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1. [bookmark: _Toc197086935]Introduction
A rectangular waveguide is a device used to guide electromagnetic waves   by confining the signals within its structure, minimalizing loss [1]. They are used extensively in Radar systems and satellite communications.
The assignment was to design and model a rectangular waveguide of generated dimensions filled with two different materials, Teflon and vacuum, and analyse and compare the cutoff frequencies for the first three modes.


2. [bookmark: _Toc197086936] Rectangular waveguide method
Using High Frequency Structure Simulation software, the method used was as follows:
1. The dimensions of the waveguide were generated using the student ID 2319555 as a seed to determine the width, 23mm, and height, 19mm. The Length along the Z-axis was given as 50mm. 
2. Using the Ansys Electronics program, a box of the required dimensions was generated.
3. The properties of the Box were applied such that the first model is filled with a Vacuum.
4. PEC (Perfect Electric Conductor) was applied to the walls of the waveguide.
5. The rectangular waveguide had two ports applied to opposing side to create two openings.
6. Three modes were assigned to the waveguide and to either port.
7. The frequency of the signal was selected as close to the operating frequency or expected cutoff frequency, around 7 GHZ. The maximum number of passes was set to 99.
8. The frequency sweep was set to start at 2 GHz and end at 30 GHz.
9. The simulation was validated and ran.
10. Once the results had been analysed, the properties of the Box were changed to be filled with Teflon.
11. The generated results for this second simulation were also analysed.




3. [bookmark: _Toc197086937]Rectangular waveguide results
The TE10 mode has the lowest cutoff frequency and is called the dominant mode [2]. The first three modes propagating through a rectangular waveguide are TE10 TE20 and TE01 [3].
[image: A grid with red lines

AI-generated content may be incorrect.]
Figure 1- Mode 1
This first mode is TE10, this is the dominant mode with the lowest cutoff frequency.
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Figure 2- Mode 2
The second mode is TE20, as evidenced by the electromagnetic wave following one cycle of a sine wave.
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Figure 3- Mode 3
Mode 3 appears to be TE01 as the wave follows the expected pattern. The image below shows the first twelve modes in a rectangular waveguide, upon inspection this supports the idea that mode 3 is TE01.
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Figure 4-The first 12 modes in a rectangular waveguide. The arrows of the electric fields are sketched [4].
The magnitudes and vectors of the electric and magnetic fields for each of the three modes were computed.
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Figure 5- Vacuum-filled E-field mode 1 vectors
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Figure 6- Vacuum-filled E-field mode 1 magnitudes
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Figure 7-- Vacuum-filled E-field mode 2 vectors
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Figure 8-- Vacuum-filled E-field mode 2 magnitudes
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Figure 9- Vacuum-filled E-field mode 3 vectors
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Figure 10- Vacuum-filled E-field mode 3 magnitudes
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Figure 11- Vacuum-filled H-field mode 1 vectors
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Figure 12- Vacuum-filled H-field mode 1 magnitudes
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Figure 13- Vacuum-filled H-field mode 2 vectors
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Figure 14- Vacuum-filled H-field mode 2 magnitudes
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Figure 15- Vacuum-filled H-field mode 3 vectors
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Figure 16- Vacuum-filled H-field mode 3 magnitudes
The cut-off frequency for a rectangular waveguide width a and height b, such that a≥b, is given by the equation [5],

The cut-off frequency for the dominant mode of TE10 is then given by the simplified equation [5],

Inserting the given width, 23mm, of the rectangular waveguide used results in

Resulting in a cutoff frequency for the TE10 mode of 6.52 GHz.
For the mode TE20,

Resulting in a cutoff frequency of 13.04 GHz.
Finally, the TE01,

Resulting in a cutoff frequency of 7.89 GHz.
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Figure 17- Plot of the cutoff frequencies of the first three modes in the vacuum-filled rectangular waveguide
Using a value of  for the speed of light results in slight deviations from the modelled cutoff frequencies to the calculated cutoff frequencies for the rectangular wave guide. A comparison can be seen in the table below.
	Modelled Cutoff Frequency in GHz
	Calculated Cutoff Frequency in GHz

	6.48	
	6.52

	12.99
	13.04

	15.72
	7.89


Table 1- Comparison of modelled and calculated cutoff frequencies for the vacuum filled rectangular waveguide
Using Excel, a table of cutoff frequencies for various TEmn modes can be quickly calculated.
	m
	n
	Cutoff Frequency in GHz

	0
	0
	0

	0
	1
	7.894736842

	0
	2
	15.78947368

	0
	3
	23.68421053

	1
	0
	6.52173913

	1
	1
	10.2401148

	1
	2
	17.08334161

	1
	3
	24.56572632

	2
	0
	13.04347826

	2
	1
	15.24661257

	2
	2
	20.4802296

	2
	3
	27.03838297

	3
	0
	19.56521739

	3
	1
	21.09797624

	3
	2
	25.14170262

	3
	3
	30.7203444


Table 2- Table of cutoff frequencies for TEmn
From the values calculated in the table above, it is clear that, when accounting for precision errors, the third mode present in the rectangular waveguide is most likely TE02 not TE01 as initially considered. The cutoff frequency calculated for TE02 of 15.79 GHz is the closest parallel to the modelled cutoff frequency of the third mode at 15.72 GHz.
The first three modes of the Teflon-filled rectangular waveguide have now been identified as TE10 TE20 and TE02.
The magnitudes and vectors of the electric and magnetic fields for each of the three modes for the Teflon-filled rectangular waveguide were also computed.
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Figure 18- Teflon-filled E-field mode 1 vectors
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Figure 19- Teflon-filled E-field mode 1 magnitudes
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Figure 20- Teflon-filled E-field mode 2 vectors
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Figure 21- Teflon-filled E-field mode 2 magnitudes
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Figure 22- Teflon-filled E-field mode 3 vectors
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Figure 23- Teflon-filled E-field mode 3 magnitudes
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Figure 24- Teflon-filled H-field mode 1 vectors
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Figure 25- Teflon-filled H-field mode 1 magnitudes
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Figure 26- Teflon-filled H-field mode 2 vectors
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Figure 27- Teflon-filled H-field mode 2 magnitudes
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Figure 28- Teflon-filled H-field mode 3 vectors
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Figure 29- Teflon-filled H-field mode 3 magnitudes
The Teflon used in the simulation had a relative permittivity of 2.1 instead of the vacuum used in the initial model having a value of 1. As such, the speed of light cannot be easily inserted into the cutoff frequency formula, and a different equation must be used.

Where ε is the permittivity of the medium and μ is the permeability of the medium. By substitution, this creates the equation,


This results in the calculation of the TEmn modes for the Teflon filled rectangular wave guide becoming,



	Modelled Cutoff Frequency in GHz
	Calculated Cutoff Frequency in GHz

	4.45
	4.50

	8.93
	9.00

	10.82
	10.90


Table 3- Comparison of modelled and calculated cutoff frequencies for the Teflon filled rectangular waveguide
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Table 4- Plot of the cutoff frequencies of the first three modes in the Teflon-filled rectangular waveguide
When comparing the cutoff frequencies of the vacuum-filled rectangular waveguide with the Teflon-filled rectangular waveguide, the cutoff frequencies of the first three modes are much lower for the vacuum-filled waveguide than that of the Teflon-filled counterpart.
	Modelled Cutoff Frequency of the Vacuum-filled Rectangular Waveguide in GHz
	Modelled Cutoff Frequency of the Teflon-filled Rectangular Waveguide in GHz

	6.48	
	4.45

	12.99
	8.93

	15.72
	10.82


Table 5- Comparison of modelled cutoff frequencies for the vacuum-filled rectangular waveguide and the Teflon-filled rectangular waveguide
This is due to the higher relative permittivity of Teflon when compared to a vacuum. Permittivity is a property which is associated with how much electrical charge a material can store in a given volume [6]. Relative permittivity is the ratio of the medium’s permittivity when compared to a vacuum. A vacuum’s permittivity is 1 whereas Teflon’s was 2.1. This higher ratio affects the frequency of the electromagnetic signal being sent through the waveguide. There is a lower frequency requirement before the waveguide acts as a semiconductor, only allowing signals of a certain frequency though.
In conclusion, a rectangular waveguide filled with Teflon has a different application to one filled with a Vacuum. A smaller frequency of a signal is allowed through a Teflon-filled waveguide before the cutoff is achieved meaning a longer wavelength signal, such as a radar wave, would benefit more from the semiconducting properties of the wavelength than a vacuum-filled waveguide that is more suited to receiving and propagating microwaves.


4. [bookmark: _Toc197086938]Halfwave dipole antenna results
The value of the wavelength λ was again generated using the student ID number, using the first three digits a value of 231mm is given. The same values of a and b were used as in the rectangular waveguide simulation.
The length of a halfwave dipole antenna is given by,

The length of the total wire, which is being used as the dipole antenna, is equal to half the wavelength, calculated for this simulation as 115.5mm.
The basic formula for frequency is given by,

Since the frequency of a wave is the number of cycles it performs in a given time frame, and the wavelength is the distance a wave must travel before it completes a cycle, the frequency and wavelength are in a direct inverse relationship with each other. The higher, the frequency the shorter the wavelength. The longer the wavelength, the lower the frequency.
Substituting in the value of λ and the constant c,

Gives the operating frequency of the antenna as 1.30 GHz.
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