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[bookmark: _Toc196482952]Abstract:
The electromagnetic waves behave differently when travelling through waveguides with different modes, and different core materials. Both regardless find their cutoff frequencies and their dominant wavelengths. The dipole antenna constructed from the student identification number was found and the optimal frequency, S-patterns and radiation pattern resulting from the theoretical calculations. Overall this assignment is useful to understanding systems relating to electromagnetic radiation.
[bookmark: _Toc196482953]Introduction:
Electromagnetic waves are a self-propagating form of radiation, they consist of two components, an electric and magnetic element. These components do not oscillate in parallel, but perpendicular at a right angle and transmit in the same direction. [1] [2]
Electromagnetic waves are categorised by their wavelength and frequency, both of which are inversely proportional to each other. The categories that the different wavelengths of electromagnetic waves get broken down into are defined as; Gamma rays (ɣ), X-rays, Ultraviolet, Visible Light, Infrared, Microwaves and Radio waves. Each category of wavelength is utilised for its own unique purpose that results from its properties.
[3][image: A diagram of a spectrum

AI-generated content may be incorrect.]
[bookmark: _Toc196482954]Introduction to Waveguides:
A waveguide is a method of controlling and guiding the direction of self-propagating electromagnetic waves. Waveguides aid the transmission of such electromagnetic waves for the purpose of directing energy, to power or to transmit signals. Waveguides by nature of enclosing the signal with the boundaries avoid the inverse square law, as the signal cannot spread out in which the signal would dilute.
An example of such waveguide is the simple fibre-optic cable. In such a fibre optic cable, an electromagnetic signal, usually infrared or visible light, is transmitted down the barrel of the fibre optic cable, in which this electromagnetic signal reflects off of the boundaries that surround the core of the fibre optic cable, allowing the signal to propagate to the other end of the cable with little signal dilution, though due to other circumstances, dilution or signals taking longer than others can cause some issue with fibre-optic cables and waveguides as a whole.
Other areas a waveguide, such as one which will be shown later in this assignment, is RADAR systems, or “Radio Detection and Ranging Systems”. A waveguide is used to transfer the transmitted pulse from its source to the reflector on the radar dish. These waveguides step away from the cylindrical and small design of fibre optic cables and prefer a larger and rectangular shape, these waveguides may twist and turn depending on the location the waveguide is to guide the electromagnetic waves. A rectangular shape is often preferred if the electromagnetic signal, projected down it has a wavelength of a millimetre, (between the frequencies of 30 and 300 GHz) as the rectangular shape offers the lowest loss of transmission media over its length. The Rectangular shape also poses to aid in the prevention of external radio frequencies altering the transmitted signal inside the waveguide. [4]
[bookmark: _Toc196482955]Task 1A:
[bookmark: _Toc196482956]Designing the Waveguide:
The dimensions of the waveguide were pulled from our student identification numbers. In this case the student identification number used was 2317963 Particularly the first four digits and broken down to two, two-digit numbers, in which the second number was to be divided by the number two, with all decimals will be rounded up. As a result, in this assignment the numbers used for the size of the waveguide are 23mm x 18mm.
These dimensions will be used to simulate the unique waveguide in the software ‘ANSYS Electronics’, using a HFSS simulation (High Frequency Structure Simulator). Within this simulation, when the rectangular waveguide has been modelled, its parts must be specified. For task 1A, the boundaries of the waveguide are specified as PEC (a Perfect Electric Conductor), and for Task 1A, the internal space is void and set as a perfect vacuum. Each end of the Waveguide is set as excitation ports, port one and port two.
[bookmark: _Toc196482957]Simulation of the Waveguide:
To run the simulation, to ensure ANSYS Electronics treats the waveguide correctly, a frequency sweep is set up from 2GHz to 30GHz. 3 modes are also enabled, to analyse the waveguide behaviour across a range of frequencies.
When Electromagnetic Radiation is propagated down a waveguide the confinement provided by the boundary conditions, limits the transverse pattern of the electromagnetic waves to within the boundary conditions. These are Transverse Modes, which can be either Transverse Electric (TE), Transverse Magnetic (TM) or Transverse Electric Magnetic (TEM), all of which can be calculated by Maxwell’s equations.
On a rectangular waveguide the figures ‘m’ and ‘n’ represent the number of half wavelengths along both the width (m) and the height (n) of the waveguide. These are written in the following the current transverse mode such as transverse electric mode, with one half wave across the width but none across the height, TE10. [5]
[image: Picture 4, Picture][image: Picture 5, Picture][image: Picture 3, Picture]These are the three modes modelled in ANSYS Electrical simulation for task 1A: Transverse Electric (TE)

[image: Picture 47, Picture]The three modes tested in the simulation show different half wavelengths on the excitation port of the waveguide. The leftmost is TE10, with 1 half wavelength across the width of the excitation port, and none across the height. Then the excitation port shows TE20 with two and none, and TE01 with zero and one. Figure 1 - Menu showing which port the electromagnetic radiation is entering the waveguide, resulting in different excitations appearing.

[image: facts about rectangular waveguides]
Figure 2 - Image showing the different modes that can appear on rectangular excitation ports (Image Credit [4])
[4]
The most dominant mode in this rectangular waveguide will be the mode with the lowest order mode, that can be supported by the waveguide for a given frequency or wavelength. To calculate this, the excitation port patterns are taken and put into an equation below and the most dominant excitation port pattern will be the one with the lowest cutoff frequency. 
[bookmark: _Toc196482958]Simulation Results:
The results of the ANSYS Electrical simulation for task 1A: Electrical and Magnetic Fields:
The ANSYS Electrical simulation shows the magnitude and the vectors of electrical and magnetic fields inside the waveguide, 
Below are the results showing the behaviour of the electrical and magnetic fields that are present in the waveguide made under Task 1A, they are images combining the magnitude of the strength of the respective field, which is shown by the colour and the scale on the left of the images, and the direction of the field, shown by arrows drawn on the surface of each of the images.
[image: Picture 8, Picture][image: Picture 7, Picture]Note these ANSYS photos only show the magnitude and the vector of these electromagnetic forces on the ‘surface’ of the waveguide, on both excitation ports and the walls of the waveguide where the inner core meets with the shrouding or cladding.Figure 3 - (right) - Vacuum, Electric Field Vectors, Mode 1
Figure 4 - (left) - Vacuum, Electric Field Magnitude and Vectors, Mode 1


These two images show the magnitude and the vectors of the strength of the electric field when put through the vacuum waveguide under the effects of Mode 1. 





[image: ][image: Picture 9, Picture]

Figure 5 (left) - Vacuum, Electric Field Magnitude, Mode 2
Figure 6 (right) - Vacuum, Electric Field Vectors, Mode 2
[image: Picture 14, Picture]After using the visualiser in the ANSYS Electical to display my magnitude and vectors, it was discovered that both results could be overlaid to create a single image.
[image: Picture 17, Picture]
Figure 7 (left) - Vacuum, Electric Field Magnitude and Vectors, Mode 3
[image: Picture 19, Picture]Figure 8 (right) - Vacuum, Magnetic Field Magnitude and Vectors, Mode 1
[image: Picture 18, Picture]
Figure 9 (left) - Vacuum, Magnetic Field Magnitude and Vectors, Mode 2

Figure 10 (right)- Vacuum, Magnetic Field Magnitude and Vectors, Mode 3
[bookmark: _Toc196482959]Task 1B:
[bookmark: _Toc196482960]Designing the Waveguide:
Likewise with Task 1A, the dimensions of the waveguide were pulled from our student identification numbers, 2317963. For task 1B likewise with task 1A, the boundaries of the waveguide are specified as PEC (a Perfect Electric Conductor), but the internal space is no longer a perfect vacuum, but it is now set to the material Teflon, chosen from the material definition library within ANSYS Electrical, and set with 0.8 or 80% transparency. Each end of the Waveguide is set as excitation ports alike task 1A. [image: Picture 20, Picture]
Figure 11 - Waveguide's internal material being defined as Teflon with a transparency of 0.8.
[image: Picture 21, Picture]
Figure 12 - Teflon being chosen from the Material Definition Library.
[bookmark: _Toc196482961]Simulation of the Waveguide:

[image: ][image: ][image: ]
The three excitation ports for Task 1B is the same as it was for task 1A. From left to right, TE10, then middle TE20, and right TE01, these are displayed by the shape and direction of the arrows that make up the shape of the halfwavelengths.
[bookmark: _Toc196482962]Simulation Results:
These are the simulation results of the waveguide when the boundaries are made of a PEC 
[image: Picture 64, Picture][image: Picture 66, Picture](Perfect Electrical Conductor) and the inner core is made of Teflon.
Figure 13 (left) - Teflon, Electric Field Magnitude and Vectors, Mode 1
[image: Picture 70, Picture][image: Picture 68, Picture]Figure 14 (right) - Teflon, Magnetic Field Magnitude and Vectors, Mode 1

Figure 15 (left) – Teflon, Electrical Field Magnitude and Vectors, Mode 2
[image: Picture 75, Picture][image: Picture 73, Picture]Figure 16 (right) - Teflon, Magnetic Field Magnitude and Vectors, Mode 2

Figure 17 (left) - Teflon, Electrical Field Magnitude and Vectors, Mode 3
Figure 18 (right) - Teflon, Magnitude Field Magnitude and Vectors, Mode 3

Comparing the results of electrical and magnetic fields in the waveguide when changing which mode, the waveguide is running under shows the differences each mode makes to the shape of the electromagnetic forces that are passing through the waveguide. 
[bookmark: _Toc196482963]Comparing Cut-off frequencies
[bookmark: _Toc196482964]Vacuum Calculations
To calculate the cut off frequency, which is the lowest frequency that electromagnetic radiation can propagate through, multiple equations are required, listed below, as waveguides which have different media like the vacuum and the Teflon core result in the waveguide having a different permeability resulting in the speed of light changing between each waveguide. 
To calculate the cutoff frequency when the waveguide is a vacuum.

TE10 (Vacuum)


TE20 (Vacuum)

TE01 (Vacuum)

The results from Vacuum.
	Cutoff Frequency for TE10
	
	6.52GHz

	Cutoff Frequency for TE20
	
	13.04GHz

	Cutoff Frequency for TE01
	
	16.67GHz



[bookmark: _Toc196482965]Teflon Calculations
To calculate how the speed of light differs when it is in Teflon, when compared to a vacuum the following equation must be used.

The relative permittivity (E) of Teflon is 2.1
This means that the speed of light (C) in Teflon is 207019667.8 ms^-1 or 2.07x10^8
The relative permittivity (E) of a Vacuum is (μ0) which is expressed as 4πx10^-7 Hm^-1

These calculations consider the TE modes of waveguides as TE modes are dominant in rectangular based waveguides. 


This equation can be filled in with the proceeding data collected from earlier to find the frequency cutoff for each TE.
TE10 (Teflon)

TE20 (Teflon)

TE01 (Teflon)


The variables and constants in this equation are broken down as.
Fc = Frequency Cut off
C = Speed of Light (3x10^8)
M = Number of modes across the width of the waveguide
A = The Width of the waveguide in mm (23mm) (0.023m)
N = Number of modes across the height of the waveguide
B = The height of the waveguide in mm (9mm) (0.009m)
Er = Relative Permittivity of Teflon (2.1)
E0 = Relative Permittivity of Free Space (8.854x10^-12 F/m)
μ0 = Relative Permittivity of Vacuum (4π x 10^-7 H/m)

The results from Teflon.
	Cutoff Frequency for TE10
	[bookmark: _Hlk196479574]
	6.52GHz

	Cutoff Frequency for TE20
	
	13.04GHz

	Cutoff Frequency for TE01
	
	0.0641GHz



[bookmark: _Toc196482966]Comparison of the two cores
The simulation results created by ANSYS Electrical can be turned into graphs which display the information in a more digestible form. Each cutoff frequency can be shown. Markers will be placed where each cut-off frequency occurs to give definitive coordinates of each cut-off frequency which can be used to compare against the calculated cut off frequency to determine the accuracy of the simulation.
[image: Picture 1, Picture]
Figure 19 - Setting up the Gamma Plot to display the frequency cut offs for each mode.
[image: Picture 2, Picture]
Figure 20 - Gamma Plot for task 1A (Vacuum Core)
The cut-off frequencies for Task 1A, the vacuum core are as follows.
	Mode
	Gamma Plot Cut-off Frequency

	1
	6.4800 GHz

	2
	12.9900 GHz

	3
	16.6300 GHz



When compared to the cutoff frequencies calculated earlier, a small difference is noticed at most 0.05GHz, leading to the belief that both the calculations and the simulation is correct.
	Cutoff Frequency for TE10
	
	6.52GHz

	Cutoff Frequency for TE20
	
	13.04GHz

	Cutoff Frequency for TE01
	
	16.67GHz



The lowest cutoff frequency for the vacuum, Mode 1, TE10 is the dominant wavelength for this waveguide.

[image: A graph with different colored lines

AI-generated content may be incorrect.]
Figure 21 - Gamma Plot for Task 1B (Teflon Core)

The cut-off frequencies for Task 1B, the Teflon core are as follows.
	Mode
	Gamma Plot Cut-off Frequency

	1
	4.4848 GHz

	2
	8.8671 GHz

	3
	11.4500 GHz



When compared to the Cutoff frequencies calculated earlier, a large difference is noted. 
	[bookmark: _Hlk196481129]Cutoff Frequency for TE10
	
	6.52GHz

	Cutoff Frequency for TE20
	
	13.04GHz

	Cutoff Frequency for TE01
	
	0.0641GHz



The difference between the calculated and the simulated cut off frequencies are significant and the calculated cutoff frequency for TE01 is drastically out. Enough to bring it as a failed calculation. The other two calculations whilst a significant difference in the answers brings the question of discrepancies in either the calculations made or the software of ANSYS, which never displayed the relative permittivity that it was using for Teflon, resulting in possible differences in answers. Regardless of the discrepancies both calculations display that Mode 1, TE10 is the dominant wavelength for the waveguide with a Teflon core.

[bookmark: _Toc196482967]Task 2:
[bookmark: _Toc196482968]Designing the Antenna:
Task 2 details constructing a dipole antenna using ANSYS Electronics HFSS (High Frequency Structure Simulation). In order to find the length of the antenna used, again students are prompted to their unique student identification number, particularly the first three digits (231) and calculate the size of the antenna using the equation using the first three digits as their wavelength ().
  			  = 115.5mm
Now that students have the length of their dipole antenna, they are to construct it in ANSYS out of PEC (Perfect Electrical Conductor) with their calculated length in mm and a radius of 1mm. They must also calculate the operating frequency (f) using the following equation, using their wavelength () and the speed of light (c).
				

[image: Picture 58, Picture][image: Picture 57, Picture]At the origin of the Dipole Antenna the excitation is defined with a frequency sweep between 0.5GHz and 10GHz, with this spectrum the operating frequency can be found for this particular Dipole Antenna.Figure 22 – The Port Impedance being set at the origin point of the Dipole Antenna.
Figure 23 - The Dipole Antenna is constructed in ANSYS Electrical HFSS, the length of the dipole is rounded to 116mm, due to limitations of the hardware. The antenna is constructed in both the +tive and -tive Z cartesian direction.

[bookmark: _Toc196482969]Simulation of the antenna:
At first the simulation had some teething problems. An unknown parameter resulted in incorrect data being plotted from the simulation. ANSYS seemed to be overwhelmed by the large frequency sweep assigned to the simulation. Constricting the sweep from 0.5GHz – 10GHz, down to 0.5GHz – 1.5GHz, resulted in a clearer decibel (dB) Gain Plot being constructed from the data. The final data is unaltered as the optimal frequency is unchanged. A suspicion is that this Gain Plot showed the radiation pattern for an antenna with more than one wavelength resulting in this cloverleaf radiation pattern.
[image: Picture 60, Picture]
Figure 24 - A 'muddied' dB Gain plot, as ANSYS was overwhelmed by the data from a large frequency sweep.
[bookmark: _Toc196482970][image: Picture 62, Picture]Simulation Results:Figure 25 - S Parameter Plot for Dipole Antenna

[image: Picture 61, Picture]The above plot shows the graph of frequency against decibels, the section of this graph with most interest is that of the part with the lowest trough, this is the operating frequency that is the most efficient. A marker has been placed at the bottom of this lowest trough; it shows the values of the location it was placed. The frequency with the most efficient frequency as indicated is 1.1787GHz. In comparison the calculated optimum frequency for the dipole antenna was 1.298GHz. The difference between the calculated optimum and the ANSYS optimum is 0.1193GHz. The difference between the two optima can be explained by either mistakes when creating the dipole antenna in ANSYS, such as the rounding that was made to construct the length of the antenna or having to change the frequency sweep to make sure the graphing software was not overwhelmed by the raw amount of data.

Figure 26 - A typical radiation pattern of a dipole antenna.
Shown above is the radiation pattern of the Dipole Antenna that was created, this is a typical radiation pattern for this type of antenna. The field strength is the strongest perpendicular to the antenna and reduces in strength at the top and the bottom of the dipole antenna akin to the shape of an apple.
[bookmark: _Toc196482971]Conclusion:
In conclusion this assignment details, a basic introduction to electromagnetic radiation, how waveguides work and their reasons for use, and why they work. In particular how the relative permittivity of the material making the core of the waveguide affects the electromagnetic radiation signals that can pass through. The accuracy of the vacuum calculations confirmed their validity, though the complications with the Teflon give us the correct result in which mode is the dominant wavelength, though the specifics of that wavelength need to be determined. The simulated dipole antenna was found with the theoretical equations and proved to be accurate when the correct S-patterns and radiation patterns were observed.
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