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[bookmark: _Toc196479761]Abstract
Ansys HFSS was used to simulate two waveguides and a dipole antenna. This report describes the methodology for this analysis and discusses the results, including consideration of accuracy and comparison to simulation, overall concluding the suitability of HFSS for simulation of electromagnetic radiation in the context of waveguides and dipole antennas.
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[bookmark: _Toc196479765]1 Introduction
In electromagnetic systems engineering, modelling software can be used to predict the performance and behaviour of designs and concepts. In this report, Ansys Electronics, with the HFSS module, was used to simulate two waveguides and a dipole antenna. 
A waveguide is a structure which is used to guide a wave with minimal energy loss, and is typically used to direct high-frequency waves such as microwaves and radio waves [1] [2]. These can be used in the Ordnance, Munitions, and Explosives (OME) sector as part of communication, tracking, and targeting systems, to direct electromagnetic waves in a specific direction 
A dipole antenna is a straight, conductive wire, divided into two equal parts, with the feed coming from the centre [3] [4]. It is used to convert electrical current into electromagnetic waves and vice-versa allowing for the transmission and receiving of signals. 


















[bookmark: _Toc196479766]2 Method
[bookmark: _Toc196479767]2.1 Waveguide Method
Two waveguides were modelled, one with walls made of Perfect Electric Conductor (PEC), and filled with Vacuum, and one with walls also made of PEC, but filled with Teflon. The models were created in line with a supplied method [5], which is detailed below.
First, a box was drawn with dimensions 21 x 7 x 50 mm to create a rectangular prism, with ‘Vacuum’ being selected as the material for the first waveguide, and ‘Teflon’ for the second.
[image: ]
[bookmark: _Toc196479698]Figure 1: The PEC/Vacuum Waveguide Highlighted in HFSS
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[bookmark: _Toc196479699]Figure 2: The Dimensions of the PEC/Vacuum Waveguide
Next, the four walls of the waveguide were selected and assigned the ‘Perfect E’ boundary condition, representing a Perfect Electrical Conductor.

[image: ]
[bookmark: _Toc196479700]Figure 3: The PEC Walls of the Rectangular Waveguide Highlighted
Once the boundary condition was assigned, excitations were assigned at each port of the waveguide, each with 3 modes.
[image: ]
[bookmark: _Toc196479701]Figure 4: One of the Wave Port Excitation Highlighted on the Rectangular Waveguide
[image: ]
[bookmark: _Toc196479702]Figure 5: The Mode Settings Used for Both Wave Port Excitations
Once both wave ports were set up, the solution set up was added to the system. A frequency sweep with 90 passes at 7GHz was selected, with a starting frequency of 2GHz and a final frequency of 30GHz.
[image: ]
[bookmark: _Toc196479703]Figure 6: The solution setup for the Rectangular Waveguide
[image: ]
[bookmark: _Toc196479704]Figure 7: The Frequency Sweep Setup for the Rectangular Waveguide
Once the solution setup was complete, the simulation was validated and run, and the results analysed as discussed in Section 3.









[bookmark: _Toc196479768]2.2 Dipole Antenna Method
The Dipole Antenna was designed to radiate at a wavelength of 211mm in line with the task briefing [6]. This allows the required length of the halfwave dipole antenna to be calculated using the equation below

[bookmark: _Toc196479746]Equation 1: The Equation for the Length of a Half-Wave Dipole Antenna [3]
Thus, the length of the dipole antenna can be expressed as:

[bookmark: _Toc196479747]Equation 2: Calculation of the Length of the Simulated Dipole Antenna
Then, using the equation for frequency, given below, the expected operating frequency of the antenna can be calculated.

[bookmark: _Toc196479748]Equation 3: The Equation for the Frequency of a Wave based on its Wavelength [3]

[bookmark: _Toc196479749]Equation 4: Calculation of the Theoretical Operating Frequency of the Simulated Dipole Antenna
Once HFSS had been configured in line with the method in [7], the following steps were carried out.
First, a cylinder was created with a radius of 1mm and a length of 105.5mm, centred on the co-ordinates (0,0,52.75) and assigned the material PEC. 
[image: A screenshot of a computer
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[bookmark: _Toc196479705]Figure 8: The cylinder Characteristics used to create the dipole antenna

Next, the cylinder was copied and pasted to create a second cylinder, and its dimensions were changed to be a radius of 1mmm, and a length of 1mm, placed at the centre of the dipole cylinder. This smaller cylinder’s material was then set to ‘vacuum’.
Using the Boolean function in HFSS, this smaller cylinder was subtracted from the main dipole to create a 1mm gap in the centre. This gap was then selected and a lump port was created in the YZ plane. 
[image: A computer screen shot of a diagram
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[bookmark: _Toc196479706]Figure 9: The Lumped Port shown in the gap of the Dipole Antenna
Next, an excitation was assigned to this port with an integration line running from bottom to top.
[image: A screenshot of a computer generated image
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[bookmark: _Toc196479707]Figure 10: The Excitation for the Dipole
Next, an open region was created, with an operating frequency set at 1GHz. [image: A red rectangular object with lines and arrows

AI-generated content may be incorrect.]
[bookmark: _Toc196479708]Figure 11: The Open Region and its boundaries for the Dipole Analysis



Once this was completed, the solution was set up with the parameters shown below.
[image: A screenshot of a computer
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[bookmark: _Toc196479709]Figure 12: The Solution Setup for the Dipole Simulation
[image: A screenshot of a computer
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[bookmark: _Toc196479710]Figure 13: The Solution Sweep Setup for the Dipole Simulation
When the solution was set up and validated, the simulation was run, producing the results shown in Section 3.2.









[bookmark: _Toc196479769]3 Results
[bookmark: _Toc196479770]3.1 Waveguide Results
3.1.1 Calculations
In order to analyse the results produced by the simulation, it is necessary to calculate the predicted cutoff frequencies, using the equations given in [2] and [8], and reproduced below.

[bookmark: _Toc196479750]Equation 5: The Equation for Cutoff Frequency in a Rectangular Waveguide [2] [8]

[bookmark: _Toc196479751]Equation 6: The Equation for the Relative Speed of Light in a Medium [2] [8]
These equations allow the cutoff frequencies for the simulated waveguides to be calculated. For a vacuum, the speed of light is known to be 3×108ms-1, however this will have to be calculated for Teflon.

[bookmark: _Toc196479752]Equation 7: The calculation for the Cutoff Frequencies of the PEC/Vacuum Waveguide



In the Ansys materials database, the values of ε and μ are given as 2.1 and 1 respectively, hence using Equation 2, the speed of light in Teflon can be calculated.

[bookmark: _Toc196479753]Equation 8: Calculation of the speed of light in Teflon
Using this value for C, the cutoff frequencies for the Teflon waveguide can be calculated as shown below.

3.1.2 Simulation Results
In a rectangular waveguide, the TE10 mode is the dominant mode [9], as seen below for both the Vacuum and Teflon Waveguides.
[image: ]
[bookmark: _Toc196479711]Figure 14: The TE10 Mode of the Vacuum Waveguide
[image: ]
[bookmark: _Toc196479712]Figure 15: The TE10 Mode of the Teflon Waveguide
In addition, both waveguides exhibit the TE20 and TE30 modes, as calculated in Section 3.1.1. 
[image: ]
[bookmark: _Toc196479713]Figure 16: The TE20 Mode
[image: ]
[bookmark: _Toc196479714]Figure 17: The TE30 Mode
The Magnitudes and Vectors of the Electric and Magnetic Fields were also Obtained as shown below.
[image: A blue rectangular object with a blue center

AI-generated content may be incorrect.]
[bookmark: _Toc196479715]Figure 18: The E Field Magnitude for the Vacuum Waveguide at 7.25GHz
[image: A blue rectangular object with green and blue lines
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[bookmark: _Toc196479716]Figure 19: The E Field Magnitude for the Vacuum Waveguide at 14.32GHz
[image: A colorful rectangular object with a white background
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[bookmark: _Toc196479717]Figure 20: The E Field Magnitude for the Vacuum Waveguide at 21.47GHz
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[bookmark: _Toc196479718]Figure 21: The E Field Vectors for the Vacuum Waveguide at 7.25GHz
[image: A blue and white graph
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[bookmark: _Toc196479719]Figure 22: The E Field vectors for the Vacuum Waveguide at 14.32GHz
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[bookmark: _Toc196479720]Figure 23: The E Field Vectors for the Vacuum Waveguide at 21.47GHz
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[bookmark: _Toc196479721]Figure 24: The H Field Magnitude for the Vacuum Waveguide at 7.25GHz
[image: A diagram of a rectangular object
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[bookmark: _Toc196479722]Figure 25: The H Field Magnitude for the Vacuum Waveguide at 14.32GHz
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[bookmark: _Toc196479723]Figure 26: The H Field Magnitude for the Vacuum Waveguide at 21.47GHz
[image: A blue and green grid with a grid
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[bookmark: _Toc196479724]Figure 27: The H Field Vectors for the Vacuum Waveguide at 7.25GHz
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[bookmark: _Toc196479725]Figure 28: The H Field Vectors for the Vacuum Waveguide at 14.32GHz
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[bookmark: _Toc196479726]Figure 29: The H Field Vectors for the Vacuum Waveguide at 21.47GHz
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[bookmark: _Toc196479727]Figure 30: the E Field Magnitude for the Teflon Waveguide at 4.625GHz
[bookmark: _Toc196479728][image: A blue rectangular object with a rainbow colored stripe

AI-generated content may be incorrect.]Figure 31: The E Field Magnitude for the Teflon Waveguide at 9.875GHz
[bookmark: _Toc196479729][image: ]Figure 32: The E Field Magnitude for the Teflon Waveguide at 14.78GHz
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[bookmark: _Toc196479730]Figure 33: The E Field Vectors for the Teflon Waveguide at 4.625GHz
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[bookmark: _Toc196479731]Figure 34: The E Field Vectors for the Teflon Waveguide at 9.875GHz
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[bookmark: _Toc196479732]Figure 35: The E Field vectors for the Teflon Waveguide at 14.85GHz
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[bookmark: _Toc196479733]Figure 36: The H Field Magnitude for the Teflon Waveguide at 4.87GHz
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[bookmark: _Toc196479734]Figure 37: The H Field Magnitude for the Teflon Waveguide at 9.875GHz
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[bookmark: _Toc196479735]Figure 38: The H Field Magnitude for the Teflon Waveguide at 14.85GHz
[bookmark: _Toc196479736][image: A blue and green grid

AI-generated content may be incorrect.]Figure 39: The H Field Vectors for the Teflon Waveguide at 4.87GHz
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[bookmark: _Toc196479737]Figure 40: The H Field Vectors for the Teflon Waveguide at 9.875GHz
[image: A colorful grid of a rectangular object
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[bookmark: _Toc196479738]Figure 41: The H Field Vectors for the Teflon Waveguide at 14.85GHz
Finally, a rectangular plot for each waveguide was obtained, allowing the cutoff frequencies to be identified. These are shown below.
[image: A graph with a red line and green line
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[bookmark: _Toc196479739]Figure 42: A Rectangular Plot of the Frequencies for the Vacuum Waveguide
[image: A graph with different colored lines
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[bookmark: _Toc196479740]Figure 43: A Rectangular Plot of the Frequencies for the Teflon Waveguide
These plots allow the simulated cutoff frequencies to be compared to the theoretical frequencies calculated in Section 3.1.1, as shown in the table below.

	Mode
	Vacuum
	Teflon

	
	Predicted Cutoff Freq.
	Simulated Cutoff Freq.
	Predicted Cutoff Freq.
	Simulated Cutoff Freq.

	TE10
	7.14GHz
	7.11GHz
	4.93GHz
	4.94GHz

	TE20
	14.29GHz
	14.25GHz
	9.86GHz
	9.84GHz

	TE30
	21.43GHz
	21.39GHz
	14.79GHz
	14.74GHz


[bookmark: _Toc196479754]Table 1: The Predicted vs Simulated Frequencies for both Waveguides
[bookmark: _Toc196479771]3.2 Dipole Antenna
The S-Parameter plot was obtained for the dipole antenna, which is shown below.
[image: A graph with a red line
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[bookmark: _Toc196479741]Figure 44: S-Parameter Plot for the Simulated Dipole Antenna
This plot suggests that the operating frequency of the antenna would be 1.29GHz, as opposed to the 1.42GHz initially calculated.
The Radiation Pattern was also obtained for the dipole antenna, as shown below
[image: ]
[bookmark: _Toc196479742]Figure 45: The 3D Radiation Pattern for the Simulated Dipole Antenna
[image: A graph of a graph
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[bookmark: _Toc196479743]Figure 46: The 2D Radiation Pattern for the Dipole Antenna





















[bookmark: _Toc196479772]4 Discussion
[bookmark: _Toc196479773]4.1 Waveguides
The calculated waveguide cutoff frequencies are very close to the simulated frequencies, indicating that the simulation had effectively analysed the performance of the waveguide. 
[bookmark: _Toc196479774]4.2 Dipole Antenna
The radiation pattern produced is consistent with literature examples of radiation patterns for Dipole Antennas, examples of which are shown below.
[image: A red circle with a rainbow colored circle
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[bookmark: _Toc196479744]Figure 47: The 3D Radiation Pattern for a half-wave dipole antenna [10]

[image: A graph of a satellite
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[bookmark: _Toc196479745]Figure 48: The 2D Radiation Pattern for a half-wave dipole antenna [10]
Despite this general accuracy, it is noted that the simulated operating frequency was notably less than the calculated value. It is theorised that this is due to the length of the dipole not taking into account the size of the gap, but further simulation would be required to prove this.










[bookmark: _Toc196479775]5 Conclusion
The analysis carried out in this report has demonstrated the effectiveness of Ansys HFSS for the design of Waveguides and Dipole Antennas. The waveguide analysis showed that for rectangular waveguides of the same external dimensions, a fill of Teflon would result in the waveguide having a lower cutoff frequency when compared to an evacuated waveguide. In the context of a dipole, it has demonstrated that a dipole of known length will operate at a frequency in line with the equations given in [3], and that a longer dipole will correspond to a higher wavelength, and so a lower frequency.
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