reflector (3), and then 

finally propagate into space from the antenna aperture (waves in yellow). The other portion of the 

spherical waves from the dipole excitation propagate towards the sub-reflector (waves in purple) 

(1) and reflects back towards the rim (2) and the main reflector (3). The reflected waves from the 

rim (4) and the main reflector (5) propagate into space from the antenna aperture (waves in yellow).  

A graphical representation of this radiation mechanism is shown in Figure 2.30. The final radiation 

direction of the antenna is on the opposite direction of the end-fire feed propagation. 
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Figure 2.30. Graphical representation showing the radiation mechanism of the SBF antenna. 

The other common type of SBF antenna is the SBF with waveguide excitation. To the author’s 

knowledge, the first published attempt of excitation with a waveguide was by Leony and Kooi in 

1984 [40]. In another study it was identified that circular and coaxial waveguides produce more 

symmetric excitations than rectangular waveguides and therefore have a more symmetric radiation 

pattern. More information about these types of feeding can be found in [49].  

In summary, the SBF antenna is a compact, simple, and easy to build structure that makes it a great 

option for medium gain communications. This antenna has a high directivity and is widely used in 

maritime, space communication, tracking, telemetry, satellite communications, and wireless local-

area network systems [46]. There has been some research to improve the realized gain [50] [51] 

[52]and bandwidth [53] [54] [55] [56] of the SBF. In most of the designs, either the bandwidth or 

the realized gain of the antenna has been improved. Improving the realized gain without losing 

bandwidth or improving both the realized gain and the bandwidth at the same design is the final 

goal of this thesis for the antenna design chapter. 

(1)

(2)

(2)

(3)

(3)

(1)

(2)

(2)
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2.5.3 Investigating the effects of different parameters of SBF antenna on S11 

As described in the previous sections, this antenna consists of a feed, two reflectors including a 

main reflector and a sub-reflector, and a rim. The effects of each of these three parameters on the 

reflection coefficients of the antenna are discussed in the following.  

2.5.3.1   Feed 

One of the most commonly used feeds in the conventional SBF antenna is a dipole. Usually, the 

dipole feed of the SBF antenna is located at the middle of the two reflectors, quarter of a 

wavelength above the main reflector, and quarter of a wavelength below the sub-reflector. In cases 

in which the feed is placed asymmetrically, meaning the feed is closer to either sub-reflector or 

main reflector, the bandwidth is affected and most of the times leads to the bandwidth improvement 

[42] [47] [57] [58].  

The other common feeding for the SBF antenna is waveguide feed. Comparing the waveguide-

feed with dipole-feed, waveguide-feed can provide more symmetric radiation patterns. In this type 

of feeding, either a rectangular or cylindrical waveguide is used. To have more symmetric radiation 

pattern and higher gain, the waveguide is attached to the center of the main reflector [42].  

2.5.3.2   Main Reflector 

The diameter of main reflector influences two important parameters [46]:  

1. Phase difference between the aperture-field distributions.  

2. Quantity of reflected energy  

The diameter of main reflector has relationships with the phase difference between the aperture 

field distributions due to the dipole feed and the edge radiator in the plane of virtual aperture [46]. 

Usually, the diameter of a SBF antenna is  𝐷𝑚 = 2𝜆 and 𝐻𝑟 = 0.5𝜆, in which 𝐷𝑚, 𝐻𝑟, 𝜆, are 

diameter of the main reflector, width of the rim, and the wavelength in operational frequency, 

respectively [46]. Based on another study, the optimized dimensions of the typical dipole fed SBF 

antenna are 𝐷𝑚 = 2.2𝜆 and 𝐻𝑟 = 0.45𝜆 that lead to gain of 16.39𝑑𝐵 [42]. By reducing the 

diameter of the main reflector, the realized gain decreases. However, increasing the diameter of 

the main reflector does not always increase the realized gain and in some cases the rim width 
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should be increased to keep the balance. It is shown that enlarging the diameter of the main 

reflector leads to increasing the antenna length, which is not a desirable change as designers try to 

reduce the size of the antenna [47] [46].  

Changing the shape of the main reflector affects the antenna performance. Utilizing a square shape 

main reflector decreases the antenna realized gain, but makes it a good candidate for antenna array 

applications [46]. Using conical or hexagonal main reflectors increases the bandwidth of the 

antenna [46] [59] [60]. However, comparing to the circular main reflector SBF, the construction 

of conical or hexogonal main reflectors is complex. 

The following figure represents the trend in S11 of the waveguide-fed SBF antenna by increasing 

the diameter of main reflector, while keeping the other parameters the same as base case. For 

reference, the base case has been selected from [42] and during the parametric study on the 

diameter of the main reflector, all other parameters have been kept constant. The design frequency 

was chosen as 5.5 GHz, which is in the microwave C-band. Table 2.2 shows the base case 

dimensions of the selected antenna.  

 

Table 2.2. Parameters and values of the base case Short Back-Fire antenna. 

Parameter Value 

𝑫𝒎 2.6𝜆 

𝑫𝒔 0.6𝜆 

𝑯𝒓 
0.6𝜆 

𝑯𝒆𝒊𝒈𝒉𝒕𝒔𝒖𝒃𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒐𝒓 0.6𝜆 

𝑾𝒂𝒗𝒆𝒈𝒖𝒊𝒅𝒆𝒍𝒆𝒏𝒈𝒕𝒉 3𝜆 
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Figure 2.31. Variations of the S11 of different diameters of the main reflector. 

Figure 2.31 demonstrates that for the diameters less than 1.7𝜆, there is only one notch at 

frequencies smaller than 7GHz. By increasing the diameter of the main reflector to values greater 

than 1.6𝜆, the notch moves lower in frequency (less than 7GHz) and another notch starts appearing. 

As the diameter increases to1.8𝜆, it can be seen that there is an acceptable bandwidth (>1.52 GHz) 

for the values of the diameter of the main reflector between 1.8𝜆 and 1.9𝜆. 

2.5.3.3   Sub-reflector  

The dimension of the sub-reflector, 𝐷𝑠, affects the amplitude and phase distribution in the aperture 

of the antenna. If the sub-reflector is too small, the antenna transforms to an open-ended waveguide 

with a wide flare with lower realized gain, as only the feed and the rim radiate. Differently, if the 

dimension of the sub-reflector is too large, the gain decreases as the large sub-reflector transforms 

the antenna to a high-quality factor cavity. There is a correlation between the size of the main 

reflector and the sub-reflector. In order to have an antenna with desirable radiation pattern, there 

are some guidelines that need to be considered and are mentioned in [58] and [46]. By increasing 

the size of the main reflector, the size of the sub-reflector should increase [47]. The best dimensions 

of sub-reflector vary between 0.3𝜆 𝑎𝑛𝑑 0.7𝜆. In most of the designs, the diameter of the sub-

reflector is 0.5𝜆 [46]. The following figures represent the trend in S11 of the waveguide-fed SBF 
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antenna by increasing the diameter of the sub-reflector, while keeping the other parameters the 

same as the base case. 

 

Figure 2.32. Variations of the S11 of diameters of the sub-reflector from 0.2 𝜆 to 0.6 𝜆. 

Figure 2.32 depicts that for sub-reflector diameter equal to 0.2 𝜆, there is only one notch. As the 

diameter increases to 0.3 𝜆 another notch appears. As the diameter increases further (≥0.5 𝜆), a 

third notch begins to appear. 

 

Figure 2.33. Variations of the S11 of diameters of sub- reflector from 0.7λ to 1.1λ. 
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For the sub-reflector diameters greater than 0.7 𝜆, S11 begins to increase until there is effectively a 

poor match and a poor performance.  

2.5.3.4   Rim  

The utilization of a rim in the main reflector results an increase in the total gain of the antenna and 

decreases the back-lobe and side-lobe of radiation pattern [47]. Typically, the rim width varies 

between 𝑤 = 0.25𝜆 and 0.7𝜆. If the goal is to have a more compact structure, then 𝑤 = 0.5𝜆 is a 

good option [46]. In order to have a high gain antenna, between 15𝑑𝐵 and 20𝑑𝐵, several values 

for the rim width is reported as shown in the following: 𝑤 = 0.45𝜆 [42], 𝑤 = 0.57𝜆 [61] [41] and 

𝑤 = 0.7𝜆 [62]. Figure 2.34 demonstrates that by increasing the rim height from 0.4 𝜆 to 0.8 𝜆, a 

notch at 5GHz appears. As the height increases, the notch becomes deeper which means that by 

increasing the height, another resonant mode is excited.  

 

 

Figure 2.34. Results of S11 based on the variations of Hr. 

In summary, the size of the main reflector diameter, small-reflector diameter, rim height, sub-

reflector height, and waveguide extension must be carefully selected and in order to optimize the 



 

 
 56  
 
 

gain, bandwidth, and radiation performance of the SBF antenna. In this thesis, I plan to develop 

the SBF antenna by increasing both the realized gain and bandwidth of it to meet the bandwidth 

and realized gain performance metrics for remote sensing. 

 Conclusions 

This chapter has given an overview of microwave remote sensing concepts related to Arctic sea 

ice remote sensing. These technologies and techniques are comprised of microwave measurement 

techniques, electromagnetic theory and radar cross-section, complex structure dielectric modeling, 

and antenna design.  A more detailed discussion of these techniques and research results are given 

in the following chapters.
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3.  Dielectric and Scattering Simulation and Measurement 

of Oil-Contaminated Sea Ice 

3.1.   Introduction 

Knowledge of dielectric properties of different types of oil is crucial for remote sensing 

applications. In order to allow radar systems to differentiate between the oil-contaminated sea ice 

and clean sea ice, the dielectric profile and simulation results of Normalized Radar Cross-Section 

(NRCS) of these two types of sea ice are required. For this purpose, dielectric constant of different 

types of oil needed to be measured. To model the dielectric constant of clean and oil-contaminated 

sea ice, the existing dielectric mixture models can be used, or a new dielectric mixture model can 

be developed.  

In the first part of this chapter, I give results from experimental measurements of dielectric 

properties of several oil products. I describe two different measurement procedures including a 

high-temperature dielectric probe and cavity resonator, which I used to measure the dielectric 

constant of some chemical substances. Moreover, I explain the challenges and difficulties that I 

encountered during the measurement procedure with each of the techniques. The design procedure 

of the C-band cavity resonator has been fully covered. I also present the dielectric measurement 

results of both techniques. For the sake of validation of the techniques and measurement results, I 

compare the measurement results of the techniques together and calculate the discrepancy of 

them1. 

In the second part of this chapter, I present the results from a modeling study on the backscatter 

from sea ice, with the goal of demonstrating the model application for oil spills in sea ice. Building 

on the previous measurements with the cavity resonator, I used the dielectric measurements of 

actual oil products as inputs to the scattering model. I utilized five existing dielectric mixture 

models, namely linear, refractive, cubic, TVB, and PVD mixture models, and modeled the 

dielectric constant of sea ice with them. I considered the effect of adding oil to the sea ice and 

                                                
1   Material in this chapter (Sections 3.3.2 & 3.3.4) has been published in the IEEE Xplore 2020 IEEE. Reprinted, with 

permission, from Amirbahador Mansoori; Dustin Isleifson; Durell Desmond; Gary Stern, \Development of Dielectric 

Measurement Techniques for Arctic Oil Spill Studies," 2020 IEEE International Symposium on Antennas and 

Propagation and North American Radio Science Meeting. DOI: 10.1109/IEEECONF35879.2020.9329458 
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calculated the dielectric constant of oil-contaminated sea ice with the same five existing mixture 

models. I simulated the monostatic Normalized Radar Cross-Section of oil-contaminated sea ice 

and clean sea ice in the C-band using the Small Perturbation Model (SPM). I only considered the 

effects of surface scattering and neglected the effect of volume scattering, due to the low 

penetration depth in C-band. I performed the simulations in MATLAB. 

3.2.   Dielectric Probe Technique 

For the measurement procedure, I performed the following steps to do the experiments. I first 

started by preparing the samples. I put them in a small glass container that could contain up to 25 

mL, and filled them almost to the top, keeping some room for the overflow of the liquid when the 

probe was inserted. I calibrated the dielectric probe using the one-port calibration method. To 

perform the measurements, the probe was inserted into the container and I pressed the start button 

on the VNA to perform the measurements from 5 GHz to 6 GHz. The acquired data was analyzed 

with MATLAB. I took an average of the data and represented the dielectric constant of the MUTs 

at the center frequency, 5.5 GHz.  

3.2.1  Experiment Setup and Calibration 

In Figure 3.1 the measurement system that I used for my experiment is shown. All of the 

measurements were performed under a fume hood and at 22°C at the Center for Earth Observation 

Science (CEOS).  

 

Figure 3.1. Dielectric probe measurement set-up. 
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As I explained in Section 2.3.6.1, the dielectric probe measurement system requires a VNA for 

measurements. I utilized an Agilent Technologies VNA (FieldFox N9916A), which is able to 

measure up to 14 GHz. I performed the measurements by merging the dielectric probe into the 

prepared substances. For the measurements, I utilized commercially available built-in software 

from Agilent Technologies. For the calibration process, I used the 85070E Dielectric Probe Kit 

and measured air, a short load, and 22°C distilled water. The calibration procedure had three steps. 

First, I measured air. Next, I connected a standard load to the probe and measure it. For the last 

part of the calibration, I submerged the probe into a container with 25 mL of 22°C distilled water. 

After a short time (less than 10 seconds of software running), the calibration was done, and the 

dielectric probe was ready to be used for the actual measurements.  

I chose several candidate materials for my initial experiments: regular diesel, marine ship diesel, 

and crude oil (Tundra). Datasheets with information on the dielectric properties at microwave 

frequencies were not readily available from the suppliers. The listed substances present typical 

materials that could be found on a ship. These three oils were black and had different viscosity. 

Amongst them and at 22°C, crude oil had the highest viscosity and regular ship diesel had the 

lowest one. All the measured substances smelled almost similar and strong. However, to prevent 

excessive inhalation, the substances were kept inside a fume hood at CEOS.  

For the second set of measurements, I measured corn oil, canola oil, regular ship diesel, ship diesel, 

and crude oil (Tundra). The second set of measurements was done because of the data needed for 

a manuscript. The temperature of the measurements was between 21.0°C and 23.3°C. These 

measurement results are shown in Table 3.2. The viscosity of corn oil and canola oil, which were 

yellow, was less than the other three measured substances. Amongst the measured materials in the 

second set of measurement, crude oil had the highest viscosity. 

In the dielectric probe technique, the probe is submerged into the desired liquid in a way to avoid 

any air bubbles in the interface of the liquid and probe. In order to avoid possible air bubbles, an 

L-shaped wire was used to remove the air bubbles on the probe surface. For the probe cleaning as 

it is shown in Figure 3.3, I utilized hexane to remove the oil from the probe surface. Cleaning 

probe and removing the crude oil from the probe took more time than the rest of the substances 

and that was because the viscosity of crude oil is higher than the two other oils. Moreover, it stuck 

more intense to the probe than the other two oils.  
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Figure 3.2. Crude oil measurement with dielectric probe. 

 

Figure 3.3. Dielectric probe cleaning with hexane. 

3.2.2 Experimental Results 

Table 3.1 and Table 3.2 show the results of the measurements. The dielectric probe measurements 

were done at a wideband of frequency, from 5 GHz to 6 GHz. In order to have a dielectric constant 

at the frequency of interest, 5.5 GHz, I took an average of the measurement results. The processed 

data, which represents the dielectric constants of different types of oil at 5.5 GHz is given in the 

following tables. These measurements are accurate since at the end of the experiments, I re-

measured air and the result was in good agreement with the first air measurement and also with 

what was expected theoretically (real part of permittivity near one and imaginary part of 

permittivity close to zero,≈1- j 0) (The dielectric probe measurement accuracy is 5% and the 
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measurement error of air was within the 5%). These dielectric probe measurement results are 

needed to be compared with the C-band cavity resonator measurement results.  

Table 3.1. First set of dielectric probe measurement results at 22°C and 5.5GHz. 

 Substance T (°C) 𝜺𝒓 (ɛ' - j ɛ'')  

1 Air 22 1.050 - j0.0513 

2 Regular Diesel 22 2.483 - j0.123 

3 Marine Ship Diesel 22 2.521 - j0.089 

4 Crude Oil (Tundra) 22 2.653 - j0.128 

 

Table 3.2. Second set of dielectric probe measurement results at 5.5 GHz. 

 Substance T (°C) ɛ' ɛ'' 

1 Corn Oil 21.8 2.765 0.312 

2 Canola Oil 21.9 2.676 0.350 

3 Regular Diesel 22.2 2.548 0.197 

4 Ship Diesel 23.3 2.536 0.106 

5 Crude Oil (Tundra) 21.6 2.455 0.183 

 

The dielectric probe measurement system is easy to setup and quick to perform. The sample 

preparation is relatively easy. The most time-consuming part of measurement with the dielectric 

probe is the experiment setup. For the substances with high viscosity, it takes some time to clean 

the probe after the measurement and it is technique sensitive to avoid bubbles when submerging 

the probe into any liquid and specifically liquids with high viscosity. For the probe cleaning after 

oil measurements, Hexane due to its chemical properties and reactions with oils is a good 

candidate, and an L-shaped wire is needed to ensure that there is not any air bubble in the interface 

of the liquid under test and probe. For finding the dielectric constant at a specific frequency, the 

acquired data requires post processing including taking an average of the frequency interval. For 

the post processing, I took the average of the data and calculated the standard deviation. The 

measurement frequency interval was from 5GHz to 6GHz.  
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3.3.   Cavity Resonator Technique 

3.3.1 Introduction 

In this section, I describe the cavity resonator design procedure and fabrication considerations as 

was introduced in sections 2.3.7.1 to 2.3.7.6. Furthermore, I describe the measurement setup and 

needed equipment for performing the measurements. I explain the encountered challenges during 

the measurement procedure. As was discussed in section 2.3.7.9, I calculate the dielectric constants 

of different materials including marine ship diesel, crude oil, and regular ship diesel, and 

demonstrate the measurement results. For the sake of measurement accuracy, I also compare the 

cavity resonator measurement results to the measurement results of dielectric probe.  

3.3.2 Cavity resonator design procedure 

In this section I discuss the procedure for designing and simulating a C-band cavity resonator. In 

this section I discuss the procedure for designing and simulating a C-band cavity resonator. There 

are several design aspects that need to be considered including: 

 Simulation software 

 Simulation geometry and cavity resonator dimensions 

 Probe and sample locations 

HFSS Software 

In order to study the behavior of the cavity resonator, I utilized ANSYS HFSS-2019 software. 

HFSS is a CAD-tool software which is able to solve electromagnetic problems by enabling the 

generation of a 3D geometry of design. For solving electromagnetic problems, ANSYS HFSS uses 

the three highly accurate methods [63].  

Depending on the simulation output or the application of the design, any of the methods could be 

used for problem solving. I used FEM method in my simulations. By utilizing FEM frequency 

domain, different characteristics of the antenna under design such as SYZ parameters, surface 

current, far-field radiation pattern, resonant frequency, and impedance mismatch can be found.  

The FEM is a numerical method for solving partial differential equations with boundary conditions 

in two or three space variables. In FEM, space of the problem is discretized into finite elements 

and this process is implied by construction of a mesh of the object. This process by considering 



 

 
 63  
 
 

the boundary conditions approximates the differential equations into some algebraic equations. 

Solving the new algebraic equations are easier and faster. The simplified equations, the new 

algebraic equations, which model these finite elements are then aggregated into a larger system of 

equations that models the whole problem. Then, by utilizing variational methods from the calculus 

of variations and minimizing the associated error function, the FEM method approximates a 

solution for the problem.  

In order to be able to start the simulation, some other parameters need to be set in the simulation 

setup. These parameters are listed as follows. 

 Boundary conditions 

 Material properties 

 Mesh setting 

 Excitations 

 Discrete parametric controls 

The next step is to run the simulation and check the results. The design procedure of the C-band 

cavity resonator is given in the following.  

For the design of the C-band cavity resonator, I first selected the WR-187 standard waveguide. 

The reason for this selection is that this waveguide operation band is from 3.153GHz to 6.305 

GHz. This means that this resonator can operate in C-band, and more specifically at 5.5GHz. This 

enables the measurement at 5.5 GHz, which is the operation frequency of RADARSAT-2 and 

RADARSAT Constellation Mission (RCM). The measurement results of the cavity are needed to 

develop dielectric mixture models and NRCS simulations and actual measurements.  

Length of the cavity affects the excitation modes inside it. In order to allow measurement and 

excitation of TE103 mode, based on the related formulas in Section 2.3.7.2, I calculated the length 

of 100 mm. The reason for choosing this resonant mode is that feed location and sample location 

can be apart from each other and also each of them can be on the peak of the resonant modes.  

The following figure demonstrates the results of eigenmode HFSS simulation of the electric field 

inside the C-band cavity resonator with WR-187 waveguide section and metallic end walls and 

length of 100mm. For this simulation, I have used the eigenmode solution solver, which provides 

the resonance frequencies of the structure. 
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Figure 3.4. HFSS simulation of the electric field inside of the cavity resonator. 

The feed and sample locations were chosen 22.2mm from either end walls of the resonator. The 

reason for this selection is that I wanted to excite the cavity exactly from one of the peak locations 

and also, I want to insert the feed at the other peak location. 

In order to simulate the actual coaxial cable that is needed to excite the cavity resonator, I ran 

another HFSS simulation. In this simulation I selected modal solution type. I simulated each of the 

four types of feed that I explained in the background section and the final design for the coupling 

probe is shown in Figure 2.15. This design is easy to build and the results for S11 were acceptable. 

For the excitation method, I used the wave port excitation method and for the boundary condition 

I considered 6 sides of the cavity resonator as perfect electric conductor.  

To find the best coupling probe length and best matching, S11, I ran a parametric study on the probe 

length. Simulation setup has been shown in the following figure. As can be seen in the figure, the 

MUT is located at the one of the peak locations and the excitation is located at another other peak.  

 

Figure 3.5. Electric field inside cavity resonator. 
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In summary, I utilized a cavity resonator constructed by the Antennas Technologist and the 

Machinist in ECE at the University of Manitoba. The cavity resonator was fabricated using a 

section of copper WR187 waveguide (22.15 mm by 47.55 mm). The cavity resonator was 

terminated with copper end walls. To allow the cavity resonator to operate and measure in the 

TE103 mode, the length of the cavity was chosen as 100 mm. The probe and the sample locations 

are at the two peaks of TE103, which are 22.2 mm away from their respective copper end walls. In 

the simulation, cavity resonator is modelled with Perfect Electric Conductor (PEC) walls. As the 

cavity resonators are high Q structures, utilizing copper for fabrication changes the resonator. Due 

to the resistive loss of copper comparing to PEC, the notch width at the resonance frequency 

becomes wider and the quality factor slightly decreases.  

3.3.3 Experimental Setup 

For the measurement procedure, I performed the following steps to do the experiments. I first 

started by preparing the samples. The sample preparation for the cavity resonator measurement is 

the most time-consuming part of the measurement. I utilized empty glass tubes and filled them 

with the materials of interest. For the filling, I utilized special syringes. I needed to make sure that 

the length of tube, which takes place inside the cavity resonator and interacts with the excited 

waves is fully filled with the MUT and air bubbles are avoided. Next, I needed to calibrate the 

VNA. I utilized a FieldFox Agilent Technologies VNA (N9916A). For the calibration purpose, I 

utilized a calibration kit. I performed a one-port calibration on the coaxial cable that has been used 

for connecting the VNA to the cavity resonator. The calibration procedure consists of measuring 

a short circuit load, a 50 Ω matched load, and an open circuit load. Next, the cavity resonator was 

ready to start the measurement. After performing the measurements, I post processed the acquired 

data and calculated the real and imaginary parts of dielectric constants of the MUTs based on the 

formula given in Section 2.3.7.9. The measurement time is very quick and takes about one second. 

For the post processing of the results, I utilized MATLAB.  

I performed measurements on substances including regular diesel, marine ship diesel, and crude 

oil (Tundra) at CEOS at the University of Manitoba under the fume hood. Figure 3.6 shows the 

measurement setup of cavity resonator measurement system under the fume hood at CEOS. 
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Figure 3.6. Cavity resonator measurement set-up under a fume hood. 

During measurement, an empty tube was inserted into the hole and the measurement was recorded. 

Then, the experiment was repeated using the same tube, which was filled by the special syringes 

with the MUT. The observed shift in resonance frequency which is shown in Figure 3.7 was 

recorded. Based on the formulas of Section 2.3.7.9, the dielectric constant was calculated. 

 

Figure 3.7. Rectangular cavity resonator measurement results. 

Cavity Resonator Measurement Results
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3.3.4 Measurement Procedure Challenges 

During the measurement procedure, I encountered some challenges which are listed in the 

following. First, for very small volumes, I needed specialized syringes to inject oil into the glass 

tube as it is shown in Figure 3.8. 

 

Figure 3.8. Special syringes using for oil injection into the glass tubes. 

Second, I needed to avoid air bubbles in the tube, which would affect measurements. For this 

purpose, injection process was time consuming, and the injection was done very slowly. Finally, 

cleaning the tube between the tests was a little challenging. I needed to clean the tube to be able to 

reuse it for the rest of the measurements. For this aim, I used hexane to clean the tube. Hexane due 

to its chemical properties, is a good candidate to clean the probe from oil contamination. In the 

following table, all the measurement results are given.  

Table 3.3. Cavity resonator measurement results. 

 Substance T (°C) 𝜺𝒓 (Probe) 𝜺𝒓 (Resonator) 

1 Air Room temperature 1.050 - j0.0513 (Not measured) 

2 Regular Diesel Room temperature 2.483 - j0.124 2.498 - j0.113 

3 Marine Ship Diesel Room temperature 2.521 - j0.089 2.520 - j0.024 

4 Crude Oil (Tundra) Room temperature 2.653 - j0.126 2.661 - j0.135 
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Comparing the measurement results of the chosen techniques, the dielectric probe and the cavity 

resonator, shows that there is a good agreement between the results of two measurement 

techniques. The relative error between the measurement results is less than 1%.  As most of the 

time, we are limited to only a few mL of product in oil spill experiment in field measurement, 

cavity resonator due to the small amount of substance required for the measurement is a better 

candidate. Comparing with the other reported results in the literature, εcrude_oil = 2.2 − 𝑗0.02 in

 [64], and εcrude_oil_4 = 2.15 − 𝑗0.016 and εcrude_oil_1 = 2.28 − 𝑗0.018 in [65] show that my 

measurement results are in good agreement with the literature results. The differences could also 

be due to the oils’ different chemical composition and formulation.  

These measurement results will be used subsequently for the purpose of dielectric modeling 

simulations. Furthermore, these results can be used for developing new dielectric models for oil-

contaminated sea ice. Moreover, for the Arctic sea ice studies and to calculate the Normalized 

Radar Cross-Section (NRCS) of oil-contaminated sea ice these results are necessary. Knowledge 

of the dielectric constant of these substances at 5.5 GHz will help out in image and signal 

processing of the data that have been captured from drone, satellite, or surface-based radar systems. 

For this purpose, in Chapter 4, I will explain the design procedure of a specific type of remote 

sensing antenna operating in C-band, a Short Back-Fire antenna, which can be mounted on 

different platforms and be used for remote sensing application. 

3.4.   Microwave Scattering Models 

During the past decades microwave remote sensing and satellite technology have evolved and 

these systems have been used for sea ice monitoring. As discussed in Chapter 2, there are several 

key parameters that affect the radar signatures of sea ice. The properties of sea ice, such as 

thermodynamic state and complex permittivity, affect the microwave propagation and scattering 

from sea ice. Additionally, remote sensing system configurations, such as frequency, polarization, 

and incidence angle, are important to be considered for modeling approaches.  

For the purpose of Arctic observation, knowledge of sea ice components including pure ice, brine, 

and air bubbles, is crucial. The thermodynamic and physical state of sea ice can be connected to 

the measured radar backscatter, and therefore, linking physical properties to the radar 
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measurements can be used to improve our understanding of sea ice conditions. The focus of the 

remaining sections of this chapter is on first-year sea ice, therefore the scattering and dielectric 

mixture properties of the first-year sea ice are investigated.  

The approach for investigating the sea ice scattering response consists of several steps. In my 

thesis, I used the following three steps. In step 1, I calculated the dielectric constant of sea ice 

constituent properties using known models. In step 2, I calculated the dielectric constant of the 

mixture, which represents the sea ice. In step 3, I calculated the backscatter from the surface using 

the SPM. 

As discussed in the background, surface scattering and volume scattering are the two terms that 

describe the electromagnetic wave scattering from a medium. To be able to interpret the received 

electromagnetics scattered waves from the sea ice surface in C-band, I have considered surface 

scattering effects. For the analytical formulation of wave scattering from slightly rough surfaces, 

I have used the Small Perturbation Method (SPM) [1]. The SPM requires a specification of a 

dielectric material for a halfspace that represents sea ice. The output of the model is the NRCS as 

a function of incidence angle. The dielectric constant of both clean and contaminated sea ice needs 

to be calculated. For this purpose, five existing dielectric mixture modeling including linear, 

refractive, cubic, and TVB mixture models have been considered. Based on the type and amount 

of contamination, the dielectric constant of the mixture model varies. For the purpose of 

simulation, 5%, 7.5%, and 10% contamination of marine ship diesel, regular ship diesel, and crude 

oil have been considered.  

In the next section, the oil behavior in the presence of sea ice and different approaches for 

distinguishing clean sea ice from oil-contaminated sea ice will be discussed.  

3.5.   Oil-contaminated sea ice 

In this section, I discuss model applications for oil-contaminated sea ice and oil behavior in the 

presence of sea ice and approaches for distinguishing clean sea ice from contaminated sea ice. 

Generally speaking, oil-contaminated sea ice can be defined as sea ice that contains oil either on 

the surface of the sea ice, within the sea ice, beneath the sea ice or some combinations of these 

situations. An increase in transportation in the Arctic and drilling for oil extraction are two of the 
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most important reasons that oil could be spilled in the Arctic. When the oil is introduced to the 

medium, there are three different scenarios as follows [66] [67] [68]:  

1. Snow on the ice surface absorbs the oil 

2. Oil becomes entrapped within the sea ice brine channels 

3. Oil moves underneath the sea ice 

When the oil is introduced into ocean water, the lower density oil floats upward and it moves 

towards the interface of sea ice and water. During this process, oil segregates into very tiny droplets 

and the droplets gather underneath the sea ice [69] [70]. 

There are some parameters including topography and type of sea ice, and oil properties including 

oil type and oil viscosity that affect the way oil and sea ice interact at the interface of sea ice and 

water. When an oil spill happens in ocean water, some parameters such as current in the ocean 

water beneath the sea ice, and oil type affect the spread of oil. The oil underneath the sea ice can 

penetrate towards the surface for some centimeters into the sea ice. Then, the freezing process 

continues and the oil that has been penetrated the sea ice becomes encapsulated within the sea ice. 

The encapsulated oil can be considered as inclusions. The presence of oil due to the discrepancy 

of thermal conductivity of sea ice and oil can significantly influence the oil-contaminated sea ice 

growth. Further information on this topic can be found in [70] [69].  

There have been some efforts for detecting oil-contaminated sea ice and differentiating it from 

clean sea ice including utilizing acoustic sensors (Sonar), scatterometer, ground-penetrating radar 

(GPR), synthetic aperture radar (SAR), infrared sensors, autonomous underwater vehicles (AUV), 

unmanned airborne vehicles (UAV), microwave radiometers, optical sensors, and magnetic 

resonance spectroscopy. Detailed descriptions can be found in [71] [72] [73] [74] [75] [76]. Some 

of these technologies have been industrialized, however, there are still some methods that need 

further developments and investigations.  

In this thesis, I am investigating microwave remote sensing techniques and I am focusing on active 

C-band methods. For detecting oil-contaminated sea ice from clean sea ice, the NRCS of both 

cases (i.e., clean ice and contaminated ice) is needed. These results can be used to understand the 

effect of adding oil to the sea ice and how the addition of oil changes the NRCS. For this purpose, 

I have simulated and presented the results of monostatic NRCS for both clean and contaminated 

sea ice.  
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In the next section, clean and oil-contaminated sea ice with different types and amounts of oil 

contamination are modeled.  

3.6.   Permittivity modeling with existing models 

The complex permittivity profile of clean sea ice and oil-contaminated sea ice for three different 

types of oil (Regular Ship Diesel, Marine Ship Diesel, and Crude Oil) and three different amounts 

of oil (5%, 7.5%, and 10%) have been modelled with the following models: 

1. Linear mixture model 

2. Refractive mixture model 

3. Cubic mixture model 

4. TVB mixture model 

5. PVD mixture model 

To model the contaminated sea ice, I have considered clean sea ice as a background material of 

the mixture model with oil as inclusions. For the purpose of clean sea ice modeling, I have 

considered it as a mixture of pure ice as a background material with brine as inclusions. The sea 

ice surface is considered bare, which means it is dry and does not have snow or other surface 

features. The brine volume fraction is considered 11.4% (11.4% is equal to 0.114) while for the 

volume of oil contamination, I have considered the three different oil volume fractions. The 

dielectric constant of the pure ice and brine are considered 3.1884 and 44.63462 – j 43.843, 

respectively. The related formula for the calculation of pure ice and brine dielectric constants can 

be found in [1]. The dielectric constants of different types of oil, which have been examined earlier 

in this chapter are utilized in the mixture models. The surface roughness and correlation length 

have been adapted from the results presented in Isleifson et al., 2012. namely 0.0025 m and 0.018 

m, respectively [77].  

In the following tables, a summary of the dielectric constant of each of the parameters and 

modelled dielectric constant of both clean sea ice and oil-contaminated sea ice are given. 
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Table 3.4. Dielectric constant of substances related to contaminated sea ice modeling at 5.5 GHz 

 Substance Dielectric Constant Volume Fraction (%) 

1 Brine 44.63462 – j 43.843 11.4 

2 Regular Ship Diesel 2.4979 – j 0.1128 5, 7.5, & 10 

3 Marine Ship Diesel 2.5196 – j 0.0244 5, 7.5, & 10 

4 Crude oil 2.6615 – j 0.1350 5, 7.5, & 10 

 

Table 3.5. Five dielectric mixture models of clean and oil-contaminated sea ice with three 

different amounts of contamination (Regular ship diesel) at 5.5GHz 

 

 

 

Mixture 

 

 

Dielectric constant 

 

 

Dielectric constant of oil-contaminated sea ice 

(Regular Ship Diesel) 

 

 Model of clean sea ice 
5 % 

contamination 

7.5 % 

contamination 

10 % 

contamination 

1 Linear 7.908 – j 4.999 7.874 – j 5.004 7.857 – j 5.007 7.840 – j 5.010 

2 Refractive 5.717 – j 1.650 5.670 – j 1.651 5.642 – j 1.652 5.617 – j 1.652 

3 Cubic 5.205 – j 1.052 5.1525 - j 1.054 5.126 – j 1.055 5.100 – j 1.056 

4 TVB 4.270 – j 0.125 4.168 – j 0.1249 4.1175 – j 0.1248 4.0675 - j0.124 

5 PVD 4.506 – j 0.233 4.389 – j 0.225 4.331 – j 0.222 4.273 – j 0.218 

 

Table 3.6. Five dielectric mixture models of clean and oil-contaminated sea ice with three 

different amounts of contamination (Marine Ship Diesel) at 5.5GHz 

 

 

 

Mixture 

 

 

Dielectric constant 

 

 

Dielectric constant of oil-contaminated sea ice 

(Marine Ship Diesel) 

 

 
Model of clean sea ice 5 % 

contamination 

7.5 % 

contamination 

10 % 

contamination 

1 Linear 7.908 – j 4.998 7.875 – j 4.999 7.859 – j 5.000 7.842 – j 5.001 

2 Refractive 5.7171 – j 1.650 5.669 – j 1.645 5.646 – j 1.642 5.622 – j 1.640 

3 Cubic 5.205 – j 1.052 5.155 – j 1.047 5.130 – j 1.045 5.105 – j 1.043 

4 TVB 4.270 – j 0.125 4.169 – j 0.119 4.120 – j 0.116 4.070 – j 0.113 

5 PVD 4.506 – j 0.233 4.390 – j 0.219 4.333 – j 0.213 4.276 – j 0.206 
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Table 3.7. Five dielectric mixture models of clean and oil-contaminated sea ice with three 

different amounts of contamination (Crude Oil) at 5.5GHz 

 

 

 

Mixture 

 

 

Dielectric constant 

 

 

Dielectric constant of oil-contaminated sea ice 

(Crude Oil) 

 

 
Model of clean sea ice 5 % 

contamination 

7.5 % 

contamination 

10 % 

contamination 

1 Linear 7.908 – j 4.998 7.882 – j 5.005 7.869 – j 5.009 7.855 – j 5.012 

2 Refractive 5.717 – j 1.650 5.678 – j 1.654 5.659 – j 1.656 5.640 – j 1.659 

3 Cubic 5.205 – j 1.052 5.165 – j 1.057 5.145 – j 1.060 5.124 – j 1.063 

4 TVB 4.270 – j 0.125 4.179 – j 0.126 4.133 – j 0.127 4.089 – j 0.127 

5 PVD 4.506 – j 0.233 4.400 – j 0.227 4.347 – j 0.224 4.295 – j 0.221 

 

It can be seen that by adding oil to the sea ice, the real part of the dielectric constant decreases. At 

the same time, the imaginary part decreases. There is a direct correlation between the amount of 

oil introduced to the sea ice and the imaginary part of the dielectric constant. This means that 

increasing the oil volume fraction in the sea ice, results in a corresponding decrease to the 

imaginary part. Adding oil to the sea ice also decreases the real part of the dielectric constant. 

Amongst the five models and regardless of the oil type, the linear model has the highest value of 

real and imaginary parts and the lowest value is found for the TVB model. The dielectric constant 

of TVB and PVD models has the lowest discrepancy amongst the five models. The linear, 

refractive, and cubic models do not make any assumptions on the model geometry. However, 

research has shown that the brine and oil can be described as pockets within the sea ice. Therefore, 

based on this information, and the modeling parameters, the PVD and TVB models are the most 

accurate representations. The linear model could give an upper bound on the dielectric constant of 

the oil contaminated sea ice 

 Amongst the three different types of oil, adding crude oil to the sea ice has the lowest impact on 

the dielectric constant of sea ice and that is because the crude oil dielectric constant is closer to 

that of the background sea ice dielectric, so the relative difference is smaller. Conversely, regular 

ship diesel added to the sea ice, changed the dielectric constant of sea ice more than the two other 
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oil. Comparing the calculated PVD result of clean sea ice (4.506 – j 0.233) with [77]  (4.5056 + j 

0.2183) shows that the calculations are correct and in good agreement with the references. There 

have been some limitations and assumptions in the dielectric mixture modelling of oil-

contaminated sea ice including 1) I assumed that adding oil does not change the temperature profile 

of sea ice, 2) I also assumed that the oil replaced the sea ice, and the amount of brine does not 

change during the procedure, and 3) the oil is equally distributed throughout the sea ice volume. 

In the following section, the simulation results of monostatic NRCS for different scenarios are 

given. 

3.7.   Simulation results 

Due to the presence of brine, sea ice is a lossy material, and the penetration depth of 

electromagnetic waves at 5.5 GHz is low. Therefore, for the simulation modeling purposes, sea ice 

can be assumed as a half-space. As an example, the penetration depth of the incident wave for 

clean sea ice is 7.91 cm at 5.5 GHz, which was calculated with the following equation. Figure 3.9 

shows a graphical representation of the penetration depth.  

 𝛿𝑝 =
1

2𝛼𝑆𝑒𝑎 𝑖𝑐𝑒
 (3.7.1) 

Where  

𝛿𝑝   is the wave penetration depth  

𝛼𝑆𝑒𝑎 𝑖𝑐𝑒    is the absorption constant of the medium (in my study, sea ice) 

 

Figure 3.9. Graphical 2D representation of penetration depth in sea ice with normal incidence 

(dielectric constant is modelled with the PVD). 
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In the following figure, I have shown a half-space with a rough interface. The upper area is air, 

and the lower area is sea ice. 

 

Figure 3.10. Half-space model of sea ice. 

I have considered both oil-contaminated and uncontaminated sea ice as a half-space with a single 

value representing the entire sea ice volume. The monostatic NRCS for each half-space was 

simulated for incidence angles between 20° to 65°. The rationale behind the incidence angle 

selection is that the SERF equipment can operate in the range of angles between  20° to 65° (due 

to the pool size) and the range of incidence angles for satellite-based SAR systems, such as 

RADARSAT-2, is within these ranges [78]. These simulation results are needed for comparing the 

actual measurements with simulations. In the following, simulation results of three different types 

of oil with three different amounts of contamination for the four existing mixture models are given. 

3.7.1 Clean sea ice 

Figure 3.11 depicts the NRCS simulation results of clean sea ice for the five different mixture 

models for VV and HH polarizations for incidence angles between 20° to 65°. I need to mention 

that the cross-polarization in this model is zero. As it is expected, by increasing the incidence angle 

the backscattering for all the models decreases. For the sake of accuracy, Figure 3.11 through 

Figure 3.24 have been compared with the results given in literature [1] [79] [80].  

There is good agreement between the simulation results in this thesis and the results in literature.  
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Figure 3.11. Monostatic NRCS of clean sea ice in the VV, and HH polarizations. 

3.7.2 Crude oil 

Figure 3.12 through Figure 3.14 demonstrate the NRCS simulation results of oil-contaminated sea 

ice (contaminated with crude oil with three different amounts of contamination) for the five 

different mixture models for VV and HH polarizations (cross-polarization is zero) for incidence 

angles between 20° to 65°. As the incidence angle increases, the NRCS decreases as well.  

 

Figure 3.12. Monostatic NRCS of crude oil contaminated sea ice (5% contamination) in the VV, 

and HH polarizations. 
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Figure 3.13. Monostatic NRCS of crude oil contaminated sea ice (7.5% contamination) in the 

VV, and HH polarizations. 

 

Figure 3.14. Monostatic NRCS of crude oil contaminated sea ice (10% contamination) in the 

VV, and HH polarizations. 
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3.7.3 Regular Ship Diesel: 

Figure 3.15 through Figure 3.17 show the NRCS simulation results of oil-contaminated sea ice 

(contaminated with regular ship diesel with three different amounts of contamination) for the five 

different mixture models for VV and HH polarizations for incidence angles between 20° to 65°. I 

need to mention that the cross-polarization in this model is zero. 

 

Figure 3.15. Monostatic NRCS of regular ship diesel oil contaminated sea ice (5% 

contamination) in the VV, and HH polarizations. 
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Figure 3.16. Monostatic NRCS of regular ship diesel oil contaminated sea ice (7.5% 

contamination) in the VV, and HH polarizations. 

 

 

Figure 3.17. Monostatic NRCS of regular ship diesel oil contaminated sea ice (10% 

contamination) in the VV, and HH polarizations. 
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3.7.4 Marine Ship Diesel: 

The NRCS simulation results of oil-contaminated sea ice (contaminated with marine ship diesel 

with three different amounts of contamination, 5%, 7.5%, and 10%) for the five different mixture 

models for VV and HH polarizations for incidence angles between 20° to 65° are shown in Figure 

3.18 through Figure 3.20. I need to mention that the cross-polarization in this model is zero. 

 

 

Figure 3.18. Monostatic NRCS of Marine ship diesel oil contaminated sea ice (5% 

contamination) in the VV, and HH polarizations. 
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Figure 3.19. Monostatic NRCS of marine ship diesel oil contaminated sea ice (7.5% 

contamination) in the VV, and HH polarizations. 

 

Figure 3.20. Monostatic NRCS of marine ship diesel oil contaminated sea ice (10% 

contamination) in the VV, and HH polarizations. 
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3.7.5 Clean sea ice and 5% oil-contaminated sea ice 

In Figure 3.21 and Figure 3.22, 𝜎𝑣𝑣 and 𝜎ℎℎof clean sea ice and oil-contaminated sea ice with 5% 

contamination with marine ship diesel are shown, respectively.  

 

Figure 3.21. NRCS results of uncontaminated sea ice and oil contaminated sea ice (5% marine 

ship diesel) for VV polarization. 

 

Figure 3.22. NRCS results of uncontaminated sea ice and oil contaminated sea ice (5% marine 

ship diesel) for hh polarization. 



 

 
 83  
 
 

Figure 3.23 and Figure 3.24 depict the ratio of 𝜎ℎℎ and 𝜎𝑣𝑣 of uncontaminated sea ice to the 

contaminated sea ice with 5% marine ship diesel, respectively. 

 

Figure 3.23. Relative NRCS results of HH polarization of clean sea ice to contaminated sea ice. 

 

 

Figure 3.24. Relative NRCS results of VV polarization of clean sea ice to contaminated sea ice. 
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3.8.   NRCS Simulations Discussion 

These graphs show the NRCS simulation results of a monostatic scatterometer at 5.5GHz for clean 

sea ice and oil-contaminated sea ice with three different oil contamination percentages, 5%, 7.5%, 

and 10%. These simulation results are immensely useful for microwave remote sensing of sea ice 

and oil detection in the Arctic and for developing reliable dielectric mixture models for oil-

contaminated sea ice.  

In Figure 3.11, I have shown the NRCS curves of clean sea ice for five dielectric mixture models. 

This figure demonstrates that there is a decrease in backscatter as the incidence angle increases, as 

expected. In all five models, 𝜎𝑣𝑣 is greater than 𝜎ℎℎ. The linear and TVB mixture models have the 

highest and lowest 𝜎𝑣𝑣 and 𝜎ℎℎamongst the five models, respectively. The results of PVD and 

TVB models are similar and the discrepancy between these two models is very small. As expected 

and due to the close dielectric constant of the refractive and cubic model, the simulation results of 

these two models are very similar to one another.  

Figure 3.12 through Figure 3.20 all depict the backscattering of oil-contaminated sea ice for 5%, 

7.5% and 10% contamination with three different types of oil: marine ship diesel, crude oil, and 

regular ship diesel, for linear, refractive, cubic, TVB, and PVD mixture models. The overall 

backscatter in these figures is less than for the clean sea ice case. This is expected because adding 

oil to the sea ice decreases the dielectric constant of sea ice, which results in a decrease in the 

backscattering.  

Figure 3.12 through Figure 3.14 demonstrate the NRCS results of crude oil, for both VV and HH 

polarizations. These figures show that for larger incidence angles, the backscatter demonstrates an 

expected decrease.  

The NRCS results of regular ship diesel for both VV and HH polarization is shown in Figure 3.15 

through Figure 3.17. In these figures, I have considered the aforementioned three different amounts 

of oil and have modelled the contaminated sea ice with five different dielectric mixture models.  

Figure 3.18 through Figure 3.20 depict the NRCS results of marine ship diesel, for both HH and 

VV polarizations. The NRCS curves of marine ship diesel follows the same pattern as that of 

regular ship diesel and crude oil.  

The simulated results of monostatic NRCS of clean sea ice are greater than that of oil-contaminated 

sea ice. I have only inserted the results of contamination with marine ship diesel in Figure 3.21 
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and Figure 3.22, however, the NRCS results of other two contamination substances, regular ship 

diesel, and crude oil follow the same pattern. This means that the monostatic NRCS simulations 

of uncontaminated sea ice for three types of oil-contamination are greater than that of oil-

contaminated sea ice. The refractive and cubic models have very similar curves to each other in 

both HH and VV polarizations. However, the discrepancy between NRCS results of TVB and 

linear models is about 4 dB, which means that the linear model that has the highest value of NRCS 

can be utilized for upper bound. This difference is due to the difference in the modeling approach. 

In the linear model, no assumption is made on the model geometry. However, in the TVB model, 

inclusion geometry is considered. In all scenarios, the NRCS of VV polarization is greater than its 

respective HH. The simulation results of PVD and TVB models are very similar to each other in 

both HH and VV polarizations. 

Similarly, to explore the relative NRCS of clean sea ice to oil-contaminated sea ice for HH and 

VV polarizations, in Figure 3.23 and Figure 3.24 , I have depicted the results of relative NRCS of 

clean sea ice to 5% marine ship diesel oil-contaminated sea ice. The relative NRCS of crude oil 

and regular ship diesel follow the same pattern. Figure 3.23 depicts the relative values of NRCS 

of clean sea ice to the oil-contaminated one (5% Marine Ship Diesel) for HH polarization for 

refractive, cubic, TVB, and PVD mixture models. It is shown that by increasing the incidence 

angle, the relative value decreases. This means that as incidence angle increases, the difference 

between 𝜎ℎℎ of clean and oil-contaminated sea ice decreases. This decrease is more significant in 

PVD and TVB models than the other models. In PVD model, 𝛥𝜎ℎℎ at 20° is 0.13dB and has its 

highest value. As the incidence angle increases to 65°, the relative value decreases to 0.068dB.  

The decrease rate of 𝛥𝜎ℎℎ in refractive and cubic models is smaller than the PVD and TVB models.  

Figure 3.24 demonstrates the relative value of NRCS of clean sea ice to the oil-contaminated sea 

ice with 5% marine ship diesel contamination for VV polarization for four models. The refractive 

model has the lowest relative value at 20° amongst the mdels. There is an increase in the relative 

value of four curves as the incidence angle increases. In PVD model, 𝛥𝜎𝑣𝑣 20° is 0.145dB and as 

the incidence angle increases to 65°, it reaches to the highest value, which is 0.18dB.  The highest 

relative value amongst the four models is 0.18dB and is achieved at 65° for the PVD model. It can 

be seen that by increasing the incidence angle, the increase rate of 𝛥𝜎𝑣𝑣 in PVD (from 0.145dB to 
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0.18dB = 0.035dB) and TVB models is smaller than the decrease rate of 𝛥𝜎ℎℎ in PVD (0.13dB to 

0.068dB = 0.062dB) and TVB models.  

By increasing the incidence angle, the discrepancy between the monostatic NRCS of contaminated 

and uncontaminated sea ice for HH polarization decreases and the highest discrepancy is at 20°. 

On the other hand, as the incidence angle increases, the discrepancy between the monostatic NRCS 

of contaminated and uncontaminated sea ice for VV polarization increases, and the highest 

discrepancy is at 65°. This means that for higher incidence angles, distinguishing the clean sea ice 

from oil-contaminated sea ice with VV polarization is easier than HH polarization.  

The difference between the NRCS of 𝜎𝑣𝑣 and 𝜎ℎℎ of each modeling approach is less than 2dB. 𝜎𝑣𝑣 

and 𝜎ℎℎ of all five models follow a similar pattern, as expected. The difference between the NRCS 

of the different types of oil is not noticeable and this means that detecting the oil type with this 

approach needs further investigation. Additionally, the difference between the contaminated and 

uncontaminated sea ice is almost 0.2dB, which illustrates that by utilizing a low-level noise system 

and maintaining a high signal to noise ratio (SNR), these two types of sea ice can be distinguished. 

As the difference between the NRCS of clean sea ice and oil-contaminated sea ice for both HH 

and VV polarizations and different incidence angles is less than 3 dB, it needs further investigation 

to check whether these two types of sea ice by utilizing SPM approach are distinguishable or not.  

As the VV polarization gives bigger relative difference of NRCS than HH polarization and 

additionally increasing the incidence angle has a minor effect on the NRCS (incidence angle plays 

a negligible role in these results, 0.04 dB increase over the incidence angle), therefore, the VV 

NRCS can be utilized for discriminating oil-contaminated sea ice from clean sea ice and finding 

the best incidence angle needs further investigations. Although with maintaining a high SNR oil-

contaminated sea ice can be distinguished from clean sae ice, further investigation is needed to 

differentiate the oil type and amount of contamination. Moreover, the error margin for this 

detection process is small and further research on new modeling approaches and dielectric mixture 

models are indispensable. As discussed earlier, there are limitations to the study and for future 

investigations equivalent modeling studies at different frequencies or under other ice conditions 

are merited.   
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3.9.   Conclusion 

In this chapter, I developed and tested two independent dielectric measurement methods: the cavity 

resonator and the dielectric probe. I modelled sea ice with five different dielectric mixture models. 

This was done in an effort to allow radar systems to distinguish the clean ice from oil-contaminated 

sea ice. For this purpose, knowledge of dielectric properties of oil products is crucial. The satellite 

imagery industry, especially the SAR technology industry, requires this data for developing 

operational systems as well. The difference between the NRCS of clean sea ice and oi-

contaminated sea ice has an important role in designing the systems with specific SNR threshold. 

The new systems need to be designed to permit measurements at optimal incidence angles for oil 

spill detection, but this angle remains to be determined. Therefore, having a range of incidence 

angles is needed. Additionally, the effect of system polarization on the NRCS is another important 

design criteria that should be taken into account.  

I initially measured the dielectric constants of marine ship diesel, crude oil, and regular ship diesel, 

which are common substances that ships carry in the Arctic and would likely be found in an oil 

spill, with the cavity resonator and dielectric probe. There was a good agreement between the 

measurement results of the techniques. These measurements were utilized in the dielectric mixture 

modeling of oil-contaminated sea ice, which was used in the simulations of NRCS in the SPM. I 

compared the simulation results of clean to oil-contaminated sea ice and demonstrated that the 

dielectric properties of contaminated sea ice affect the backscattering results.  

The results show that the oil products decrease the dielectric constant of oil-contaminated sea ice, 

which results in a decrease in the backscattering for both HH and VV polarizations in the SPM. 

The VV polarization gives the biggest difference between the oil-contaminated sea ice and clean 

sea ice. In VV polarization, as the incidence angle decreases, the difference between the NRCS of 

oil-contaminated and clean sea ice decreases and detection becomes harder.  

As there are some limitations in this study, utilizing dual-polarization systems needs to be 

comprehensively investigated in order to address the limitations. The other important aspect that 

should be considered and is beyond the scope of this thesis are polarimetric parameters.  

In this thesis, I investigated the SPM modeling and NRCS at 5.5 GHz with 5 different dielectric 

mixture models. The NRCS simulations for different range of frequencies need to be investigated. 
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As the operational frequency changes, there are several parameters in the NRCS simulations that 

need to be considered, including: 

1) The dielectric mixture models of clean and oil-contaminated sea ice at different frequencies 

2) The effect of surface and volume scatterings (the size of inclusions) 

3) Different parameters in sea ice modeling such as surface roughness 

4) The penetration depth (exploration depth) of incident wave 

5) The dielectric profile of different types of oil at a range of frequencies 

6) The oil behavior within, beneath, and on top of sea ice 

7) The polarization effect of incident wave at different frequencies on the NRCS results 

For this purpose, the dielectric mixture models need to be adapted with the frequency of NRCS 

simulations, which means that the dielectric mixture models of clean and oil-contaminated sea ice 

at different range of frequencies need to be explored in-depth. There are different paths that can 

be taken in the modeling approaches and considering the effects and geometry of inclusions within 

the sea ice. Additionally, the oil behaviour in contact with sea ice needs to be studied 

comprehensively. The thermal effect of oil on the dielectric mixture of sea ice is really important 

and needs further investigations. The other important parameter that has not been considered in 

this study is the effect of adding oil on surface roughness of sea ice. The oil migration to the surface 

of sea ice may change the surface roughness. Different parameters including oil’s viscosity can 

affect the migration and therefore the surface roughness. These effects merit further investigation 

and research is being conducted by Engineering and CEOS researchers at the Sea-ice 

Environmental Research Facility (SERF) on these topics. In this thesis, I have considered three 

different contaminations for the dielectric mixture model of oil-contaminated sea ice. There are 

many important substances such as different types of oil that have not been investigated yet in the 

NRCS simulations and dielectric mixture models. The dielectric constants of these substances at 

different frequencies and their effects on sea ice surface roughness need to be investigated as well.
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4.  Design and Simulation of Short Back-Fire Antennas  

4.1   Introduction 

In this chapter, I present designs for several types of Short Back-Fire antennas that can be used for 

communications and remote sensing. The conventional SBF antenna that was first invented by 

Ehrenspeck in 1962 is one of the most commonly used antennas for medium gain communications 

[40]. The SBF antenna is a compact, simple, and easy to build structure which has a high 

directivity. Because of these features, this antenna has been used in maritime, space 

communication, tracking, telemetry, satellite communications, and wireless local-area network 

systems. Two main types of this antenna have been invented thus far. Both types have a main 

reflector, a sub-reflector, and a rim. The difference between these two types is feeding mechanism. 

The first type is conventional SBF antenna which consists of a dipole, or patch antenna, or other 

types of antenna as a feed, main reflector, rim and sub reflector. The other type of this antenna 

which is the design considered in this thesis is, a waveguide-fed SBF antenna. This antenna 

consists of a waveguide, main reflector, a rim, and a sub reflector.  

 

 

My aim is to create an antenna that is usable for C-band remote sensing applications.  

 

 

As this antenna is planned to be mounted on aircraft, its size matters. The designed antenna should 

be a low-profile structure (in comparison with reflector dish antennas with prime focus feed) that 

can be used for the Arctic remote sensing. The other important parameter is the range of realized 

gain. Considering the size of the antenna, a design with a medium range realized gain is a good 

candidate. One of the options that meets the criteria for the design of a remote sensing antenna is 

a Short Back-Fire antenna. In the following table, I have summarized the design specifications of 

an antenna for remote sensing applications2.  

                                                
2 I would like to acknowledge CMC Microsystems for the provision of products and services that facilitated this 

research, including Ansoft ANSYS HFSS. 
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Table 4.1. Design specifications for designing a remote sensing antenna. 

Design specification Metric 

Realized gain Greater than 11dBi 

Bandwidth 500 MHz 

Peak cross polarization level, in the plane of 

cross polarization 
Less than −25 dB 

 

As an example of an environmental remote sensing system, at SERF in the University of Manitoba, 

a C-band scatterometer has been used [77]. This C-band scatterometer was purchased from 

ProSensing, Inc. and has the following specifications: 

 Operational bandwidth of 5.25 GHz to 5.75 GHz (Bandwidth of 500 MHz) 

 Cross polarization level of -28 dBi 

 A back-fire antenna with a parabolic dish 

There is a known relationship between the bandwidth and resolution. Generally, an increase in 

bandwidth gives better resolution. The other important feature of the C-band scatterometer is the 

acceptable cross polarization level of below -28 dBi.  

In this chapter, I present the design and simulation for a conventional waveguide-fed SBF antenna 

that operates at 5.5 GHz. Although similar designs have been documented in the literature, in this 

work, I am specifically tailoring the design for operation in the microwave C-band. In my first 

design (SBF-1), I verified the design concepts and created an optimized simulation geometry. 

From the verified design geometry, I explored methods for improving gain and these methods are 

discussed in the following section on SBF-2. The design configuration and simulation files were 

created in ANSYS HFSS © (HFSS stands for high-frequency structure simulator).  I fabricated the 

proposed designs, SBF-1 and SBF-2, and tested them in the Antennas and Microwave Laboratory 

of the University of Manitoba. I also investigated three additional designs in order to improve the 

bandwidth of the SBF antenna on the basis of SBF-1 verified geometry.   

I give an overview of the rest of this chapter in the following.  

In Section 2, I give an introduction to HFSS software, solution methods, simulation process and 

setup. 
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In Section 3, I present the design of SBF-1, which is a waveguide-fed Short Back-Fire antenna. I 

performed parametric studies on elements of the geometry and demonstrated the relative effects 

of antenna dimensions such as: 1) diameter of main reflector, 2) diameter of sub-reflector, and 3) 

height of sub-reflector.  

In Section 4, I built on the knowledge gained in Section 3 and proposed methods for improving 

realized gain in the SBF design. In the new proposed design, SBF-2, I introduced a technique to 

increase the realized gain of SBF-1. The new design consists of a cylindrical choke in the main 

reflector beside the rim.  

In Section 5, I checked on the new method for further increasing the realized gain of SBF-2. In 

this section, I filled the choke with Teflon in the hope of changing current distribution of SBF-2 

and improve the realized gain.  

In Section 6, and 7, I proposed two new successful techniques, adding a ring beside the rim and 

adding a cylindrical choke to the sub-reflector, with a focus on increasing the bandwidth of SBF-

1 and SBF-2.  

4.2   HFSS Simulations 

In order to study the behavior of the antennas, I utilized ANSYS HFSS software. As I explained 

in Chapter 3, depending on the simulation output or the application of the design, any of the 

methods could be used for problem solving. For the antenna simulations, I used FEM method in 

my antenna simulations.  

The next step of the designing procedure is to run the simulation and check the results.  

4.3    Parametric study and design procedure of SBF-1 

In this section, I present the design and analysis of a SBF antenna, which I have called “SBF-1”. 

The relative effects of antenna dimensions have been discussed in general in chapter 2. In Table 

4.2 a list of important parameters of a designed SBF antenna are given. The base-line case antenna 

is designed based on [81] to operate at 5.5 GHz and its freespace wavelength is 54.545mm. 

Different views of the geometry of the antenna are shown in Figure 4.1, Figure 4.2, and Figure 

4.3.  
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Table 4.2. SBF-1 antenna parameters utilized for geometry simulation. 

Parameters Description Relative Value Absolute value 

𝒂  Waveguide width 0.74λ 40.386 mm 

b Waveguide height 0.41λ 22.193 mm 

𝒉𝒘𝒂𝒗𝒆𝒈𝒖𝒊𝒅𝒆 Waveguide length 3λ 163.636 mm 

𝑫𝒎 Main reflector diameter 2.2λ 120 mm 

𝑫𝒔 Sub-reflector diameter 0.7λ 38.181 mm 

𝑯𝒓 Rim height 0.6λ 32.727 mm 

𝒉𝒔𝒖𝒃𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒐𝒓 Height of sub-reflector 0.7λ 38.181 mm 

 

 

 

Figure 4.1. Waveguide fed Short Back-Fire antenna. 
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Figure 4.2. Side view of waveguide fed Short Back-Fire antenna. 

 

 

 

Figure 4.3. Top view of waveguide fed Short Back-Fire antenna. 
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In order to characterize and understand the effects of dimensions on the antenna parameters, with 

a goal of ultimately finding an acceptable set of design dimensions for remote sensing applications, 

I performed a parametric study on three parameters of the SBF-1 antenna. The following table 

summarizes the parametric study.  

I performed a parametric study on three parameters: 1) Main reflector, Dm, 2) Sub-reflector, Ds, 

and 3) Sub-reflector height. As discussed in chapter 2, each of these parameters play a vital role in 

the radiation mechanism of the antenna. The utilization of a rim in the main reflector causes an 

increase in the total gain of the antenna and decreases the back-lobe and side-lobe of radiation 

pattern. Diameter of the main reflector affects the quantity of reflected energy and phase difference 

between the aperture-field distributions. The dimension of the sub-reflector which is 𝐷𝑠, affects 

amplitude and phase field distribution in the aperture of the antenna. If the sub-reflector is too 

small, only the feed, main reflector, and the rim radiate, and the antenna behaves like an ordinary 

antenna with lower gain. Conversely, if the dimension of the sub-reflector is too big, the antenna 

transforms into a high-quality cavity resonator and the gain drops down. Therefore, there is a 

correlation between the size of the sub-reflector and the main reflector. The last parameter 

considered is the height of the sub reflector. This parameter affects the realized gain of the antenna. 

If the sub-reflector’s location is too low, then the energy cannot be transferred to the main body of 

the antenna and a major portion of incoming wave energy reflects back to the waveguide. 

Conversely, if the sub-reflector’s height is too high, the antenna does not resonate at the design 

frequency.  

In order to find out an acceptable, well-understood design for SBF-1, I changed the diameter of 

main reflector from 𝜆 to 3𝜆 with steps of 0.2𝜆 and dimeter of sub-reflector from 0.4𝜆 to 0.8𝜆 with 

steps of 0.1𝜆. Besides, I altered the sub-reflector height from 0.2𝜆 to 𝜆 with steps of 0.1𝜆. There 

are some reasons behind the selection of step size and range of values as follows: 

 Practical limitations in design dimensions which means step sizes cannot be too small. 

(Machinery equipment accuracy)  

 Adding more simulation variations might not give more information when the objective is 

to build an understanding of the relative effects. 

 The following simulation running time is 7 days and it solves 495 different simulation 

geometries which means each single one of the simulations takes for about 20 minutes.  
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Table 4.3. List of parameters in the parametric study on SBF-1. 

Parameter Range of values Step size 
Total Number of 

Variations 

𝑫𝒎 
𝜆 𝑡𝑜 3𝜆 

(54.545mm – 163.636mm) 

0.2𝜆 

(10.908mm) 
11 

𝑫𝒔 
0.4𝜆 𝑡𝑜 0.8𝜆 

(5.454mm – 43.636mm) 

0.1𝜆 

(5.454mm) 
5 

𝒉𝒔𝒖𝒃−𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒐𝒓 
0.2𝜆 𝑡𝑜 𝜆 

(10.908mm – 54.545mm) 

0.1𝜆 

(5.454mm) 
9 

 

In this parametric study, the rim height, 𝐻𝑟, and the waveguide aperture extension, 𝑊𝑒 , are constant 

and equal to 0.6𝜆 and 0, respectively. I selected the constant value of 0.6𝜆 for the height of the rim 

due to the previous studies on the literature [42]. The goal of this parametric study is to find out 

which cases have the widest bandwidth while maintaining a reasonable realized gain. I have 

considered the same metrics as the metrics in Table 4.1 for the design of the SBF-1.  

Design steps are as follows: 

1. Creating antenna geometry, assigning material properties, boundary conditions and 

excitations, and defining the proper mesh 

2. Running the simulation at desired band of frequencies, C-band, between 4 GHz and 7 GHz 

3. Looking at S11 results and choosing acceptable results (results that meet the bandwidth and 

frequency metrics) for the desired frequency band 

4. Considering the acceptable S11 results from step 3 and comparing the realized gain for these 

cases 

5. Comparing the realized gain of co-polarization and cross polarization in both E-plane and 

H-plane results. 

6. Final selection of parameters based on all of the results 

After running the parametric study, I determined that the antenna designs that met S11 bandwidth 

metric had a range of realized gain from 5.13dBi to 14.90dBi. Subsequently, the next step of the 

analysis was to determine which of the designs achieved the metric of a minimum gain of 11 dBi.  
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Amongst all of the acceptable results, 15 cases which have realized gain of greater than 11dBi 

have been selected and listed in Table 4.4. I have done further investigations on these 15 cases 

such as comparing their bandwidth, cross polarization and co-polarization.  

  

Table 4.4. SBF-1 dimensions with realized gain (@5.5GHz) greater than 11dBi. (other 

dimensions are the same as Table 4.2) 

 𝑫𝒎 𝑫𝒔 𝒉𝒔 Realized Gain (dBi) 𝝓 = 𝟗𝟎 Bandwidth (GHz) 

1 1.8𝜆 0.4𝜆 0.6𝜆 11.3 1.1 

2 1.8𝜆 0.4𝜆 0.7𝜆 11.12 2.33 

3 2𝜆 0.7𝜆 0.6𝜆 12.41 0.85 

4 2.2𝜆 0.6𝜆 0.7𝜆 14.90 1.24 

5 2.2𝜆 0.7𝜆 0.7𝜆 14.88 1.27 

6 2.2𝜆 0.8𝜆 0.7𝜆 14.74 1.23 

7 2.6𝜆 0.4𝜆 0.7𝜆 11.98 1.62 

8 2.6𝜆 0.5𝜆 0.7𝜆 11.63 1.18 

9 2.6𝜆 0.6𝜆 0.7𝜆 11.29 0.69 

10 2.8𝜆 0.4𝜆 0.6𝜆 12.77 1.32 

11 2.8𝜆 0.5𝜆 0.6𝜆 12.44 1.33 

12 2.8𝜆 0.6𝜆 0.6𝜆 12.27 1.31 

13 2.8𝜆 0.7𝜆 0.6𝜆 12.53 1.19 

14 2.8𝜆 0.8𝜆 0.6𝜆 12.99 0.93 

15 3𝜆 0.8𝜆 0.6𝜆 11.27 1.3 

 

From the simulations I determined that: 

1. For diameters of main reflector less than 1.8𝜆 realized gain does not exceed 11 dBi.  

2. Highest realized gain which is 14.90 dBi achieved for diameter of main reflector of 2.2𝜆.  
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A summary of S11 of all 15 cases has been shown in Figure 4.4.  

 

Figure 4.4. S11 figures of 15 cases with realized gain greater than 11dBi of SBF-1 (Table 4.4). 

 

Figure 4.5. Smith chart plots of 15 cases of SBF-1 with realized gain greater than 11 dBi (Table 

4.4) 

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15
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In Figure 4.6 and Figure 4.7, the realized gain of SBF-1 with 𝐷𝑚 = 2.2𝜆, 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.6𝜆 

and 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.7𝜆, for six different frequencies around the operational frequency as a 

function of sub-reflector diameter are shown, respectively. As seen in Figure 4.6, for 5 GHz, 5.25 

GHz, and 5.5 GHz, by increasing the sub-reflector diameter up to 0.7𝜆, realized gain increases. 

Increasing in diameter beyond 0.7𝜆 reduces the gain. There is a similar trend in Figure 4.7. In 

Figure 4.7, for the same three frequencies, by increasing the sub-reflector diameter up to 0.6𝜆, 

realized gain increases and then it starts decreasing. For both cases, the highest realized gain is 

achieved at 5.5 GHz. Comparing the two figures, it can be seen that the realized gain of the case 

with 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.7𝜆 has higher realized gain values from 4.5GHz to 5.5GHz than the other 

case with 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.6𝜆. On the other hand, the realized gain at 5.75 GHz in case with 

𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.6𝜆 is greater than that of the case with 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.7𝜆.  

 

Figure 4.6. Realized gain of SBF-1 (with 𝐷𝑚 = 2.2𝜆, and 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.6𝜆) as function of 

sub-reflector diameter for six different frequencies. 
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Figure 4.7. Realized gain of SBF-1 (with 𝐷𝑚 = 2.2𝜆, and 𝐻𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 = 0.7𝜆) as function of 

sub-reflector diameter for six different frequencies. 

 

The best dimensions for the design based on my application of interest which needs a high gain 

(greater than 11 dBi) and 500 MHz bandwidth are case scenarios 4, 5, and 6 of Table 4.4.  

These three cases, in terms of bandwidth and realized gain, are pretty much the same as one another 

with some minor differences. Matching between 4.5 GHz and 5.4 GHz improves from case 4 to 

case 6. On the other hand, as it is shown in Figure 4.9, the realized gain slightly decreases from 

case 4 to case 6.   

 

Figure 4.8. S11 results of three selected cases of SBF-1. 
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Figure 4.9. Realized gain of three selected cases of SBF-1. 

Based on the simulation results and comparing the realized gain, bandwidth and surface current 

distribution of these three cases, I decided to consider case 5 for fabrication for validation purpose 

of the simulation. The design requires S11 < -10 dB for the full bandwidth of operation. While Case 

4 has the highest gain, the S11 curve reaches nearly -10 dB at 5 GHz. In consideration of fabrication 

tolerances, there is no margin for error. Case 6 has a slightly better return loss performance than 

Case 5 and a similar bandwidth of operation. With the design goal of improving gain in mind, I 

chose Case 5, as it has a higher gain than Case 6. 

In the following figure, the surface current distribution of Case 5 is shown. Each of the antenna 

components such as the main reflector, sub reflector, and rim, contribute to the antenna radiation. 

However, the major portion of the radiation comes from the surface current on the main reflector. 

The current distribution on the main reflector can be divided into three regions (1), (2), and (3), as 

shown in the following figure. The major contribution of main reflector to the radiation is related 

to region 1 and the smallest contribution is related to region 3 of the main reflector. The surface 

current on the sub-reflector is also significant and its peak value is almost ½ of the peak value of 

current on the main reflector. The least portion of contribution amongst the three components is 

related to the rim. Region 2 of current distribution on the main reflector has a lower value. This 

observation and the concept of electromagnetic bandgap structures are bases of the idea to change 

the surface current distribution of SBF-1 in order to improve the performance of this antenna.  
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Figure 4.10. Surface current distribution of SBF-1. 

Different 3D radiation patterns of SBF-1 with this surface current distribution are shown in Figure 

4.11. As can be seen, the antenna boresight has the maximum radiated power at the axis of 

symmetry of the antenna at 0°.  

 

Figure 4.11. 3D radiation pattern of SBF-1. 

Figure 4.12 demonstrates the radiation pattern of SBF-1 in both E-plane and H-plane. The radiation 

pattern in both planes are acceptable as they are symmetric and the realized gain in both planes is 

14.88 dBi. In E-plane, there are two side-lobes. The Half Power Beamwidth, HPBW, and Null to 

Null Beamwidth of SBF-1 in E-plane are (11.25° − (−11.14°) = 22.39°) and (25.93° −

(−25.93°) = 51.86°), respectively. Furthermore, the side lobe level (SLL) of the design is -8.77 

dB. On the other hand, the radiation pattern in H-plane is different. There are no distinctive side 

lobes and Null to Null beamwidth is greater than that of in E-plane. The cross-polarization level 

in both planes is less than -30 dBi which demonstrates the desired isolation.  
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Figure 4.12. E-Plane and H-Plane radiation pattern of SBF-1 at 5.5 GHz. 

The peak cross-polarization level of SBF-1, which is shown in the following figure is 1.8dBi and 

happens at 𝜑 = 42°
 
. Therefore, the cross-polarization design parameter (>25dB) was not 

achievable in this design configuration. 

 

Figure 4.13. Simulation results of radiation pattern of SBF-1 at 5.5GHz and 𝜑 = 42° (Peak 

Cross-Polarization) 

In the following chapter, I present a new method to change the surface current distribution of SBF-

1 to improve the antenna performance. 
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4.4   Innovation I and parametric study on design procedure of SBF-2 

In the previous design, SBF-1, I optimized the conventional SBF antenna in order to achieve the 

highest realized gain, while simultaneously meeting the bandwidth specifications. In this section, 

I present a technique to improve the realized gain. In some applications, users are more interested 

in a design that meets a minimum realized gain. In order to have a design with higher realized gain, 

I added a cylindrically shaped choke to the SBF-1’s main reflector. Based on the final dimensions 

of the previous section, in the new design, SBF-2 antenna, I am going to increase realized gain of 

the antenna by applying new techniques while maintaining the same bandwidth.  

In the new design, a cylindrical choke has been added to the SBF-1 main reflector. The idea of 

adding a choke to the main reflector beside the rim was first introduced in [42], however, to the 

author’s knowledge, there was not any further study on it. In this thesis, after considering the main 

reflector surface current of SBF-1, I decided to add a choke to the main reflector and perform a 

parametric study on three parameters to evaluate the effect in the antenna performance. The width 

of the choke, height of the choke, and the distance from the choke to the rim, as shown in Figure 

4.15, Figure 4.16, and Figure 4.17, were considered in this study. Table 4.5 presents the initial 

values for each of the parameters of SBF-2 (a Short Back-Fire antenna with a choke).  

 

Table 4.5. SBF-2 antenna parameters utilized for geometry simulation. 

Parameters Description Relative Value Absolute value 

𝒂  Waveguide width 0.74λ 40.386 mm 

b Waveguide height 0.41λ 22.19 3mm 

𝒉𝒘𝒂𝒗𝒆𝒈𝒖𝒊𝒅𝒆 Waveguide length 3λ 163.636 mm 

𝑫𝒎 Main reflector diameter 2.2λ 120 mm 

𝑫𝒔 Sub-reflector diameter 0.7λ 38.181 mm 

𝑯𝒓 Rim height 0.6λ 32.727 mm 

𝒉𝒔𝒖𝒃𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒐𝒓 Height of sub-reflector 0.7λ 38.181 mm 

𝑹𝒄𝒉𝒐𝒌𝒆 
Gap between the rim and outer 

diameter of the choke 
0.25λ 13.636 mm 

𝒉𝒄𝒉𝒐𝒌𝒆 Height of the choke 0.25λ 13.636 mm 

𝑾𝒄𝒉𝒐𝒌𝒆 Choke width 0.25λ 13.636 mm 
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Figure 4.14. New design of the Short Back-Fire antenna (SBF-2). 

 

 

Figure 4.15. Bottom view of the SBF-2. 
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Figure 4.16. Side view of the SBF-2. 

 

Figure 4.17. Top view of the SBF-2. 

The final goal of this study was to design an antenna with higher realized gain than SBF-1. Table 

4.6 demonstrate the parametric study on the antenna. Throughout the parametric study, 𝐷𝑚 ,  𝐷𝑠, 

𝐻𝑟, and ℎ𝑠𝑢𝑏−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 , were consistent and equal to 2.2𝜆, 0.7𝜆, 0.6𝜆, and 0.7𝜆, respectively.  
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Table 4.6. List of parameters in the parametric study on SBF-2. 

Parameter Range of values Step size Total Number of Variations 

𝑹𝒄𝒉𝒐𝒌𝒆 0.05𝜆 𝑡𝑜 0.5𝜆 (2.727mm – 27.272mm) 0.05𝜆 (2.727mm) 10 

𝒉𝒄𝒉𝒐𝒌𝒆 0.1𝜆 𝑡𝑜 0.5𝜆 (5.454mm – 27.272mm) 0.1𝜆 (5.454mm) 5 

𝑾𝒄𝒉𝒐𝒌𝒆 0.1𝜆 𝑡𝑜 0.5𝜆 (5.454mm – 27.272mm) 0.1𝜆 (5.454mm) 5 

 

The design steps follow the same design procedure that I developed for the SBF-1 in the previous 

section. 

I have considered several new metrics for the design of the SBF-2 which are listed here: 

 Realized gain greater than 14.88 dBi (increased value with respect to SBF-1) 

 Design frequency of 5.5GHz 

 Operational bandwidth of at least 500 MHz in the interval of 4 GHz to 7 GHz 

 Cross polarization level below -25 dB 

Design steps are as follows: 

1. Creating antenna geometry, assigning material properties, boundary conditions and 

excitations, and defining the proper mesh. 

2. Running the simulation at desired band of frequencies (C-band, from 4 GHz to 7 GHz). 

3. Looking at S11 results and choosing acceptable results for the desired frequency band. 

4. Considering the acceptable S11 from step 3 and comparing the realized gain for these cases. 

5. Comparing the realized gain of co-polarization and cross polarization in both E-plane and 

H-plane with the metrics and then with the results of SBF-2. 

6. Final selection of parameters based on all of the results. 

After running the parametric study, I noticed that the realized gain for acceptable S11 results (for 

frequencies with S11 magnitudes less than -10dB) varies from 12.79dBi to 16.53dBi. Amongst all 

of the acceptable results, 15 cases which have realized gain of greater than 15.90 dBi have been 

selected and listed in the following table. I have performed further investigations on these 15 cases 

such as comparing cross-polarization and co polarization, to find out the best dimensions for the 

design.  
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In Table 4.7, a summary of the S11 analysis and bandwidth calculation around 5.5GHz is given. Figure 

4.18 presents the S11 figures of the 15 cases of Table 4.7. In the plots of Figure 4.18, I observe that 

there are two notches. These notches, depending on the dimensions of the choke, get deeper at 

different frequencies. The wider bandwidths correspond to choke heights greater than 0.3𝜆. In the 

cases with realized gain greater than 16 dBi, the choke height is also greater than 0.3𝜆.  In the 

cases with continuous bandwidth, choke height is 0.3𝜆 or greater and choke width is 0.2𝜆 or 

greater. In Figure 4.18, the curves with the same 𝑅𝑐ℎ𝑜𝑘𝑒  have the same colour.  

Table 4.7. Summary of acceptable S11 results, gain, and bandwidth analysis of SBF-2. 

 𝑹𝒄𝒉𝒐𝒌𝒆 𝒉𝒄𝒉𝒐𝒌𝒆 𝑾𝒄𝒉𝒐𝒌𝒆 
Realized Gain (dBi) 

𝝓 = 𝟗𝟎 at 5.5GHz 

Bandwidth 

(GHz) at 

5.5GHz 

Bandwidth (GHz) at 

other frequencies 

1 0.05𝜆 0.3𝜆 0.3𝜆 16.51 0.5 at 4.54 GHz --- 600MHz 

2 0.05𝜆 0.3𝜆 0.4𝜆 16.46 0.51 at 4.54 GHz --- 580MHz 

3 0.05𝜆 0.4𝜆 0.3𝜆 16.01 0.42 at 4.57 GHz --- 680MHz 

4 0.05𝜆 0.4𝜆 0.4𝜆 16.42 0.46 at 4.51 GHz --- 540MHz 

5 0.1𝜆 0.3𝜆 0.2𝜆 16.04 0.49 at 4.54 GHz --- 620MHz 

6 0.1𝜆 0.3𝜆 0.3𝜆 16.53 1.31 - 

7 0.1𝜆 0.3𝜆 0.4𝜆 15.99 0.51 at 4.57 GHz --- 600MHz 

8 0.1𝜆 0.4𝜆 0.3𝜆 16.04 0.53 at 4.57 GHz --- 630MHz 

9 0.1𝜆 0.4𝜆 0.4𝜆 16.22 0.45 at 4.51 GHz --- 550MHz 

10 0.15𝜆 0.2𝜆 0.2𝜆 15.91 1.24 at 6.3 GHz --- 510MHz 

11 0.15𝜆 0.3𝜆 0.2𝜆 16.11 1.25 - 

12 0.15𝜆 0.3𝜆 0.3𝜆 16.11 1.26 at 6.3 GHz --- 500MHz 

13 0.15𝜆 0.4𝜆 0.3𝜆 15.92 1.32 - 

14 0.15𝜆 0.4𝜆 0.4𝜆 15.88 0.45 at 4.54 GHz --- 590MHz 

15 0.2𝜆 0.3𝜆 0.2𝜆 15.91 1.22 - 
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Figure 4.18. S11 figures of the 15 selected cases of SBF-2. 

There are several candidate designs that could meet the requirements. The best dimensions for the 

design based on our application of interest are the case scenarios 6, 11, 13, and 15 of Table 4.7 

which are highlighted in yellow. I picked the three antennas with the highest gain that meet the 

bandwidth requirement. For a better comparison, I have included the S11, realized gain, cross 

polarization and co polarization of the selected cases of Table 4.7.  

In order to decide on a design to fabricate, 4 cases of Table 4.7 must be compared with one another. 

My goal in this section is to choose the design with the highest realized gain and widest bandwidth 

for the sake of prototyping. This process consists of the following steps 

 Comparing the reflection coefficients of four cases for bandwidth consideration and 

matching in the interval of 4 GHz to 7 GHz (C-band) 

 Sketching the realized gain plots of four cases as a function of frequency 
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In the following figures, I present the reflection coefficient figure and realized gain figure of four 

cases as a function of frequency.  

Figure 4.19 depicts the results of reflection coefficients of four cases. As can be seen, Cases 6, 11, 

and 13 are close to -10dB at 5 GHz, but case 15 is around -11 dB at 5 GHz which gives a margin 

of error of 1 dB in the fabrication. On the other hand, cases 6 and 13 reach S11 of -10 dB at higher 

frequencies compared to cases 11, and 15, and at frequencies that are higher than 5.5 GHz. As the 

design specification requires operation at 5.5 GHz, this feature provides Cases 6 and 13 with a 

margin of error of 50 MHz that would give them an advantage over Cases 11 and 15 in case the 

S11 is shifted to the left (i.e., downward) during the fabrication.  

Figure 4.20 demonstrates the realized gain of SBF-2 for the chosen cases as a function of 

frequency. For high gain application, Case 6, which has been shown with blue colour, has the 

highest value within 4.5 GHz to 5.75 GHz. The following figure also certifies that Case 6 is a great 

candidate for fabrication and can be utilized to validate the simulation results. 

  

 

Figure 4.19. S11 results of four selected cases of SBF-2 related to Table 4.7. 
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Figure 4.20. Realized gain of four selected cases of SBF-2 related to Table 4.7. 

In the following figure, the surface current distribution of Case 6 is shown. It is demonstrated that 

each of the antenna components such as main reflector, sub reflector and rim contribute to the 

antenna radiation. The main reflector’s surface current which contributes the majority of radiation 

is divided into three regions. The majority of the radiation comes from the region of the main 

reflector that is in closest proximity to the waveguide (region 1). The choke’s contribution (region 

2) to the radiation is the smallest amongst the three areas of the main reflector. The surface current 

magnitude of the section of main reflector that is beside the rim (region 3) is almost 1/6 of region 

1. Thus, the radiation mechanism of SBF-2 is different from SBF-1.  

 

Figure 4.21. Surface current distribution of SBF-2 (Case 6 of Table 4.7). 
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In the following figure, I have demonstrated the surface current distribution of three other 

candidates. As can be seen, although there are some minor differences in the total current 

distribution, the surface current pattern is almost the same as Case 6. Similar to the chosen design, 

in these three cases, the main reflector, the sub-reflector and the rim all contribute to the radiation 

mechanism. Additionally, the current distribution on the main reflector of these cases can be 

divided into three regions. The majority of radiation in all of these cases come from the main 

reflector current distribution. The surface current distribution in Case 13 and 15 have the lowest 

and the highest values, respectively.  

 

Figure 4.22. Surface current distributions of SBF-2 (Cases 11, 13, and 15 of Table 4.7). 

Different 3D radiation patterns (realized gain) of SBF-2 Case 6 are shown in Figure 4.22. The 

magnitude of realized gain varies from -42.3 dBi to 16.53 dBi and the peak of radiation occurs at 

boresight angle.  

 

 

Figure 4.23. 3D radiation pattern of SBF-2 Case 6 of Table 4.7. 

Case  11 Case  13 Case  15
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Figure 4.23 demonstrates the radiation pattern of SBF-2 in both E-plane and H-plane. The radiation 

pattern in both planes look acceptable and symmetric as desired and the realized gain in both planes 

is 16.53 dBi. In E-plane, there are two side-lobes, and the first nulls occur at a 28.5°difference 

from the peak of main lobe. The HPBW of SBF-2 is slightly higher, 1.68°, than that of SBF-1. The 

SLL of SBF-2 in comparison with SBF-1 has been improved by 2.98 dB and is –11.75 dB. 

On the other hand, the radiation pattern in H-plane is different from both the radiation patterns of 

SBF-2 in E-plane and SBF-1 in H-plane. There are no side lobes in H-plane and the Null to Null 

beamwidth is greater than in the E-plane. The cross-polarization level in both planes is less than 

-35 dBi, which demonstrates the desired isolation. Comparing cross-polarization results of SBF-2 

to SBF-1 demonstrates that the cross-polarization level in SBF-2 has been decreased.   

 

 

Figure 4.24. E-Plane and H-Plane radiation pattern of SBF-2 Case 6 at 5.5 GHz. 

The peak cross-polarization level of SBF-2, which is shown in the following figure is -6.0dBi and 

happens at 𝜑 = 46°
 
. This means that the worst case cross-polarization is 22.5 dB, and although 

the results are excellent, the design metric was not quite achieved for all angles of phi. 
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Figure 4.25.  Simulation results of radiation pattern of SBF-2 at 5.5GHz and 𝜑 = 46° (Peak 

Cross-Polarization) 

 

4.5   SBF2-B (Filling the choke of SBF-2 with dielectric material) 

In the previous section, I successfully introduced a new technique that increases the realized gain 

of SBF-1 with adding a choke to the main reflector. In this design, the realized gain has been 

increased and the cross-polarization level is less than -25 dBi. The proposed design has a 1.31 GHz 

bandwidth with a realized gain of 16.53 dBi at 5.5 GHz.  

In this section, I performed another study on SBF-2. In order to change the current distribution of 

antenna and increase the realized gain, I filled the choke with dielectric material to determine how 

filling the choke with dielectric material affects the radiation properties. I selected Teflon for the 

dielectric material and considered the same procedure for S11, realized gain selection. In the 

following table, a summary of the results with consideration of the best S11 figures are shown: 
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Table 4.8. Summary of S11 results and gain analysis for high gain application designs of both 

filled and empty corrugation. 

 𝑹𝒄𝒉𝒐𝒌𝒆 𝒉𝒄𝒉𝒐𝒌𝒆 𝑾𝒄𝒉𝒐𝒌𝒆 
(Filled choke with Teflon) 

Realized Gain (dBi) 𝝓 = 𝟗𝟎 

 

(Empty choke) Realized 

Gain (dBi) 𝝓 = 𝟗𝟎 

1 0.05𝜆 0.3𝜆 0.3𝜆 16.23 16.51 

2 0.05𝜆 0.3𝜆 0.4𝜆 16.50 16.46 

3 0.05𝜆 0.4𝜆 0.3𝜆 16.03 16.01 

4 0.05𝜆 0.4𝜆 0.4𝜆 16.40 16.42 

5 0.1𝜆 0.3𝜆 0.2𝜆 16.00 16.04 

6 0.1𝜆 0.3𝜆 0.3𝜆 16.50 16.53 

7 0.1𝜆 0.3𝜆 0.4𝜆 16.06 15.99 

8 0.1𝜆 0.4𝜆 0.3𝜆 16.09 16.04 

9 0.1𝜆 0.4𝜆 0.4𝜆 16.22 16.22 

10 0.15𝜆 0.2𝜆 0.2𝜆 15.97 15.91 

11 0.15𝜆 0.3𝜆 0.2𝜆 16.05 16.11 

12 0.15𝜆 0.3𝜆 0.3𝜆 16.09 16.11 

13 0.15𝜆 0.4𝜆 0.3𝜆 15.95 15.92 

14 0.15𝜆 0.4𝜆 0.4𝜆 15.91 15.88 

15 0.2𝜆 0.3𝜆 0.2𝜆 15.91 15.91 

 

In the following, in order to understand the effect of filling choke with Teflon, I have compared 

the S11 curves of four selected cases of Table 4.7 with the same four case numbers of Table 4.8. 

Figure 4.26 shows the results of S11 of SBF-2 with an empty choke (Blue curves) and SBF2-B 

with the filled choke (dashed red curve). 
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Figure 4.26.  S11 results of four selected cases with empty and filled choke with Teflon. 

In conclusion, the aforementioned results indicate that filling the choke with dielectric material 

does not affect the radiation properties of SBF-2 significantly. The discrepancy between the results 

of realized gain of the four selected cases of previous section is less than 0.1dB. As filling the 

choke with Teflon increases the antenna weight and does not change and improve the radiation 

characteristics significantly, thus from antenna engineering point of view, it is not recommended.   

In the following figure, the surface current distribution of SBF-2B Case 6 is shown. By comparing 

Figure 4.21 to Figure 4.27, it can be seen that there is no significant difference between SBF-2 and 

SBF-2B surface current distributions. In both cases, the main contribution of radiation comes from 

the main reflector. However, there is a little discrepancy between the rim’s current distributions of 

two cases. The highest magnitude of surface current in this design is smaller than the magnitude 

of SBF-2. Moreover, the surface current of SBF-2B in choke area reaches very low magnitudes 

that are shown in the following figure in blue. This demonstrates the effect of adding dielectric 

material to the choke.  
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Figure 4.27. Surface current distribution of SBF-2B (Case 6 of Table 4.8). 

Different 3D radiation patterns (realized gain) of SBF-2B case 6 are shown in Figure 4.28. The 

magnitude of realized gain varies from -37.1 dBi to 16.4 dBi and the same as SBF-2, the peak of 

radiation occurs at boresight angle.  

 

 

 

Figure 4.28. 3D radiation pattern of SBF-2B Case 6 of Table 4.8. 

As can be seen in the following figure, the first nulls occur at a 28.13°difference from the peak of 

main lobe. The HPBW of SBF-2B is slightly smaller, −0.37°, than that of the previous case. The 

SLL of SBF-2B in comparison with SBF-2 has been improved for 0.15 dB and is –11.9 dB. 

Comparing these results with radiation pattern of SBF-2 show that there is no significant difference 

between these designs.  

Figure 4.29demonstrates the radiation pattern of SBF-2B in both E-plane and H-plane. The 

radiation pattern in both planes look reasonable and symmetric as expected and the realized gain 
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magnitude in both planes is the same. In E-plane, there are two side-lobes, and the first nulls occur 

at a 28.13°difference from the peak of main lobe. The H-plane radiation pattern is similar to the 

radiation pattern of SBF-2B in H-plane. There are no side lobes in the H-plane and the Null to Null 

beamwidth is greater than in the E-plane. The cross-polarization level in both planes is less than -

30 dBi which demonstrates the desired isolation. Comparing cross-polarization results of SBF-2B 

to SBF-2 demonstrates that the cross-polarization level in SBF-2B has been worsened, specifically 

in H-plane.   

 

Figure 4.29. E-Plane and H-Plane radiation pattern of SBF-2B at 5.5 GHz. 

The peak cross-polarization level of SBF-2B, which is shown in the following figure is -6.2dBi 

and happens at 𝜑 = 46°
 
. This means that the worst case cross-polarization is 22.6 dB (2.4 dB less 

than the metric), and although the results are excellent, the design metric was not quite achieved 

for all angles of phi.  
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Figure 4.30. Simulation results of radiation pattern of SBF-2B at 5.5GHz and 𝜑 = 46° (Peak 

Cross-Polarization) 

 

4.6   Antenna Innovation II (SBF-2-Ring & SBF-1-Choke & SBF-2-Choke) 

and parametric study on the new designs 

In the two previous sections, I investigated techniques to improve the realized gain of SBF-1. In 

section 5.4, I showed that by adding a choke with parametrically designed dimensions (SBF-2) I 

increased the realized gain of SBF-1 by 1.65 dB (from 14.88 dBi to 16.53 dBi).  

There are some applications in which antenna bandwidth is more important than the other 

parameters. In this section, I present two new techniques to increase the bandwidth of SBF-1 and 

SBF-2 while maintaining a reasonable realized gain (more than 14 dBi). Different important 

parameters related to these methods are investigated and some results of parametric studies are 

shown in the following.  
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4.6.1. SBF-2-Ring technique 

The first technique involves adding a ring beside the rim. Adding a ring changes the current 

distribution of SBF-2 on the rim and this cause a change in the antenna bandwidth. There are three 

different parameters that affect this technique such as:  

 

1) Height of the ring (𝐻𝑟𝑖𝑛𝑔) 

2) Ring distance from the main reflector (𝐷1−𝑟𝑖𝑛𝑔) 

3) Ring distance from the rim (𝐷2−𝑟𝑖𝑛𝑔) 

 

In order to find the best design dimensions, I performed a parametric study on the three parameters 

as follows: 

 

Table 4.9. List of parameters in the parametric study on SBF-2-Ring. 

Parameter Range of values Step size Number of Variations 

𝑯𝒓𝒊𝒏𝒈 
0.1𝜆 𝑡𝑜 0.4𝜆 

(5.454mm – 21.818mm) 

0.1𝜆 

(5.454mm) 
4 

𝑫𝟏−𝒓𝒊𝒏𝒈 
0 𝑡𝑜 0.1𝜆 

(0 mm – 5.454mm) 

0.05𝜆 

(2.727mm) 
3 

𝑫𝟐−𝒓𝒊𝒏𝒈 
0.05𝜆 𝑡𝑜 0.1𝜆 

(2.727 mm – 5.454mm) 

0.05𝜆 

(2.727mm) 
2 

 

The ring thickness was constant (2mm) in the simulations.  During the parametric study, all other 

dimensions of SBF-2 were held constant. SBF-2-Ring geometries are shown in the following 

figures.  
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Figure 4.31. SBF-2-Ring geometry. 

 

Figure 4.32. SBF-2-Ring side view. 

 

Figure 4.33. SBF-2-Ring top view. 
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Design steps are exactly the same as design procedure that I described for SBF-1 and SBF-2 in the 

previous sections. 

After running the parametric study and reviewing the S11 results, I selected 18 cases. The S11 results 

of these 18 cases are shown in Figure 4.34. I noticed that by adding a ring beside the rim, the 

bandwidth was improved. I have summarized the S11 results and realized gain of these 18 cases in 

Table 4.10 and highlighted the best cases in yellow.  

 

Figure 4.34. S11 figures of the 18 selected cases of SBF-2-Ring. 

 



 

 
 122  
 
 

Table 4.10. Summary of acceptable S11 results, gain, and bandwidth analysis of SBF-2-Ring. 

SBF-2 

Ring 
𝑯𝒓𝒊𝒏𝒈 𝑫𝟏−𝒓𝒊𝒏𝒈 𝑫𝟐−𝒓𝒊𝒏𝒈 

Bandwidth (GHz) 

at 5.5 GHz 

Realized gain (dBi) 

at 5.5GHz 𝝓 = 𝟗𝟎 

1 0.1𝜆 0 0.05𝜆 1.22 (4.38----5.60) 16.26 

2 0.3𝜆 0 0.05𝜆 2.13 (4.43----6.56) 15.94 

3 0.4𝜆 0 0.05𝜆 2.17 (4.49---6.66) 15.64 

4 0.1𝜆 0.05𝜆 0.05𝜆 1.26 (4.39---5.65) 16.25 

5 0.4𝜆 0.05𝜆 0.05𝜆 
2.18 

(4.51---4.80) & (4.82---7) 

15.46 

6 0.1𝜆 0.1𝜆 0.05𝜆 1.25 (4.40-5.65) 16.23 

7 0.2𝜆 0.1𝜆 0.05𝜆 1.15 (4.44---5.59) 15.95 

8 0.4𝜆 0.1𝜆 0.05𝜆 
2.45 

(4.52---4.86) & (4.99---6.25) & (6.62---7) 

15.25 

9 0.1𝜆 0 0.1𝜆 1.09 (4.39---5.48) 14.45 

10 0.2𝜆 0 0.1𝜆 2.06 (4.44---6.50) 15.78 

11 0.3𝜆 0 0.1𝜆 2.05 (4.49---6.54) 15.62 

12 0.4𝜆 0 0.1𝜆 1.95 (4.56---6.51) 14.83 

13 0.1𝜆 0.05𝜆 0.1𝜆 1.16 (4.42---5.58) 16.03 

14 0.3𝜆 0.05𝜆 0.1𝜆 
1.69 

(4.53---4.86) & (5.10---6.46) 

15.34 

15 0.4𝜆 0.05𝜆 0.1𝜆 1.81 (4.64---6.45) 14.65 

16 0.1𝜆 0.1𝜆 0.1𝜆 1.13 (4.44---5.57) 16.03 

17 0.3𝜆 0.1𝜆 0.1𝜆 
1.55 

(4.57---4.94) & (5.25---6.43) 

14.85 

18 0.4𝜆 0.1𝜆 0.1𝜆 1.78 (4.62---6.40) 14.10 

 

Table 4.10 shows that by adding a ring beside the rim in SBF-2, bandwidth can be improved 

significantly. However, the trade-off for increasing the bandwidth is that there is a decrease in the 

realized gain. I have selected six final designs of Table 4.10. As I am not going to fabricate this 
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antenna as part of my master’s thesis fulfillment, I highlighted the best six designs in yellow. There 

are other important parameters that need to be taken into account for the fabrication purposes such 

as: 

1. Cross-polarization level 

2. Realized gain at other frequencies in the antenna bandwidth 

3. Radiation efficiency 

4. Application of interest (Remote sensing, military, point to point communication, etc.) 

The surface current distribution of SBF-2-Ring Case 3 is shown in the following figure. As can be 

seen, adding the ring beside the rim alters the current distribution on the rim. In this design similar 

to the previous ones, the majority of radiation comes from the main reflector. The choke does not 

have much contribution to the radiation. On the other hand, the added ring has a significant effect 

on the distribution of surface current. The addition of the ring has resulted in a uniform distribution 

of the current in the area between the ring and the top of the rim.  

 

Figure 4.35. Surface current distribution of SBF-2-Ring Case 3 of Table 4.10. 

Different 3D radiation patterns (realized gain) of SBF-2-Ring Case 3 are shown in Figure 4.36. 

The magnitude of realized gain varies from -30.2 dBi to 15.6 dBi and similar to previous designs, 

the radiation peak is at boresight.  
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Figure 4.36. 3D radiation pattern of SBF-2-Ring of case 3 of Table 4.10. 

Figure 4.37 demonstrates the radiation pattern of SBF-2-Ring in both E-plane and H-plane. The 

radiation pattern in both planes look acceptable and symmetric as expected and they share the same 

maximum realized gain. Radiation characteristics of SBF-2-Ring E-plane is as follows: there are 

two side-lobes and the Null to Null Beamwidth is 59.88°. The HPBW is 25.19° and is slightly 

higher, 1.12°, than that of the SBF-2. The SLL of SBF-2-Ring in comparison with SBF-2 has been 

improved by 1.61 dB and is –13.36 dB. Comparing these results with radiation pattern of SBF-2 

demonstrates that in the new design, besides bandwidth enhancement, the radiation characteristics 

have also been improved. On the other hand, the radiation pattern in H-plane is almost the same 

as SBF-2 H-plane curve. There are no side lobes and the Null to Null beamwidth is greater than 

that of the E-plane. The cross-polarization level in both planes is less than -30 dBi which 

demonstrates an acceptable isolation. 

 

Figure 4.37. E-Plane and H-Plane radiation patterns of SBF-2-Ring at 5.5 GHz. 
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In the following figure, I depict radiation patterns of SBF-2-Ring and SBF-2 in both E-plane and 

H-plane. The SLL of E-plane co polarization in the new design has been decreased. Conversely, 

in the interval of 30° to 60° and −30° to −60° of H-plane radiation pattern, co-polarization level 

of SBF-2-Ring has been increased.  

 

Figure 4.38. E-Plane and H-Plane radiation patterns of SBF-2 and SBF-2-Ring at 5.5 GHz. 

The peak cross-polarization level of SBF-2-Ring, which is shown in Figure 4.39 is -5.4dBi and 

happens at φ = 44°
 
. 

 
Figure 4.39. Simulation results of radiation pattern of SBF-2-Ring at 5.5GHz and 𝜑 = 46° (Peak 

Cross-Polarization) 
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This design meets the criteria of Table 4.1 such as realized gain, bandwidth, and cross-polarization 

level in the principal planes. However, the worst case cross-polarization is 21 dB (4 dB less than 

the design metric), and although the results are excellent, the design metric was not quite achieved 

for all angles of phi. 

4.6.2. SBF-1-choke & SBF-2-choke technique 

The second technique for increasing the bandwidth of the SBF is to add a choke on the rim. Adding 

a choke on the rim changes the surface current distribution of the antenna and therefore changes 

the bandwidth. There are three different parameters that affect this technique which are listed as 

follows:  

1) Height of the choke (𝐻𝑐ℎ𝑜𝑘𝑒) 

2) Width of the choke (𝑊𝑐ℎ𝑜𝑘𝑒) 

3) Choke distance from the main reflector (𝑅𝑐ℎ𝑜𝑘𝑒) 

In order to find the best design dimensions, I performed a parametric study on the three parameters 

as follows: 

Table 4.11. List of parameters in the parametric study on SBF-1-Choke. 

Parameter Range of values Step size Number of Variations 

𝑯𝒄𝒉𝒐𝒌𝒆 
0.1𝜆 𝑡𝑜 0.4𝜆 

(5.454mm – 21.818mm) 

0.1𝜆 

(5.454mm) 
4 

𝑾𝒄𝒉𝒐𝒌𝒆 
0.1𝜆 𝑡𝑜 0.4𝜆 

(5.454mm – 21.818mm) 

0.1𝜆 

(5.454mm) 
4 

𝑹𝒄𝒉𝒐𝒌𝒆 
0 𝑡𝑜 0.1𝜆 

(0 mm – 5.454mm) 

0.05𝜆 

(2.727mm) 
3 

 

During the parametric study, other dimensions of SBF-1 were constant. Different views of SBF-

1-Choke geometry are shown in the following figures: 
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Figure 4.40. SBF-1-Choke geometry. 

 

 

Figure 4.41. SBF-1-Choke side view. 

 

 

Figure 4.42. SBF-1-Choke top view. 
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After running the parametric study and checking the S11 results, I noticed that for the following 14 

cases, the antenna bandwidth has been improved. I have included the value for the realized gain of 

these designs at 5.5GHz which indicates that the realized gain is greater than 14.71 dBi and these 

results are reliable.  

 

Table 4.12. Summary of acceptable S11 results, realized gain, and bandwidth analysis of SBF-1-

Choke. 

SBF-1 

Choke 
𝑹𝒄𝒉𝒐𝒌𝒆 𝑾𝒄𝒉𝒐𝒌𝒆 𝑯𝒄𝒉𝒐𝒌𝒆 Bandwidth (GHz) at 5.5 GHz 

Realized gain 

(dBi) at 5.5GHz 

𝝓 = 𝟗𝟎 

1 0 0.1𝜆 0.3𝜆 1.53 (4.31----5.84) 14.71 

2 0 0.1𝜆 0.4𝜆 1.39 (4.30----5.69) 14.71 

3 0 0.2𝜆 0.3𝜆 2.19 (4.26---6.45) 15.48 

4 0 0.3𝜆 0.4𝜆 1.69(4.25---5.94) 16.27 

5 0.05𝜆 0.1𝜆 0.2𝜆 2.04 (4.27----6.31) 14.86 

6 0.05𝜆 0.1𝜆 0.3𝜆 1.61 (4.29----5.90) 15.07 

7 0.05𝜆 0.1𝜆 0.4𝜆 1.41 (4.29---5.70) 14.97 

8 0.05𝜆 0.2𝜆 0.3𝜆 2.41 (4.25---6.66) 15.48 

9 0.05𝜆 0.3𝜆 0.4𝜆 1.58 (4.24---5.82) 16.36 

10 0.1𝜆 0.1𝜆 0.3𝜆 1.58 (4.30---5.88) 15.29 

11 0.1𝜆 0.1𝜆 0.4𝜆 1.58 (4.29---5.69) 15.31 

12 0.1𝜆 0.2𝜆 0.3𝜆 1.63 + 0.81 = 2.44 (4.28-5.91) & (6.14-6.95) 15.91 

13 0.1𝜆 0.2𝜆 0.4𝜆 2.2 (4.27---6.47) 15.31 

14 0.1𝜆 03𝜆 0.4𝜆 1.47 (4.27---5.74) 16.14 
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Figure 4.43. S11 figures of the 14 selected cases of SBF-1-Choke.  

Table 4.12 shows that by adding a choke to the rim in SBF-1, the bandwidth can be improved. 

However, the price for increasing the bandwidth is that there is a decrease in realized gain. Since 

I am not planning to construct this antenna as part of my master’s thesis fulfillment, I have just 

given a summary of the parametric study on this design in the previous table. For final design 

consideration and construction purposes, other parameters, which have crucial roles in the design 

procedure need to be considered for the fabrication purposes. 

1. Tradeoff between realized gain and bandwidth 

2. Cross polarization level 
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3. Realized gain at other frequencies in the antenna bandwidth 

4. Radiation efficiency 

5. Application of interest (Remote sensing, military, point to point communication, etc.) 

The surface current distribution of SBF-1-choke Case 4 is shown in the following figure. As can 

be seen, adding the choke to the rim alters the current distribution on the rim. In SBF-1-Choke 

similar to the previous designs, the majority of radiation comes from the main reflector. The 

presence of the choke affects the current distribution as described: it extends the effective surface 

area of the main reflector and the surface currents on the main reflector which are close to the edge 

of main reflector and rim can leak into the choke.  

 

Figure 4.44. SBF-1-Choke surface current distribution of case 4 of Table 4.12. 

Different 3D radiation patterns (realized gain) of SBF-1-Choke Case 4 are shown in Figure 4.45. 

The magnitude of realized gain varies from -23.1 dBi to 16.3 dBi and similar to previous designs, 

the peak of radiation matches the boresight angle.  

 

 

Figure 4.45. 3D radiation pattern of SBF-1-Choke of case 4 of Table 4.12. 
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Figure 4.45 depicts the radiation pattern of SBF-1-Choke in both E-plane and H-plane. The 

radiation pattern in both planes look acceptable and symmetric and they share the same maximum 

realized gain. The E-plane radiation exhibits two side-lobes and the Null to Null Beamwidth is 

56.12°. The HPBW of SBF-1-Choke is 24.25 and is slightly higher, 1.86°, than that of the SBF-1. 

The SLL of SBF-1-Choke in comparison with SBF-1 has been improved for 3.47 dB and is –12.24 

dBi. The H-plane radiation pattern is different from SBF-1 H-plane pattern. There are no side lobes 

and the Null to Null beamwidth is greater than that of the E-plane. The cross-polarization level in 

both planes is less than -30 dBi which demonstrates a desired isolation. Comparing these results 

with radiation pattern of SBF-1 shows that in the new design, besides bandwidth enhancement, 

which is the main purpose of this technique, the radiation characteristics have also been improved. 

 

Figure 4.46. E-Plane and H-Plane radiation pattern of SBF-1-Choke at 5.5 GHz. 

In the following figure, I show radiation patterns of SBF-1-Choke and SBF-1 in both the E-plane 

and the H-plane. The SLL of E-plane co polarization in the new design has been decreased. 

Conversely, the H-plane Null to Null Beamwidth has been increased. The cross-polarization 

pattern of both planes has not changed significantly.  
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Figure 4.47. E-Plane and H-Plane radiation patterns of SBF-1 and SBF-1-Choke at 5.5 GHz. 

The peak cross-polarization level of SBF-1-Choke, which is shown in Figure 4.48 is -1.4dBi and 

happens at φ = 44°
 
. 

 
Figure 4.48. Simulation results of radiation pattern of SBF-1-Choke at 5.5GHz and 𝜑 = 44° 

(Peak Cross-Polarization) 
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This design meets the criteria of Table 4.1 including realized gain, bandwidth, and cross-

polarization level in the principal radiation planes. However, the worst case cross-polarization is 

17.7 dB and the design metric was not quite achieved for all angles of phi. Further investigation is 

needed to improve this design.  

The last technique to increase the bandwidth of the SBF-2 is to add another choke but this time on 

the rim. Adding a choke changes the current distribution of SBF-2 on the rim and this cause a 

change in the antenna bandwidth. The geometry of SBF-2-Choke in different views is shown in 

the following figures.  

 

 

Figure 4.49. SBF-2-Choke isometric view. 

 

Figure 4.50. SBF-2-Choke side view. 
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Figure 4.51. SBF-2-Choke bottom view. 

There are three different parameters that affect this technique which are listed as follows:  

1) Height of the choke (𝐻𝑐ℎ𝑜𝑘𝑒) 

2) Width of the choke (𝑊𝑐ℎ𝑜𝑘𝑒) 

3) Choke distance from the main reflector (𝑅𝑐ℎ𝑜𝑘𝑒) 

In order to find the best design dimensions for the SBF-2-Choke, I performed a parametric study 

on the three parameters as follows: 

Table 4.13. List of parameters in the parametric study on SBF-2-Choke. 

Parameter Range of values Step size Number of Variations 

𝑯𝒄𝒉𝒐𝒌𝒆 0.1𝜆 𝑡𝑜 0.4𝜆 (5.454mm – 21.818mm) 0.1𝜆 (5.454mm) 4 

𝑾𝒄𝒉𝒐𝒌𝒆 0.1𝜆 𝑡𝑜 0.4𝜆 (5.454mm – 21.818mm) 0.1𝜆 (5.454mm) 4 

𝑹𝒄𝒉𝒐𝒌𝒆 0 𝑡𝑜 0.1𝜆 (0 mm – 5.454mm) 0.05𝜆 (2.727mm) 3 
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Design steps are exactly the same as design procedure that I explained in the previous sections. 

After running the parametric study and reviewing the S11 results, I selected 12 cases which are 

shown in the following figure. I noticed that by adding another choke to the rim, the bandwidth 

can be improved. I have summarized the S11 results and realized gain of these 12 cases in Table 

4.14 and Figure 4.52. 

Table 4.14. Summary of acceptable S11 results, gain, and bandwidth analysis of SBF-2-Choke. 

SBF-2 

Choke 
𝑹𝒄𝒉𝒐𝒌𝒆 𝑾𝒄𝒉𝒐𝒌𝒆 𝑯𝒄𝒉𝒐𝒌𝒆 Bandwidth (GHz) at 5.5 GHz 

Realized gain 

(dBi) at 5.5GHz 

𝝓 = 𝟗𝟎 

1 0 0.1𝜆 0.2𝜆 1.64 (4.39GHz – 6.03GHz) 15.87 

2 0 0.1𝜆 0.3𝜆 1.43 (4.36GHz – 5.79GHz) 15.83 

3 0 0.1𝜆 0.4𝜆 1.34 (4.37GHz – 5.71GHz) 15.88 

4 0 0.4𝜆 0.4𝜆 1.16 (5.23GHz – 6.39GHz) 16.03 

5 0.05𝜆 0.1𝜆 0.3𝜆 1.5 (4.35GHz – 5.85GHz) 16.12 

6 0.05𝜆 0.1𝜆 0.4𝜆 1.39 (4.36GHz – 5.75GHz) 16.23 

7 0.1𝜆 0.1𝜆 0.3𝜆 1.55 (4.33GHz – 588GHz) 16.30 

8 0.1𝜆 0.2𝜆 0.3𝜆 
1.35+0.61 = 1.96 

(4.34GHz – 4.95GHz) & (5.18GHz – 6.53GHz) 

16.71 

9 0.1𝜆 0.2𝜆 0.4𝜆 
1.29+0.58 = 1.87 

(4.31GHz – 4.89GHz) & (5.18GHz – 6.53GHz) 

16.06 

10 0.1𝜆 0.3𝜆 0.2𝜆 
0.43 + 1.33 = 1.76 

(4.34GHz – 4.77GHz) & (4.96GHz – 6.29GHz) 

15.16 

11 0.1𝜆 0.3𝜆 0.3𝜆 
0.61 + 1.4 = 2.01 

(4.33GHz – 4.94GHz) & (5.21GHz – 6.61GHz) 

15.87 

12 0.1𝜆 0.3𝜆 0.4𝜆 
0.56 + 0.72 = 1.28 

(4.32GHz – 4.88GHz) & (5.21GHz – 5.93GHz) 

16.30 
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Figure 4.52. S11 figures of the 14 selected cases of SBF-2-Choke. 

In the following, I picked Case 8 and discuss current distribution and radiation pattern of this 

design with the previous designs.  

The surface current distribution of SBF-2-choke Case 8 which is highlighted in yellow is shown 

in the following figure. As can be seen, adding the choke to the rim alters the current distribution 

on the rim. In SBF-2-Choke similar to the previous designs, the majority of radiation comes from 

the main reflector. The presence of the choke affects the current distribution. As it is shown in 

Figure 4.53, the current distribution of the rim has been affected significantly. However, the main 

reflector current distribution is similar to SBF-2.   
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Figure 4.53. SBF-2-Choke surface current distribution of case 8 of Table 4.14. 

Different 3D radiation patterns (realized gain) of SBF-2-Choke case 8 are shown in Figure 4.54. 

The magnitude of realized gain varies from -40.6 dBi to 16.7 dBi, and similar to the previous 

designs, the peak of radiation matches the boresight angle.  

 

Figure 4.54. 3D radiation pattern of SBF-2-Choke of case 8 of Table 4.14. 

Figure 4.55 demonstrates the radiation pattern of SBF-2-Choke in both the E- and H-planes and 

Figure 4.56 depicts the realized gain of SBF-2-Choke and SBF-2 in both the E- and H-planes. The 

radiation pattern in both planes look acceptable and symmetric as expected and they share the same 

maximum realized gain. In the E-plane, there are two side-lobes and the Null to Null Beamwidth 

is 60.21°. The HPBW of SBF-2-Choke is 25.42 and is slightly higher, 1.35°, than that of the SBF-

2. The SLL of SBF-1-Choke in comparison with SBF-2 has been improved by 1.99 dB and is –

13.74 dBi. Comparing these results with radiation pattern of SBF-2 shows that in the new design, 

besides bandwidth enhancement, which is the main purpose of this technique, the radiation 

characteristics have also been enhanced. 
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On the other hand, the radiation pattern in H-plane is different from both the radiation patterns of 

SBF-2 in E-plane and SBF-1 in H-plane. There are no side lobes in the H-plane and the Null to 

Null beamwidth is greater than that of in E-plane. The cross-polarization level in both planes is 

less than -35 dBi, which demonstrates the desired isolation. Comparing cross-polarization results 

of SBF-2 to SBF-1 demonstrates that the cross-polarization level in SBF-2 has been decreased.   

 

Figure 4.55. E-Plane and H-Plane radiation pattern of SBF-2-Choke at 5.5 GHz. 

 

Figure 4.56. E-Plane and H-Plane radiation pattern of SBF-2 and SBF-2-Choke at 5.5 GHz. 
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The peak cross-polarization level of SBF-2-Choke, which is shown in Figure 4.57 is -5.5 dBi and 

happens at 𝜑 = 44°
 
. 

 
Figure 4.57. E-Plane radiation pattern of SBF-2-Choke at 5.5GHz and 𝜑 = 44° (Peak Cross 

Polarization) 

This design meets the criteria of Table 4.1 including realized gain, bandwidth, and cross-

polarization level in the principal radiation planes. However, the worst case cross-polarization is 

21.8 dB (3.2 dB less than the design metric) and the design metric was not quite achieved for all 

angles of phi. Further investigation is needed to improve this design.  

4.7   Summary 

In this chapter, I investigated 6 different types of SBF antenna. In the first section, I found an 

optimum SBF design that operates at 5.5 GHz. In the next section, by performing a parametric 

study and investigating a new technique, I enhance the realize gain of SBF-1 by adding a choke to 

the main reflector. In the next section, I investigated the effect of filling the choke of SBF-2 with 

a dielectric material in the hope of changing surface current distribution and increasing the realized 

gain of SBF-2. The effect of adding Teflon to the main reflector is negligible and as it increases 

the weight of antenna, further studies were not considered. In the next two sections, I introduced 

two new techniques to increase the bandwidth of both SBF-1 and SBF-2. By adding a ring beside 
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the rim of SBF-2, I successfully increased the bandwidth of SBF-2. In the other technique, I added 

a choke to the rim, which successfully improved the bandwidth of both SBF-1 and SBF-2. Another 

important improvement of this technique on the antenna performance was to decrease the SLL. 

In this section, I summarize some of the important features of the proposed designs of this chapter 

in the following table.  

As can be seen in Table 4.1, even though the realized gain and the bandwidth metrics have been 

achieved, the cross-polarization metric has not. However, in some of the designs, the difference 

between the metric and the worst achieved cross-polarization is less than 4 dB. Therefore, the 

cross-polarization will need to be investigated in the future.  

 

Table 4.15. Summary of some of the six proposed antenna designs. 

Antenna 
Bandwidth 

(GHz) 

Realized 

Gain @ 5.5 

GHz (dBi) 

HPBW 

E-plane 

( ° ) 

E-plane Null 

to null 

Beamwidth 

( ° ) 

E-plane 

SLL 

(dB) 

Design purpose 

SBF-1 1.28 14.88 22.39 51.86 -8.77 
Optimum design of 

conventional SBF 

SBF-2 1.31 16.53 24.07 57 -11.75 
Realized Gain 

improvement of SBF-1 

SBF-2B 1.30 16.50 24.23 56.26 -11.9 
Realized Gain 

improvement of SBF-2 

SBF-2-Ring 

(Case 3) 
2.17 15.64 25.19 59.88 -13.36 

Bandwidth improvement 

of SBF-2 

SBF-1-Choke 

(Case 4) 
1.69 16.27 24.25 56.12 -12.24 

Bandwidth improvement 

of SBF-1 

SBF-2-Choke 

(Case 8) 
1.96 16.70 25.42 60.21 -13.74 

Bandwidth improvement 

of SBF-2 
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5.  Fabrication and Test of Short Back-Fire Antennas 

5.1   Introduction 

In this chapter, I present the fabrication process and actual measurements of SBF-1 and SBF-2. 

The simulations need to be validated and compared to the actual measurements of the fabricated 

antennas as well as demonstrating that the fabricated antennas function as expected. These two 

antennas have been fabricated and tested in the Antenna and Microwave Lab at the University of 

Manitoba. The measurement results verify that the antennas operate as expected in C-band and 

satisfy the design parameters given in Table 4.1. There were some differences between the 

measurement results and simulations, and I resolved them by accounting for the nylon posts and 

nuts in the model geometry. The fabricated antennas have real life applications and can be utilized 

in the remote sensing and communication systems that have already been discussed in the previous 

chapters.  

This chapter entails: 

 Explaining the fabrication process and antenna components 

 Practical fabrication considerations 

 Improving model geometry to resolve discrepancies between simulation and measurement 

Comparing the actual measurement with the simulations 

 Future work regarding SBF antenna 

In section two, I explain the fabrication process and difficulties that I encountered. I describe the 

component and material selection for the fabrication. I also provide some figures related to the 

constructed antenna. In section three, I describe the practical fabrication that I considered. I utilized 

four nylon posts to position the sub-reflector at a specific location. Utilizing nylon material 

affected the radiation characteristics of the antenna. In section four, I enhanced the quality of 

simulations by adding four nylon posts and nuts to the simulations. Adding these components 

increased the quality of simulations and altered the results. In section five, I describe the actual 

measurement process of SBF-1 and SBF-2. I utilized a benchtop Agilent VNA and the Compact 

Antenna Test Range (CATR) measurement system in the Antenna and Microwave Laboratory of 

the University of Manitoba. In the last section, section six, I give a summary of the chapter.   
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5.2   Fabrication Process 

The fabrication process consists of material selection and a construction process. In the model, the 

sub-reflector was suspended in free space, but in reality, it needs to have a physical connection to 

either the main reflector or the rim. There are many different ways that this could be accomplished, 

and in this thesis, I examined using nylon screws as a stand-off for the sub-reflector. The 

waveguide fed SBF antenna consists of three main components: 

1) Feed (an SMA to waveguide adaptor) 

2) Waveguide (WR-159) 

3) Main body (Main reflector, rim, sub-reflector) 

For the construction of SBF-1 and SBF-2, I used 3- and 6-inch sections of WR-159 copper 

waveguides with brass flanges from Apollo Microwaves [82]. Two brackets were used to connect 

the WR-159 waveguide to the main body of the antenna. Although there are some possible options 

for material selection such as brass, steel, stainless steel, and copper for the main body of the 

antenna, I decided to utilize aluminum for the main body of the antenna. Different parameters such 

as cost, corrosion, rust, skin effect, resistivity, and receiving or transmitting mode of the antenna 

were considered. According to Joule-Lenz law and the following equation, the current flow 

through a resistance can transfer the electrical power to the heat.  

 𝑃 = 𝐼2𝑅 (5.1) 

This means that the amount of energy that has been converted to heat, has not been utilized to 

generate electromagnetic waves. Thus, the resistivity of different metals should be considered.  

The other important factor is skin effect which is frequency dependent. By increasing the 

frequency of altering current, the skin depth decreases and current mainly flows near the surface 

of the metal and avoids traveling to the center of the conductor. In this case, the antenna mass can 

be reduced significantly by reducing the metal thickness. Thus, metals with smaller skin effect are 

good options for space application designs.  

The thermal expansion of materials is also an important factor in the design. For instance, the 

antenna might operate differently at −40℃ versus +40℃, due to the difference in the thermal 

expansion of materials at different temperatures resulting in different lengths which affect the 
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antenna performance. This is beyond the scope of the thesis but could be investigated in future 

work.  

The other important feature in material selection is the antenna communicating mode and 

application of interest. If the antenna is only a transmitter and the design is not limited to power, 

heat loss can be neglected. On the other hand, if the antenna is designed for either the receiving 

mode or receiving and transmitting, due to the lower amount of incoming electromagnetic waves 

in the receiving mode, the heat loss should be taken into account. 

I utilized aluminum for the main body of the antennas. The reason for this selection is that copper 

is a good candidate, but it costs more than aluminum. Steel could be used, but if the antenna is 

mounted on the drone it could experience corrosion and rust. Stainless steel does not easily rust 

and is cheaper than copper, however, it is heavy and increases the weight of the antenna and this 

does not meet with the objectives of a low mass design and might cause some difficulties for space 

application. Finally, brass because of the zinc content is not a good candidate for the material of 

the antenna for space applications.  

There are some issues for welding the WR-159 to the aluminum base of the antenna and in order 

to avoid them, following the recommendation of our machinist, I used the bracket method for 

attachment. The antenna components for the SBF-1 prototype are shown in the following figure. 

In the following figure, I have shown the SBF-1 components.  

 

Figure 5.1. SBF-1 components. 
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In the following figures, the constructed and assembled SBF-1 and SBF-2 are shown, respectively.  

 

 

Figure 5.2. Assembled SBF-1. 

 

 

Figure 5.3. Assembled SBF-2. 
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5.3   Practical Fabrication Considerations 

In this section, I address practical aspects in the fabrication process. The actual prototype had some 

differences from the original simulations, which led to discrepancies. By identifying and updating 

the simulation model with these aspects, I was able to obtain good agreement between 

measurement and simulation. 

I have used four nylon posts and twelve nylon nuts to position the sub-reflector at the desired 

location. In order to have higher quality simulations, these nylon posts and nuts should be included 

in the model geometry. To find the exact dielectric value of nylon for the simulations, I utilized 

the designed C-band cavity resonator of chapter 3 and a VNA. Measurement procedure is as 

follows: 

 Setting VNA measurement frequency 

 One port calibration of the cavity resonator by SOLT (Short Circuit, Open circuit, Matched 

Load, and Thru) calibration kit 

 Measuring the empty resonator 

 Measuring the filled cavity with the nylon post 

The measurement results are given in the following figure. 

 

Figure 5.4. Measurement results of the nylon post by the cavity resonator. 

Based on the presented formula in chapter 2, I calculated the dielectric value of nylon. The 

dielectric value of nylon posts is 4.64. The next step is to include the nylon value in the simulation 

setup.  
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5.4   Simulation Model Refinement 

In this section, I increase the simulations quality by adding nylon posts and nuts to the simulation 

geometries. The new geometry of SBF-1 with posts and nuts is shown in the following figure. 

 

Figure 5.5. Improved simulation geometry of SBF-1. 

The effects of adding nylon posts to SBF-1 in the simulations are shown in the following figures. 

As can be seen in Figure 5.6, adding posts with dielectric value of 4.64 to SBF-1 decreases the 

antenna bandwidth and consequently the notch at 5.5 GHz disappears.  

 

 

Figure 5.6. Effects of adding Nylon to the simulation geometry on SBF-1. 
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Figure 5.7 depicts that by adding nylon posts in simulations, the realized gain decreased from 

14.88 dBi to 11.08 dBi in both planes. However, the overall radiation pattern has been remained 

almost consistent. The cross-polarization level in the design with nylon material is higher.   

 

Figure 5.7. Effects of adding the nylon materials to the simulation geometry of SBF-1. 

 

Figure 5.8. Effects of adding nylon to the simulation geometry on the radiation pattern of SBF-1 

at 5.5GHz and 𝜙 = 42° (Peak Cross Polarization Plane) 
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The updated SBF-2 simulation geometry with nylon posts and nuts is shown in the following 

figure.  

 

Figure 5.9. Improved simulation geometry of SBF-2. 

The presence of the posts in the simulation affects the radiation characteristics of SBF-2 as well. 

The effect of adding nylon posts to SBF-2 in the simulations is shown in the following figures. 

The S11 figure depicts that from 4 GHz to 5.25 GHz two curves follow one another but in the 

interval of 5.25 GHz to 5.75 GHz a shift can be seen. 

 

Figure 5.10. Effects of adding Nylon to the simulation geometry on SBF-2. 



 

 
 149  
 
 

Figure 5.10 demonstrates that by adding nylon posts in the SBF-2 simulation, realized gain 

decreases from 16.53 dBi to 13.7 dBi. However, the overall radiation pattern has been remained 

almost consistent. The cross-polarization level in the design with nylon material is higher.   

 

Figure 5.11. Effects of adding the nylon materials to the simulation geometry of SBF-2. 

 

Figure 5.12. Effects of adding nylon to the simulation geometry on the radiation pattern of SBF-

1 at 5.5GHz and ϕ = 46° (Peak Cross Polarization Plane). 
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The discrepancy between the simulation of SBF-1 with nylon and without nylon is 3.8 dB. This 

value is 2.8 dB for SBF-2. This shows that in the simulations, the presence of nylon posts decreases 

the realized gain of SBF-1 more than SBF-2.  

The following figures can be used to explain the discrepancy between the simulation results of 

SBF-2 in the presence and lack of nylon materials. The presence of posts and nuts alter the surface 

current distribution of the antenna. As can be seen there is some current flow in the nuts which 

decreases the realized gain of the antenna.  

Figure 5.13-a depicts the surface current distribution of SBF-2 in the presence of nylon materials. 

Figure 5.13-b, I demonstrate the volumetric current distribution inside the nylon materials. This 

current flow has its maximum value on the nuts beside the waveguide aperture. The reason behind 

this current distribution is that the interaction between the incoming power from the aperture and 

these four nuts is more than the other parts.  

 

 

Figure 5.13. Surface (a) and volume (b) current distributions of the nylon materials. 
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5.5   Measurement results and challenges 

In this section, I describe the measurement system and challenges that I encountered during the 

tests. The measurement process was as follows: 

I started with checking S11 of the antenna with a VNA. After confirming that the S11 bandwidth 

reasonably matched the simulation, I proceeded to next step that was testing the antenna in the 

CATR.  

The following figure demonstrates the setup for measurement of reflection coefficient of SBF-1.  

 

Figure 5.14. Setup for S11 measurement of SBF-1. 

The first challenge that I encountered was to check out to understand if the holes on the surface of 

the main reflector which are inevitable part of fabrication affect the surface current distribution 

and therefore the antenna performance. For this purpose, I affixed segments of copper strips on 

the holes locations in order to make the surface smoother and more uniform. Since attaching the 

copper strips did not change the S11 curve, I figured out that the antenna is robust and does not 

need copper strips to cover the holes’ locations. This is a very important feature about this antenna.  

The second challenge was preparing a mount to hold the antenna on the CATR measurement 

system. The Antenna Technologist built the mount to hold the antenna and during measurement, I 

covered the base with cylindrical absorber to avoid scattering from the edges.  
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To start the measurement process, I checked the reflection coefficients of SBF-1 with three 

different configurations as follows: 

 With three-inch waveguide 

 With six-inch waveguide 

 Without waveguide 

The following figure depicts the measurement results of S11 of SBF-1 for three different length of 

waveguide feeding and it shows that the configuration with a 3-inches waveguide has the widest 

bandwidth. This figure depicts that the matching between 4.5GHz and 5GHz is better in 6-inch 

waveguide configuration. However, from 5GHz to 5.5GHz matching gets better in the 

configuration with the 3-inch waveguide. The no waveguide configuration has the worst matching 

amongst the three cases. This makes sense, as the HFSS model was designed with a waveguide in 

the simulation geometry. 

 

Figure 5.15. Effects of different waveguide lengths on the S11measurement results of SBF-1. 

In Figure 5.16, the reflection coefficient results of the 6-inch waveguide-fed SBF-1 are shown. 

There is a difference between the measurement results and simulations. By comparing the results 

of simulation without nylon posts to actual measurement, it can be seen that the actual 

measurement curve around 5.5 GHz has been shifted downward and the matching has become 

worse.  
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Figure 5.16. Comparing the simulation and measurement results of SBF-1 with and without 

nylon materials. 

In order to improve the measurement result and overcome this issue, I attached two copper strips 

to the waveguide aperture to create an inductive iris as shown in Figure 5.17. 

 

Figure 5.17. Two copper strips attached to the waveguide aperture of SBF-1. 

The width of the iris was found experimentally in the lab. For the validation purposes of the 

measurement and finding a good width for the cut, I performed a parametric study on the width of 

copper strips in HFSS. The simulation results demonstrate that the selected width was the best. It 
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can be seen in Figure 5.18 that when the strips width become greater than 5mm, the S11 gets worse. 

The best dimension for strips width in terms of matching is 5mm.  

 

Figure 5.18. Effects of adding copper strips on the S11 simulation results of SBF-1. 

In the following figure, I present the measurement results and refined simulation of SBF-1 with 

copper strips attached. There is a good relative agreement between the measurement results and 

simulations, and it satisfies the bandwidth criteria for the design.  

 

Figure 5.19. S11 simulation and measurement results of SBF-1 with different widths of copper 

strips. 
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The next step is to check the radiation pattern and realized gain of the SBF-1 antenna. For the 

realized gain measurements, I mounted the antenna on the CATR measurement system as can be 

seen in the following figure.  

 

Figure 5.20. SBF-1 mounted on the CATR measurement system. 

I set the frequency range of interest and started the measurement procedure. The following results 

demonstrates the cross and co polarization results of the antenna at 5.5 GHz in 𝜑 = 0°. There is a 

good agreement between the results of measurement, 11.15dBi, and simulation, 11.08 dBi, of the 

co-polarizations. There is a minor difference in the side lobe level of measurement and simulation. 

The SLL in measurement is lower than simulation. On the other hand, cross polarization results 

do not agree very well. The cross polarization in the measurement is -19 dBi and almost 20 dB 

higher than what I expected to get from the simulation. However, the general form of the curves 

is almost similar and cross-polarization is more than 30dB lower than the co-polarization level. 

This means that the fabricated antenna meets the design specifications from Chapter 5.  
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Figure 5.21.E-Plane measurement and refined simulation results of SBF-1 @5.5 GHz at 𝜑 = 90. 

I repeated the same step for the SBF-2 measurements. First, I checked the S11 figures. In the 

following figure, measurement and simulation results of S11 of SBF-2 are shown. The red and blue 

curves both demonstrate S11 simulation results. The blue curve depicts the situation including 

nylon posts while the red one does not have the nylon posts. They follow one another closely in 

the interval of 4.4GHz and 5.25GHz. The addition of the nylon posts results in a shift of the 5.5GHz 

notch down to 5.4GHz. The notch is not as strong, with a magnitude of -13 dB versus -18 dB when 

the posts are not included in the simulation. Moreover, by adding nylon posts, the bandwidth 

decreases. The green curve depicts the simulation results of the situation that includes the nylon 

posts and the copper strips, which is good relative agreement with the actual measurements shown 

by the black curve. Comparing the green and black curves shows that adding the copper strips 

shifts the expected notch at 4.55GHz to 4.35GHz in actual measurement, and also improves the 

matching at 4.35GHz, while decreasing the bandwidth.  
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Figure 5.22. Comparing the S11 results of measurement of SBF-2 with copper strips on it to 

different simulation scenarios. 

To analyze and understand the effects of adding copper strips with different widths to SBF-2, I 

performed a parametric study on the width of the strips. The simulation results are shown in the 

following figure.  By increasing the width from 1mm to 5mm, the matching at 5.5GHz gets better 

and the notch becomes deeper. Additionally, the bandwidth also increases. On the other hand, for 

the widths of greater than 5mm, S11 and matching around 4.6GHz get worse and bandwidth 

decreases. 

 

Figure 5.23. Effects of copper strips width on the S11 simulation results of SBF-2. 
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In the two following figures, the realized gain results of measurement and simulation with and 

without nylon material is shown. As I expected, there is good agreement between the co-

polarization results of measurement, 14.1 dBi, and simulation, 13.7 dBi. Conversely, in the interval 

of −20° to 20° cross-polarization level reaches its maximum, -19dBi, and is almost 20 dB higher 

than simulation. The cross-polarization is more than 30dB lower than the co-polarization level. 

This means that the fabricated antenna meets the design specifications from Chapter 4. 

 

Figure 5.24. Comparing actual measurement results of SBF-2 E-Plane radiation pattern to two 

different simulation scenarios at 𝜑 = 0. 

The same scenario exists for the 𝜑 = 90°plane. The cross-polarization level of actual measurement 

was -18 dBi and is higher than simulation. Further analysis of these results suggested that the 

antenna was not precisely aligned on the mounting tower, so the cross-polarization measurements 

show similarity to the co polarized measurement. On the other hand, co polarization curves of 

simulation and measurement are in good agreement. The SLL of co polarization curve in the actual 

measurement decreased by 1 dB as well.  
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Figure 5.25. Comparing actual measurement results of SBF-2 H-Plane radiation pattern to two 

different simulation scenarios at 𝜑 = 90. 
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5.6   Refined fabrication and new simulation and measurement results 

In order to improve the measurement results and avoid the loss in the realized gain measurement, 

I utilized Foam material to fill the main reflector and position the sub-reflector at the specific 

height. For this purpose, I experimentally changed the sub-reflector’s height to 36mm (0.66𝜆) to 

achieve a good matching. The new simulation (a) and fabrication (b) geometries of SBF-1 are 

shown in the following figure.  

 
Figure 5.26. Simulation (a) and fabrication (b) geometries of SBF-1 

 

After the measurement, I investigated the effect of filling the main reflector with Foam material 

on the reflection coefficients and realized gain by simulating the SBF-1. I changed the height of 

the sub-reflector from 33mm to 38 mm in 1mm increments, and simulated for four different 

dielectric constants (1.05, 1.075, 1.1, and 1.2). I also simulated the sub-reflector height of 

38.181mm (0.7𝜆). As can be seen, by changing the height of the sub-reflector and changing the 

dielectric constant of the Foam material, S11 curves changes. As the dielectric constant decreases 

from 1.2 to 1.05, the bandwidth becomes wider and the edge of band of operation shifts to greater 

frequencies (closer to 5.5GHz).  
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Figure 5.27. S11 results of SBF-1-Foam with Foam dielectric constant of (a) 1.05, (b) 1.075, (c) 

1.1, (d) 1.2. 

In the following figure, the results of the simulation and the measurement are given. As can be 

seen, there is good agreement between the measurement and the simulation results. Comparing the 

SBF-1-Foam to the SBF-1 with nylon posts, it can be seen that the co polarization level has been 

increased from 11.15 dBi by 3.38 dB to 14.53 dBi, and the cross-polarization level has been 

decreased from -19 dBi by 2 dB to -21 dBi.  

 

Figure 5.28. S11 measurement and simulation results of SBF-1-Foam 

(a) (b)

(c) (d)
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Figure 5.29. Radiation patterns of SBF-1-Foam 

The worst case cross-polarization results of SBF-1-Foam, which happens at 𝜑 = 42°, are shown 

in the following figure. As can be seen, the cross-polarization is -1.99 dBi. As can be seen the 

measured cross-polarization is lower than the simulation by 3.79 dB (1.8dB – ( -1.99dB)).  

 

Figure 5.30. Worst case cross-polarization of SBF-1 at 𝜑 = 42° 

 

E-Plane H-Plane
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The new simulation (a) and fabrication (b) geometries of SBF-2 are shown in the following figure. 

As can be seen, the dimensions are the same as the SBF-2 with nylon posts.  

 

 
Figure 5.31. Simulation (a) and fabrication (b) geometries of SBF-2 

Figure 5.32 and Figure 5.33 show the results of SBF-2-Foam. As can be seen, the simulation and 

measurement results are in good in agreement and by utilizing Foam material for positioning the 

sub-reflector the discrepancy between the measurement and simulation results has been decreased. 

Comparing the SBF-2-Foam to the SBF-2 with nylon posts, it can be seen that the co polarization 

level has been increased from 14.1 dBi by 1.62 dB to 15.72 dBi, and the cross-polarization level 

has been decreased from -19 dBi by 2.3 dB to -22.3 dBi. 
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Figure 5.32. S11 measurement and simulation results of SBF-2-Foam 

 

 

 
Figure 5.33. Radiation patterns of SBF-2-Foam 

 

 

 

 

E-Plane H-Plane
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The worst case cross-polarization results of SBF-1-Foam, which happens at 𝜑 = 46°, are shown 

in the following figure. As can be seen, the cross-polarization is -5.8 dBi. Comparing Figure 5.34 

and Figure 5.30 shows that the worst case cross-polarization of SBF-2 is lower than that of SBF-

1.  

 
Figure 5.34. Worst case cross-polarization of SBF-2 at φ=46° 
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5.7   Summary and discussion 

In this section, I summarize the measurements and compare them with the simulations and some 

other designs from the literature.  

There was a difference between the simulations of Chapter 5 with the actual measurement. In order 

to fill the gap between the results of measurement and simulation, I improved the quality of 

simulations by adding nylon posts and nuts. The updated simulations were in good agreement with 

the actual measurements. In the following table, I have compared the results of simulation to actual 

measurement. The following table demonstrates that the choke technique is successful and works 

and not only improves the realized gain of the antenna, but also enhances the bandwidth.  

 

Table 5.1. Comparing simulation results of SBF-1 and SBF-2 to their relative simulation results. 

Antenna Bandwidth (GHz) 
Realized Gain 

@ 5.5 GHz (dBi) 

Cross 

polarization level 

Cross 

polarization ratio 

SBF-1-Nylon 

(Simulation) 

1.48 

(4.1 to 5.58) 
11.08 Below -30 dB 

41.08 dB 

(11.08 - (-30)) 

SBF-1-Nylon 

(Measurement) 

1.39 

(4.18 to 5.57) 
11.15 Below -19 dB 

30.15 dB 

(11.15 - (-19)) 

SBF-1-Foam 

(Simulation) 

1.45 

(4.1 to 5.55) 
14.88 Below -36.2 

51.08 dB 

(14.88 - (-36.2)) 

SBF-1-Foam 

(Measurement) 

1.41 

(4.1 to 5.54) 
14.53 Below -22.7 

37.23 dB 

(14.53 - (-22.7)) 

SBF-2-Nylon 

(Simulation) 

1.54 

(4 to 5.54) 
13.7 Below -36 dB 

49.7 dB 

(13.7 - (-36)) 

SBF-2-Nylon 

(Measurement) 

1.36 

(4.2 to 5.56) 
14.1 Below -16 dB 

30.1 dB 

(14.1- (-16)) 

SBF-2-Foam 

(Simulation) 

1.30 

(4.36 to 5.66) 
16.33 Below 39.8 dB 

56.13 dB 

(16.33 – (-39.8)) 

SBF-2-Foam 

(Measurement) 

1.42 

(4.26 to 5.58) 
15.72 Below -22.3 dB 

38.02 dB 

(15.72 – (-22.3)) 
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The measured values for bandwidth and cross polarization level meet the criteria of the design 

listed in Table 4.1 although, the cross-polarization levels of the antennas in the principal planes 

meet the design criteria, they are higher than expected from the simulations. The worst case cross-

polarization level in the SBF antenna design needs further investigation and improvement. The 

bandwidth of fabricated antennas in both cases is greater than the simulation. However, the realized 

gain results illustrate that the discrepancy due to the presence of nylon posts and nuts is about 3.73 

dB (14.88 – 11.15) and 2.43 dB (16.53 – 14.1) for SBF-1 and SBF-2, respectively. To overcome 

this issue, I filled the main reflector with Foam material, which has a dielectric constant near 1. 

The configuration has been shown in Figure 5.26. As it is shown in Table 4.1, the simulation and 

measurement results of the new configuration are in good agreement. The greatest discrepancy is 

related to the cross-polarization level. Thera are two other options for positioning the sub-reflector 

at the specific height, which are mentioned in the following.  

1.  Changing the nylon to a material with a dielectric value near 1 

2.  Altering the approach of positioning the sub-reflector to a new way such as the one 

shown in the following and utilizing the same nylon material. (This technique gives the 

bandwidth of 1.35 GHz (4.21 to 5.56) and realized gain of 14.51 dBi) 

 

Figure 5.35. Positioning the sub-reflector of SBF-1 with a new approach. 

 

I have summarized my simulation designs of six proposed SBF antennas in Table 5.2. Table 5.3 

shows some commercially available SBF antennas at 2.4 GHz and some proposed antennas from 

the literature. Although I have not utilized the parasitic wire technique in my designs (which can 

Nylon material
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improve the realized gain by narrowing the H-plane for 1-2 dB [59]), the realized gain of my 

designs in some cases are better and in some cases are comparable with the results of Table 5.3.  

The HPBW in my designs is smaller than all of the designs of Table 5.3. The bandwidth of my 

designs is also higher than the proposed designs of Table 5.3. 

 

Table 5.2. Summary of simulation results of the designed antenna with the purpose of design. 

 Antenna 
Bandwidth 

(GHz) 

Realized 

Gain 

@ 5.5 GHz 

(dBi) 

E-plane 

HPBW 

( ° ) 

E-plane 

Null to null 

Beamwidth 

( ° ) 

E-plane 

SLL 

(dB) 

Design purpose 

1 SBF-1 1.28 14.88 22.39 51.86 8.77 
Optimum design of 

conventional SBF 

2 SBF-2 1.31 16.53 24.07 57 11.75 
Realized Gain 

improvement of SBF-1 

3 
SBF-2B 

(Case 5) 
1.30 16.50 24.23 56.26 11.9 

Realized Gain 

improvement of SBF-2 

4 
SBF-2-Ring 

(Case 3) 
2.17 15.64 25.19 59.88 13.36 

Bandwidth improvement 

of SBF-2 

5 
SBF-1-Choke 

(Case 4) 
1.69 16.27 24.25 56.12 12.24 

Bandwidth improvement 

of SBF-1 

6 
SBF-2-Choke 

(Case 8) 
1.96 16.70 25.42 60.21 13.74 

Bandwidth improvement 

of SBF-2 
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Table 5.3. Some instances of commercially available SBF antennas or proposed designs in 

literature. 

 Antenna 
Bandwidth 

(GHz) 

Realized 

Gain 

HPBW 

( ° ) 

E-plane 

VSWR Design purpose Reference 

1 
Commercially 

available antenna 

0.1 

(2.4 to 2.5) 

@ 2.4 

GHz 

16 dBi 

26 

< 1.5 

@100MHz 

bandwidth 

Wi-Fi Application [83] 

2 
Commercially 

available antenna 

0.1 

(2.4 to 2.5) 

@ 2.4 

GHz 

15 dBi 

32 

< 1.5 

@100MHz 

bandwidth 

Wi-Fi Application [84] 

3 
Waveguide-fed SBF 

with 15 ° conical 

20% over 

(9-11) 

@ 10 

GHz 

17.1 dB 

25.8 

< 3 

(9 – 10.5) 

GHz 

X-band design 

with bandwidth 

improvement 

[85] 

4 
Waveguide-fed SBF 

with parasitic wire 
- 

@15 GHz 

14.2 dB 
41 

 

- 

Ku-band optimum 

design 
[81] 

5 
Waveguide-fed SBF 

without parasitic wire 
- 

@15 GHz 

16.2 dB 
29 

 

- 

Improving realized 

gain in Ku-band 
[81] 

 

To conclude, in this chapter I explained the material selection and assembling of the antennas and 

encountered challenges during the fabrication process. I measured three important criteria of Table 

4.1. The measurement results and simulations are in a good agreement which means the 

simulations are successful and the design can be utilized for real world applications such as remote 

sensing or communication systems.  

 The discussed fabrication challenges of this chapter are as follows: 

 Holes on the main reflector and their effects on the radiation pattern 

 Finding the dielectric value of the nylon material in order to improve the model fidelity. 

 Finding a new approach for positioning the sub-reflector and avoiding the loss in the 

realized gain 

 Affixing copper strips to the waveguide aperture and their effects on the antenna radiation 
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By affixing copper strips on the main reflector to cover for the holes, I practically figured out that 

the holes do not affect the radiation characteristics of antennas. I also attached copper strips to the 

sub-reflector and rim of SBF-1 and SBF-2 and observed that the radiation characteristics of the 

antennas do not change. I also added the holes to the simulation geometry to investigate their 

effect. The presence of holes does not affect the radiation characteristics. These observations 

illustrate that the fabricated antennas are robust.  

By utilizing Foam material for positioning the sub-reflector at the specific height, the loss in the 

realized gain can be avoided. The Foam material utilized for the positioning has a dielectric 

constant of near 1, which is a perfect material for this configuration.  

By utilizing the designed C-band cavity resonator of Chapter 3, I measured the exact dielectric 

value of nylon materials. I calculated the dielectric value of 4.64 for the nylon material and added 

this value to the simulation to increase the simulation quality. The results of enhanced simulations 

were in a good agreement with the actual measurements of CATR measurement system.  

Due to the presence of nylon posts and nuts, the S11 curves were a little different from what I 

expected. In order to improve the reflection coefficients of the antennas, I created an iris by adding 

two copper strips to the waveguide aperture. These strips increased the bandwidth of both SBF-1 

and SBF-2.  

In conclusion, the design of the SBF antennas was successfully verified. Two fabricated antennas 

are now available for use on remote sensing platforms.  
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6.  Conclusion and Future Work  

At the beginning of my thesis, I set out the goal of improving some of the Arctic remote sensing 

technologies. For this purpose, I investigated measurements techniques for measuring different 

types of products including different types of oil. Furthermore, I investigated some modeling 

techniques and NRCS simulations for remote sensing. I also investigated different ways to develop 

microwave remote sensing sensors, specifically the Short Back-Fire antenna.  

To categorize the research in this thesis, I conducted research on the three following areas: 

2. Dielectric measurement techniques for measuring different types of oil (Chapter 3) 

3. Dielectric mixture modeling and NRCS simulations of oil-contaminated sea ice (Chapter 3) 

4. Short Back-Fire antenna design (Chapter 4 & Chapter 5) 

I planned to measure several chemical substances including different types of oil that could 

possibly be found out in an oil spill scenario in the Arctic. For this purpose, I successfully 

simulated and fabricated a C-band cavity resonator and compared its measurement results with the 

measurement results of a commercially available dielectric probe. I utilized the measurement 

results to calculate the dielectric constant of oil-contaminated sea ice with the existing mixture 

models and simulate and compare the Normalized Radar Cross-Section of clean sea ice and oil-

contaminated one. These simulation results can be utilized in satellite remote sensing data 

processing. For the development of measurement and communication systems, I simulated six 

different Short Back-Fire antennas with different specifications. In some designs, I successfully 

improved the realized gain and in some cases I acquired wider operational bandwidth. For the sake 

of simulation verification, I fabricated and tested two of the simulated antennas, SBF-1 and SBF-

2, and the measurement results were in good agreement with the simulations, which validates the 

simulations.  

In chapter 3, I reviewed several different dielectric measurement techniques. I selected two of 

them, the dielectric probe and the cavity resonator, to measure the dielectric constant of different 

types of oil products at C-band. These included marine ship diesel, crude oil, and regular diesel. 

These substances are some of the most commonly used in ships and also are being transported in 

the Arctic. If an oil spill happens, these substances are representative of oil products that could be 

accidentally released into the ocean. The measurement results are needed to develop methods such 
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as microwave imaging and microwave signal processing for detecting oil spills in ice-infiltrated 

Arctic waters.  

For the dielectric probe measurement technique, I utilized a commercially available dielectric 

probe and a VNA to perform the measurements. For the measurement with a cavity resonator, I 

simulated and fabricated a C-band cavity resonator. The design procedure and final dimensions 

are given in the chapter. The cavity resonator measurement setup consisted of a VNA, a coaxial 

cable, a glass tube, and the cavity resonator. For oil injection into the glass tube, I utilized a special 

syringe. For the validation purposes of measurements, I compared the results of cavity resonator 

to the dielectric probe. Both of these measurements were conducted under a fume hood. There was 

a good agreement between the results of two measurement techniques and the discrepancy between 

the measurement results was less than 1%. In oil spill experiments, the cavity resonator technique 

due to the small amount of substance required for measurement is a better candidate, as often the 

amount of oil is limited to only a few mL of product for field measurements.  

By utilizing the existing sea ice dielectric models such as linear model, refractive model, cubic 

model, and TVB model, I also calculated the dielectric constant of sea ice and used it for simulation 

of the monostatic NRCS. I simulated the dielectric mixture model and NRCSs of different types 

of oil-contaminated sea ice in VV, HH polarizations of three different types of oil with three 

different amounts. I utilized the previously measured dielectric constant of oils with the following 

amounts: 

 Regular ship diesel (5%, 7.5%, and 10%) 

 Marine ship diesel (5%, 7.5%, and 10%) 

 Crude oil (5%, 7.5%, and 10%) 

These simulation results were used to verify the models for the satellite application at C-

band. There were some differences between the backscattering results of different polarizations 

and different oils as well as different amounts of contamination. From the simulation results, it 

was not possible to differentiate the type and amount of contamination. However, these differences 

can be utilized for distinguishing oil-contaminated sea ice from clean sea ice. 

I have compared the NRCS simulation results of the clean sea ice to oil-contaminated sea ice. I 

have shown that there is a difference between the NRCSs of these two types of sea ice. This 

difference, which is almost 0.2 dB, demonstrates the fact that from radar point of view, clean sea 



 

 
 173  
 
 

ice and oil-contaminated sea ice are different. This difference is helpful and by utilizing a low-

level noise system and maintaining a high signal to noise ratio (SNR), clean sea ice can be 

differentiated from oil-contaminated sea ice.  In some scenarios, this difference is too small to be 

utilized for distinguishing, less than 0.04dB.  

For future work, exploring different algorithms and NRCS modeling approaches are essential. 

The difference between the NRCS of clean and oil contaminated sea ice shows that there are 

potentials for distinguishing these two types of sea ice. Temperature effects on dielectric properties 

and linkage into the chemical properties of the chosen substances such as different types of oil can 

be considered.  

Another possible way of improving this work is to design an adjustable cavity resonator that would 

be able to measure the materials at different frequencies. There are many important materials in 

the Arctic study left for measurement. The focus could be on doing all the required measurements 

in this field. 

The surface roughness of oil-contaminated sea ice should be investigated comprehensively as oil 

migration through brine channels may affect the surface roughness of the contaminated sea ice. I 

need to mention that in this study I have simplified the surface roughness of oil-contaminated sea 

ice. Different surface roughness can be simulated by utilizing machine learning and artificial 

intelligence neural network. A network for the detection purpose can be trained and used for 

simulating a lot of different sea ice surface roughnesses. In this case, all the possible cases can be 

studied and will lead to a comprehensive model for this scenario.  

Different detection algorithms can be investigated, and more precise algorithms may help in better 

differentiating contaminated sea ice from uncontaminated.  

An in-depth investigation into new mixture modeling approaches for sea ice and considering 

different effective parameters on the dielectric mixture model of it is a good way to continue this 

research.  

The other possible path to be taken is simulation and measurement of NRCS at other frequencies 

and considering the thermal effect of oil on the dielectric mixture of sea ice and sea ice. 

And finally, there are many important materials such as different types of oil that have not been 

studied yet in the NRCS simulations for the contaminated sea ice. A complete study on these 

materials and their effect on different parameters of sea ice should be performed.  
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In chapter 5, I investigated the waveguide-fed Short Back-Fire antenna which consists of a main 

reflector, a sub-reflector and a rim. I introduced two different techniques to improve the realized 

gain and bandwidth of SBF antennas. I proposed six different designs to operate in C-band.  

In the first design, I introduced an optimum design, SBF-1, for the conventional SBF antenna with 

realized gain of 14.88 dBi and 1.28 GHz bandwidth. 

In the second design, SBF-2, by adding a cylindrical choke to the main reflector and performing a 

parametric study on it, I increased the realized gain to 16.53 dBi (1.65 dB). In this design, I also 

was able to increase the bandwidth to 1.31 GHz.  

In the third proposed design, SBF-2B, I filled the choke of SBF-2 with Teflon in the hope of 

changing the surface current distribution of SBF-2 and increasing the realized gain. I realized that 

filling the choke with Teflon does not affect the realized gain and bandwidth of SBF-2 significantly 

and the alteration is negligible.  

In the fourth to sixth designs, different important parameters related to these methods are 

investigated and some results of parametric studies are shown in Table 4.10, Table 4.12, and Table 

4.14. I listed the acceptable designs and did not pick any final design for the fabrication in my 

thesis. 

In the fourth design, SBF-2-Ring, I added a ring beside the rim of SBF-2 and after performing a 

parametric study on it, improved the bandwidth of the antenna. There were some differences 

between the surface current distributions of SBF-2 and SBF-2-Ring.  

In the fifth and sixth designs, SBF-1-Choke and SBF-2-Choke, by adding a cylindrical choke to 

the sub-reflector and performing a parametric study on it, I successfully improved both the realized 

gain and bandwidth of the SBF-1 and SBF-2. In some designs, I was able to get the bandwidth of 

greater than 2 GHz. One of the proposed designs of SBF-2-Choke was able to achieve a realized 

gain of 16.70 dBi with the bandwidth of 1.96 GHz. A summary of the proposed cases is shown in 

the following table.  
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Table 6.1. Summary of the six proposed antenna designs. 

Antenna Bandwidth (GHz) 
Realized Gain 

@ 5.5 GHz (dBi) 

SBF-1 1.28 14.88 

SBF-2 1.31 16.53 

SBF-2B 1.30 16.50 

SBF-2-Ring (Case 3) 2.17 15.64 

SBF-1-Choke (Case 4) 1.69 16.27 

SBF-2-Choke (Case 8) 1.96 16.70 

 

In chapter 5, I fabricated the SBF-1 and SBF-2 and tested them in the Antenna and Microwave 

Lab at the University of Manitoba. I explained the material selection, fabrication process and 

encountered challenges during the procedure. I also compared the results of simulation to actual 

measurement.  

The encountered challenges are as follows: 

 Holes which are an inevitable part of the fabrication on the main reflector and their effects 

on the radiation pattern 

 Addition of nylon posts and nuts in the fabricated antennas 

 Affixing copper strips to the waveguide aperture and their effects on the antenna radiation 

Due to the presence of nylon material, the results of actual measurement were different from 

simulations. In order to overcome this issue, I needed to improve the quality of simulations by 

adding the nylon posts and nuts to them. Thus, I measured the dielectric value of nylon material, 

4.64, with the fabricated C-band cavity resonator. After refining the simulation models, I 

performed the actual measurement. For the measurement procedure, I started with measuring the 

reflection coefficient of the antennas with a VNA and then measured the radiation characteristics 

such as realized gain, radiation pattern and cross polarization level. To prevent the loss due to the 

nylon material, I utilized a cylindrical Foam to position the sub-reflector at the desired height. This 
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approach gives a good agreement between the measurement and simulation results, meets the 

design criteria for the remote sensing application, and avoids the loss in realized gain.  

The measurement results validated that these antennas operate as expected in C-band. A summary 

of the measurement results is shown in the following table. 

Table 6.2. Summary of the simulation and measurement results of SBF-1 and SBF-2. 

Antenna 
Bandwidth 

(GHz) 

Realized Gain 

@ 5.5 GHz (dBi) 

Cross-polarization 

level 

SBF-1-Nylon  

(Updated Simulation) 

1.48  

(4.1 to 5.58) 
11.08 Below -30 dB 

SBF-1-Foam  

(Updated Simulation) 

1.45 

(4.1 to 5.55) 
14.88 Below -36.2 

SBF-1-Nylon  

(Measurement) 

1.39 

 (4.18 to 5.57) 
11.15 Below -19 dB 

SBF-1-Foam  

(Measurement) 

1.41 

(4.1 to 5.54) 
14.53 Below -22.7 

SBF-2-Nylon  

(Updated Simulation) 

1.54 

 (4 to 5.54) 
13.7 Below -36 dB 

SBF-2-Foam  

(Updated Simulation) 

1.30 

(4.36 to 5.66) 
16.33 Below 39.8 dB 

SBF-2-Nylon 

 (Measurement) 

1.36 

 (4.2 to 5.56) 
14.1 Below -16 dB 

SBF-2-Foam  

(Measurement) 

1.42 

(4.26 to 5.58) 
15.72 Below -22.3 dB 

 

For future work, there are some paths to be taken.  

First, different types of waveguide feeding should be investigated for these antennas. Square 

waveguide, cylindrical waveguide, and coaxial rectangular waveguide are some of the options. 

These feedings may give a more symmetric radiation in comparison with the introduced design of 

this thesis. In the following figures, some of the possible designs are shown. 
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Figure 6.1. Three different waveguide feeding configurations of SBF antenna. 

Second, different shape of choke such as triangular, rectangular, or hexagonal can be investigated. 

The choke’s shape on the surface current distribution needs to be investigated completely. In the 

following figure, I have shown a SBF antenna with different choke’s shapes.  

 

 

Figure 6.2. Three different types of added choke to the main reflector of the waveguide fed SBF 

antenna. 

Third, to this date mostly designs with symmetric geometry have been investigated. Designs with 

asymmetric components such as main reflector, sub-reflector and rim should be investigated as 

well. These designs can reduce the total mass of the antenna while maintaining the same or better 

radiation characteristics and might be able to increase the bandwidth and realized gain.  

Square waveguide Cylindrical waveguide Coaxial waveguide

Pentagonal choke Rectangular choke Triangular choke
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Forth, one important improvement can be decreasing the weight of the antenna by cutting holes 

or slots on the main body of the SBF in a way that does not affect the radiation characteristics. In 

the following, I have added some potential figures for the start. 

 

Figure 6.3. Reduced mass of a waveguide fed SBF antenna. 

Fifth, the other possible work is using metasurfaces and EBG structures to improve the radiation 

characteristics such as realized gain. In the previous chapter, I discussed the surface current 

distribution of different configurations. One possible way to increase the realized gain is to change 

the surface current distribution of the antennas in the region 1. This can be done by utilizing 

metasurfaces or cutting holes. The following figure depicts a possible configuration. 

 

Figure 6.4. Utilizing metal pins inside the choke of SBF-2. 

Sixth, the design can be improved in order to operate at multi band. One suggestion to achieve the 

multi frequency band antenna is to add a smaller version of SBF above the SBF and using the sub-

reflector of the bigger antenna as a main reflector for the smaller SBF. In other words, multi 
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frequency band design can be achieved by cascading SBF antennas together. The following figure 

is one possible way of starting this idea. 

 

Figure 6.5. A new configuration of the SBF-1 with two SBF-1 in series. 

Seventh, a lens can be used to improve the radiation characteristics and realized gain of the SBF. 

Lenses have been used widely for gain enhancement in the antenna industry and there are many 

successful antenna designs with lens.  

And finally, eighth, there are different application for this antenna. One of the most important 

ones is space communication. Typically, antennas which have been used for space applications 

and been mounted on spacecraft are deployable and reconfigurable. This design can be optimized 

for reconfigurable and deployable applications.   
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