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[bookmark: _Toc196482263]Abstract
This report uses high-frequency simulation software to present the modelling and simulation of electromagnetic wave propagation in rectangular waveguides and radiation from a half-wave dipole antenna. Two waveguide configurations were analysed: one filled with vacuum and the other with Teflon. The waveguide dimensions were derived from a student ID, and the cutoff frequencies for various modes were calculated and compared. A half-wave dipole antenna was also designed and simulated to determine its resonance frequency and radiation pattern. The study identified the dominant modes, port field distributions, and vector magnitudes of electric and magnetic fields, yielding results that validate theoretical expectations.
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1. [bookmark: _Toc196482264]Introduction
1.1. [bookmark: _Toc196482265]What is Electromagnetic Radiation?
Electromagnetic (EM) radiation forms the foundation for various modern technologies, including communication systems, radar, and microwave engineering. It is the propagation of energy through space in the form of oscillating electric and magnetic fields, which travel perpendicular to each other and the direction of wave propagation. 
The entire range of light energies, including both light we can see and light we cannot see, is called the electromagnetic spectrum. It includes, from highest energy to lowest, gamma rays, X-rays, ultraviolet, optical, infrared, microwaves, and radio waves. [1]
[image: A screenshot of a video game

AI-generated content may be incorrect.]






We come by electromagnetic radiation daily: our food is heated in microwave ovens, radar is used as a navigation aid in missiles and aeroplanes, and by meteorologists to detect weather patterns. Radio waves are used for communications, and infrared waves from heaters provide warmth. When the Sun sets, incandescent or fluorescent lights are turned on to provide artificial illumination. Ultraviolet light represents a kind of electromagnetic radiation that can harm life. Such is also true of X-rays, which are essential in medicine as they allow physicians to observe the inner parts of the body, but exposure should be kept to a minimum. Less familiar are gamma rays, which come from nuclear reactions and radioactive decay and are part of the harmful high-energy radiation of radioactive materials and nuclear weapons. [2]

1.2. [bookmark: _Toc196482266]Background on rectangular waveguides
A rectangular waveguide is a hollow metallic structure that confines and directs electromagnetic waves. It supports transverse electric (TE) and transverse magnetic (TM) modes, characterised by specific cutoff frequencies. The propagation conditions depend on the waveguide’s dimensions and dielectric properties.

1.3. [bookmark: _Toc196482267]Background on half-wave dipole antennas
A half-wave dipole antenna consists of a conductor radiating electromagnetic waves when excited at resonance. It operates at a wavelength lambda(λ) corresponding to the desired transmission frequency. The radiation pattern and impedance characteristics influence its performance.
1.4. [bookmark: _Toc196482268]Problem statement
This study aims to:
· Design waveguide structures using vacuum and Teflon, compare cutoff frequencies, and analyse modal behaviour.
· Design and simulate a half-wave dipole antenna, calculate its operating frequency, and observe the radiation pattern.

















[bookmark: _Toc196482269] 2. Method
Task 1a: Waveguide with Vacuum
· Student ID: 2313851
· Dimensions:
· Width (a): 23 mm (first and second numbers in student ID)
· Height (b): 13 ÷ 2 = 6.5 mm 7 mm (Third and fourth numbers of student ID)
· Length: 50 mm (along z-axis)
· Waveguide ports: Wave Port 1 (input), Wave Port 2 (output), with three excitation modes.
· Frequency sweep: 2 GHz to 30 GHz.
Cutoff frequency formula for TE modes: fcmn = 
Where:
· c = 3 x 108 m/s
· m, n = mode indices 
Task 1b: Waveguide with Teflon 
· Same dimensions and port configurations.
· Speed of light in Teflon: ν =  ≈ 2.07 x 108 m/s
Task 2: Half-wave Dipole Antenna
· Wavelength: λ = 231 mm (from the first three digits of the student ID)
· Length of antenna: L = λ ÷ 2 = 115.5mm
· Operating frequency: f =  ≈ 1.298 GHz
· Radius: 1 mm
· Excitation via 50-ohm lumped port



[bookmark: _Toc196482270]2.1 Formulas and calculations
[bookmark: _Toc196482271]2.1.1 Vacuum 
The TEmn​ mode notation in waveguides refers to variations in the transverse electric field across the width (a) and height (b) of the rectangular waveguide:
· TE10​: One variation along width (a), none along height (b) (dominant mode)
· TE20: Two variations along width (a), none along height (b).
· TE01​: One variation along height (b), none along width (a).

Formula for Cutoff Frequency
The cutoff frequency (fc) for a rectangular waveguide is given by:
		fc =  
Where:
· c = 3.0×108 m/s = (speed of light in vacuum),
· a = 23 mm = 23 × 10−3 m (width),
· b = 7mm = 7 × 10−3 m (height),
· m, n are mode indices (m, n = 0,1,2,…)
Calculation for Vacuum-Filled Waveguide (Task 1a)
For the first three modes:
Mode TE10 (m=1, n=0):
fc10 =  
fc10 = 
fc10 = 
fc10 = 6.52 GHz


Mode TE01 (m=0, n=1):
fc01 =  
fc01 = 
fc01 = 
fc01 = 21.43 GHz

Mode TE20 (m=2, n=0):
fc20 =  
fc20 = 
fc20 = 13.04 GHz

[bookmark: _Toc196482272]2.1.2 Teflon 
Calculation for Teflon-Filled Waveguide (Task 1b)
For Teflon, the relative permittivity is =2.1, which modifies the speed of light inside the medium:
cTeflon x 108 m/s
Using cTeflon in the cutoff frequency formula:






Mode TE10 (Teflon) (m =1, n = 0):
fc10Teflon =  
fc10 = 

fc10Teflon = 4.50 GHz

Mode TE01 (Teflon) (m = 0, n = 1):
[bookmark: _Hlk196477182]fc01Teflon =  
fc01 = 
fc01Teflon = 14.79 GHz

Mode TE20 (Teflon) (m = 2, n = 0):
fc20Teflon = 
fc20 = 
fc20Teflon = 9.00 GHz






[bookmark: _Toc196482273]2.1.3 Results
	Mode
	Cut-off frequency (Vacuum) GHz
	Cut-off frequency (Teflon) GHz
	Difference GHz

	TE10 (Dominant mode)
	6.52
	4.50
	4.50

	TE01
	21.43
	14.79
	14.79

	TE20
	13.04
	9.00
	9.00 



Due to the lower speed of light in Teflon, the cut-off frequencies are lower in the Teflon-filled waveguides, resulting in a narrower operational frequency range for the waveguide.
[image: A comparison of blue and green bars

AI-generated content may be incorrect.]
TE10 Mode: The cutoff frequency in Teflon is 2.02 GHz lower than in vacuum. This means the Teflon-filled waveguide can support the TE10 mode at lower frequencies, making it suitable for applications requiring lower-frequency operation.
TE01 Mode: The cutoff frequency is 6.64 GHz lower in Teflon. This significant reduction indicates that higher-order modes are more affected by the dielectric material. The TE01 mode can propagate at much lower frequencies in Teflon.
TE20 Mode: The cutoff frequency is 4.04 GHz lower in Teflon. Like the TE10 mode, the TE20 mode can propagate at lower frequencies in Teflon.
Dominant Mode (TE10): The TE10 mode dominates vacuum and Teflon-filled waveguides. It has the lowest cutoff frequency and is the first mode to propagate as the frequency increases.
Higher-order Modes (TE01, TE20): These modes have higher cutoff frequencies and propagate at higher frequencies. Teflon's significantly reduced cutoff frequencies indicate that these modes can propagate at much lower frequencies than in a vacuum.
 Practical Applications
Communication Systems:
· Vacuum-filled Waveguide: This type suits high-frequency applications such as satellite communications and radar systems. The higher cutoff frequencies ensure efficient propagation of high-frequency signals.
· Teflon-filled Waveguide: This type is suitable for lower-frequency applications, such as specific communication systems and signal processing applications. The lower cutoff frequencies allow for efficient signal transmission at lower frequencies.
Signal Processing:
· The choice of dielectric material can impact the accuracy and efficiency of signal transmission. Teflon-filled waveguides can be used to tailor the waveguide's characteristics to specific signal processing needs, especially for lower frequency signals.















[bookmark: _Toc196482274]3. Antenna
The length of the half-wave dipole antenna is given by: L = Where λ is the wavelength.
λ = 231mm (first three digits of student ID) 
L =  = 115.5mm
The operating frequency of the antenna is given by: f = . Where c = 3 x 108 m/s (speed of light)
Given  = 231mm, f =  = 1298.7 MHz
[bookmark: _Toc196482275]3.1 S-Parameter plot
Here is the S-parameter plot showing the reflection coefficient (S11) around the operating frequency:
[image: A diagram of a function
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The S-parameter plot shows the antenna's reflection coefficient (S11) across various frequencies.
The plot covers frequencies around the calculated operating frequency of 1298.7 MHz. The S11 parameter indicates how much power is reflected from the antenna; the lower the value, the better the impedance matching and less power reflection. 
The dip in the S11 value around 1298.7 MHz indicates the frequency at which the antenna is resonant. The antenna is well-matched to the 50-ohm port impedance at this frequency, resulting in minimal reflection and maximum power transfer.
The width of the dip in the plot can indicate the antenna's bandwidth. The start frequency is around 1250 MHz, and the end frequency is approximately 1350 MHz, so the antenna's bandwidth is 1350 – 1250 = 100 MHz.
[bookmark: _Toc196482276]3.2 Radiation pattern 
The radiation pattern of the half-wave dipole antenna:
[image: A diagram of a circle with a number of circles
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The radiation pattern of the antenna shows how it radiates energy into space. 
The perpendicular view of the pattern is omnidirectional, which means the antenna radiates energy equally in all directions around its axis. The pattern shows that the antenna's maximum radiation direction occurs broadside to the antenna, with minimal radiation along the axis.
The elevation view (along the length of the antenna) forms a figure of eight, indicating that the antenna radiates in two main lobes, one on either side of it.
The antenna's omnidirectional radiation pattern makes it suitable for applications requiring uniform coverage in all directions. In contrast, the figure-of-eight pattern indicates efficient radiation in two directions, ideal for specific communication applications.























[bookmark: _Toc196482277]4. Discussion
[bookmark: _Toc196482278]4.1 Task 1: Waveguide with Vacuum and Teflon
Waveguide Physics
Waveguides guide electromagnetic energy through reflections off conducting walls. Only specific wave modes can propagate depending on the waveguide’s dimensions and signal frequency.
The cutoff frequency marks the minimum frequency required to propagate for a particular mode (e.g., TE₁₀, TE₀₁). Below this frequency, the wave decays exponentially.
Why Cutoff Frequencies Behave the Way They Do
· Dominant Mode TE₁₀: This mode has the lowest cutoff frequency because it only requires one field variation across the larger dimension (width, a). This makes it the most efficient and earliest to propagate as the frequency increases.
· TE₀₁ and TE₂₀ Modes: These involve more complex field variations across width or height, so they require higher frequencies to initiate propagation.
· Material Impact (Vacuum vs. Teflon):
· In a vacuum, the speed of light is higher, so cutoff frequencies are higher.
· In Teflon, the reduced light speed due to the dielectric constant (εr = 2.1) lowers the cutoff frequency.
· The cutoff frequency is inversely proportional to the square root of the dielectric constant:
fcTeflon =  
· This explains the consistent reduction in cutoff frequency across all modes in the Teflon-filled waveguide.
Physical Interpretation
· A lower cutoff frequency in Teflon means the waveguide can operate over a wider frequency range starting from a lower frequency, making it more versatile for lower-band applications.
· Conversely, vacuum waveguides suit high-frequency applications (e.g., radar, space comms), where higher mode purity and minimal dispersion are key.
[bookmark: _Toc196482279]4.2 Task 2: Half-Wave Dipole Antenna
Design Summary
· Length = λ ÷ 2 = 115.5 mm ensures that the antenna supports a resonant standing wave of current, with maximum radiation efficiency at its natural frequency.
· Calculated frequency ≈ 1.2987 GHz aligns with your S11 dip—showing the theoretical and simulated designs match.
S-Parameter (S11) Behaviour
· S11 represents the input reflection coefficient. A deep dip at ~1.3 GHz (e.g., -20 db) indicates:
· Good impedance matching to 50-ohm feed.
· Maximum power transfer and minimum reflection.
· The bandwidth (from -10 db crossing points) gives insight into the frequency range over which the antenna operates effectively. In this case:
BW=1350 MHz−1250 MHz=100 MHz 
This is decent bandwidth for a half-wave dipole.
Radiation Pattern Explanation
· Azimuthal Plane (perpendicular): Nearly omnidirectional, ideal for uniform coverage in horizontal directions.
· Elevation Plane (along antenna length): Figure-eight shape – typical of dipoles – showing nulls along the axis and lobes broadside.
These features make it ideal for broad coverage applications like Wi-Fi, broadcasting, or general-purpose communication.
Why the System Behaves This Way
· Waveguide behaviour is defined by its geometry and dielectric medium. Vacuum supports higher frequency modes, while Teflon allows lower-frequency operation.
· Dipole antenna behaviour is governed by its resonant length and operating frequency, which are governed by fundamental EM wave principles.
· The match between the theoretical calculations and simulation outcomes (S11 dip and radiation pattern) validates the design and understanding of EM behaviour.
[bookmark: _Toc196482280]5. Conclusion
The analysis and simulation of both the waveguide and half-wave dipole antenna systems confirm the theoretical expectations based on classical electromagnetic principles. For the waveguide, the effect of dielectric material on cutoff frequencies is demonstrated—Teflon-filled waveguides show significantly lower cutoff frequencies, allowing for propagation at reduced operating frequencies. This property makes them advantageous for specific lower-frequency applications.
The half-wave dipole antenna, designed to resonate at approximately 1.298 GHz, displayed accurate matching characteristics and an effective radiation pattern, verifying the antenna’s design and practical performance. The omnidirectional and figure-eight radiation profiles are consistent with dipole theory and are ideal for broad signal coverage.
The systems behaved as predicted, with simulations reinforcing the theoretical models. These findings highlight the importance of material selection and geometrical precision in electromagnetic system design and confirm the value of simulation tools in validating theoretical analyses.
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[bookmark: _Toc196482282]7. Appendix
7.1 Vacuum 

























Figure 1 - Top to Bottom(Left to Right): Port Field Mode 1.1 – 2.3, Mag H1 - H6, Mag E1 - E6, Gamma Plot Graph




























7.2 Teflon






















































Figure 2 - Top to Bottom (Left to Right): Port Field Mode 1.1 – 2.3, Mag H1 - H6, Mag E1 - E6, Gamma Plot Graph

7.3 Antenna
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