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Abstract
This report investigates the propagation characteristics of a rectangular waveguide and the performance of a half-wave dipole antenna through theoretical and simulation-based analyses. Using Ansys HFSS, two waveguide configurations  are modelled: one filled with vacuum and the other with Teflon. The dimensions of the waveguide, derived from the student ID (2313448), were set at a width of 23 mm and height of 7 mm, with a length of 50 mm. The simulations focused on the calculation of cutoff frequencies and the visualisation of field distributions for both waveguide types. The results for the vacuum-filled waveguide were compared against theoretical predictions using the cutoff frequency equation, with a slight deviation observed due to simulation factors such as meshing precision and material modelling. Teflon's higher permittivity resulted in a reduction of cutoff frequencies, confirming the impact of dielectric material on waveguide performance.
In the second task, a half-wave dipole antenna was designed based on the student ID, with a length of 115.5 mm and a calculated theoretical operating frequency of 1.2987 GHz. The antenna was simulated with a frequency sweep from 0.5 GHz to 3 GHz, and the results were compared to the theoretical operating frequency. The simulated operating frequency was 1.1687 GHz, with an S parameter plot confirming the resonance behaviour. The radiation pattern displayed the typical doughnut shape, consistent with the performance expected of a half-wave dipole antenna.
The results demonstrated a good agreement between the theoretical and simulated values for both the waveguide and antenna.


[bookmark: _Toc196469358]
Introduction
Electromagnetic wave propagation is a fundamental concept in Electromagnetism underpinning the design of communication systems, antennas, and waveguides [1], [2]. The behaviour of electromagnetic fields in confined structures such as waveguides is governed by Maxwell’s equations [1]. In rectangular waveguides, modes propagate above their respective cutoff frequencies, and these characteristics are influenced by the geometry and the medium inside the guide [1].
Similarly, antennas such as the half-wave dipole radiate electromagnetic waves based on their dimensions and the excitation frequency [2]. Understanding the interaction of electromagnetic fields with conducting and dielectric materials is essential for accurate modelling and design.
This report explores the propagation characteristics of a rectangular waveguide and the performance of a dipole antenna through theoretical and simulation-based analysis.

[bookmark: _Toc196469359]
Method
Ansys HFSS is a commercial finite element method solver for electromagnetic structures. This is where the simulations were conducted for each of the tasks [3].
[bookmark: _Toc196469360]Task 1a - Rectangular Waveguide with Vacuum Filling
A rectangular waveguide with Perfect Electric Conductor (PEC) walls and filled with a vacuum was modelled in Ansys. The dimensions are detailed below.
[bookmark: _Toc196469361]Waveguide Dimensions 
based on student ID 2313448, as required by the task;


· Width, a = 23 mm
· Height, b =  = 7 mm
· Length = 50 mm
[bookmark: _Toc196469362]Simulation Setup
These are the settings defined by the task:
· The Boundary Conditions: PEC walls
· The Medium: Vacuum 
· Excitation: Wave ports at both ends, with 3 modes each
· Frequency Sweep: 2 GHz to 30 GHz
[bookmark: _Toc196469363]
Formulas
Question iv requires use of the cutoff frequency equation for a rectangular waveguide:
  [4]
Where:
m, n = mode indices
a, b = given dimensions from student number
c = speed of light in the waveguide medium (vacuum)
[bookmark: _Toc196469364]Simulation
[image: A diagram of a rectangular object
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Figure 1: Waveguide simulation with Vacuum
[bookmark: _Toc196469365]
Task 1b - Rectangular Waveguide with Teflon Filling
This task was dimensionally identical to task 1a, but with a Teflon medium rather than vacuum filling the waveguide.
[bookmark: _Toc196469366]Simulation Setup
All variables in the simulation were identical to Task 1a, except the simulated material properties of the Teflon used:
Relative permeability, μr = 1
Relative Permittivity, ϵr = 2.1
[bookmark: _Toc196469367]Formulas
The cutoff frequency formula remains the same as with the vacuum filled waveguide but modified for using the speed of light in Teflon. This will be calculated using:  relative permittivity of vacuum,  relative permeability of vacuum.

Simulation

[image: A diagram of a rectangular object

AI-generated content may be incorrect.]Figure 2: Waveguide simulation with Teflon
[bookmark: _Toc196469368]
Task 2: Half-Wave Dipole Antenna
This task required the modelling of a half-wave dipole antenna with the dimensions below, again derived from the student ID, 2313448.
[bookmark: _Toc196469369]Antenna Dimensions 
Radius = 1 mm
𝜆 = first three digits of the student ID, wavelength, λ = 231 mm
Antenna Length:

[bookmark: _Toc196469370]Simulation Setup
Antenna material: PEC
Frequency Sweep: 0.5GHz to 3 GHz
Excitation: Lumped port with 50 Ω impedance
Simulation Box: Rectangular radiation boundary
[bookmark: _Toc196469371]Formulas
The formula for the operating frequency of the antenna:

Where λ = wavelength, Speed of Light
[image: ]Simulation
Figure 3: half-wave dipole antenna simulation
[image: ]
Figure 4: lumped port

[bookmark: _Toc196469373]Results
These are the results collected from the three simulations, as well as the calculated theoretical results to compare against.
[bookmark: _Toc196469374]Task 1a – Vacuum-Filled Waveguide
[bookmark: _Toc196469375]Simulated Cutoff Frequencies

	Mode
	Cutoff Frequency (GHz)

	1
	6.48

	2
	12.99

	3
	19.5



[image: ] Figure 5: Plot of Cutoff Frequencies

Calculated Cutoff Frequencies
	Mode
	Cutoff Frequency (GHz)

	1
	6.52

	2
	13.04

	3
	19.57


The results were calculated using equation:

And the mode indices identified in section 4.1.3.
The modes used in the simulation being TE10, TE20, TE30. Therefore n = 0 for all three cutoff frequencies, and m = 1, 2, 3 respectively.
If n = 0, the calculations are expedited with simplifying the equation:




Speed of light, c = 3x108
Width of the waveguide, a = 0.023m
Mode index, m = 1, 2, 3
Simulated Port Field Displays
[image: ]These are the port field displays for the rectangular waveguide. They are identical for both ports on either end of the waveguide, they are also identical to the Teflon filled waveguide. They are TE10, TE20, TE30, respectively.
Figure 6: Port 1 Mode 1 port field display, TE10.
[image: ]Analysing figure 6, we find all vectors point vertically along the Y-axis, which means this is a Transverse Electric (TE) mode, since there's no electric field component along the propagation axis Z [5]. Along the X-direction, there is half-wave variation — the field starts low on the left, increases to a maximum in the center, then decreases again. Along the Y-direction there’s no variation; the field strength and direction are constant along that axis. Therefore m = 1, one variation along X and n = 0, no variation along Y.
Figure 7: Port 1 Mode 2 port field display, TE20.


Analysing figure 7, Field direction is still pointing vertically, so a TE mode. There is variation horizontally, there are two peaks, mirrored around the center; Positive vectors on the left, negative on the right. This indicates two half-wave variations, so m = 2 [5]. Vertically, the field is uniform with the same magnitude and direction within each side, so there’s no variation vertically. That means n = 0.
Looking at figure 8, the Field direction is again vertical vectors so still TE. Horizontally, there are three distinct regions: negative on the left, positive in the center, negative again on the right. That’s three half-wave variations, so m = 3 [5]. Vertically, no variation up or down; the field is consistent vertically in each region, so n = 0.
[image: ]Figure 8: Port 1 Mode 3 port field display, TE30.

[image: ]Electric and Magnetic Field Vectors and Magnitudes
Figure 9: Port 1 Mode 1 electric field magnitudes
[image: A blue rectangular object with dots

AI-generated content may be incorrect.][image: ]Figure 10: Port 1 Mode 1 electric field vectors
Figure 11: Port 1 Mode 1 magnetic field magnitudes
[image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 12: Port 1 Mode 1 magnetic field vectors
[image: ]Figure 13: Port 1 Mode 2 electric field magnitudes
[image: ][image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 14: Port 1 Mode 2 electric field vectors
Figure 15: Port 1 Mode 2 magnetic field magnitudes
[image: ][image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 16: Port 1 Mode 2 magnetic field vectors
Figure 17: Port 1 Mode 3 electric field magnitudes
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AI-generated content may be incorrect.]Figure 18: Port 1 Mode 3 electric field vectors
Figure 19: Port 1 Mode 3 magnetic field magnitudes
[image: A computer generated image of a rectangular object

AI-generated content may be incorrect.]Figure 20: Port 1 Mode 3 magnetic field vectors
[bookmark: _Toc196469378]Task 1b – Teflon-Filled Waveguide
[bookmark: _Toc196469382]Simulated Cutoff Frequencies

	Mode
	Cutoff Frequency (GHz)

	1
	4.45

	2
	8.86

	3
	13.27



[image: ] Figure 21: Plot of Cutoff Frequencies


Calculated Cutoff Frequencies
	Mode
	Cutoff Frequency (GHz)

	1
	4.5

	2
	9

	3
	13.5


The results were calculated using the equation from 4.1.2:

Speed of light in teflon, c = 2.07x108
Teflon, relative permeability, μr = 1
Teflon, relative permittivity, ϵr = 2.1
Width of the waveguide, a = 0.023m
Mode index, m = 1, 2, 3
[image: ]Simulated Port Field Displays
[image: ]Figure 22: Port 1 Mode 1 port field display
[image: ]Figure 23: Port 1 Mode 2 port field display
Figure 24: Port 1 Mode 3 port field display


Electric and Magnetic Field Vectors and Magnitudes
[image: ]
Figure 25: Port 1 Mode 1 electric field magnitudes
[image: ][image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 26: Port 1 Mode 1 electric field vectors
Figure 27: Port 1 Mode 1 magnetic field magnitudes
[image: ][image: A screenshot of a computer

AI-generated content may be incorrect.]Figure 28: Port 1 Mode 1 magnetic field vectors
Figure 29: Port 1 Mode 2 electric field magnitudes
[image: ][image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 30: Port 1 Mode 2 electric field vectors
Figure 31: Port 1 Mode 2 magnetic field magnitudes
[image: ][image: A computer screen shot of a rectangular object

AI-generated content may be incorrect.]Figure 32: Port 1 Mode 2 magnetic field vectors
Figure 33: Port 1 Mode 3 electric field magnitudes
[image: ][image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 34: Port 1 Mode 3 electric field vectors
Figure 35: Port 1 Mode 3 magnetic field magnitudes
[image: A screen shot of a computer generated image

AI-generated content may be incorrect.]Figure 36: Port 1 Mode 3 magnetic field vectors


Task 2 – Half-Wave Dipole Antenna
[bookmark: _Toc196469384]Simulated Results:
	Operating Frequency:
	1.1687 GHz





[image: ]Figure 37: S parameter plot
[image: ]
Figure 38: Radiation Pattern

[bookmark: _Toc196469383]Calculated Results
Theoretical operating frequency:


[bookmark: _Toc196469385]
Discussion
[bookmark: _Toc196469386]Waveguide Analysis
The dominant mode in both designs is TE10, with higher-order modes appearing as frequency increases. The theoretical and simulated cutoff frequencies are in close agreement, with minor deviations that would be discrepancies between the simulation to real life, like meshing precision and material modelling in the simulator.
Teflon-filled waveguides exhibit lower cutoff frequencies due to increased permittivity, which is shown mathematically with the inverse relationship between cutoff frequency and . 
The presence of a dielectric material inside the waveguide affects the frequencies at which different modes of propagation can occur. By changing the dielectric properties, it changes the thresholds at which the waveguide can support those modes, demonstrating the influence of the material the dielectric loading on waveguide performance [1].
Looking at the vector and magnitude plots of the two waveguides shows irregular and asymmetrical patterns of vectors and magnitudes. The high aspect ratio of 3.2, could be a contributing factor to the issues observed in the vector and magnitude visualisations from the waveguide simulation. In a waveguide with such a high aspect ratio, the field distribution can become complex [6]. The simulation might show noisy and irregular results due to field distortions that arise from the waveguide’s dimensions, which are far from ideal for smooth propagation [6].
In waveguides with large aspect ratios, the fields are more prone to spreading in unexpected directions, as the waveguide's geometry may not efficiently support the propagation of the chosen mode in a stable manner [6]. This could be leading to unwanted interference or an irregular field distribution. The high aspect ratio could also amplify small imperfections in the waveguide’s structure or boundary conditions, further contributing to the noisy and erratic vector and magnitude plots observed in the simulation. Reducing the aspect ratio could help mitigate these issues by promoting a more stable and predictable field distribution for the desired mode.
[bookmark: _Toc196469387]Antenna Analysis
The half-wave dipole resonates around the designed frequency, with a clear dip in the S parameter plot near 1.2 GHz, aligning approximately with theoretical predictions. The 3D radiation pattern shows a classic doughnut-shaped field distribution, indicative of a well-performing dipole antenna [2].
Gain values are consistent with theoretical expectations, showing directional characteristics perpendicular to the axis of the dipole.

[bookmark: _Toc196469388]Conclusion
This report has presented an analysis of the propagation characteristics of a rectangular waveguide and the performance of a half-wave dipole antenna. The simulation results for both the vacuum-filled and Teflon-filled waveguides showed close agreement with theoretical predictions, demonstrating the expected behaviour of cutoff frequencies. The effect of the dielectric material on the waveguide’s performance was clear, with the Teflon-filled waveguide exhibiting lower cutoff frequencies due to its higher relative permittivity.
In both waveguide designs, the TE10 mode was dominant. The visualisation of field vectors and magnitudes highlighted the complexity of the waveguide behaviour, particularly due to the high aspect ratio of 3.2, which resulted in irregular patterns and potential field distortions. It was observed potentially that reducing the aspect ratio could lead to a more stable environment for propagation which would hopefully result in more preditcable field distributions in the waveguide.
For the half-wave dipole antenna, the simulated operating frequency of 1.1687 GHz was close to the theoretical value of 1.2987 GHz, with the radiation pattern and S parameter plot confirming the expected performance of the antenna. The doughnut-shaped radiation pattern indicated a well-functioning dipole, and the gain values were consistent with theoretical expectations.
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