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[bookmark: _Toc196483105]Abstract
This assignment involves the completion of two different task; task 1 involving the design of a rectangular waveguide model with Perfect Electric Conductor (PEC) walls filled with vacuum, as well as a rectangular waveguide model made of PEC wall and filled with Teflon to analyse the waveguide behaviour across a range of frequencies. The result of this investigation is shown within the report in the form of tables, graphs and dialogue involving a comparison of the variation of cutoff frequencies with the change in material. Task 2 involved the design and investigation of a halfwave dipole antenna using PEC, to examine its operating frequency and radiation patterns when being simulation, finding the frequency at which it emits at optimal frequency. The purpose of these two tasks is to understand the purpose of waveguides and dipole antennas, and use methods to identify, evaluate and improve them using simulation software.
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Electromagnetic waves are formed from the interaction of both Electric and Magnetic fields, individually seen in Figure 1. 

[image: Difference between Electric Field and Magnetic Field]
[bookmark: _Toc196483134]Figure a – Magnetic vs Electric Fields [1]

An electric field is ‘the area around a charge in which the effect of that charge can be felt’ [1], it is a vector, meaning that it has magnitude and direction, and there are two different charges, positive – represented by a ‘+’ and negative – represented by a ‘-‘. When put together, one positive and one negative, these charges attract, as seen in figure a. Illustrative field lines are used represent the direction and magnitude radiating from charged particles. The stronger the field, the closer the field lines are together. When likewise, particles are put together, aka two positives ‘++’, they repel each other. 
A magnetic field is the ‘area surrounding a magnet in which the effect of that magnet can be felt’ [1], it is also a vector and they have a north and a south region which attract, similar to electric fields, if you were to put likewise north and north sides of a magnetic together – they would repel one another. 
Electromagnetic force is the interaction of these two fields, due to ‘a moving charge (electrical current) produces a magnetic field, and a changing magnetic field produces an electrical field’ [2] This process causes self-sustaining electromagnetic wave which is described by Ampère–Maxwell law and Faraday’s law and leads to sustainable Electromagnetic Radiation (EMR). 
[image: Two graphs side-by-side. On the left is a graph of a mechanical wave showing a sine curve plotted on an xy graph. On the right is a graph of an electromagnetic wave showing two identical sine curves, one plotted on the xy plane labeled “electric field” and the other plotted on the xz plane labeled “magnetic field.” Click View Description for more details.]
[bookmark: _Toc196483135]Figure b - Electromagnetic Wave [2]

Waveguides are a ‘form of transmission line consisting of a hollow, metal tube. The tube wall provides distributed inductance, while the empty space between the tube walls provide distributed capacitance.’ [3] They allow the propagation of EM waves through a guided structure, to ensure transmission of high frequency (HF) signals to a desired location without any loss of signal. Rectangular Waveguides are commonly used within Electronic and Electrical Engineering due to their proven performance and reliability since their introduction. There are three common modes of waveguide propagation [4]:
· TE Mode – Transverse Electric modes are where the Electric field components of the EM wave is transverse (perpendicular) to the direction of propagation.
· TM Mode – Transverse Magnetic modes are where the Magnetic field component of the EM wave is transverse to the direction of propagation.
· TEM Mode – Transverse Electromagnetic modes are where both the magnetic and electric fields are completely transverse to the direction of propagation. This mode is very different to the others due to both fields being transverse, these waves require coaxial cables due to the waves going back and forth, compared to TE/ TM modes where they travel in one direction.

Dipole Antennas are a basic widely used Antenna throughout the world. They are created by having a long metal rod, which is then split at the centre and connected to one another by a voltage source. When an AC current flows though the two conductors produce EM waves which are then radiated outwards in an omnidirectional pattern perpendicular to the axis of the antenna, which make it an excellent transmitter for broad coverage applications. [5]
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[bookmark: _Toc196483110]Task 1 – Rectangular Waveguide
This task required the running simulation of two rectangular waveguides. They were both created using PEC walls, and the same dimensions. The dimensions were made from the following equations (student number was 2308380):
𝑎=23𝑚𝑚= 𝑓𝑖𝑟𝑠𝑡 𝑡𝑤𝑜 𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑒𝑛𝑡 𝐼𝐷 
[bookmark: _Hlk196394268]𝑏=4𝑚𝑚= 3𝑟𝑑 𝑎𝑛𝑑 4𝑡ℎ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑒𝑛𝑡 𝐼𝐷2  = 0+82
𝑐=50𝑚𝑚
With a representing the width, b representing the height and c the length along the z axis. This was modelled within Ansys HFSS, a ‘Multipurpose, full wave 3D electromagnetic (EM) simulation software for designing and simulating high-frequency electronic products such as antennas…’ [6]. Wave ports were assigned to each end of the waveguide, with a frequency sweep from 2GHz to 30 GHz. Each wall of the waveguide was assigned the boundary condition of ‘Perfect E’, to reflect the electric waves within the waveguide.
Following the simulations, graphical Field Overlays showing the magnitudes of the Electric & Magnetic Fields as well as Vectors of the Electric & Magnetic Fields were taken, which can be seen in Appendix A & Appendix B. The magnitude field overlays show the size and strength of the respective field within the waveguide transmission, whilst the vector shows both the strength/ size (shown within the colours of the arrows) as well as the direction they are propagating.
The cut off frequencies of the waveguide configurations can be calculated using the following equation:
𝑓𝑐= 𝑐2𝑎2+𝑏2 [7]
Where:
𝑓𝑐=𝑐𝑢𝑡 𝑜𝑓𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝐻𝑧
𝑐=𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑎 𝑣𝑎𝑐𝑢𝑢𝑚 (3 𝑥108𝑚/𝑠 )
𝑎, 𝑏=𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
𝑚,𝑛=𝑚𝑜𝑑𝑒 𝑛𝑢𝑚𝑏𝑒𝑟𝑠
Following this, Port Field Display visual graphs, shown in Appendix C, were used to identify validate what mode is being used within each port, by showing the field direction and phase to show how well the waves propagate through the waveguide.

[bookmark: _Toc196483111]Task 2 – Half Wave Dipole Antenna
This task involved the design of a halfwave dipole antenna within ANSYS HFSS using PEC intended to radiate EM waves with the following dimensions:
· Wavelength (𝜆) = 230mm
· Port Impedance = 50Ω
· Length = 230/2 = 115mm
The first step was to create a Cylinder using the set dimensions, before assigning it a material of PEC. Following this, a gap was created in the middle of the long cylinder and a lumped port of 50 Ohms was implemented. Outside of this, an open region was then made to allow the Dipole the ability to radiate into free space. Following this, the simulation was ran and the ‘S-Parameter’ Plot (see Appendix E) and radiation pattern were recorded. After this, the figures were reviewed, and the operating frequency was calculated theoretically before being compared against the simulated result.
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[bookmark: _Toc196483113]Task 1
[bookmark: _Toc196483114]Mode 1
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Figure 25 – Vacuum Port 1

[image: A graph paper with lines and arrows

AI-generated content may be incorrect.]
Figure 28 – Teflon Port 1

These both operating in the TE10 mode. This mode involves having a singular half-wavelength pass across the width of the waveguide whilst having no half wavelength variations along the height of the waveguide, leading too little to no losses during propagation. ‘In the TE mode of electromagnetic wave propagation, the electric field is transverse to the direction of propagation’ [8]
represents Transverse Electric mode, which means that the electric field is fully transverse to the line of propagation. ‘m’ and ‘n’ stand for the number of half  waves within the waveguide, horizontally or vertically respectively.
[bookmark: _Toc196483115]Mode 2
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Figure 26 – Vacuum PFD – Mode 2

[image: ]

Figure 29 – Teflon PFD – Mode 2
The above screenshots, seen enlarged within Apprendix C alongside the other modes, show both the Vacuum and Teflon filled waveguides in Mode 2. Figure 29 shows a rough drawing (using a blue line) of the two half wave variations compared to the one in mode one, which is why it is less dominant and has a higher cut off frequency. 


[bookmark: _Toc196483116]Mode 3
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Figure 27 – Vacuum PDF – Mode 3

[image: ]
Figure 30 – Teflon PFD – Mode 3
The above screenshots show both vacuum and Teflon filled waveguides in Mode 3. They are in TE30, evident by the fact they have 3 half waves within the horizontal aspect of the waveguide. Due to the fact they have much less intensity, see the increased amount of yellow lines & decreased number of red lines in comparison to both Mode 1 and 2, this mode has a much higher cut off frequency and will lead to more lost transmission.
Further results can be seen within the attached Appendix’s, which graphical port field display representations used to show the strength & direction of both electric and magnetic fields within each simulation, showing effective transmission.


[bookmark: _Toc196483117]Cut off Frequency Calculations
Vacuum



Inputting the values into the equation, following the simulation:













Teflon

𝑐
𝜀𝑟=𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑇𝑒𝑓𝑙𝑜𝑛=2.1
𝜇𝑟=𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑇𝑒𝑓𝑙𝑜𝑛=1
To find c, we need to find 𝜀 𝑎𝑛𝑑 𝜇
	
[bookmark: _Hlk196483864]
H 
Transpose into: 



Transpose back to the original formula 

𝑓𝑐=4.5𝐺𝐻𝑧


[bookmark: _Toc196483118]Vacuum Waveguide – Cut off Frequency
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[bookmark: _Toc196483119]Teflon Waveguide – Cut	 off Frequency
[image: A graph of a graph
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As expected, Mode 1 can be seen as the dominant mode within both the Vacuum and Teflon waveguides. This can be identified due to the Mode 1’s on each, having the lowest cut of frequency. With 5.36GHz for Vacuum & 3.68Ghz for the Teflon, showing that this start propagating, before being followed by modes 2&3 later respectively. 


[bookmark: _Toc196483120]Task 2
[bookmark: _Toc196483121]Dipole Antenna 3D Gain Plot
[image: ]
Figure 33
The above figure shows a visual representation of the radiation pattern emitted by the Dipole Antenna created. The spherical pattern showcases the omni directional nature of a Dipole Antenna, with the red signifying the high strength of signal it transmits and receives within that area, meaning that it can transmit and receive a signal efficiently and effectively in these areas, compared to the small green gap at the top. This is useful for things like radio broadcasting, or WIFI, where signal needs to transmit in all distances reliably. 
[bookmark: _Toc196483122]Terminal S Parameter Plot
[image: ]
The formula for calculating the operating frequency is 𝑓=𝑐𝜆
𝑓=3 ×1080.230
𝑓=1.30𝐺ℎ𝑍
The simulated value can be seen as ‘M1’ in the graph above, 1.195GHz, which shows that it is 0.105GHz lower than the calculated value. This is most likely down to the simulation having slightly different values than expected for things like the material etc. At this operating frequency, it shows a return loss of -15.06db, which shows that it is effective for efficient communication as ‘If the return loss is 10 dB, 10% of the power is returned. While different systems have different acceptable return loss limits, 15 dB or better is a common system limit for a cable and antenna system.’ [9]

[bookmark: _Toc196483123]Discussion
[bookmark: _Toc196483124]Task 1
The first task highlighted the importance of material selection when choosing waveguides due to the impact it can make on the cut off frequency and propagation through the waveguide. Albeit other factors such as signal strength and the physical dimensions of the waveguide will also make big changes to the cut off frequency and ability for the EM waves to propagate. 
Cut off frequency is important because it defines the minimum frequency need for propagation within a waveguide. If you required propagation at 6GHz whilst using the Vacuum waveguide, the only mode would available be mode 1, making it single mode operating at that frequency. Although my calculated cut off frequencies were 𝑓𝑐=6.52𝐺𝐻𝑧 (vacuum) and 𝑓𝑐=4.5𝐺𝐻𝑧 (Teflon) which show around a 1GHz inaccuracy for each, this is most likely down to theoretical calculations not being as precise as running a simulation which contain specific values set by the software package. Or it could be down to a mistake from a misinput of a value when designing the simulated waveguide. Regardless, it aligns with the fact that the cut off frequencies for Teflon are lower than the cut off frequencies within a vacuum which is down to Teflon having an increased relative permittivity (2.1 vs 1 for a vacuum). ‘Permittivity is defined as a measure of how an electric field affects and is affected by a dielectric medium.’ [10] So the higher the permittivity of a material, the better it can allow the electric and magnetic fields to travel though it. 
[bookmark: _Toc196483125]Task 2
This task reviewed the effectiveness of the Dipole Antenna designed, how it transmitted and at what operating frequency it worked. Identified in the S parameter plot it showed the frequency of transmission against the return loss in decibels. It highlighted 3 different ‘dips’ with the first one being the operating frequency at which the antenna started to transmit, and the other two both being points at which the antenna is operating effectively and efficiently, which means that if you were to want to transmit efficiently, you would ideally want to transmit at the values of the ‘dips’ within the graph for optimal transmission.


[bookmark: _Toc196483126][bookmark: _Toc51833419]Conclusion
This report identifies multiple improvements to both tasks. For task one, the main finding was that the dielectrics (Teflon in this case) are better to be used as a propagational medium compared to a vacuum. This was not only proven by a simulation but backed up by theoretical calculations. Which allow you to achieve clear communications with minimal signal losses, In particular, when using TE10, rather than TE20 or TE30 due to it having a much lower cut off frequency and reduced signal strength within the peak of the waveguide, allowing you to transmit at a reduced frequency when required.
It confirmed the ability to use 3D finite element simulation software such as Ansys HFSS for the design and simulation of both a rectangular waveguide and dipole antennas to improve and test RF transmission electrical components safely and accurately. 

An improvement to complete next time, would be to review the values used within Task 1 to make sure that the difference between the simulated and calculated results were not due to user error, but because of the simulation using slightly different values.
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[bookmark: _Ref196427541][bookmark: _Toc196483129]– Vacuum Field Overlays
Mode 1 – Field Overlays of Magnitude
Field Overlays of Magnitude of Electric Field
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[bookmark: _Toc196483136][bookmark: _Hlk196468364]Figure 1 – Vacuum Mode 1 Field Overlays of Magnitude of Electric Field 
[bookmark: _Hlk196328298]Field Overlays of Magnitude of Magnetic Field
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[bookmark: _Toc196483137]Figure 2 - Vacuum Mode 1 Field Overlays of Magnitude of Magnetic Field
Mode 1 – Field Overlays of Vectors
Field Overlays of Vector of Electric Field
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[bookmark: _Toc196483138]Figure 3 - Vacuum Mode 1 Field Overlays of Vector of Electric Field
Field Overlays of Vector of Magnetic Field
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[bookmark: _Toc196483139]Figure 4 - Vacuum Mode 1 Field Overlays of Vector of Magnetic Field
Mode 2 – Field Overlays of Magnitude 
Field Overlays of Magnitude of Electric Field
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[bookmark: _Toc196483140]Figure 5 – Vacuum Mode 2 Field Overlays of Magnitude of Electric Field
Field Overlays of Magnitude of Magnetic Field
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[bookmark: _Toc196483141]Figure 6 – Vacuum Mode 2 Field Overlays of Magnitude of Magnetic Field
Mode 2 – Field Overlays of Vector
Field Overlays of Vector of Electric Field
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[bookmark: _Toc196483142]Figure 7 – Vacuum Mode 2 Field Overlays of Vector of Electric Field
Field Overlays of Vector of Magnetic Field 
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[bookmark: _Toc196483143]Figure 8 – Vacuum Mode 2 Field Overlays of Vector of Magnetic Field
Mode 3 – Field Overlays of Magnitude 
Field Overlays of Magnitude of Electric Field
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[bookmark: _Toc196483144]Figure 9 - Vacuum Mode 3 Field Overlays of Magnitude of Electric Field
Field Overlays of Magnitude of Magnetic Field
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[bookmark: _Toc196483145]Figure 10 - Vacuum Mode 3 Field Overlays of Magnitude of Magnetic Field
Mode 3 – Field Overlays of Vector
Field Overlays of Vector of Electric Field
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[bookmark: _Toc196483146]Figure 11 - Vacuum Mode 3 Field Overlays of Vector of Electric Field
Field Overlays of Vector of Magnetic Field 
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[bookmark: _Toc196483147]Figure 12 - Vacuum Mode 3 Field Overlays of Vector of Magnetic Field

[bookmark: _Ref196427561][bookmark: _Toc196483130]– Teflon Field Overlays
Mode 1 – Field Overlays of Magnitude 
Field Overlays of Magnitude of Electric Field
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[bookmark: _Toc196483148]Figure 13 - Teflon Mode 1 Field Overlays of Magnitude of Electric Field
Field Overlays of Magnitude of Magnetic Field
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[bookmark: _Toc196483149]Figure 14 - Teflon Mode 1 Field Overlays of Magnitude of Magnetic Field
Mode 1 – Field Overlays of Vector
Field Overlays of Vector of Electric Field
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[bookmark: _Toc196483150]Figure 15 - Teflon Mode 1 Field Overlays of Vector of Electric Field
Field Overlays of Vector of Magnetic Field 
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[bookmark: _Toc196483151]Figure 16 - Teflon Mode 1 Field Overlays of Vector of Magnetic Field
Mode 2 – Field Overlays of Magnitude 
Field Overlays of Magnitude of Electric Field
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[bookmark: _Toc196483152]Figure 17 - Teflon Mode 2 Field Overlays of Magnitude of Electric Field
Field Overlays of Magnitude of Magnetic Field
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[bookmark: _Toc196483153]Figure 18 - Teflon Mode 2 Field Overlays of Magnitude of Magnetic Field
Mode 2 – Field Overlays of Vector
Field Overlays of Vector of Electric Field
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[bookmark: _Toc196483154]Figure 19 - Teflon Mode 2 Field Overlays of Vector of Electric Field
Field Overlays of Vector of Magnetic Field
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[bookmark: _Toc196483155]Figure 20 - Teflon Mode 2 Field Overlays of Vector of Magnetic Field
Mode 3 – Field Overlays of Magnitude 
Field Overlays of Magnitude of Electric Field
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[bookmark: _Toc196483156]Figure 21 - Teflon Mode 3 Field Overlays of Magnitude of Electric Field
Field Overlays of Magnitude of Magnetic Field
[image: ]
[bookmark: _Toc196483157]Figure 22 - Teflon Mode 3 Field Overlays of Magnitude of Magnetic Field
Mode 3 – Field Overlays of Vector
Field Overlays of Vector of Electric Field
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[bookmark: _Toc196483158]Figure 23 - Teflon Mode 3 Field Overlays of Vector of Electric Field
Field Overlays of Vector of Magnetic Field
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[bookmark: _Toc196483159]Figure 24 - Teflon Mode 3 Field Overlays of Vector of Magnetic Field
[bookmark: _Ref196427717][bookmark: _Toc196483131]– Port Field Displays
[bookmark: _Ref196398851]Vacuum
[bookmark: _Ref196398924]Mode 1
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc196483160]Figure 25 – Vacuum PFD – Mode 1
[bookmark: _Ref196398979]Mode 2
[image: A graph with lines and arrows

AI-generated content may be incorrect.]

[bookmark: _Toc196483161]Figure 26 – Vacuum PFD – Mode 2

Mode 3
[image: A screen shot of a graph

AI-generated content may be incorrect.]

[bookmark: _Toc196483162]Figure 27 – Vacuum PFD – Mode 3

Teflon
Mode 1
[image: ]
[bookmark: _Toc196483163]Figure 28 – Teflon PFD – Mode 1



Mode 2
[image: ]

[bookmark: _Toc196483164]Figure 29 – Teflon PFD – Mode 2
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