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[bookmark: _Toc196471354]Introduction
Electromagnetic radiation is a form of energy that propagates through space in the form of waves. It can be described as waves or particles called photons and has a wide range of wavelengths. [1]	
[image: Basics of the Electromagnetic Spectrum | Leader Tech]
Figure 1, Electromagnetic Spectrum [2]
It is a vital element in a wide range of modern technologies, particularly in areas such as communication, detection and control systems. Within the realm of ordnance, munitions and explosives, EMR waves and antennas play a crucial role in boosting the functionality, precision and safety of systems. Remote detonation, guidance mechanisms and long-range communication rely on being able to control electromagnetic waves for the benefit of helping a team work more effectively and safely.

Maxwell’s equations describe the electric and magnetic fields come from charges and currents and how they change over time. Maxwell’s key contribution was adding a term to the last equation, which had a big impact. It showed that electric and magnetic fiends could interact and spread through space on their own, not just near charges and currents that created them. 

[bookmark: _Toc196471355]Wave Guides and Antennas
Waveguides are critical for directing and confining electromagnetic waves, significantly reducing signal loss and improving transmission efficiency, especially at high frequencies. [3] 



The main purposes that waveguides are engineered to give are:
· Contain and steer electromagnetic waves down a designated course.
· Excel in transmitting signals at high frequencies.
· Keep signal degradation to a minimum.
· Operate as conduits for electromagnetic energy, transferring it from its origin point to the intended target. [3]

Waveguide modes are the patterns in which electromagnetic waves travel through the guide. Transverse Electric Mode (TE) is where the electric field is transverse to the direction of propagation, but the magnetic field is not transverse. Transverse Magnetic Mode is where the magnetic field is transverse to the direction of propagation, but the electric field is not. Lastly, Transverse Electromagnetic Mode (TEM) is when both electric and magnetic fields are entirely perpendicular to the direction of wave travel. This means there is no field component in the direction of propagation, this mode doesn’t exist for rectangular waveguides. [4]

Every rectangular waveguide can only propagate signals above a specific frequency, called the cut-off frequency. This frequency is determined by the dimensions of the waveguide, the mode of propagation with the lowest cut-off frequency is called the dominant mode. [4] 

[bookmark: _Hlk196463845][bookmark: _Toc196471356]Task 1A – PEC Waveguide Simulation, Vacuum

[bookmark: _Toc196471357]Method / Design & Setup
For task 1a, a rectangular waveguide model was made with perfect Electric Conductor (PEC) walls and filled with a vacuum.  After creating this, the frequency sweep was set to 30GHz. The length of the waveguide and width were decided using numbers from the creator’s student number. 
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Figure 2, Rectangular Waveguide PEC Walls

[image: ][image: ]As this is filled with a vacuum, and the walls are perfect electric conductors, the electromagnetic waves reflect perfectly internally. Figure ? shows the walls of the waveguide being assigned the properties to make them PEC. After this, the two open ports were assigned as excitation ports and then assigned three modes.
[image: ]
Figures 3,4,5, Mode 1,2,3 Wave Ports

Each TE mode is designated TEₘₙ, where m is the number of half wave variations of the electric field in the Y-axis, and n is the number of half wave variations in the X-direction. The second mode is designated TE20. This is because it does not have half wave variations on the X-axis, but it does have 2 half wave variations moving at opposite directions on the Y-axis. Lastly, TE01 has one half wave variation going along the X-axis and nothing moving in the Y-axis.
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Figures 6,7, Changing Modes
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Description automatically generated]ResultsFigure 9, Velocity of Electric Fields in Mode 1
Figure 8, Magnitude of Electric Fields in Mode 1
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Figure 11, Velocity of Magnetic Fields in Mode 1
Figure 10, Magnitude of Magnetic Fields in Mode 1


Above, the magnitude is shown through a scale of colours. The red shows high intensity peaks of the wave that reflect through the waveguide, mostly through the middle and not moving to the sides as TE10 mode 1 only has a Y-directional component. The hot spot at each end, could represent an area of constructive interference.

The magnetic field appears to be moving perpendicular to the electric field, moving along the X-direction mostly. The red hot spots match the electric field, showing where there is higher electric field, the magnetic field spikes too. Both lose intensity in the middle, possibly because the low height of the waveguide is not giving the waves enough to efficiently self-propagate. 
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Figure 12, Magnitude of Electric Fields in Mode 2
Figure 13, Velocity of Electric Fields in Mode 2
Figure , Magnitude of Electric Fields in Mode 2
Figure , Velocity of Electric Fields in Mode 2
Figure , Magnitude of Electric Fields in Mode 2
Figure , Velocity of Electric Fields in Mode 2
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 Figure 15, Velocity of Magnetic Fields in Mode 2
Figure 14, Magnitude of Magnetic Fields in Mode 2



At the ends of the waveguide, two high regions are visible which is common for mode 2 TE20 waveguides. Results are like Mode 1; however, Mode 2 appears to have a higher magnetic field magnitude average over the whole waveguide, this is shown by the guide having very few dark blue spots.
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Figure 16, Magnitude of Electric Fields in Mode 3
Figure 17, Velocity of Electric Fields in Mode 3

Figure , Magnitude of Magnetic Fields in Mode 2
Figure , Velocity of Magnetic Fields in Mode 2





Figure 18, Magnitude of Magnetic Fields in Mode 3

Figure 19, Velocity of Magnetic Fields in Mode 3


Lastly, the mode 3 TE01 simulations continue the pattern of the last two modes, however on a different axis. This is because the wave port follows a horizontal direction.





	Property
	Mode 1 (TE10)
	Mode 2 (TE20)
	Mode 3 (TE01)

	m, n
	m=1 n=0
	m=2 n=0
	m=0 n=1

	Field Variation
	1 Variation across width 
	2 Variations across width
	1 Variation across height

	Visible Lobes
	1 Lobe across width
	2 Lobes across width
	1 Love across height

	Cut-off Frequency
	
	
	



Table 1, Mode 1,2,3 Comparison

[bookmark: _Toc196471359]Cut-off Frequency Analysis
[bookmark: _Toc196471360]Theoretical Calculations

To calculate the cut-off frequency of the waveguide, using maxwells equations an accurate result can be obtained.

 
 
 

The calculations show TE10 having a cut-off frequency of 6.25 GHz, which is the lowest out of the three and previously expected as the dominant. Following this, TE20 has a cut-off of 13.04 GHz and TE30 with a cut-off at 16.66 GHz. 

[bookmark: _Toc196471361]Simulation Results
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Figure 20, Cut-off Frequencies for Task 1A



	Mode
	Simulated Frequency
	Theoretical Frequency
	Difference

	1
	6.48 GHz
	6.25 GHz
	0.23 GHz

	2
	12.99 GHz
	13.04 GHz
	0.05 GHz

	3
	17.61 GHz
	16.63 GHz
	0.98 GHz


Table 2, Simulated vs Calculated Frequencies


The simulated frequencies all fall within 0.1 GHz range of the calculated results. The third marker wasn’t placed directly on the Y=0 line so this may have affected the accuracy of the frequency. The difference would be minimal.

[bookmark: _Toc196471362]Task 1B
For part B, most of the conditions are the same as the previous task. However, instead of the wave guide being filled with a vacuum, it will be changed to being filled with Teflon. This has a relative permeability of 1 and relative permittivity of 2.1, this is higher than a vacuum that has the relative permittivity of 0, which should mean the electromagnetic waves have higher resistance while propagating through the waveguide. The same process of simulating cut-off frequency and theoretical cut-off frequency will be calculated and compared to the previous task’s results.
[bookmark: _Toc196471363][image: ][image: ]Design & Setup
[image: ]Figures 21,22,23, Wave Port Modes

The same wave ports are used for task 1B. Mode 1 (TE10), mode 2 (TE20) and mode 3 (TE01), each assigned to both ends of the waveguide. The same conditions as task 1A include the walls of the waveguide being PEC and completely reflecting the EM waves within them.

[bookmark: _Toc196471364]Simulation Results
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Figure 24, Magnitude of Electric Fields in Mode 1

Figure 25, Velocity of Electric Fields in Mode 1
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Figure 27, Velocity of Magnetic Fields in Mode 1
Figure 26, Magnitude of Magnetic Fields in Mode 1


A more defined wave pattern is shown through the waveguide, with a red high intensity spot through the middle.
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Figure 28, Magnitude of Electric Fields in Mode 2
Figure 29, Velocity of Electric Fields in Mode 2

Figure 31, Velocity of Magnetic Fields in Mode 2
Figure 30, Magnitude of Magnetic Fields in Mode 2



[image: A computer screen shot of a blue rectangular object
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Description automatically generated]Two lobes are clearly visible, with a clear pattern where the EM waves are propagating through the waveguide. As the walls are PEC, there is no loss of radiation through the walls, so the pattern stays consistent throughout the guide.
Figure 33, Velocity of Electric Fields in Mode 3
Figure 32, Magnitude of Electric Fields in Mode 3



[bookmark: _Toc196471365]Results

As Teflon has a different relative permittivity, the calculations to determine cut-off frequency is a little different to task 1A’s method. 

 = relative permittivity of the filling material.
Teflon has a relative permittivity of 2.1. So .


This can now be implemented back into the first formula.


Simplified to:






These three cut-off frequencies match the same pattern that task 1A followed. TE10 being the dominant mode and having the lowest of 4.5 GHz, followed by TE20 at exactly double, 9 GHz. Lastly, TE01 is the greatest, at 11.5 GHz.
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Figure 34, Cut-off Frequency Graph

The markers on this were not placed directly on the Y-axis, this results in the X-markers possibly being not accurate, however the difference would be minimal.

	Mode
	Simulated Frequency
	Theoretical Frequency
	Difference

	1
	4.45 GHz
	4.5 GHz
	0.05 GHz

	2
	9 GHz
	9 GHz
	-

	3
	12.15 GHz
	11.5 GHz
	0.65 GHz



Table 3, Comparison of Simulated and Theoretical Frequencies
The results from the Teflon filled waveguide are similarly close to the theoretical calculations that were done in task 1A.



[bookmark: _Toc196471367]Analysis 

	Material
	Mode
	Simulated Frequency
	Theoretical Frequency
	Difference

	Vacuum
	1
	6.48 GHz
	6.25 GHz
	0.23 GHz

	Teflon
	1
	4.45 GHz
	4.5 GHz
	0.05 GHz

	Vacuum
	2
	12.99 GHz
	13.04 GHz
	0.05 GHz

	Teflon
	2
	9 GHz
	9 GHz
	-

	Vacuum
	3
	17.61 GHz
	16.63 GHz
	0.98 GHz

	Teflon
	3
	12.15 GHz
	11.5 GHz
	0.65 GHz



Table 4, Comparison of Teflon and Vacuum Frequencies

As Teflon has a higher permittivity, the waves within the material are moving more slowly and with a shorter wavelength. This means the wave can propagate at a lower frequency, and the cut-off frequency is reduced. This is why all of Teflon’s cut-off frequencies are lower than the Vacuum’s.

[bookmark: _Toc196471368]Task 2 – Halfwave Dipole Antenna
[bookmark: _Toc196471369]Design & Setup

A halfwave dipole antenna with a radius of 1mm with PEC walls and an excitation applied through a limped port with a port impedance of 50 Ohms within a rectangular radiating surface was created on Ansys.
Measurements were determined by the student number of the person running the simulation.
a = 23mm
b =  = 8.5mm
 = 231mm
Operating frequency calculation
 = 
Length of Antenna calculation

[bookmark: _Toc196471370]Simulation

Once the parameters had been determined, they could be imputed into Ansys, where it was 3D modelled and the frequency set to sweep from 0.5GHz to 10GHz. This allowed for a wide range of data to be created and graphed in results.
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Figures 35,36, Halfwave Dipole Antenna Design

[bookmark: _Toc196471371][image: A screen shot of a graph
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Figures 37, S Parameter Plot

On the S Parameter Plot 1 Graph, the power output is shown on the Y-axis in decibels, this is against frequency in GHz on the X-axis. The most efficient operating frequency for the dipole antenna can be identified by the first dip in the line. This was identified as being 1.195 GHz. 
	Simulated Frequency
	Calculated Frequency
	Difference

	1.195 GHz
	1.3 GHz
	0.105 GHz



Table 5, Task 2 Results Comparison
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Figure 38, Gain Plot of Dipole Antenna

Above, the radiation pattern is shown. This shape is typical of a halfwave dipole antenna, with maximum radiation perpendicular to the antenna, slowly dropping to minimum when parallel with the antenna. 

[bookmark: _Toc196471372]Conclusion
In conclusion, this report examines the key principles behind electromagnetic radiation, waveguides and antennas, with a focus on the role of waveguides in controlling EM propagation. While conducting simulations and theoretical calculations, it was found that TE10 / mode 1 is the dominant mode in the rectangular waveguides due to it having the lowest cut-off frequency. Furthermore, the waveguides were tested with a vacuum and Teflon centre, it was discovered that Teflon’s higher permittivity allowed for a lower cut-off frequency. Both the waveguide and halfwave antenna simulations lined up closely with the theoretical equations, confirming the accuracy of the methods used. Overall, the findings in this report how useful being able to simulate radiation patterns and the importance of waveguide and antenna design in improving communication and control systems in various applications.
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