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[bookmark: _Toc196481921]Abstract
This report explores the principles behind wave propagation through rectangular waveguides and radiation patterns of dipole antennas. Documented in this report is three simulations completed using ANSYS Electronics Desktop software. The first two simulations compare the difference in wave propagation and cut off frequencies between vacuum filled and Teflon filled rectangular waveguides. The third simulation explores the methodology of halfwave dipole antennas highlighting operating frequency and radiation pattern.
All results from the completed simulations are compared with theoretical calculations to validate the analytical model and simulation setup used to complete the work. This work highlights the importance of model validation and potential discrepancies that can be seen when completing simulation work. 



















[bookmark: _Toc196481922]Introduction
The majority of all modern communication systems use electromagnetic waves to enable efficient transmission of signals. This report will analyse rectangular waveguides, which is a structure that is used in electromagnetic wave propagation to guide or direct waves in a particular direction, and dipole antennas, which can serve as efficient radiators of receivers of electromagnetic signals. With the aid of simulation software, ANSYS Electronics Desktop, this report will review their behaviours and performance highlighting the importance of simulation validity by pulling in theoretical principles. Alongside the analysis of simulation validity, a dive into the impact of material variations and boundary conditions on design of these components will be completed. 
[bookmark: _Toc196481923]Waveguide Overview
As stated above, in simple terms a waveguide is a structure that directs or guides the transmission of energy in one direction. There are various types of waveguides that can be used for particular types of energy such as acoustic waveguides which direct sounds and optical waveguides which direct light. This report will focus purely on electromagnetic waveguides in particular rectangular waveguides.
Electromagnetic waves are a type of radiation that travels through space and materials. These waves are formed when an electric field oscillates with a magnetic field. [1] There are several different types of electromagnetic radiation that all have different uses in today’s modern world. The varied types can be collated to form the electromagnetic spectrum which increases in frequency from radio waves to gamma rays. Rectangular waveguides are 
The geometry of a waveguide is designed based on the required operating frequency and mode of wave propagation. In rectangular waveguides there are two common modes which are Transverse Electric (TE) and Transverse Magnetic (TM). TE modes have the electric field transverse to the propagation with the magnetic field operating in the direction of propagation. TM modes operate in the same manner but with the fields switched around. [2] Waveguides are constructed with a Perfect Electric Conductor (PEC) for walls to ensure high reflectivity of electromagnetic waves. The fill materials used in this report is vacuum and Teflon so an analysis can be made as to the effects of relative permittivity and permeability. [3] Rectangular waveguides are commonly used in microwave communications, optical fibre networks and satellite communication. [4] [5]
[bookmark: _Toc196481924]Antenna Overview
An antenna converts electric current into electromagnetic waves or vice versa which gives them several uses in a variety of industries day to day. They can be used as transmitters, receivers or both for transmitting and receiving radio waves and microwaves. Similar to waveguides they are used commonly in broadcasting, wireless networks, RADAR and satellite communication. [6] [7]
This report documents findings specifically for a dipole antenna which is a straight conducting wire divided into two equal halves. Each half extends from a central feed point where is connected to a balanced transmission line. The centre of the antenna is the ideal location to feed power due to its lower impedance. At resonance the centre is also the point of maximum current and minimum voltage. [8]
The energy radiated by an antenna is represented by the radiation pattern which is a graphical representation of electromagnetic energy distributed or received. It can be used to display an antenna’s performance and how it radiates in different directions. 
[bookmark: _Toc196481925]Ordnance, Munitions & Explosive (OME) Applications & Effects
Electromagnetic radiation can affect explosive materials in different ways depending on the sensitivity of explosive and power of the radiation. Certain waves can generate energy that is sufficient to raise the temperature of materials which could cause issues if working with thermally unstable explosive materials. A very important consideration when working with explosive processing during all stages of manufacture is ElectroStatic Discharge (ESD) which, in drastic cases, can lead to ignition or detonation of explosive material.



















[bookmark: _Toc196481926]Task 1A – Rectangular Waveguide (Vacuum)
Task 1 of this report will document the findings from simulations of rectangular waveguides. The first will have PEC walls filled with vacuum and its dimensions determined using the author’s student number. The dimensions using the student number can be seen below. 





Two ports were configured at the ends of the waveguide with three modes in each port. This will allow analysis of waveguide behaviour with different mode propagation. 
The port field displays can be seen below with identification of modes. The port field displays at both ports for this simulation were the same and will therefore only be shown once in this report. 
Figure 1 below shows the port field display for mode 1. As highlighted by the curve drawn on the image, there is one half wavelength in the a/m direction and no half wavelengths in the b/n direction. This means that mode 1 of this waveguide is a TE10 mode.
[image: ]
[bookmark: _Toc196475064]Figure 1 – Task 1a Port Field Display (Mode 1)
Figure 2 shows the port field display for mode 2 of this waveguide. The highlighted curve shows two half wavelengths in the m direction and, like mode 1, no half wavelengths in the n direction. The display below shows that mode 2 of this waveguide functions as a TE20 mode.
[image: ]
[bookmark: _Toc196475065]Figure 2 – Task 1a Port Field Display (Mode 2)
Figure 3 shows the port field display for mode 3 of this waveguide. The curve shows just three half wavelengths in the m directions meaning mode 3 for this waveguide functions as a TE30 mode. 
[image: ]
[bookmark: _Toc196475066]Figure 3 – Task 1a Port Field Display (Mode 3)
As stated in the brief and above, the fill material for this simulation was vacuum which has a relative permittivity and relative permeability of 1. From the port field displays and other information there are calculations that can be done to calculate the cut off frequency of the waveguide at each mode. The calculations can be seen in detail below.

Mode 1


Mode 2


Mode 3


The below graph is the output from the simulation when run with a frequency sweep from 2GHz to 30GHz. This sweep was to ensure adequate data was achieved to analyse the waveguide’s behaviour across a range of frequencies. The graph shows a plot for all three modes in the waveguide with a marker being place on each plot when it begins to rise. These markers represent the cut off frequencies for each mode which can be compared to the calculated theoretical values. 
[image: ]
[bookmark: _Toc196475067]Figure 4 - Rectangular Plot Task 1a
The calculated results from the theoretical equations and the results retrieved from the simulation have been extracted and put into the table below to allow comparison. As clear in the table, the results are very similar with the calculated values coming in slightly above for all three modes. Minor differences are very common when comparing theoretical values to simulated due to a variety of reasons like limitations with software. Another potential reason for small discrepancies is human error when placing the marker as it can be difficult to get the exact place. Overall, the discrepancies seen are nothing out of the ordinary and the theoretical calculations validate the analytical model and simulation setup.
	Mode
	Calculated Cut off Frequency (GHz)
	Simulated Cut off Frequency (GHz)

	Mode 1
	7.14
	7.11

	Mode 2
	14.29
	14.25

	Mode 3
	21.43
	21.39


[bookmark: _Toc196475075]Table 1 - Task 1a Cut off Frequency Comparison
Table 2 shows all the screenshots taken of the electric field results from the simulation. The table shows the magnitude and vector results for the field at each mode in each port. As mentioned previously in this report, the ports had three modes which were TE10, TE20 and TE30. Looking at the magnitude results below, it is clear that the results for port 1 and port 2 are very similar. Looking closely at the ends of the waveguide in the simulation there are a distinct number of lobes of high intensity. These lobes correspond to the number of half wavelengths across the port field displays shown earlier in this report. This further solidifies the TE10, TE20 and TE30 modes used in this waveguide. 
The vector results are also shown in table 2 with the ends of the waveguide showing a similar pattern to that seen in the port field displays. The arrows in the vector results show the high areas of electric field intensity and its directions. The half wavelengths of each mode are clearly visible in the vector results with the arrows changing intensity and direction along the edge of the waveguide.
	Magnitude  
	Port 1, mode 1 
[image: A colorful rectangular object

AI-generated content may be incorrect.] 
	Port 1, mode 2 
[image: A rectangular object with a colorful pattern

AI-generated content may be incorrect.] 
	Port 1, mode 3 
[image: A close-up of a screen

AI-generated content may be incorrect.] 

	
	Port 2, mode 1 
[image: A screen shot of a cell phone

AI-generated content may be incorrect.] 
	Port 2, mode 2 
[image: A close up of a screen

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A blue and green rectangular object

AI-generated content may be incorrect.] 

	Vector 
	Port 1, mode 1 
[image: A colorfully colored rectangle

AI-generated content may be incorrect.] 
	Port 1, mode 2 
[image: A screen shot of a screen

AI-generated content may be incorrect.] 
	Port 1, mode 3 
[image: A screen shot of a screen

AI-generated content may be incorrect.] 

	
	Port 2, mode 1 
[image: A colorful pattern of triangles

AI-generated content may be incorrect.] 
	Port 2, mode 2 
[image: A blue and green triangles

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A screenshot of a computer generated image

AI-generated content may be incorrect.] 
 


[bookmark: _Toc196475076]Table 2 - Electric Field Results (Task 1A)
Table 3 shows the magnetic field results from Task 1A. Similar to the screenshots above in table 2, the edges of the waveguides show the same areas of high intensity however the main area of the waveguide is very different. The vector plot for the magnetic field is very different to that of the electric field due to the TE modes used in the waveguide. The vector plots for the magnetic field are in large circular patterns which are to be expected from this simulation. These screenshots further validate the simulation setup and software used. 
	Magnitude  
	Port 1, mode 1 
[image: A screen shot of a cell phone

AI-generated content may be incorrect.] 
	Port 1, mode 2 
[image: A screen shot of a cell phone

AI-generated content may be incorrect.] 
	Port 1, mode 3 
[image: A screen shot of a cell phone

AI-generated content may be incorrect.] 

	
	Port 2, mode 1 
[image: A screen shot of a computer generated image

AI-generated content may be incorrect.] 
	Port 2, mode 2 
[image: A colorful image of a rectangular object

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A colorful image of a rectangular object

AI-generated content may be incorrect.] 

	Vector 
	Port 1, mode 1 
[image: A green and blue rectangular object with many small colored objects

AI-generated content may be incorrect.] 
	Port 1, mode 2 
[image: A close-up of a green box

AI-generated content may be incorrect.] 
 
	Port 1, mode 3 
[image: A close-up of a structure

AI-generated content may be incorrect.] 

	
	Port 2, mode 1 
[image: A screenshot of a computer generated image

AI-generated content may be incorrect.] 
	Port 2, mode 2 
[image: A close-up of a structure

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A screenshot of a computer generated image

AI-generated content may be incorrect.] 
 


[bookmark: _Toc196475077]Table 3 - Magnetic Field Results (Task 1A)
This waveguide has TE10, TE20 and TE30 modes which all have different cut off frequencies as shown above. Having this cut off frequency only allows signals above the frequency to propagate with signals below facing high reflection. This means that waveguides act as high pass filters. The dominant mode in rectangular waveguides is the mode at which the lowest frequency can propagate. From this, it is clear that the dominant mode in this waveguide is TE10. 
[bookmark: _Toc196481927]Task 1B – Rectangular Waveguide (Teflon)
Task 1B is exactly the same as task 1A but with a Teflon filled waveguide instead of vacuum. The same dimensions and ports were used for this task as the previous with the material being the only change necessary. This would allow a logical comparison between vacuum and Teflon filled waveguides. 
The port field displays for the waveguide can be seen below which are almost identical to that from task 1A. Like task 1A the three modes for port 1 were the same at port 2 so require no need to be shown below. The three modes at each port were TE10, TE20 and TE30 again remaining the same as the previous task. 
[image: ]
[bookmark: _Toc196475068]Figure 5 - Task 1b Port Field Display (Mode 1)
[image: ]
[bookmark: _Toc196475069]Figure 6 - Task 1b Port Field Display (Mode 2)
[image: ]
[bookmark: _Toc196475070]Figure 7 - Task 1b Port Field Display (Mode 3)

The same theoretical calculations can be completed to again make a comparison with the simulated results. However, due to the change in permittivity, a prior calculation must be completed to first get the speed of light through Teflon. 
Teflon has a relative permeability of 1 and a relative permittivity of 2.1.


 

The calculated figure above can then be substituted into the equation used in task 1A to get the theoretical cut off frequencies.

Mode 1


Mode 2


Mode 3


The below graph was taken from the simulation software with a marker placed as close to the point as possible where the graph rises to determine the cut off frequency for each port. 
[image: ]
[bookmark: _Toc196475071]Figure 8 - Rectangular Plot (Task 1B)
The below table shows both the calculated theoretical cut off frequency and that marked on the graph above to compare. Similar to task 1A, the theoretical values were slightly higher than that taken from the simulation. The results are however very close and therefore validate the simulation further and confirm further results will be close to true. 
	Mode
	Calculated Cut off Frequency (GHz)
	Simulated Cut off Frequency (GHz)

	Mode 1
	4.9
	4.85

	Mode 2
	9.85
	9.84

	Mode 3
	14.78
	14.74


[bookmark: _Toc196475078]Table 4 - Cut off Frequencies (Task 1B)
The results in table 4 can be compared to table 2 to analyse the changes which took place due to the material. It is clear that the cut off frequencies are significantly lower for a waveguide filled with Teflon compared to vacuum. This means that the Teflon filled waveguide can be used at lower frequencies than vacuum. The cut of frequency is lower due to the speed at which the waves travel through the waveguide. The calculations above show that the speed that which a wave travels through Teflon is 2.07e8 m/s compared to 3e8m/s for vacuum. Since the wave is slower, the wavelength is going to be shorter meaning the waveguide can support more oscillations in the same space. From these results it is clear that the dominant mode for this task is again TE10 as it has the lowest cut off frequency. 
Table 5 shows all screenshots of electric field results for task 1b. Similar to the screenshots of task 1a, the areas of high electric intensity can be seen clearly on the edge of each waveguide. Both the magnitude and vector results show the number of peaks that can be seen on the port field displays corresponding to the TE10, TE20 and TE30 modes. The below results were as expected further providing confidence in the simulations results. The symmetry is also clear between port 1 and port 2 for each mode showing that the waves are propagating through the waveguide smoothly, indicating a well performing waveguide. 
	Magnitude  
	Port 1, mode 1 
[image: A green rectangle with blue lines

AI-generated content may be incorrect.]
	Port 1, mode 2 
[image: ]
	Port 1, mode 3 
[image: A green rectangle with blue writing on it

AI-generated content may be incorrect.]

	
	Port 2, mode 1 
[image: A green bag with blue handles

AI-generated content may be incorrect.]
	Port 2, mode 2 
[image: A green rectangular object with a green border

AI-generated content may be incorrect.]
	Port 2, mode 3 
[image: A green rectangular object with a green border

AI-generated content may be incorrect.]

	Vector 
	Port 1, mode 1 
[image: A graph of a graph

AI-generated content may be incorrect.] 
 
	Port 1, mode 2 
[image: A graph with many arrows

AI-generated content may be incorrect.] 
	Port 1, mode 3 
[image: A graph of a graph

AI-generated content may be incorrect.] 

	
	Port 2, mode 1 
[image: A graph with many colored lines

AI-generated content may be incorrect.] 
	Port 2, mode 2 
[image: A graph with many colored lines

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A graph with blue and green lines

AI-generated content may be incorrect.] 


[bookmark: _Toc196475079]Table 5 - Electric Field Results (Task 1B)
Table 6 shows the magnetic field results taken from the simulation of a Teflon filled waveguide. Looking at the vector results below there are significant differences with mode 1 compared to mode 2 and 3. This could be down to user error as mode 1 is the expected result of magnetic field. Mode 2 and 3 show some results but only at the edge of the waveguide. This could suggest that the simulation was not run at a high enough frequency as to allow propagation through mode 2 and 3. To prove this the simulation should be repeated at a higher frequency to ensure relevant and realistic results. 
	Magnitude  
	Port 1, mode 1 
[image: A green rectangular object with blue arrows

AI-generated content may be incorrect.] 
	Port 1, mode 2 
 [image: A green rectangular object with blue lines

AI-generated content may be incorrect.]
 
	Port 1, mode 3 
[image: A green rectangle with blue arrows

AI-generated content may be incorrect.]

	
	Port 2, mode 1 
[image: A green rectangular object with blue arrows

AI-generated content may be incorrect.]
	Port 2, mode 2 
[image: A green rectangular object with blue lines

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A green rectangular object with blue arrows

AI-generated content may be incorrect.] 

	Vector 
	Port 1, mode 1 
[image: A colorful rectangular object with lines

AI-generated content may be incorrect.]

	Port 1, mode 2 
[image: A multicolored rectangular object with a grid

AI-generated content may be incorrect.] 
	Port 1, mode 3 
[image: A blue and green rectangle with small blue dots

AI-generated content may be incorrect.] 

	
	Port 2, mode 1 
[image: A colorfully colored rectangular object

AI-generated content may be incorrect.] 
	Port 2, mode 2 
[image: A blue and white grid with a tall tower

AI-generated content may be incorrect.] 
	Port 2, mode 3 
[image: A blue and white rectangular object

AI-generated content may be incorrect.] 


[bookmark: _Toc196475080]Table 6 - Magnetic Field Results (Task 1B)

[bookmark: _Toc196481928]Task 2 – Dipole Antenna
Task 2 of this report was a simulation completed for a dipole antenna. The most common dipole antenna is a half wavelength dipole antenna which is when the length of its conductive elements is half of the maximum wavelength. These types of antennas can be used as standalone transmitters and receivers but also in other antenna designs like arrays. An array of antennas is a setup constructed of multiple dipoles which can increase the directional gain of the system considerably when compared to a standalone antenna. The radiation emitted by the separate dipoles interfere with each other to enhance the radiated power in a desired direction. [9] [7]
Similar to setup used in task 1, the dimensions of the antenna came from the author’s student ID. The wavelength was to be the first 3 constants of the student ID which could then be used to calculate the length required for the antenna. It was specified in the brief that any decimals were to be rounded to the nearest integer. The radius of the dipole was specified in the brief to be 1mm. 




The halfwave dipole antenna was designed using PEC material with excitations applied through the lumped port with a port impedance of 50 Ohms. To complete the simulation the designed antenna was placed in a rectangular radiating surface. 
For an antenna, the operating frequency can be calculated using the below formula. 



The below graph is the S parameter plot taken from the simulation. This graph shows the relationship between the input frequencies and output attenuation. The first trough on the graph is marked on the below figure as that is the operating frequency for the halfwave dipole antenna. This minimum point corresponds to the resonant frequency where the antenna efficiently absorbs and radiates energy. This can be compared to the calculated theoretical value above to validate the model. The recorded value from the simulation is 1.2962 GHz which is slightly below the calculated value, similar to previous tasks. This discrepancy is within the expected tolerances when working with simulation software. [10]
[image: ]
[bookmark: _Toc196475072]Figure 9 - S Parameter Plot (Task 2)
Figure 10 shows the radiation pattern of the halfwave dipole antenna taken from the simulation software. A radiation pattern is a graphical representation of the energy radiated or received by an antenna given an idea as to how it would perform. The primary direction of the antenna is the widest area in the below plot as that is where the radiation is at its strongest. This is known as the main lobe. There are also additional lobes called side lobes which exist beside the main. These represent energy radiated in undesired directions which should be minimised when designed antennas. 
[image: ]
[bookmark: _Toc196475073]Figure 10 - Antenna Radiation Pattern
Figure 10 is as expected for a halfwave dipole antenna with an almost omnidirectional plot. Figure 11 shows a typical radiation plot which was completed for another antenna. It is clear that the results obtained from the simulation align with figure 11 and can therefore be trusted.
[image: ]
[bookmark: _Toc196475074]Figure 11 - Typical Radiation Pattern [11]





















[bookmark: _Toc196481929]Conclusion
To summarise, this report has showcased in an in-depth dive into rectangular waveguides and dipole antennas. In particular, the comparisons made between simulated results and that achieved from theoretical calculations. It has shown that ANSYS Electronics Desktop is a very powerful tool that can be used to assess waveguide and antenna designs with a good degree of confidence, providing that simulation setup is correct. This report has also shown how the theoretical equations can be used to validate a simulation model to ensure that data retrieved is realistic and accurate. 
Changing the materials in a rectangular waveguide can significantly change the wave propagation and cut off frequencies. This report has highlighted the effect of relative permittivity and relative permeability of fill materials. By changing the material, the speed at which light travels through that material will change causing cut off frequencies to increase or decrease. It was shown that a waveguide using Teflon instead of vacuum allowed the waveguide to be used at lower frequencies. 
Task 2 again highlighted the importance of the use of theoretical equations to validate simulations. It showcased the capability and versatility of the software used and the accuracy it can provide results to if the setup is completed correctly.
As technology develops, continuous optimisation will take place improving simulation software over time. Simulation software is an excellent tool to use in the development of most products and technologies in the modern world with there being a vast amount of software types available to engineers to aid development. This software will continue playing a vital role in engineering with its impact potentially rising with the further development of software. 
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