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1. [bookmark: _Toc196468160]Abstract
This report details steps and methods employed to calculate the theoretical cut off frequencies associated with a rectangular wave guide and their comparison with the results from simulations of the same wave guide, in one instance the wave guide has a vacuum fill and the other Teflon. As well as the method for calculating the theoretical operating frequency of a dipole antenna and the simulated frequency.
 The report will conclude that the frequencies gained from the simulations are close to those that were calculated and offer possible reasons for the slight discrepancies as well as discuss potential improvements to the designs that could increase efficiency in transmission. 
2. [bookmark: _Toc196468161]Introduction
As part of the assessment phase on the completion of the Electromagnetic Radiation (EMR) module I have been tasked with calculating the frequency cut-off of the first three modes of a rectangular wave guide constructed with walls made from a material with Perfect Electric Conductor (PEC) attributes typically used in the manufacture of waveguides [1]. The Wave guide was then modelled and simulated using the Ansys student software with both vacuum fill and a Polytetrafluoroethylene (PTFE) or also known as Teflon filling with a dielectric constant of ~2.1 [2] to allow comparison with the calculated theoretical cut-off frequencies and those generated from the simulation.
Additionally, A half wave Dipole antenna has been modelled and simulated using the same software to allow the generation of the S-Parameter plot and thus determine the simulated operating frequency and the radiation pattern generated by the dipole antenna when in operation. This frequency will then be compared to the calculated theoretical operating frequency with improvements recommended to increase the efficiency of the antenna. 









3. [bookmark: _Toc196468162]Method
[bookmark: _Toc196468163]3.1 Creating the Waveguide model. 
Using the provided simulation software, Ansys, details in figure 1. A rectangular waveguide was drawn up , figure 2, with the dimensions determined from the instructions given in the assignment brief. 
[image: A black and yellow card with white text

AI-generated content may be incorrect.]
Figure 1 – Ansys loading screen.
The values of the waveguides width ‘a’ and height ‘b’ were derived from the writer’s student identification number following the instruction given in the assignment brief, where a is the first two numbers and b is the third and fourth divided by 2 with all values being in the millimeter (mm) scale. This gave values of: 
a = 19mm
b = 5mm
Length of the waveguide was given as l = 50mm
[image: A purple rectangular object on graph paper

AI-generated content may be incorrect.]
Figure 2 – Waveguide drawn in Ansys.
In order to perform an analysis of the waveguides performance through a range of frequencies the frequency sweep for the simulation was set to 2GHz to 30GHz
The simulation was run for the vacuum filled waveguide, the waveguide parameters were then modified to replace the vacuum fill with Teflon. The outputs from both simulations can be found in section 4.1 – Vacuum Waveguide Results and section 4.2 Teflon Waveguide Results .
[bookmark: _Toc196468164]3.2 Calculating the theoretical frequency cut-offs. 
In order to perform the later comparisons theoretical cut-off frequencies of the vacuum filled waveguide were calculated using the formula:

Where C is 3 x 108 m/s,
 

m is the number of half-waves present in the electromagnetic field found across the width (a) in a specific mode.
	Mode Number
	Mode 1
	Mode 2
	Mode 3

	m value
	1
	2
	3


Table 1 – m values
n is the number of  half-waves present in the electromagnetic field found across the height (b) in a specific mode.
	Mode Number
	Mode 1
	Mode 2
	Mode 3

	n value
	0
	0
	0


Table 2 – n values
Inputting the values into the frequency cut-off equation allows the theoretical cut-off frequencies for each of the modes to the calculated as below. 
Vacuum Mode 1


Vacuum Mode 2


Vacuum Mode 3


Similarly, the frequency cut-offs for the Teflon filled waveguide were calculated. However, the speed of light through a vacuum previously used would need to be replaced with a new figure : 
 		where  and 
 = Permeability of free space 8.854 x 10-12 ,  = Relative permeability of Teflon 2.1,  and 

Teflon Mode 1


Teflon Mode 2


Teflon Mode 3


[bookmark: _Toc196468165]3.3 Creating the Dipole antenna model. 
The dipole antenna model was created using the same software, the antenna’s design parameters were set as a PEC material with a radius of 1mm with the excitation being applied via a lumped port with an impedance of 50Ω. This can be seen in figure 3. 
[image: A drawing of a line with a line and a line

AI-generated content may be incorrect.]
Figure 3 – Generated Dipole antenna with lumped port
The Simulation was set up to radiate electromagnetic waves with a wavelength of mm, which again was taken from the writers’ student identification number. 
Therefor if mm and L =  then Length of the halfwave dipole antenna (L) = 95.5mm
The theoretical operating frequency was calculated using:


 This will be discussed further in the dipole antenna discussion in section 5.2. 





4. [bookmark: _Toc196468166]Results	
[bookmark: _Toc196468167]4.1 Vacuum Waveguide Results 
On completion of the simulation the Transverse Electric Modes could be viewed and mode indices attributed. 
	Vacuum Port 1 Mode 1
	Vacuum Port 1 Mode 2
	Vacuum Port 1 Mode 3
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	TE10
	TE20
	TE30



	Vacuum Port 2 Mode 1
	Vacuum Port 2 Mode 2
	Vacuum Port 2 Mode 3

	[image: ]
	[image: ]
	[image: ]

	TE30
	TE10
	TE20


As could Transverse Magnetic Modes.
	Vacuum Port 1 Mode 1
	Vacuum Port 1 Mode 2
	Vacuum Port 1 Mode 3
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	TM20
	TM20
	TM30



	Vacuum Port 2 Mode 1
	Vacuum Port 2 Mode 2
	Vacuum Port 2 Mode 3
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	TM10
	TM20
	TM30



Additionally, the field overlays of the Electric Field (E Field) could be displayed along the surface of the waveguide shown in figure 4. As well as the field overlays for the Magnetic field magnitude shown in figure 5. 
[image: ]
Figure 4 – Electric Field vector example
[image: ]
Figure 5 – Magnetic Field magnitude example
The frequency cut-offs of the 3 modes generated from the simulation were also plotted on a Gamma Plot as seen in Figure 6. 
[image: ]
Figure 6 – Plotted frequency cut-offs for Vacuum Waveguide
[bookmark: _Toc196468168]4.2 Teflon Waveguide Results 
On completion of the simulation with Teflon now substituted for the vacuum the Transverse Electric Modes could also be viewed and mode indices attributed. 
	Teflon Port 1 Mode 1
	Teflon Port 1 Mode 2
	Teflon Port 1 Mode 3
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	Teflon Port 2 Mode 1
	Teflon Port 2 Mode 2
	Teflon Port 2 Mode 3
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	Teflon Port 1 Mode 1
	Teflon Port 1 Mode 2
	Teflon Port 1 Mode 3
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	Teflon Port 2 Mode 1
	Teflon Port 2 Mode 2
	Teflon Port 2 Mode 3
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The frequency cut-offs of the 3 modes generated from the simulation were also plotted on a Gamma Plot as seen in Figure 7. 
[image: ]
Figure 7. Plotted Frequency cut-offs for Teflon Waveguide
[bookmark: _Toc196468169]4.3 Dipole antenna Results 
On completion of the simulation of the dipole antenna S Parameter plot which gave the operating frequency this can be seen in figure 8 and Gain plot that shows the radiation pattern shown in figure 9. 
[image: ]
Figure 8 – S parameter plot 
[image: ]
Figure 9 - Gain plot


5. [bookmark: _Toc196468170]Discussion
[bookmark: _Hlk196458698][bookmark: _Toc196468171]5.1 Rectangular waveguide Vacuum & Teflon 
When comparing the calculated theoretical cut-off frequencies to those generated from the simulation, as seen in table 3, there is a clear difference of 614 MHz between the results for mode 1 in the vacuum waveguide which stands out much more than the other differences present. 
	
	Vacuum Waveguide
	Teflon Waveguide

	
	Calculated 
	Simulated 
	Calculated 
	Simulated 

	Mode 1
	8.494
	7.880
	5.445
	5.430

	Mode 2
	15.789
	15.790
	10.889
	10.890

	Mode 3
	23.684
	23.630
	16.232
	16.280


Table 3 – Cut-off frequency comparison 
The smaller variances between the calculated and simulated values could be attributed to errors during the calculations or rounding to an insufficient number of decimal places as well as errors made during setting up of the simulation. Additionally, the placing of markers on the Gamma plots may not be as accurate as they first look as a greater screen resolution is required to be more precise. 
The larger difference seen in the result from vacuum mode 1 could be attributed to any or all of these but after re-running the simulation equivalent results were achieved. Conducting the simulation again on more capable software where a greater number of sweeps and samples can be made without risking the simulation completely failing or freezing is recommended. 
From the results the most efficient or dominant mode for both waveguide variants can be said to be Mode 1 where m the azimuthal mode number is 1 due to there being only a single half wavelength being present across the width of the waveguide and n the radial mode number is 0 as there are no variations present along the height of the waveguide thus giving a mode indices of TE10 [3]. In both the vacuum and Teflon mode 1’s have their respective lowest frequency cut-off. These frequencies of 8.494GHz and 5.445GHz are the lowest that can be transmitted in the waveguides. Waves entering the waveguide at frequencies below these values are attenuated and will not be propagated along the waveguide with the system then said to be in evanescent mode. 
The differences between cut-offs for the vacuum and Teflon waveguides were as expected as the vacuum has the permeability of free space with a value of 1 and the permeability value for Teflon used in the simulations was set at 2.1. This resulted in a difference in the value of C of approximately 30% meaning that we would expect to see cut-off frequencies in each mode within the Teflon filled system having a value that is approximately 30% less than that found for the vacuum system.
PTFE appeared to have performed well within the context of the assignment brief and the results seem favorable when having to trade off the complexity and cost of designing, manufacturing and maintaining a system with vacuum waveguides particularly when the system designs become more intricate. Teflon can be said to have a low dielectric constant compared to other materials reducing the effect on the propagation of electromagnetic waves. 
Modifying the dimensions of the waveguide beyond those stipulated in the assignment brief as well as changing the material from Teflon may reduce the differences between the two system types cut-off frequencies thus improving the efficiency of the system while minimising the cost and complexity of the system.
[bookmark: _Toc196468172]5.2 Dipole antenna 
The S Parameter plot generated by the simulation software shows the return loss in the form of reflectance against the frequency range [4]. The drop off at approximately 1.25GHz represents the point where reflectance is at a minimum so more signal is being transmitted and the system can be said to be working at it’s most efficient. 
This is approximately 270MHz out from the calculated theoretical operating frequency of 1.57GHz as detailed in section 3.3. Again, this could be attributed to user error when creating the model for the simulation or errors made during the calculation, although this has subsequently been redone.
The second drop off at approximately 4.8GHz shows that at this frequency the antenna is again operating at a frequency relatively efficiently although not to such an extent as seen at the first resonance present 1.25GHz. At this point the drop off crosses the -10 dB threshold at ~1.15GHz on the downward trend and ~1.35GHz on the upward trend giving a bandwidth at the operating frequency of 1.25GHz of approximately 200MHz. 
This bandwidth can be improved by modifying the dipole design parameters beyond those stipulated in the assignment brief for example increasing the dipole diameter and making sure that the maximum power transfer is achieved by ensuring the source impedance is equal to the load impedance.
Suitable insulators placed at the ends of the dipole will cut out fringe fields improving the resonant frequency and overall efficiency of the system.
The Gain Plot generated from the simulation is a 3-dimensional representation of the antenna’s radiated power. It shows the dipole operating with near Isotropic radiation [5] meaning that the radiation pattern is spherical in shape allowing the receiving and transmission on all planes. No main lobe preferring a specific direction or side lobes are present suggesting that the dipole could operate in almost 360°. The yellow section at the top of the sphere indicates that the 0° and the 180° points of the dipole (above and below the antenna) indicates a reduction of radiation in these areas. This is a typical feature of dipole antennas. 


6. [bookmark: _Toc196468173]Conclusion
The Primary findings of the simulated waveguides were that the calculated values for the various cut-off frequencies were all within an acceptable margin of error in all but one case when compared to the simulated results. The cut-off frequencies for the Teflon Waveguides were approximately 30% lower than those of the Vacuum Waveguides, this can be said to validate the simulation software and the design parameters of the waveguides. For the result in mode 1 of the Vacuum Waveguide it is recommended that the model be built again and simulated using an alternative software package as detailed in section 5.1. The dominant mode was confirmed to be TE10.
The Primary finding of the simulated dipole was that for a dipole with a length of 95.5mm the maximum power transfer takes place at 1.25Ghz with a bandwidth of 20oMHz the resulting radiation pattern produced showed a near isotropic radiation with the antenna being able to transmit and receive in almost 360°. With an operating frequency of 1.25GHz the antenna would be ideally suited for ground-based radio communications. 
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