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[bookmark: _Toc196396270]Abstract
This report investigates the propagation of electromagnetic waves through two types of rectangular waveguides and a half-wave dipole antenna using ANSYS HFSS. The first task involves the design and analysis of a waveguide with Perfect Electric Conductor (PEC) walls filled with vacuum, followed by a second waveguide filled with Teflon dielectric material. The third task focuses on the design of a half-wave dipole antenna operating at a frequency derived from the student ID.
Each simulation is supported with theoretical calculations of cutoff frequencies, electric and magnetic field distributions, and scattering parameters. The results demonstrate a clear shift in cutoff frequency due to the presence of the dielectric, and the dipole antenna exhibits the expected radiation pattern and resonant behaviour at the target frequency. These findings align with classical electromagnetic theory and validate the simulation approach used.
1. [bookmark: _Toc196396271]Introduction
[bookmark: _Toc196396272]1.1 Overview of Electromagnetic Radiation
Electromagnetic radiation is crucial in modern engineering applications, including communications [1], radar, and sensing systems. It involves the propagation of electric and magnetic fields through space and materials. Understanding how electromagnetic waves behave in different environments and structures is essential for designing efficient systems.
[bookmark: _Toc196396273]1.2 Waveguides and Their Function
Waveguides are hollow, usually metal, structures that guide and confine electromagnetic waves between two points. Waveguides are popular in applications at microwave frequencies for their ability to offer high power handling and low loss. Of the numerous forms, the most popular is the rectangular waveguide that can support several modes of wave propagation each with a distinct electric as well as magnetic field configuration.
There is mode-dependent propagation in a waveguide, and there is a cutoff frequency for each mode—the lowest frequency at which it can propagate. "Generally the TE₁₀ mode has the lowest cutoff frequency and is called the dominant mode." [2] In rectangular waveguides.
[bookmark: _Toc196396274]1.3 Impact of Dielectric Materials 
The characteristics of a waveguide can be altered by changing the material inside it. In this report, simulations are conducted for both vacuum-filled and Teflon-filled waveguides. Teflon, having a relative permittivity of 2.1, affects the cutoff frequencies by lowering the phase velocity of the wave inside the guide. This shift in propagation characteristics is essential to understand in real-world applications where dielectric materials are often used for reasons such as shrinking the dimensions. [3]
[bookmark: _Toc196396275]1.4 Dipole Antennas 
Dipole antennas are basic radiating elements in applications across a broad spectrum of different communication systems. The half-wave dipole is resonant at its length corresponding frequency, often λ/2. It is easy to analyze and build, and is used as a standard antenna in most studies of designs. Both the impedance and radiation pattern which is the well-known donut shape or more correctly a torus surrounding the antenna with no space in the middle [4]. Are thoroughly known for the dipole, so it is perfect for simulation as well as for verification in line with theoretical predictions.
[bookmark: _Toc196396276]1.5 Project Objectives
This report presents a simulation-based investigation into the propagation of electromagnetic waves in:
· A rectangular waveguide with Perfect Electric Conductor (PEC) walls filled with vacuum
· A rectangular waveguide of the same dimensions filled with Teflon
· A half-wave dipole antenna designed to resonate at a frequency derived from the student ID
All simulations were carried out using ANSYS HFSS, and the results are compared to theoretical values to demonstrate the accuracy and behaviour of each design.
[bookmark: _Toc196396277]2. Method
[bookmark: _Toc196396278]2.1 Task 1a Rectangular Waveguide with Vacuum
[bookmark: _Toc196396279]2.1.1 Waveguide Dimensions and Setup
A rectangular waveguide was designed using ANSYS HFSS with Perfect Electric Conductor (PEC) walls and filled with vacuum. The waveguide dimensions were calculated based on the student ID (2314594), using the following approach:
· Width (a): First 2 digits of ID = 23 mm
· Height (b): 3rd and 4th digits divided by 2 = 14 ÷ 2 = 7 mm
· Length (z-axis): 50 mm 
The waveguide was assigned two ports: Wave Port 1 and Wave Port 2, with three supported modes specified. A frequency sweep from 2 GHz to 30 GHz was applied to analyse the waveguide’s modal behaviour.
[bookmark: _Toc196396280]2.1.2 Theoretical Cutoff Frequency Calculations
The cutoff frequency for each mode is calculated using the formula:
[bookmark: _Toc196426261]Equation 1 - 	Cutoff frequency for TE modes in a vacuum-filled rectangular waveguide

Where:
· c = 3x10^8 m/s
· a = 0.023m, b = 0.007m
[bookmark: _Toc196396340]Table 1 - Theoretical cutoff frequencies for the first three TE modes in a vaccum filled rectangular waveguide
	Mode 
	Indices (m, n)
	Cutoff Frequency (GHz)

	TE10
	(1, 0)
	6.52

	TE20
	(2, 0)
	13.04

	TE01
	(0, 1)
	21.43



The TE₁₀ mode is dominant, with the lowest cutoff frequency. Modes only begin to propagate above their respective cutoff values.
[bookmark: _Toc196396281]2.1.3 Simulation Output – Field and Mode Analysis
The following Simulation outputs were generated for visualising field distributions:
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[bookmark: _Toc196396304]Figure 1 - Rectangular plot of cutoff frequencies (Vaccum waveguide)
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[bookmark: _Toc196396305]Figure 2 - Portfield display - Mode 1
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[bookmark: _Toc196396306]Figure 3 - Portfield Display - Mode 2
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[bookmark: _Toc196396307]Figure 4 - Portfield Display - Mode 3
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[bookmark: _Toc196396308]Figure 5 - Magnitude of Electric Field - Mode 1
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[bookmark: _Toc196396309]Figure 6 - Vector of Electric Field - Mode 1
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[bookmark: _Toc196396310]Figure 7 - Magnitude of Magnetic field - Mode 1
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[bookmark: _Toc196396311]Figure 8 - Vector of Magnetic Field - Mode 1
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[bookmark: _Toc196396312]Figure 9 - Magnitude of Electric Field - Mode 2
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[bookmark: _Toc196396313]Figure 10 - Vector of Electric Field - Mode 2
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[bookmark: _Toc196396314]Figure 11 - Magnitude of Magnetic Field - Mode 2
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[bookmark: _Toc196396315]Figure 12 - Vector of Magnetic Field - Mode 2
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[bookmark: _Toc196396316]Figure 13 - Magnitude of Electric Field - Mode 3
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[bookmark: _Toc196396317]Figure 14 - Vector of Electric field - Mode 3
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[bookmark: _Toc196396318]Figure 15 - Magnitude of Magnetic field - Mode 3
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[bookmark: _Toc196396319]Figure 16 - Vector of Magnetic Field - Mode 3
[bookmark: _Toc196396282]2.2 Task 1b: Rectangular Waveguide with Teflon
[bookmark: _Toc196396283]2.2.1 Waveguide setup with Dielectric Material
The second simulation task involved designing a rectangular waveguide identical in size and structure to the vacuum-filled model, but this time filled with Teflon. Teflon has the following material properties:
· Relative permittivity: 2.1
· Relative permeability: 1.0
The dimensions of the waveguide remained the same:
· Width (a): 23 mm
· Height (b): 7 mm
· Length (z-axis): 50 mm
Wave Port 1 and Wave Port 2 were assigned as before, and three supported modes were simulated. A frequency sweep from 2 GHz to 30 GHz was performed.
[bookmark: _Toc196396284]2.2.2 Theoretical Cutoff frequency calculations
The cutoff frequency in a dielectric-filled waveguide is calculated using the modified formula: 
[bookmark: _Toc196426262]Equation 2 - Cutoff frequency for TE modes in a dielectric-filled waveguide


Where:
· ϵr = 2.1
· a = 0.023m, b = 0.007m
· c = 3 x108 m/s 
Here are the theoretical cutoff frequencies for the Teflon-filled waveguide:
[bookmark: _Toc196396341]Table 2 - Theoretical Cutoff Frequencies for Teflon-Filled Waveguide
	Mode 
	Indices (m, n)
	Cutoff frequencies (GHz)

	TE10
	(1, 0)
	4.50

	TE20
	(2, 0)
	9.00

	TE01
	(0, 1)
	14.79


 
As expected, the presence of dielectric lowers the cutoff frequencies for all modes compared to the vacuum-filled waveguide.
[bookmark: _Toc196396285]2.2.3 Simulation output – Field and Mode Analysis
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[bookmark: _Toc196396320]Figure 17 - Portfield Display Mode 1
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[bookmark: _Toc196396321]Figure 18 - Portfield Display mode 2
[image: A drawing of a box with a red x and green arrow

AI-generated content may be incorrect.]
[bookmark: _Toc196396322]Figure 19 - Portfield Display Mode 3
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[bookmark: _Toc196396323]Figure 20 - Magnitude of Electric Field - Mode 1
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[bookmark: _Toc196396324]Figure 21 - Vector of Electric Field - Mode 1
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[bookmark: _Toc196396325]Figure 22 - Magnitude of Magnetic Field - Mode 1
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[bookmark: _Toc196396326]Figure 23 - Vector of Magnetic Field - Mode 1
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[bookmark: _Toc196396327]Figure 24 - Magnitude of Electric Field - Mode 2
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[bookmark: _Toc196396328]Figure 25 - Vector of Electric Field - Mode 2
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[bookmark: _Toc196396329]Figure 26 - Magnitude of Magnetic Field - Mode 2
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc196396330]Figure 27 - Vector of Magnetic Field - Mode 2
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[bookmark: _Toc196396331]Figure 28 - Magnitude of Electric Field - Mode 3
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[bookmark: _Toc196396332]Figure 29 - Vector of Electric Field - Mode 3
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[bookmark: _Toc196396333]Figure 30 - Magnitude of Magnetic Field - Mode 3
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[bookmark: _Toc196396334]Figure 31 - Vector of Magnetic Field - Mode 3
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[bookmark: _Toc196396335]Figure 32 - Cutoff Frequencies Teflon Waveguide


[bookmark: _Toc196396286]2.3 Task 2: Half-Wave Dipole Antenna 
[bookmark: _Toc196396287]2.3.1 Design Inputs and Calculations
The final task involved the design and simulation of a half-wave dipole antenna using ANSYS HFSS. The antenna was constructed from a PEC (Perfect Electric Conductor) with a radius of 1 mm, and excited using a 50-ohm lumped port. The dipole was placed inside a rectangular radiation boundary box to allow the wave to radiate freely in space.
The Wavelength (λ) was determined using the first three digits of the student ID:
· Student ID: 2314594
· λ = 231 mm
From this, the Dipole length and operating frequency were calculated as follows:
Dipole Length Calculation:

Operating Frequency Calculation:

The antenna was designed to operate at a target frequency of 2.3 GHz with a length of 116mm.
[bookmark: _Toc196396288]2.3.2 Simulation output
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[bookmark: _Toc196396337]Figure 34 - Design of Half-Wave Dipole Antenna
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[bookmark: _Toc196396338]Figure 35 - Scattering Parameter Plot (S11) - Dipole Antenna
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[bookmark: _Toc196396339]Figure 36 - Radiation Pattern of Dipole Antenna

[bookmark: _Toc196396289]3 Results 
[bookmark: _Toc196396290]3.1 Task 1a: Vaccum-Filled Rectangular Waveguide
[bookmark: _Toc196396291]3.1.1 Theoretical vs simulated cutoff frequencies
The table below compares the theoretical cutoff frequencies for the first three TE modes with the observed behaviour from the HFSS simulation.
[bookmark: _Toc196396342]Table 3 - Comparison of theoretical and simulated cutoff frequencies for the vacuum-filled rectangular waveguide
	Mode 
	Indices (m, n)
	Theoretical Cutoff Frequencies (GHz)
	Simulated Cutoff Frequencies (GHz)
	Propagation above

	TE10
	1, 0
	6.52
	6.48
	6.48 GHz

	TE20
	2, 0
	13.04
	12.99
	12.99 GHz

	TE01
	0, 1
	21.43
	18.73
	18.73 GHz



[bookmark: _Toc196396292]3.2 Task 1b: Teflon-Filled Rectangular Waveguide
[bookmark: _Toc196396293]3.2.1 Theoretical vs Simulated Cutoff Frequencies
[bookmark: _Toc196396294]The table below shows the corresponding cutoff frequencies with the inclusion of a dielectric material (Teflon, ϵr ​= 2.1):
[bookmark: _Toc196396343]Table 4 - Comparison of theoretical and simulated cutoff frequencies for the Teflon-filled rectangular waveguide
	Modes 
	Indices (m, n)
	Theoretical Cutoff Frequencies (GHz)
	Simulated Cutoff Frequencies (GHz)
	Propagation Above

	TE10
	1, 0
	4.50
	4.45
	4.45 GHz

	TE20
	2, 0
	9.00
	9.00
	9.00 GHz

	TE01
	0, 1
	14.79
	12.92
	12.92 GHz



[bookmark: _Toc196396295]3.3 Task 2: Half-Wave Dipole Antenna 
[bookmark: _Toc196396296]3.3.1 Calculated vs Simulated Operating Frequency
[bookmark: _Toc196396344]Table 5 - Comparison of theoretical and simulated resonance frequency for the half-wave dipole antenna
	Parameter
	Value

	Wavelength (λ)
	231mm

	Theoretical Frequency
	2.30 GHz

	Dipole Length
	116mm

	Simulated Resonant Frequency
	1.18 GHz (S11 = -15.28dB)



[bookmark: _Toc196396297]4 Discussion
[bookmark: _Toc196396298]4.1 Rectangular Waveguide with Vacuum
The simulation of the vacuum-filled rectangular waveguide effectively replicated the propagation characteristics of transverse electric (TE) modes theoretically predicted by electromagnetic theory. For the assignment requirement, we had to find the dominant mode, acquire visualizations of the electric and magnetic fields, compute the theoretical cut-off frequencies, and benchmark these against the simulation output. Ansys HFSS software and analytical computation were used to achieve this.
As can be demonstrated by Table 2, the theoretical value of the TE₁₀ mode cutoff frequency is 6.52 GHz and the simulated one is 6.48 GHz with an almost negligible error value equal to 0.61%. TE₂₀ and TE₀₁ also showed close conformity, except for TE₀₁, whose simulated value of the cutoff frequency is far lower (18.73 GHz compared to 21.43 GHz). Such differences could be the outcome of mesh resolution or finite size of the ports or internal reflections in the 50 mm waveguide. Anyway, these findings agree with theory predictions and demonstrate that TE₁₀ is the dominant mode in this geometry setup.
The port field display and field overlay (Figure 2–16) contain qualitative measures of the mode patterns. In Photo 2, the TE₁₀ mode has one lobe of electric field variation along the broader dimension, as is found in textbook TE mode patterns. For example [5], this mode exhibits a maximum electric field at the centre of the waveguide’s width and zero at the side walls, forming a single half-sinusoidal variation across the broad face of the guide. Likewise, the vector plots (Figures 5, 6) reflect orthogonal orientations of the electric and magnetic fields, typical in TE waves in which there is no component to the electric field in the propagation direction. (Figure 7, 8) similarly, confirm the predicted behaviour of the H-field.
Moreover, the simulation created an associated cutoff plot (Figure 1), which shows the imaginary part of the propagation constant (Gamma). Where the points on Gamma go through zero are the mode cut-on frequencies. This verifies our knowledge that below the cut-off, the modes display evanescent behaviour, and above the cut-off, there is real propagation. The assignment task to "record port field displays and obtain field magnitudes and vectors" is answered completely.
The vacuum waveguide model illustrates how the dimensions of the waveguide limit the allowed modes. It supports the concept that propagation is impossible below cutoff frequencies and smaller cross-sectional sizes produce greater cutoff values. Both are cornerstones to the designing of microwave systems and are used extensively in radar and satellite communication equipment.
[bookmark: _Toc196396299]4.2 Rectangular Waveguide with Teflon 
The second part of Task 1 involved replacing the vacuum medium with Teflon (εₛ = 2.1), which alters the effective phase velocity of the wave within the guide. As shown in Table 3, the cutoff frequencies for the TE modes are noticeably lower than in the vacuum-filled case. For example, TE₁₀ shifts from 6.52 GHz to 4.50 GHz theoretically, and the simulated result was 4.45 GHz. This validates the theoretical model:

This reduction in cutoff is also evident in the field plots and Gamma diagram (Figure 17–32). Compared to the vacuum model, the field patterns remain qualitatively similar, but with slightly shorter wavelengths. This is due to the reduced phase velocity caused by the increased permittivity. The assignment asked for a comparison between the two models, and this contrast clearly shows how material loading affects waveguide performance.
Theoretical versus simulated discrepancies were minor for TE₁₀ and TE₂₀ but more substantial for TE₀₁, where the simulated value (12.92 GHz) was lower than the theoretical 14.79 GHz. This might stem from:
· Inaccurate port excitation for modes with higher-order variation in the narrower dimension
· Meshing irregularities around sharp field gradients
· Dielectric loss or boundary condition interactions
By filling the waveguide with Teflon, we effectively slowed down wave propagation, increasing the electrical length of the waveguide. This technique is commonly employed in compact or embedded microwave systems where reducing physical size is important. The results demonstrate an excellent application of wave propagation principles in practical engineering design [6].
From an academic perspective, this task fulfills the learning outcome to "analyse results obtained from the application of specific electromagnetic modelling techniques and correlate those results with physical characteristics." By comparing vacuum and Teflon-filled models, the physical impact of permittivity on propagation becomes clearly visible.
[bookmark: _Toc196396300]4.3 Half-Wave Dipole Antenna 
Task 2 required the design and evaluation of a half-wave dipole antenna using a student-ID-based wavelength (λ = 231 mm), yielding a design frequency of 2.30 GHz and a length of 116 mm. However, simulation results shown in Photo 34 indicate a primary resonance at 1.18 GHz. This is a significant deviation from theoretical expectations.
While the calculated length-to-frequency relationship appears valid on paper:
  and 
simulation environments introduce several practical variables:
· The fringing effect at the dipole tips extends the current distribution beyond the physical length, effectively lowering the resonant frequency. [7]
· The airbox/radiation boundary might not have been large enough to fully approximate free space, causing standing waves or reflections that detune the resonance.
· The feed gap and lumped port setup might introduce inductive or capacitive loading, shifting the resonant point.
Despite the discrepancy, the antenna has a good match at 1.18 GHz with -15.28 dB return loss, which implies high energy transfer to radiation. Other notches observed at 3.69 GHz and 6.17 GHz hint towards higher-order harmonics or internal resonances in the structure.
The radiation pattern (Figure 36) indicates a standard doughnut-shaped field profile as one might expect from a half-wave dipole in free space. This verifies that the antenna is designed to radiate mostly broadside to the dipole's longitudinal axis, with nulls in the feed line's direction. The form and symmetry in the plot also verify the correct excitation and boundary in HFSS.
Even though the task anticipated an accurate match between simulated and calculated values, it is instructive to see how simulation adds complexity. Such variations highlight iterative prototyping and tuning as essential in antenna design. This task also fulfils the requirement to "obtain radiation pattern of the antenna" and demonstrates the benefit of using analytical and numerical means.
In practice, antenna tuning entails geometry or matching network adjustment in response to real-world observations. Here, we have hands-on experience with non-idealities due to modelling assumptions, excitation techniques, and limited software capabilities. Deviation also presents a wonderful chance to reflect on the boundaries of analytical equations in moving from theory to practice to application.

[bookmark: _Toc196396301]4.4 Overall Evaluation
This coursework reflects how electromagnetic wave propagation is affected by geometry, material characteristics, and environmental configuration throughout both assignments. The waveguide assignments highlighted the role of cutoff frequency and mode propagation, while the antenna assignment introduced real-life complications like impedance matching and radiation behaviour.
All simulation outcomes were compared with theory and confirmed by field plots and Gamma/S-parameter plots. The outcomes meet the learning outcomes covered by this module on learning about magneto-static and time-harmonic fields and match established theory.
Additionally, experimentation with HFSS enabled hands-on exposure to one of the most advanced tools in RF and microwave engineering. The visuals created (Figures 1–36) enabled detailed interpretation of mode shapes, electric and magnetic field dynamics, and performance of antennas.
Overall, this work illustrates the interplay between simulation and theory, showing how analytical expressions give a first-order approximation, but simulation provides a strong means to investigate and affirm more subtle electromagnetic effects.
[bookmark: _Toc196396302]5 Conclusion
This report has demonstrated a comprehensive analysis of electromagnetic wave propagation through two types of rectangular waveguides and a half-wave dipole antenna. Using ANSYS HFSS, both vacuum- and Teflon-filled waveguides were modelled to observe TE mode behaviour, and their simulated cutoff frequencies were compared against theoretical calculations. The results confirmed that material permittivity significantly influences wave propagation, with Teflon reducing cutoff frequencies due to slower phase velocity.
The dipole antenna, designed to operate at 2.30 GHz based on the student ID-derived wavelength, exhibited its strongest resonance at 1.18 GHz. This deviation highlighted the impact of simulation boundaries, fringing fields, and port configuration on antenna performance. Nonetheless, the antenna radiated effectively with a classical dipole pattern.
Overall, the work fulfilled the module learning outcomes by combining theoretical analysis with simulation-based investigation. It reinforced key principles in waveguide and antenna design while providing hands-on experience in modelling real-world electromagnetic behaviour.
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