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1 [bookmark: _Toc183800112][bookmark: _Toc184718650][bookmark: _Toc196484956]Introduction
1.1 [bookmark: _Toc196484957]Overview of Waveguides
A waveguide is a structure that guides electromagnetic waves, such as radio waves or microwaves, along a path [1]. This is done by restricting the transmission of energy in one direction. It is commonly used to transfer electromagnetic energy from one point to another to minimise loss. Waveguides can come in various shapes and sizes, such as rectangular and circular, depending on the frequency range and requirements for the application. Waveguides are often used in communication systems such as satellite or microwave communication, and other applications such as radar [2]. Additionally, fibre optics are a type of waveguide as they use the principle to guide light through a flexible glass or plastic fibre [2]. 
[image: Waveguide Assemblies]Waveguides are typically made of dielectric materials, metals, or a composite of both. These materials have contrasting properties, with metals typically being good conductors of electricity and dielectrics being poor conductors. This is due to the lack of free electrons in dielectric materials compared to the abundance in metals [2]. Additionally, dielectrics can become polarised when placed in an electric field, storing energy, which is not a property of metals. Finally, dielectrics also feature higher energy losses due to lower conductivity [3]. By confining the electromagnetic waves within a specific path, waveguides help to reduce interference, improve signal integrity, and prevent energy loss. Because of this, waveguides can conduct microwave energy at a lower loss than coaxial cable [1]. This makes waveguides essential components in many electronic devices and systems that operate at microwave frequencies. Examples of waveguide components can be seen below in Figure 1.[bookmark: _Toc196394848][bookmark: _Toc196483993]Figure 1 – Waveguide Example

1.2 [bookmark: _Toc196484958]Overview of Antenna
An antenna is a type of transducer which converts one form of energy into another. Antennas are specifically designed to convert electrical power into electromagnetic waves. this works both ways, allowing for electromagnetic waves to be transmitted or received [4]. Antennas are essential components in radar, communication, and broadcasting systems. Applications include radio, television, ground, and aircraft radar, as receiving and transmitting wireless electromagnetic signals are required. Antennas are designed to radiate or capture electromagnetic energy efficiently in specific directions, depending on the design and requirements. Antennas can come in various shapes and configurations, each calibrated to a particular frequency range and radiation pattern [4]. 
[image: undefined]A dipole antenna is a common type of radio antenna that is widely used for transmitting and receiving radio signals. This is because it is one of the simplest and lowest-cost antenna designs, consisting of two conductive elements that are usually oriented on the same axis, typically in a straight line, being fed from the centre [5]. A basic dipole antenna consists of two conductors that are equal length that are separated by a gap. These conductors are normally referred to as arms, nodes, or elements and are normally metal wires or rods. An example of a dipole antenna can be seen below in Figure 2.[bookmark: _Toc196394849][bookmark: _Toc196483994]Figure 2 – Dipole Antenna

When used to transmit an alternating current (AC) voltage is applied to the centre of the dipole that connects to the two nodes. The driving current then causes the antenna to radiate electromagnetic waves, acting as a transmitter. When used to receive signals, the incoming electromagnetic waves induce an alternating current in the antenna elements as they pass through. This is then fed to the receiver, which can be interpreted and manipulated [5]. Dipole antennas are often chosen for their omnidirectional radiation pattern perpendicular to the antenna axis. This means that they can radiate or receive signals equally in all directions around the antenna. Dipole antennas are commonly used in applications such as radio broadcasts, amateur radio, Wi-Fi networks, and many other wireless communication systems where a simple and efficient antenna design is required [6].







2 [bookmark: _Toc196484959]Method
2.1 [bookmark: _Toc196484960]Simulation Setup
To complete the simulation, ANSYS Electronics Desktop (AEDT) was used. AEDT is a suite of software tools developed by ANSYS, which is a leading engineering simulation company. AEDT is specifically designed for simulating and analysing electronics systems, circuits, and electromagnetic fields. The ANSYS Electronics suite includes various software packages optimised for different aspects of electronic design and analysis. For this simulation, ANSYS High-Frequency Structure Simulator (HFSS) was used as the specific solver suite for the task. Other solvers that AEDT offers include Maxwell, Q3D, Icepack and Slwave [7]. 
HFSS was chosen over the other AEDT tools as it was the most suitable for that task. This is because, as the name suggests, HFSS is well suited to high-frequency simulations. As the tasks given required a frequency sweep of 2 GHz to 30 GHz, this is classed as high frequency. Additionally, this task required the S-parameters to be plotted, which HFSS is very effective at doing. To start this task, the first step was to open AEDT and select Insert HFSS design from the project tab, select the units, and select HFSS as the solver. This ensured the software was set up correctly and allowed for the designs to be created for the simulation.
2.2 [bookmark: _Toc196484961]Task 1a – Vacuum Waveguide
[image: ]The first task for this project was Task 1a. This involved modelling a rectangular waveguide, assigning values and simulating the results. This model was designed as a perfect electrical conductor, with the walls of the structure being a vacuum. This was done by first creating a 2d rectangle and calculating the dimensions. To do this, two equations were given with the width (a) being the first two numbers of the student ID, and the height (b) being the 3rd and 4th numbers of the student ID divided by two. Using the student ID 2114693, this gave a width of 21mm and a height of 7mm. After creating this rectangle, the height was then extruded to 50mm, creating a 3d shape. This can be seen below in Figure 3. [bookmark: _Toc196394850][bookmark: _Toc196483995]Figure 3 - Waveguide Model

After creating the geometry of the shape, further changes were made, including changing the opacity of the face, changing the material properties to vacuum, and assigning boundaries for the simulation. This allowed for a perfect electric region to be assigned to the four sides of the model, and excitations at either end of the model forming the ports, assigning 3 modes to each. 
After assigning these properties, the solution setup was then created for the model. This involved defining the frequency for the passes to be conducted at and the number of passes that would be done. For this, the values that were used were 2GHz to 30GHz and a maximum of 60 passes. This meant that the setup was not complete for the first task, and the project was then verified and saved. After analysing the problem, results were then generated by creating a modal solution data report and selecting a rectangular plot. This plot was then populated with the gamma results from the 3 different modes using the “im” function.
After generating the graph field, port displays for both ports were created as shown in Figures 4 and 5. These displays were repeated for each of the individual modes to show how the modes propagate. Additionally, field overlays were then generated in a similar way to display the magnitude of the Electric fields and the Electric field vector. This was done by selecting the model, choosing plot fields and selecting Mag_E and Vector_E. These were plotted on the surface of the model and were modified to display the correct frequency. To better view the results, these were also modified to remove the vector tails and increase the spacing between each arrow.

[image: ][image: ][bookmark: _Toc196394851][bookmark: _Toc196483996]Figure 4 - Vacuum Waveguide Port 2
[bookmark: _Toc196394852][bookmark: _Toc196483997]Figure 5 - Vacuum Waveguide Port 1




2.3 [bookmark: _Toc196484962]Task 1b – Teflon Waveguide

[image: ][image: ]To complete task 1b, parts of the project created for task 1a were reused. This was because this task reused many of the same steps as well as the same geometry for the waveguide. The only difference between these two simulations was the material used in the waveguide, with the walls still being a perfect electrical conductor. To complete this task, an earlier save file on task 1a was opened that contained the setup HFSS project with the 3d model completed. By using the properties tab on the modeller, the material was changed to Teflon after searching the database for the material properties. The same steps were then followed with ports being added, a solution step created, and port field displays for both ports and each of the modes as shown below in Figures 6 and 7.[bookmark: _Toc196394853][bookmark: _Toc196483998]Figure 6 - Teflon Waveguide port 1
[bookmark: _Toc196394854][bookmark: _Toc196483999]Figure 7 - Teflon Waveguide Port 2


[image: ]To generate and record the results for the port field display and to obtain the magnitude and vectors of the electric and magnetic fields, it was necessary to change the spectral field source. By selecting the edit post process sources after the simulation was completed, the source could be changed by changing the value from 0 to 1. This can be seen below in Figure 8 and was repeated for each of the 6 modes in both simulations 1a and 1b.[bookmark: _Toc196394855][bookmark: _Toc196484000]Figure 8 - Post Process Sources

2.4 [bookmark: _Toc196484963]Task 2 – Dipole Antenna

[image: ]To complete task 2, the same HFFS setup was used as with the waveguide. To create the model, a cylinder was first created using the modelling features. Using the properties box, this cylinder's dimensions were changed, which involved setting the height of the cylinder to 50, the radius to 1mm and centring the cylinder on the axis. To create the two opposing poles, this cantering involved lowering the base of the cylinder to -25 in the Z axis. The material was also changed using the properties tab to a perfect electrical conductor for the simulation. Using the Modeller tab, the Boolean subtract feature was then used to form a gap in the centre of the model. This separated the model into two halves, forming the two sides of the dipole as seen in Figure 7.[bookmark: _Toc196484001]Figure 9 - Dipole Antenna

After the gap had been formed between the two halves, the empty surface was then selected, and a plane was inserted connecting the two halves. This excitation was then selected and changed to a modal lumped port. The Impedance of this port was then changed to 50 Ohms and defined as mode 1. The next step was to create an open region for the simulation; for this, a PML boundary was made with an operating frequency of 1 GHz. This generated a rectangular open region allowing the antenna to radiate in an open space. After verifying these boundaries, the solution step was then created for the simulation, which was set as a frequency of 5 GHz and a maximum of 99 passes. The frequency sweep was then changed to start at 1 GHz and end at 7.5 GHz for the simulation. Finally, the simulation steps were verified, and the programme ran to generate the results. These results were then displayed on an S-Parameter plot and a 3d polar plot. 


3 [bookmark: _Toc196484964]Results
3.1 [bookmark: _Toc196484965]Task 1a - Vacuum Waveguide

The results from mode 1 in task 1a are shown in Figure 10. The Magnitude and vectors of the Magnetic Field can be seen in sections 3 and 4. For the electric field, the magnitude can be seen to peak at the centre at the top of the waveguide at 5068.79 V/m. The vectors in section 2 show the orientation of the electric field being directed forward from the top face of the waveguide.
For the Magnetic field, the inverse can be seen from the electric field magnitude. Figure 10 shows the magnetic field peaking at a maximum of 13.82 A/m, losing strength towards the centre and bottom of the waveguide. The vectors show the magnetic field moving towards the centre of the waveguide bottom before circling back to the corners.
[image: ]
[bookmark: _Toc196484002]Figure 10 - Task 1a Mode 1 Magnitude and Vectors




For Mode 2, the electric field can be seen being strongest at two points at the top of the waveguide before rapidly reducing in strength, reaching a peak of 1696.84 V/m in section 1. The vectors of the electric field show that these two points on the waveguide are reversed in direction, moving towards opposite sides as shown in section 2 of Figure 11.
The magnetic field strength can be seen to be uniform at the top of the waveguide in mode two, reaching a peak of 9.48 A/m in section 3. The vectors of this field show that the magnetic field moves in a circular direction at the top of the waveguide.


[image: ][bookmark: _Toc196484003]Figure 11 - Task 1a Mode 2 Magnitude and Vectors


[image: ]Mode 3 of the waveguide shown in Figure 12 shows very similar results to mode 2, with the electrical field reaching a peak of 1338.37 V/m. The magnetic field shows a peak of 13.5 A/m before uniformly losing strength. The direction of this field also rotates around the points at the top.[bookmark: _Toc196484004]Figure 12 - Task 1a mode 3 Magnitude and vectors


The results from task 1a can be seen on the Gamma plot in Figure 13. This shows the cutoff frequency of the three modes plotted for each of the modes. Which shows mode 1 as the lowest frequency and mode 3 as the highest.

[image: A graph on a computer screen

AI-generated content may be incorrect.][bookmark: _Toc196484005]Figure 13 - Task 1a Graph

3.2 [bookmark: _Toc196484966]Task 1b - Teflon Waveguide

[image: ]The results for task 1b can be seen below, Figure 13 shows the magnitude and vector for mode 1. This shows the electric field with a peak field strength of 1378.93 V/m before rapidly decreasing. The vectors of this electric field show that this electric field alternates in direction, reversing for each of the peak locations. The magnetic field shows four peak locations, with the field moving towards each of these locations.[bookmark: _Toc196484006]Figure 14 - Task 1b Mode 1 Magnitude and vector

[image: ]Figure 15 shows the results from mode 2. These results show the electric field having two uniform peak locations reaching 1893.19 V/m. The vectors show that these fields are moving in opposite directions. The Magnetic field for port 2 shows the field being the inverse of the electric in the peak locations, reaching 10.54 A/m, with the field direction revolving around the two electric field locations.[bookmark: _Toc196484007]Figure 15 - Task 1b Mode 2 Magnitude and Vectors

Figure 16 shows the results for mode 3 in task 1b. The electric field shown in section 1 has 3 peak locations evenly distributed along the length of the waveguide. These locations reach a peak of 3250.65 V/m, with the energy dissipating over a larger area. The vectors show that the electric field is oriented in a circular direction moving down the length of the waveguide, with the direction flipping between the three locations.
Section 2 of Figure 16 shows the magnetic field reaching a peak of 9.19 A/m with the field having many different areas of high strength. The vector shows that the magnetic field is oriented around these peak areas in a circular pattern.

[image: ][bookmark: _Toc196484008]Figure 16 - Task 1b Mode 3 Magnitude and Vector




3.3 [bookmark: _Toc196484967]Task 2 – Dipole Antenna 

Figure 17 shows the 3d polar plot that was generated for Task 2. This shows the gain of the dipole antenna in a uniform sphere around the dipole. This plot shows that the field around the two poles of the antenna does not have the same gain as the sides of the sphere. This plot shows that the maximum gain achieved was 2.04. 

[image: ][bookmark: _Toc196484009]Figure 17 - Task 2 Gain Plot



Figure 18 shows the S Parameter plot of the simulation for Task 2. This shows the frequency against decibels (dB), showing how the signal has behaved when measuring power. This graph shows 3 distinct peaks, each reducing in strength compared to the previous, with a peak of -15.6 Db.
[image: ][bookmark: _Toc196484010]Figure 18 - Task 2 S Parameter plot


4 [bookmark: _Toc196484968]Discussion
[bookmark: _Toc183800122][bookmark: _Toc184718662][bookmark: _Toc196484969]4.3 Findings

From the results gathered in the simulations, the dominant mode for task 1a the dominant mode can be identified as mode 1. This is because it has the simplest field pattern and the lowest cutoff frequency. This can be seen in Figure 10 as the electric and magnetic fields follow the waveguide path and have the least interference, matching the shape of the waveguide and propagating the furthest. Figure 13 also shows that mode 1 has the lowest cutoff frequency when compared to the others. Using the equation shown in the figure, the theoretical cutoff frequency can be worked out as 7.14 GHz for mode 1, 14.28 GHz for mode 2, and 21.42 GHz for mode 3, further supporting this.
[image: ][bookmark: _Toc196484011]Figure 19 - Cutoff Frequency Equation 

Using the same equation but replacing the frequency of light with Teflon, the cutoff frequency for task 1b can also be worked out. As the speed of light in vacuum is 3x10^8 and 2.07x10^8, the cutoff frequency is 4.92GHz for mode 1, 9.85GHz for mode 2, and 14.78GHz for mode 3 [8]. This shows that due to the change in materials, the cutoff frequency is lower for modes 1 and 2 for Teflon but slightly higher for mode 3.
To calculate the length for the dipole antenna in task 2, the student ID was used. As the student ID is 2114693, this means that A = 21, B = 10.5, and  = 211. Therefore, the halfwave dipole length is 211 / 2 = 105.5mm. The frequency of the dipole can then be worked out as 3x10^8 / 105.5, giving a frequency of 2.84 MHz. This is approximately what was achieved in the simulation of 2.04 MHz. The results in Figure 17 also show that the radiation pattern of the dipole antenna was spherical [9].
5 [bookmark: _Toc196484970]Conclusion
5.1 [bookmark: _Toc196484971]Conclusion

This report has investigated the function of waveguides and antennas. The effects that different materials have on waveguides have also been explored, with simulations being conducted. The method in which these simulations were conducted has also been explained, with the setup detailed. The results of these simulations have then been analysed and compared to theoretical calculations. Additionally, this report has investigated the different modes used in waveguides to identify the most efficient of the two materials. 
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