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[bookmark: _Toc196436758]Abstract
This report details the simulation of a waveguide filled with a vacuum and teflon, and a halfwave dipole antenna. It looks at the potential uses for this equipment from both defence and civilian standpoints, including missile guidance and communications, amongst other use cases. The report looks specifically into the propagation modes and cutoff frequency of the waveguides, as well as  the radiation pattern and ideal operating frequency for the dipole. The results suggest that teflon allows for lower frequency transmission in a waveguide, and that the given parameters of the waveguide are not ideal for its role. If it were to be created, a different geometry should be decided upon and modelled. Additionally, the dipole was found to be very efficient for its characteristics. 
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[bookmark: _Toc196436760]Introduction
Electromagnetic radiation has a large number of uses in defence environments, from radar on air platforms being able to track multiple targets at one time, to the use of Laser Directed Energy Weapons (LDEW), like Dragonfire, for the defence of surface ships from Unmanned arial vehicles (UAV’s), with costs as low as £10 per shot [1]. 
In the field of Ordnance Munitions and Explosives (OME), understanding electromagnetic radiation can allow for numerous advantageous effects to be achieved. A good example of this is in the use of pyrotechnic composition in aircraft flares historically made out of Magnesium, Teflon and Viton (MTV). Understanding how these compositions burn is important when matching the flares to each aircraft, the heat signature of a C-130 cargo plane will be very different to that of an F-35 multirole fighter jet. Missile seekers have made significantly advances since MTV was first formulated and it is no longer the most effective way of defeating a passive Infrared (IR) missile seeker, which are becoming better at differentiating between decoys and the target. [2] 
When an IR seeker is tracking a target, it uses an optic sensor to take in the IR output coming off of the aircrafts body, most of this coming from the engine. This information is gathered by the optical sensors and fed into the missiles computer system to distinguish the target from the background and any decoys. A simple way of defeating countermeasures is by ignoring sudden bright spots; where a simple missile would track the brightest item in view a smarter missile would be able to ignore some countermeasures.  [ 3,4] 
For this assignment we were tasked with simulating a waveguide and a halfwave dipole antenna. 
Waveguides are used as part of a radar system, specifically for guiding the beam of electromagnetic radiation. This is done by confining the waves within a tube with a transmission medium inside, which allows for the waves to undergo total internal reflection and propagate forwards. Only waves above a certain frequency (known as the “cutoff frequency”) are able to propagate down the waveguide. There are four main modes which waves follow when propagating through a waveguide: 
· Transverse Electromagnetic (TEM) 
· Transverse Electric (TE) 
· Transverse Magnetic (TM) 
· Hybrid
These modes relate to the direction of the magnetic and electric fields within the waveguide. In this example, only TM and TE can be supported by a rectangular waveguide. [5,6,7]

Halfwave dipole antennas operate by using a conducting rod with approximate length of half the wavelength of the desired output electromagnetic wave. This configuration results in the current being at maximum in the centre and at minimum at the ends. The inverse is true for voltage following Ohm’s law. This antenna predominantly radiates in directions perpendicular to the antenna's axis, forming a doughnut shaped radiation pattern. Given how simple halfwave dipole antennas are, they are a fundamental and widely used antenna in all kinds of wireless communication, from radio communication to TV aerials. [8,9] 
For this assignment we used Ansys Electronics, specifically the High Frequency Structure Simulator (HFSS) package. This addition to Ansys allows for the simulation of structures used in high frequency environments, such as waveguides and antennas. It allows for the computational modelling of characteristics such as S-parameters, wave transmission through a body, and radiation patterns. These capabilities allow for complex calculations to be performed by the computer, replacing expensive physical research and development. Expertise on material properties allows researchers to trial new shapes and materials to improve the efficiency of their structure, whilst keeping costs low, and ensuring the final product made meets customer requirements. 

[bookmark: _Toc196436761]Task 1 
Task 1 involved designing a rectangular waveguide that could theoretically be used for a number of applications, for example, Anti-Aircraft missile guidance, microwave communication, and medical imaging. The waveguide had certain size characteristics derived from my student ID, 2309517, as directed in the assignment brief. 
A brief was provided with outlined the method to construct the waveguide and take att the relevant measurements. 
The width of the waveguide, a, was calculated with the formula: 

In this case a = 23 mm. 
The Height of the waveguide, b, was calculated with the following formulae: 

In this case: 

With b = 4.5 mm 
The length of the waveguide was given as 50 mm

[bookmark: _Toc196436762]Task 1a 
 The waveguide was modelled with walls made from a perfect electric conductor filled with a vacuum. 
[bookmark: _Toc196436763]I 
The dominant mode of a waveguide is the mode with the lowest cut off frequency. This can be seen in Fig. 16. The dominant mode for the waveguide with a vacuum is Mode 1 with an experimental cutoff frequency of just 4.68 GHz. 
The patterns produced when a wave moves down a waveguide are determined by the mode indices m and n. m and n show the number of half wavelengths that occur in the port in the X (m) plane and Y(n) plane. The mode type  is displayed as XXmn ,  for example a waveguide in TE mode with 5 half wavelength visible in the port would be TE50. 
In Figures 1-3, it can be seen that Mode 1 is TE10, Mode 2 is TE20 and Mode 3 is TE30.
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The modes in the waveguide were identical at either end of the waveguide, as such, they will be shown as one image below. 
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[bookmark: _Toc196436782]Figure 1: Mode 1 – vacuum
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[bookmark: _Toc196436783]Figure 2: Mode 2 – vacuum
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[bookmark: _Toc196436784]Figure 3: Mode 3 – vacuum
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Mode 1 
[image: A computer generated image of a rectangular object
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[bookmark: _Toc196436785]Figure 4: electric field magnitude vacuum mode 1
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[bookmark: _Toc196436786]Figure 5: electric field vector vacuum mode 1
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[bookmark: _Toc196436787]Figure 6: magnetic field magnitude vacuum mode 1
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[bookmark: _Toc196436788]Figure 7: magnetic field vector vacuum mode 1

Mode 2 
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[bookmark: _Toc196436789]Figure 8: electric field magnitude vacuum mode 2
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[bookmark: _Toc196436790]Figure 9: electric field vector vacuum mode 2
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[bookmark: _Toc196436791]Figure 10: magnetic field magnitude vacuum mode 2
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[bookmark: _Toc196436792]Figure 11: magnetic field vector vacuum mode 2
Mode 3
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[bookmark: _Toc196436793]Figure 12: electric field magnitude vacuum mode 3
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[bookmark: _Toc196436794]Figure 13: electric field vector vacuum mode 3
[image: A colorful rectangular object with a scale

AI-generated content may be incorrect.]
[bookmark: _Toc196436795]Figure 14: magnetic field magnitude vacuum mode 3
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[bookmark: _Toc196436796]Figure 15: magnetic field vector vacuum mode 3
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The cutoff frequency for the waveguide can be calculated using the below equation:

This equation uses the dimensions of the waveguide and the parameters of the node to calculate the cutoff frequency.
The values given below were entered for each calculation: 
	Value
	Mode 1
	Mode 2
	Mode 3

	c
	3x108 m/s

	a
	0.023 m

	b
	0.0045 m

	m
	1
	2
	3

	n
	0


With calculated frequencies of:
Mode 1: 6.52 GHz 
Mode 2: 13.04 GHz
Mode 3: 19.57 GHz 
[bookmark: _Toc196436767]V
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[bookmark: _Toc196436797]Figure 16: Rectangular Plot showing cut off frequencies for modes 1, 2 & 3
The experimental cutoff frequencies are as below:
	Mode
	Cutoff Frequency (GHz)

	Mode 1
	6.48

	Mode 2
	12.99

	Mode 3
	19.5
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The waveguide was modelled with walls made from a perfect electric conductor filled with a teflon. The teflon had relative permeability of 1 and relative permittivity of 2.1. 
[bookmark: _Toc196436769]I 
The Dominant mode for the teflon waveguide, seen in figure 32, is mode 1 with an experimental cutoff frequency of 4.45 GHz.
The modes, explained in task 1a part I, can be seen below and have been identified as follows: Mode 1 is TE10, Mode 2 is TE20 and Mode 3 is TE30. This follows the same pattern as the vacuum waveguide. 
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[bookmark: _Toc196436798]Figure 17: Mode 1 - teflon
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[bookmark: _Toc196436799]Figure 18: Mode 2 - teflon
[image: A graph with red and yellow lines

AI-generated content may be incorrect.]
[bookmark: _Toc196436800]Figure 19: Mode 3 - teflon
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Mode 1 
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[bookmark: _Toc196436801]Figure 20: electric field magnitude teflon mode 1
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[bookmark: _Toc196436802]Figure 21: electric field vector teflon mode 1
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[bookmark: _Toc196436803]Figure 22: magnetic field magnitude teflon mode 1
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[bookmark: _Toc196436804]Figure 23: magnetic field vector teflon mode 1
Port 2 
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[bookmark: _Toc196436805]Figure 24: electric field magnitude teflon mode 2
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[bookmark: _Toc196436806]Figure 25: electric field vector teflon mode 2
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[bookmark: _Toc196436807]Figure 26: magnetic field magnitude teflon mode 2
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[bookmark: _Toc196436808]Figure 27: magnetic field vector teflon mode 2
Port 3
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[bookmark: _Toc196436809]Figure 28: electric field teflon vacuum mode 3
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[bookmark: _Toc196436810]Figure 29: electric field vector teflon mode 3
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[bookmark: _Toc196436811]Figure 30: magnetic field magnitude teflon mode 3
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[bookmark: _Toc196436812]Figure 31: magnetic field vector teflon mode 3
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As mentioned in Task 1a part IV, the theoretical wavelength can be calculated. In this case, the speed of light must be altered, as light travels at different speeds in a vacuum and teflon. 

v = 2.07×108  m/s
	Value
	Mode 1
	Mode 2
	Mode 3

	c
	2.07×108  m/s

	a
	0.023 m

	b
	0.0045 m

	m
	1
	2
	3

	n
	0


With calculated frequencies of:
Mode 1: 4.5 GHz 
Mode 2: 8.99 GHz
Mode 3: 13.49 GHz 

[bookmark: _Toc196436773]V
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[bookmark: _Toc196436813]Figure 32: Rectangular Plot showing cut off frequencies for modes 1, 2 & 3 



The experimental cutoff frequencies are as below:
	Mode
	Cutoff Frequency (GHz)

	Mode 1
	4.45

	Mode 2
	8.86

	Mode 3
	13.41



[bookmark: _Toc196436774]VI 
The below tables summarise the differences in frequency.
Vacuum 
	Modes 
	Calculated 
	Experimental 
	Percentage difference 

	Mode 1
	6.52
	6.48
	0.62%

	Mode 2 
	13.04
	12.99
	0.38%

	Mode 3 
	19.57
	19.5
	0.36%



Teflon 
	Modes 
	Calculated 
	Experimental
	Percentage difference 

	Mode 1
	4.5
	4.45
	1.12%

	Mode 2 
	8.99
	8.86
	1.46%

	Mode 3 
	13.49
	13.41
	0.59%



This data shows the teflon’s ability to operate at lower frequencies due to its higher permittivity slowing down waves passing through it. It also has high deviance from the calculated values, averaging 1.056% difference between the values compared to an average of 0.453% for the vacuum. The value for teflon is over double the percentage difference, suggesting that teflon is more variable in its operation. 
Given these waveguides are identical except for the interior material, both having TE10 as the dominant mode, it is easy to see how they behave similarly under use. However, when designing a system, the differences in their transmission characteristics should be considered with regards to the desired operating frequency.  For example,  using a vacuum for high frequency applications due to its reduced losses, and teflon for its lower frequency transmission ability. 

[bookmark: _Toc196436775]Task 2 
Task 2 involved designing a halfwave dipole antenna applicable to a number of applications, for example: radio communications, ground-based radar, and tv aerials. The antenna had certain size characteristics derived from my student ID, 2309517, as directed in the assignment brief. 
The halfwave dipole antenna had a radius of 1 mm and was designed to radiate waves of wavelength λ, calculated as below. 

λ = 230 mm 
The excitation was applied to this antenna via a lumped port with impedance of 50 Ohms. 
[image: A screenshot of a computer generated image
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[bookmark: _Toc196436814]Figure 33: Lumped port in the centre of halfwave dipole antenna
[bookmark: _Toc196436776]Calculating the length of the halfwave dipole antenna 
When creating a halfwave dipole antenna, the total length of the legs must be equal to half of the desired wavelength. In this case, 230/2 = 115 mm, each individual leg is then half of this value 115/2 = 57.5 mm. 
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[bookmark: _Toc196436815]Figure 34: halfwave dipole antenna fully displayed in simulation software

[bookmark: _Toc196436777]Calculating the operating frequency of the halfwave dipole antenna
To calculate the operating frequency of a halfwave dipole antenna, the following theoretical formula is used:

Where: 
	f = Operating frequency (in Hz)
	c = the speed of light (in m/s)
	λ = wavelength (in m) 

	f = 1304347828.09 Hz (2 d.p.) or 1.304 GHz
The operating frequency of the dipole antenna is approximately 1.304 GHz.

Open access online tooling was then used to validate:
https://www.omnicalculator.com/physics/dipole
This confirmed that the calculations were accurate to within 0.16 of a millimetre, returning a calculated wavelength of 229.84 mm. This tool returned slightly different values for the theoretical length of the dipole’s legs, with a total length of 109.37 mm and leg length of 54.68 mm. Interestingly, when adding extra information on the thickness of the dipole, the results become closer to the experimental values used. 
[bookmark: _Toc196436778]Identifying the experimental operating frequency from an S plot 
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[bookmark: _Toc196436816]Figure 35: S plot of Halfwave dipole antenna
The above plot was obtained after modelling the antenna. The point m1 shows the lowest point on the graph. The clear dip on the graph represents the resonant frequency of the dipole (the frequency where the antenna radiates most efficiently). An S11 value of <-10 is desirable as this means the antenna is absorbing nearly 90% of incident radiation. [10]
The point m1 has a value of 1.1938 Ghz, this is similar to the calculated frequency with only a 0.1102 Ghz difference. 
[bookmark: _Toc196436779]Collecting the experimental radiation pattern 
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[bookmark: _Toc196436817]Figure 36: Radiation pattern of halfwave dipole antenna
Figure X shows the 3D polar gain plot of the halfwave dipole antenna, and indicates how the antenna gain radiates from the legs with values ranging from -65.77 dB to 3.14 dB. The colour of the plot indicates the strength of the signal. The shape shows the drop in gain where the antenna legs sit, forming a toroidal field.
 


[bookmark: _Toc196436780]Conclusion 
Electromagnetic radiation plays a vital role in everyday life, from mobile phone signal to Sat-Nav. Given its prevalence in the field of OME, it is important to have an appreciation for how electromagnetic waves interact with explosives and how devices that use electromagnetic waves are used in tandem to provide a complete weapon package. 
This study has allowed me to gain an understanding of how devices that use electromagnetic radiation and their key components function. The simulation comparisons, when combined  with the  calculations, demonstrate how  vital mathematical models are, and how they can differ from devices in practice. 
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