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[bookmark: _Toc196470670]Abstract
A rectangular waveguide was constructed in a simulation program and then 3 modes were simulated passing through it. These were then visualized providing evidence that some instances of simulation the wave guide functioned and clearly transported the wave along its length. The cutoff frequencies were theoretically calculated and then generated from the simulation to get very similar values for all 3 modes. Once this had been completed the waveguide was altered to contain a Teflon fill instead of vacuum to investigate how this would alter the cutoff frequencies. The result of this was significantly reduced cutoff frequencies due to the slower speed of light through the medium. However, there were larger discrepancies between the theoretical values and simulated values for cutoff frequencies.
A dipole antenna was constructed in the same software and set to emit in a controlled region of the simulation. This provided a visual aid to the emission pattern of a dipole antenna. Using data extracted from the simulation the operating frequency was compared to the theoretically calculated one but there was significant difference between the values. Reasons for this could include the simulation not being accurate to real world scenarios.



[bookmark: _Toc196470671]Introduction
Section 1 of this document will cover the process and results of creating a virtual rectangular waveguide with perfect electric conductor walls and a vacuum fill. This was simulated to produce results used to visualize cutoff frequencies. This was then repeated with a Teflon fill to compare against. Section 2 covers the design of a dipole antenna simulation used to obtain a radiation pattern.

[bookmark: _Toc196470672]Background
Waveguides are pieces of hardware designed to guide waves into a specific place and direction [1]. These come in many forms such as rectangular or cylindrical which act similarly to pipes for signals. There are optical waveguides which rely on reflecting signals along line of sight to where they need to be. Similarly, fiber optic cables are a type of waveguide relying on total internal reflection.
Antennae receive and transmit signals. There are a wide range of antennae such as dipoles which are discussed in this document, Yagi-Uda arrays, parabolic dishes and helical antenna which are used in satellites [2].
Antennae and waveguides both interact with waves on the electromagnetic spectrum and utilize them as a means of communication. Most common use in communication are radio and microwaves although most other types of EM waves can be used for specific communication purposes [3]. 
[bookmark: _Toc196470673]Section 1 – Waveguide 
[bookmark: _Ref196462428][bookmark: _Toc196470674]1.1 – Method 
The first task was to create a rectangular waveguide in Ansys Electronics with measurments 23mm by 6.5mm by 50mm. The 4 long faces were then assigned as perfect electric conductors as per the assignment breif. The solution type was edited to High Frequency Structure Simulator to allow for a high frequency wave to be simulated along the waveguide. The transparency of the model was increased to allow for easier viewing of the internals. The 2 end faces were then asigned exitations with 3 modes. This allowed for 3 modes of vibration to be tested simulatniously. The fullport impedance was set to 50 ohms. These exitations were then verified visually on the model. Next, a solution was set up to run the simulation and gather results. A suitable number of passes for the simulation were selected and the frequency band it would sweep was set from 2 GHz to 30 GHz to ensure the cutoff frequency would be included. The solution was validated and run to produce results.
[bookmark: _Toc196470675]1.2 – Results 
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[bookmark: _Toc196470612]Figure 1 - Waveguide Simulated Cutoff Frequency
This graph shows the exact values for the cutoff frequency fc. According to the simulation data, mode 1 has a cut of frequency of 6.48 GHz. Mode 2 has a cutoff frequency of 12.99 GHz. Mode 3 has a cutoff frequency of 19.50 GHz.
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[bookmark: _Ref196452781][bookmark: _Toc196470613]Figure 2 - Port 1, Mode 1 (m=1 n=0)
This figure shows mode 1 for the vacuum filled waveguide with half a wavelength horizontally and no wavelength vertically. This means that for later use in equations m=1 and n=0.
 [image: ]
[bookmark: _Ref196452783][bookmark: _Toc196470614]Figure 3 - Port 1, Mode 2 (m=2 n=0)
This figure shows mode 2 for the vacuum filled waveguide. There is one full wavelength visible due to the directional arrows meaning that m=2 and n=0 as there are no wavelengths vertically.
[image: ]
[bookmark: _Ref196452785][bookmark: _Toc196470615]Figure 4 - Port 1, Mode 2 (m=3 n=0)
This figure shows mode 3 for the waveguide. Visible horizontally are three half wavelengths and no vertical wavelengths meaning m=3 and n=0 for the calculations.
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[bookmark: _Toc196470616]Figure 5 - Vacuum, Mode 1 E-Field Heat Map
Figure 5 shows the electric field strength along the waveguide. The areas of higher electric field strength will be points of major energy transfer due to the geometry of the waveguide. If this was a real-world waveguide and not a simulation then these points could be expected to heat up. At the end of the waveguide there is the approximate shape of the mode being propagated through the waveguide showing it functions to some degree.  
[image: ]
[bookmark: _Toc196470617]Figure 6 - Vacuum, Mode 1 E-Field Direction
This visualization shows the directions of the electric field strength throughout the waveguide.
[image: ]
[bookmark: _Toc196470618]Figure 7 - Vacuum, Mode 1 H-Field Heat Map
This figure shows the waveguide with mode 1 being passed through it. This is a visual representation of the magnetic field intensity. An increased magnetic field intensity would induce larger current due to faradays law [4]. This needs considering in real world applications where unknown induction of current could cause issues for equipment.
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[bookmark: _Toc196470619]Figure 8 - Vacuum, Mode 1 H-Field Direction
This figure represents the direction of the magnetic field at all points along the waveguide. 
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[bookmark: _Ref196458252][bookmark: _Toc196470620]Figure 9 - Vacuum, Mode 2 E-Field Heat Map
This image show the electric field strength for the waveguide being simulated for mode 2. This mode is clearly visible at the port of the waveguide with the areas of high field strength corresponding to the areas of maximum amplitude in Figure 3. This is a more typical waveguide field however there are still unexpected areas of low electric field strength. These are likely due to the dimensions of the waveguide.
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[bookmark: _Toc196470621]Figure 10 - Vacuum, Mode 2 E-Field Direction
This figure shows the direction of the electric field for mode 2. Noteworthy is the end of the waveguide where the directions of the E-field correspond to the directions of the mode in Figure 3.
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[bookmark: _Toc196470622]Figure 11 - Vacuum, Mode 2 H-Field Heat Map
This image shows the magnetic field intensity for mode 2 with obvious focus points at both ends. These are likely to induce current. The end of the waveguide almost corresponds to the mode being passed through it.
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[bookmark: _Toc196470623]Figure 12 - Vacuum, Mode 2 H-Field Direction
This shows the direction of the magnetic field intensity for mode 2.
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[bookmark: _Ref196458247][bookmark: _Toc196470624]Figure 13 - Vacuum, Mode 3 E-Field Heat Map
This figure displays the electric field strength for mode 3. The pattern on the end of the waveguide matches what would be expected based on the mode in Figure 4.
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[bookmark: _Toc196470625]Figure 14 - Vacuum, Mode 3 E-Field Direction
This figure shows the direction of the electronic field for mode 3.
[image: ]
[bookmark: _Toc196470626]Figure 15 - Vacuum, Mode 3 H-Field Heat Map
This figure shows the magnetic field intensity for mode 3 in the waveguide.
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[bookmark: _Toc196470627]Figure 16 - Vacuum, Mode 3 H-Field Direction
This figure shows the direction of the magnetic field.

[bookmark: _Toc196470676]1.3 – Calculations 

[bookmark: _Ref196462825][bookmark: _Toc196470606]Equation 1 - Cutoff Frequency
c=3*108
εr= permittivity of free space
μr= permeability of free space
a=23*10-3
b=6.5*10-3

Mode 1
m=1
n=0
fc=6521739130 Hz = 6.52 GHz (2.d.p)
Mode 2
m=2
n=0
fc=13043478260 Hz = 13.04 GHz (2.d.p)
Mode 3
m=3
n=0
fc=19565217390 Hz = 19.57 GHz (2.d.p)

[bookmark: _Toc196470677]1.4 – Conclusions 
The conclusions which can be drawn are that the waveguide does not always function as expected. If the waveguide was achieving its purpose of transfering a wave from one end to the other then the same modal pattern as seen in Figure 2, Figure 3 and Figure 4 would be seen at the exit port. This is not the case in every one of the graphical representations of the E-field and H-field. Figure 13 and Figure 9 provide an accurate recreation of the mode that was fed in from the other end suggesting that the waveguide works as intended.
The theoretically calculated values for the cutoff frequency are very close to the simulated values (6.48 GHz vs 6.52 GHz for mode 1, 12.99 GHz vs 13.04 GHz for mode 2 and 19.50 GHz vs 19.57 GHz for mode 3). This suggests that the simulation is accurate.
[bookmark: _Toc196470678]1.5 – Teflon Method
The method to create the Teflon filled waveguide was identical to the method outlined in 1.1 - Method. The only difference is the inside being Teflon instead of vacuum.
[bookmark: _Toc196470679]1.6 – Teflon Results
[image: ]
[bookmark: _Toc196470628]Figure 17 - Teflon Gamma Plot
This graph shows the simulated cutoff frequencies for all 3 modes in a Teflon waveguide. Mode 1 is 4.47 GHz, mode 2 is 8.86 GHz and mode 3 is 13.34 GHz.
[image: ]
[bookmark: _Toc196470629]Figure 18 - Teflon, Mode 1, E-Field
This figure shows the electric field strength on the Teflon waveguide. The pattern lines up with what would be expected from mode 1.

[image: ]
[bookmark: _Toc196470630]Figure 19 - Teflon, Mode 1, E-Field Direction
This figure shows the direction of the electric field for mode 1. 

[image: ]
[bookmark: _Toc196470631]Figure 20 - Teflon, Mode 1, H-Field
This figure shows the magnetic field intensity. The pattern of high and low intensity matches the mode.
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[bookmark: _Toc196470632]Figure 21 - Teflon, Mode 1, H-Field Direction
This figure shows the direction of the magnetic field for mode 1. 

[image: ]
[bookmark: _Toc196470633]Figure 22 - Teflon, Mode 2, E-Field
This figure shows the electric field strength for mode 2 and the pattern does not match what would be expected.
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[bookmark: _Toc196470634]Figure 23 - Teflon, Mode 2, E-Field Direction
This figure shows the direction of the electric field for mode 2.

[image: ]
[bookmark: _Toc196470635]Figure 24 - Teflon, Mode 2, H-Field
This figure shows the magnetic field intensity for mode 2. This does not match the pattern of mode 2 and is likely caused by the geometry of the waveguide.
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[bookmark: _Toc196470636]Figure 25 - Teflon, Mode 2, H-Field Direction
This figure shows the direction of the magnetic field for mode 2.

[image: ]
[bookmark: _Toc196470637]Figure 26 - Teflon, Mode 3, E-Field
This figure shows the electric field strength for mode 3. The pattern produced by the simulation matches what would be expected from mode 3.
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[bookmark: _Toc196470638]Figure 27 - Teflon, Mode 3, E-Field Direction
This graphic shows the direction of the electronic field for mode 3.

[image: ]
[bookmark: _Toc196470639]Figure 28 - Teflon, Mode 3, H-Field
This figure shows the magnetic field intensity for mode 3. The pattern produced partially matches what would be expected but does not fully match the pattern of mode 3 meaning the wave is not traveling along the waveguide properly.

[image: ]
[bookmark: _Toc196470640]Figure 29 - Teflon, Mode 3, H-Field Direction
This figure shows the direction of the magnetic field for mode 3.

[bookmark: _Toc196470680]1.7 – Teflon Calculations

Equation 1 - Cutoff Frequency

c=3*108
εr= permittivity of Teflon = 2.1 [5]
μr= permeability of Teflon = 1
a=23*10-3
b=6.5*10-3

Mode 1
m=1
n=0
fc=4500427561 Hz = 4.50 GHz
Mode 2
m=2
n=0
fc=9000855122 Hz = 9.00 GHz
Mode 3
m=3
n=0
fc=13501282680 Hz = 13.50 GHz

[bookmark: _Toc196470681]1.8 Teflon Conclusions
In conclusion, having a Teflon filling instead of a vacuum reduced the cutoff frequencies for all modes. This is because the waves travel more slowly through a medium which reduces the wavelength so a lower frequency wave can enter the waveguide and be compressed to the required frequency to propagate through the waveguide [6].




[bookmark: _Toc196470682]Section 2 – Dipole Antenna
[bookmark: _Toc196470683]2.1 – Method 
To create the dipole antenna, a 1mm radius that was the required length to transmit 231mm waves. 
L= λ / 2 
[bookmark: _Ref196466378][bookmark: _Toc196470607]Equation 2 - Length of a Dipole
Using Equation 2, the length of the dipole antenna was 115.5mm. Once this was extruded, an excitement was placed at the centre point of the length. Once the antenna was constructed, a solution was created and validated and a simulation run. Once the simulation was completed, the results were extracted into various formats.
[bookmark: _Toc196470684]2.2 – Results 
[image: ]
[bookmark: _Toc196470641]Figure 30 - Dipole Antenna being Constructed

[image: ]
[bookmark: _Toc196470642]Figure 31 – Excitation being added

[image: ]
[bookmark: _Toc196470643]Figure 32 - Scope of the simulation

[image: ]
[bookmark: _Toc196470644]Figure 33 - S Parameter Plot
This S parameter plot suggests that operating frequency will be 1.18 GHz (2.d.p).
[image: ]
[bookmark: _Toc196470645]Figure 34 - Graphical representation of emission

[bookmark: _Toc196470685]2.3 – Calculations 
As the length of the dipole is one half wavelength, the operating frequency can be calculated as follows:
f=c/λ
[bookmark: _Toc196470608]Equation 3 - Frequency, Speed, Wavelength
λ=231*10-3 m
c=3*108 ms-1
f = 1298701299 Hz = 1.30 GHz (2.d.p)
[bookmark: _Toc196470686]2.4 – Conclusions 
In conclusion, the dipole antenna will operate at a frequency of 1.18-1.30 GHz and will extend 57.75mm either side of the emitter. The discrepancy in the simulated value and the theoretically worked out value for operating frequency may be attributed to an insufficient simulation. The emission it produces will be cylindrical with uniform emission in a ring around the length with a null at either end.
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