
[bookmark: _Toc482082365][bookmark: _Toc482106454][bookmark: _Toc488652279][image: A black and yellow shield with blue flowers

Description automatically generated]


Arron Simpson



ACDC 5009: Electromagnetic Radiation

Analysis of Electromagnetic Wave Propagation




University of Wales Trinity Saint David
Ordnance, Munitions and Explosives Professional Degree Apprenticeship




Academic Year: 2024- 2025



Supervisor: Stalin Jacob
April 2025

Table of Contents

Table of Figures	1
Abbreviations	3
Abstract	4
Introduction	4
Method	5
Results	7
Discussion	13
Conclusion	14
References	1






		1
[bookmark: _Toc196477424]Table of Figures
Figure 1 – Wave Port 1 and 2	6
Figure 2 – Lumped Port	6
Figure 3 – Antenna Environment	6
Figure 4 - Vacuum Waveguide Gamma Plot	8
Figure 5 - Vacuum Waveguide	8
Figure 6 - Vacuum Waveguide	8
Figure 7 - Vacuum Waveguide	8
Figure 8 - Vacuum Waveguide Electric Field Mode 1 Magnitude	8
Figure 9 - Vacuum Waveguide Electric Field Mode 2 Magnitude	8
Figure 10 - Vacuum Waveguide Electric Field Mode 3 Magnitude	8
Figure 11 - Vacuum Waveguide Electric Field Mode 1 Vector	9
Figure 12 - Vacuum Waveguide Electric Field Mode 2 Vector	9
Figure 13 - Vacuum Waveguide Electric Field Mode 3 Vector	9
Figure 14 - Vacuum Waveguide Magnetic Field Mode 1 Magnitude	9
Figure 15 - Vacuum Waveguide Magnetic Field Mode 2 Magnitude	9
Figure 16 - Vacuum Waveguide Magnetic Field Mode 3 Magnitude	9
Figure 17 - Vacuum Waveguide Magnetic Field Mode 1 Vector	9
Figure 18 - Vacuum Waveguide Magnetic Field Mode 2 Vector	9
Figure 19 - Vacuum Waveguide Magnetic Field Mode 3 Vector	9
Figure 20 - Teflon Waveguide Gamma Plot	10
Figure 21 - Teflon Waveguide	11
Figure 22 - Teflon Waveguide	11
Figure 23 - Teflon Waveguide	11
Figure 24 - Teflon Waveguide Electric Field Mode 1 Magnitude	11
Figure 25 - Teflon Waveguide Electric Field Mode 2 Magnitude	11
Figure 26 - Teflon Waveguide Electric Field Mode 3 Magnitude	11
Figure 27 - Teflon Waveguide Electric Field Mode 1 Vector	11
Figure 28 - Teflon Waveguide Electric Field Mode 2 Vector	11
Figure 29 - Teflon Waveguide Electric Field Mode 3 Vector	11
Figure 30 - Teflon Waveguide Electric Field Mode 1 Magnitude	11
Figure 31 - Teflon Waveguide Electric Field Mode 2 Magnitude	11
Figure 32 - Teflon Waveguide Electric Field Mode 3 Magnitude	11
Figure 33 - Teflon Waveguide Electric Field Mode 1 Vector	12
Figure 34 - Teflon Waveguide Electric Field Mode 2 Vector	12
Figure 35 - Teflon Waveguide Electric Field Mode 3 Vector	12
Figure 36 – Dipole S Parameter Plot	12
Figure 37 – Dipole Antenna Gain Plot	13


[bookmark: _Hlk187064523][bookmark: _Toc522271446][bookmark: _Toc196477425]Abbreviations
	AC
	Alternating Current 
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	Hybrid Electromagnetic 

	HFSS 
	High Frequency Structure Simulator
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	RF
	Radio Frequency
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[bookmark: _Toc196477426]Abstract
This report presents the design, simulation and theoretical validation of two types of rectangular waveguides with Perfect Electric Conductor (PEC) Boundaries, one filled with Teflon and the other filled with a vacuum and a half-wave dipole antenna. By using the Ansys High Frequency Structure Simulators’ (HFSS) software, the waveguide modes and cutoff frequencies are analysed across a frequency sweep of 2GHz to 30GHz. Electric and magnetic field distributions are observed for the dominant and higher order modes. Theoretical calculations are compared with the HFSS results. Additionally, a half-wave dipole antenna designed for a specific wavelength is analysed for its S-parameters and radiation pattern. 
[bookmark: _Toc196477427]Introduction
Electromagnetic wave propagation is at the core of many technologies in Radio Frequency (RF) and microwave engineering, particularly in components such as waveguides and antennas. This report presents a combined theoretical and simulation-based (using Ansys HFSS) investigation of two rectangular waveguides, one filled with vacuum and the other with Teflon, and a half-wave dipole antenna. The aim is to explore how electromagnetic fields behave differently in varying dielectric environments and to validate theoretical predictions through simulation.
Waveguides - Rectangular waveguides are commonly used to confine and direct electromagnetic waves. Their performance is strongly influenced by geometry and the dielectric properties of the medium contained within. The propagation of the electromagnetic fields are characterised by transverse modes. They detail the spatial distribution of the electric and magnetic fields inside the waveguide. These modes are solutions to Maxwells equations under the boundary conditions imposed by the waveguide walls [1]. There are four types of these modes:
Transverse Electromagnetic (TEM): A TEM wave is the simplest type, where both the electric and magnetic fields are entirely transverse to the direction of propagation.
Transverse Electric (TE): In TE modes, only the electric field is entirely transverse, and there's a longitudinal magnetic component. 
Transverse Magnetic (TM): In TM modes, only the magnetic field is entirely transverse, and there's a longitudinal electric component. 
Hybrid Electromagnetic (HEM): HEM modes have both electric and magnetic fields with longitudinal components and can be analysed as a combination of TE and TM mode.
The dominant propagation mode in a rectangular waveguide is the TEmn mode, the subscripts m and n are the mode indices that describe the field variation inside the waveguide cross section. For example the dominant mode for a rectangular waveguide is TE₁₀w , where m = 1, having one half-wave variation along width a, and n = 0, meaning there is no variation along the height b. These transverse indices are used to determine the cutoff frequency (), in the equation below:

Where c is the speed of light in a vacuum, a is the width of the waveguide, b is the height,  is the relative permittivity of the waveguide internal material.
Dipole Antennas. A half-wave dipole is one of the simplest, and one of the most widely used antennas. Its radiation is a result of time-varying currents on the conductor, which generate electromagnetic fields. It consists of two straight conductive elements that are aligned in a straight line. The total length of the dipole is approximately half the wavelength of the frequency it is designed to transmit or receive. The theoretical framework for dipole antenna electromagnetic radiation is underpinned by Maxwell’s equations, which describe how electric and magnetic fields are generated and interact with matter [2]. 
The analysis involves solving the time-harmonic Maxwell equations in the presence of localised current sources, with solutions expressed in terms of radiation integrals and far-field approximations. Here, the understanding of time-harmonic fields enables prediction of key antenna parameters such as radiation patterns, impedance, and gain.
The theoretical frameworks of magnetostatics and Alternating Current (AC) time-harmonic analysis are essential to both low-frequency device engineering and high-frequency electromagnetic wave applications. Their applicability spans a wide spectrum, from static field analysis in magnetic materials to dynamic field propagation in complex geometries [3].
Through these problems are able to be solved numerically, this paper will also demonstrate the HFSS ability. HFSS enables full-wave 3D simulations based on Maxwell’s equations and is particularly well-suited for both low-frequency quasi-static problems and high-frequency wave propagation analysis. Here, we demonstrate the practical utility of these theoretical frameworks through two recognised applications:	
Waveguide Simulation – Showing the modes, the magnitude and vectors of electric and magnetic fields for those modes and cutoff frequencies using AC time-harmonic field solutions.
Dipole Antenna Design – Illustrating radiation patterns and impedance characteristics in the RF regime.
[bookmark: _Toc196477428]Method
Waveguide – In HFSS, the dimensions used for the waveguides were determined from a student ID number, as shown below:
Width (a) = 0.023m
Height (b) = 18/2 = 0.009m
Length – 0.05m
Boundary: Perfect Electric Conductor (PEC). 
The material values used are:
Vacuum:
The relative permittivity, εr = 1.
The relative permeability, μr = 1.
Teflon:
The relative permittivity, εr = 2.1.
The relative permeability, μr = 1.
Wave Ports were assigned at the ends as shown in Figure 1, each port supporting 3 waveguide modes, an impedance of 50, and with a frequency sweep of 2GHz to 30GHz was set:
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Dipole Antenna – In HFSS, the dimensions used for the waveguides were determined from a student ID number, as shown below:
Wavelength: 
Radius: 0.001m.
Length:  = · = .
Material: PEC
Excitation: Lumped port at center with 50 impedance (Figure 2).
Environment: Rectangular air box with radiation boundaries (Figure 3). 
Operating Frequency: , where = the speed of light in a vacuum:
 = 
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[bookmark: _Toc196477429]Results
Vacuum Waveguide HFSS Results.
As seen in Figure 4 below, the cutoff frequency is 6.47GHz, with the dominant mode (Mode 1, TE10) propagating above 6.47GHz, with the additional modes 2 and 3 propagating above 12.43GHz and 16.15 GHz respectively. The port 1 field displays also demonstrates how the electromagnetic wave enters the waveguide, with port 2 also showing the same results, meaning there is minimal loss. Using the port field displays at Figure 5 which shows a TE10 mode, we can calculate the cutoff frequency for the using theoretical analysis for the waveguide.
Using  and the known relative permittivity and permeability of a vacuum (εr = 1 and μr = 1). 
This means the cutoff frequency for the vacuum waveguide of the known dimensions and TE10 (m=1, n=0) should be:


 or , which is not too dissimilar to the results found in HFSS. 
On inspection of the electric field magnitude image for mode 1 (Figure 8), you can see a single bright lobe at the center indicating the maximum electric field, which is the TE10 dominant mode, and fading to the side walls demonstrating that the electric field varies sinusoidally in the x direction and is constant in the y direction. 
Figure 11 shows the electric field vector (direction) plot for the dominant TE10 mode. 
Figure 14 shows the strength of the magnetic field and shows that the filed is strongest near the sidewalls and symmetric about the centre. As the electric field peaks in the centre, as shown in Figure 8, the magnetic field circulates around it. This confirms the characteristic transverse magnetic loop behaviour. 
Figure 17 shows the vectors looping horizontally, wrapping around the central electric field, which follows the right-hand rule as per maxwells equations.
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Port 2 Mode 1 (TE10 m=1, n=0)
	[bookmark: _Toc196477438]Figure 6 - Vacuum Waveguide
Port 2 Mode 2 TE20 (m=2, n=0)
	[bookmark: _Toc196477439]Figure 7 - Vacuum Waveguide
Port 2 Mode 3 (TE01 m=0, n=1)
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	[bookmark: _Toc196477442]Figure 10 - Vacuum Waveguide Electric Field Mode 3 Magnitude
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	[bookmark: _Ref196425658][bookmark: _Toc196477445]Figure 13 - Vacuum Waveguide Electric Field Mode 3 Vector
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	[bookmark: _Ref196426598][bookmark: _Toc196477446]Figure 14 - Vacuum Waveguide Magnetic Field Mode 1 Magnitude
	[bookmark: _Toc196477447]Figure 15 - Vacuum Waveguide Magnetic Field Mode 2 Magnitude
	[bookmark: _Toc196477448]Figure 16 - Vacuum Waveguide Magnetic Field Mode 3 Magnitude
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	[bookmark: _Ref196426838][bookmark: _Toc196477449]Figure 17 - Vacuum Waveguide Magnetic Field Mode 1 Vector
	[bookmark: _Toc196477450]Figure 18 - Vacuum Waveguide Magnetic Field Mode 2 Vector
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Teflon Waveguide HFSS Results:
As seen in Figure 20, the cutoff frequency is 6.47GHz, with the dominant mode (Mode 1, TE10) propagating above 4.63GHz, with the additional modes 2 and 3 propagating above 7.96GHz and 10.94 GHz respectively. The port 1 field displays also demonstrates how the electromagnetic wave enters the waveguide, with port 2 also showing the same results, meaning there is minimal loss. Using the port field displays at Figure 21 which shows a TE10 mode, we can calculate the cutoff frequency for the using theoretical analysis for the waveguide.
Using  and the known relative permittivity and permeability of  Teflon (εr = 2.1 and μr = 1). 
As the propagation is now through a vacuum, the speed of propagation is determined by using the following equation:

Where  	
 = F/m	 
 = H/m	
So,  =  = m/s
Using the new propagation speed through Teflon:



 or 
 or , which is not too dissimilar to the results found in HFSS. This reduction is due to Teflon’s higher permittivity, which allows mode 1 to propagate at lower frequencies, as seen in all modes. 
Figure 24 and Figure 30 shows the electric and magnetic field magnitude generated from the dominant mode 1, which shows a similar pattern as seen in the vacuum waveguide, which would be expected considering it is the same TE10, but somewhat reduced due to the permittivity of Teflon. 
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[bookmark: _Ref196427331][bookmark: _Toc196477452]Figure 20 - Teflon Waveguide Gamma Plot
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Port 2 Mode 1 (TE10, m=1. n=0)
	[bookmark: _Toc196477454]Figure 22 - Teflon Waveguide
Port 2 Mode 2 (TE20, m=2, n=0)
	[bookmark: _Toc196477455]Figure 23 - Teflon Waveguide
Port 2 Mode 3 (TE01, m=0, n=1)
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	[bookmark: _Ref196430624][bookmark: _Toc196477456]Figure 24 - Teflon Waveguide Electric Field Mode 1 Magnitude
	[bookmark: _Toc196477457]Figure 25 - Teflon Waveguide Electric Field Mode 2 Magnitude
	[bookmark: _Toc196477458]Figure 26 - Teflon Waveguide Electric Field Mode 3 Magnitude
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	[bookmark: _Toc196477459]Figure 27 - Teflon Waveguide Electric Field Mode 1 Vector
	[bookmark: _Toc196477460]Figure 28 - Teflon Waveguide Electric Field Mode 2 Vector
	[bookmark: _Toc196477461]Figure 29 - Teflon Waveguide Electric Field Mode 3 Vector
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	[bookmark: _Ref196430632][bookmark: _Toc196477462]Figure 30 - Teflon Waveguide Electric Field Mode 1 Magnitude
	[bookmark: _Toc196477463]Figure 31 - Teflon Waveguide Electric Field Mode 2 Magnitude
	[bookmark: _Toc196477464]Figure 32 - Teflon Waveguide Electric Field Mode 3 Magnitude
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	[bookmark: _Toc196477465]Figure 33 - Teflon Waveguide Electric Field Mode 1 Vector
	[bookmark: _Toc196477466]Figure 34 - Teflon Waveguide Electric Field Mode 2 Vector
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Half-Wave Dipole Antenna HFSS Results:
For the Dipole Antenna simulation, Figure 36, shows the return loss verses frequency of the antenna for the parameters set. The resonant (operating) frequency was calculated to be 1.3 GHz, but the simulation shows the lowest reflection of -15.9db at 1.15GHz, which is not far off, but not as accurate as expected. The pattern shows that there is a pattern on multiples of Lambda (dips in scattering/reflection), but for efficient communication, a minimum of -10db is required at the operating frequency. 
The 3D radiation pattern of the antenna (Figure 37), shows how the antenna radiates electromagnetic energy in space, quantifying the directionality and efficiency. The coloured plot illustrates how much gain the antenna achieves in all directions. The donut shape matches what is expected in comparison with literature [4], where radiation is strongest perpendicular to the axis of the antenna, and minimal at the tips
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[bookmark: _Ref196465801][bookmark: _Toc196477468]Figure 36 – Dipole S Parameter Plot
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[bookmark: _Ref196466597][bookmark: _Toc196477469]Figure 37 – Dipole Antenna Gain Plot
[bookmark: _Toc196477430]Discussion
The results obtained from HFSS correlate with theoretical predictions, validating the accuracy of electromagnetic models for both rectangular waveguides and the half-wave dipole antenna.
For the vacuum-filled waveguide, the observed cutoff frequency for the dominant TE₁₀ mode was approximately 6.47 GHz, closely matching the theoretical value of 6.52 GHz calculated using the cutoff frequency formula. This agreement confirms the accuracy of the boundary conditions and dielectric definitions applied within HFSS. The electric field vector and magnitude plots demonstrated the sinusoidal variation in the x-direction and uniformity in the y-direction characteristic of TE₁₀ modes. Furthermore, the symmetry and distribution of the magnetic field vectors confirmed the transverse nature of these fields, with loops following the right-hand rule, as predicted by Maxwell’s equations.
The Teflon-filled waveguide also exhibited results in close alignment with theory. Due to the higher permittivity, the effective propagation velocity was reduced, thereby lowering the cutoff frequency for the TE₁₀ mode to approximately 4.5 GHz, which is consistent with the HFSS result of 4.63 GHz.
The presence of a dielectric such as Teflon not only shifts the cutoff frequency lower but also improves field confinement, reducing radiation losses and enhancing mode selectivity. This is highly beneficial in miniaturised RF systems, particularly when spatial constraints or integration with other dielectric components is required. Moreover, materials with tailored permittivity can be engineered for mode shaping or even suppressing unwanted modes, enhancing system performance [5].
The simulated return loss for the half-wave dipole showed a minimum of –15.9 dB at 1.15 GHz, which, while not perfectly matching the theoretical 1.3 GHz, remains within a reasonable tolerance for simulation error and modelling assumptions. Factors such as fringing effects, end capacitance, and finite conductor thickness can influence resonant frequency slightly below the ideal.
The simulated 3D radiation pattern showed a classic donut-shaped distribution with maximum gain perpendicular to the antenna’s axis and nulls at the ends. This is consistent with analytical solutions derived from the far-field approximation of dipole currents and serves as a confirmation of the antenna’s omnidirectional radiation pattern in the H-plane. The gain magnitude and directional characteristics are in good agreement with theoretical expectations, as described in [4]. 
[bookmark: _Toc196477431]Conclusion
This report demonstrates the application of electromagnetic theory through both analytical calculations and 3D finite element simulations in HFSS for two rectangular waveguides and a half-wave dipole antenna. The dominant TE modes in both vacuum and Teflon-filled waveguides were successfully identified, with theoretical cutoff frequencies aligning closely with simulation results.
The study further confirmed that increasing the relative permittivity within the waveguide shifts the cutoff frequencies to lower values, making dielectric loading a viable method for achieving compact waveguide designs.
Similarly, the simulated performance of a half-wave dipole antenna closely followed theoretical models, demonstrating correct impedance matching, resonance characteristics, and expected radiation behaviour.
Overall, the report validates both the theoretical principles of electromagnetic wave propagation and the practical utility of HFSS as a tool for designing and optimizing RF and microwave components. These findings are directly relevant for engineering applications in communication systems, sensing, and signal processing where precise control of electromagnetic behaviour is critical.
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