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[bookmark: _Toc230689703]Abstract 
This report covers designs and analysis of three electromagnetic components using CST Studio Suite. The report is split into three tasks. 
The first covers designing and simulating a PEC rectangular waveguide filled with both a vacuum and Teflon across three modes of propagation; TE10, TE20 and TE01. The dimensions are generated from the student ID number. Comparisons are made across propagation velocity and cut-off frequencies.
The second task covers a half-wave dipole antenna of length 242mm, generated from the student ID number. This covers radiation patterns, directionality, resonant frequency calculations and simulated results. Task two also covers RF safety standards including the use of waveguide structures.
The final task explores modern radar technology and UAV detection, including societal, ethical and environmental implications of these systems within modern society.

[bookmark: _Toc230689704]I Introduction
Electromagnetic (EM) systems play a crucial role in modern society and wireless communications. The transmission and reception of these waves enables communication applications such as satellite, mobile networks and radio. They are also used in defence applications such as sensors including radar, target detection and discrete communications. With modern society seeing constant increases in wireless bandwidth capacity and changes in frequencies used, [1] [2] [3] improving the efficiency of these systems understanding EM propagation becomes increasingly important.
Antennas and waveguides are significant within RF design. Antennas are critical in transmitting and receiving EM waves by converting between electrical and radiated EM waved, with various types of antennas being suited for different requirements. Waveguides provide pathway control over EM waves while providing low attenuation. Waveguides and EM waves become significantly better than over methods of data transportation such as cables at higher frequencies while maintaining energy.
[bookmark: _Toc230689705]II Task 1
A Overview of task 1
Task 1 requires a rectangular waveguide model using the requirements listed below. The dimensions are generated from the student ID number:
Perfect Electrical Conductor walls
Width (x-axis): 24mm = 0.024m
Height (y-axis): 10mm = 0.01m
Length (z-axis): 50mm = 0.05m
Frequency sweep: 2GHz to 30GHz
2 ports
3 modes

PEC wall boundaries enforce no electrical field at the conductor’s surface. This simulates a perfect reflection of the waves within the waveguide with no loss.
Ports are faces where the wave will enter and exit the waveguide.
Modes classify how the EM wave is being propagated through the waveguide, displayed as the mode type with subscripts mn. The mode numbers represent the number of half-waves or wavelengths that are transmitted, with m being the width and n the height of the rectangular waveguide.
The frequency cutoff is the lowest frequency for a particular mode that can propagate through a waveguide and is calculated using the formula:

Where:
V = Velocity of the EM wave = (Variable)
m and n = Rectangular waveguide indices (Variable)
A = Width of the waveguide = 0.024m
B = Height of the waveguide  = 0.01m
So that the cutoff frequency formula becomes:

The waveguide was created in CST, with the ports in the X-Y plane. Port 1 was located at 0mm with port 2 located at 50mm in the z plane.
[image: ]
[bookmark: _Toc230689717]Fig.  1. 3D view of port 1 of the vacuum filled waveguide.
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[bookmark: _Toc230689718]Fig.  2. 3D view of port 2 of the vacuum filled waveguide
B Task 1a
Task 1A fills the waveguide with a vacuum. The velocity of EM waves in a vacuum can be calculated using: 

Since the subscript r is relative to a vacuum, these are 1 for a vacuum, resulting in:

Calculating cut-off frequencies
Mode 1: TE10
The first mode simulated corresponds to TE10 where m = 1 and n = 0. At mode 1 the theoretical cutoff frequency is:

Mode 2: TE20
The second mode simulated corresponds to TE20, which has the values m=2 and n=0. At this mode the theoretical cutoff frequency is:

Mode 3: TE01
The third mode simulated corresponds to TE01, which has values m=0 and n=1. At this mode the theoretical cutoff frequency is:

Since the waveguide has a longer width than the height, TE10 has the lowest cutoff frequency, and becomes the dominant mode for this rectangular waveguide since this mode is only dependant on the larger dimension of the ports. 
Below the cut-off frequency, EM fields decay exponentially, becoming evanescent along the waveguide, preventing propagation efficiently.
TE (Transverse Electric) modes have no electric field component in the direction of propagation. TM (Transverse magnetic) modes have no magnetic field component in the direction of propagation. The waveguide would also support TM modes, however the simulation only ran TE modes. This is because the first three ports simulated are those with the lowest cut-off frequencies. TM modes in rectangular waveguides require:

These result in higher cut-off frequencies. The lowest TM mode is TM11 where the cut-off frequency is: 

The waveguide was then simulated in CST studio suite. The port field displays are shown below.
Table I
Port 1 Vacuum filled Field Displays
	Port 1:
	E
	H

	Mode 1
	[image: ]
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	Mode 2
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	Mode 3
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Table II
Port 2 vacuum filled field displays
	Port 2:
	E
	H

	Mode 1
	[image: ]
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	Mode 2
	[image: ]
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	Mode 3
	[image: ]
	[image: ]


The field displays show the modes propagating within the waveguide. Mode 1, TE10 shows the electric field has one half-wave across the width with no variation in height. Mode 2, TE20 has two half waves, in opposite directions, showing a full wave in the waveguide’s width and no variation in height. Mode 3, TE01 has one half-wave in the height, with no variation across the width of the waveguide.
[image: ]
[bookmark: _Toc230689719]Fig.  3. TE10 cut-off frequency S-parameter for the vacuum filled waveguide.
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[bookmark: _Toc230689720]Fig.  4. TE20 cut-off frequency S-parameter for the vacuum filled waveguide.
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[bookmark: _Toc230689721]Fig.  5. TE01 cut-off frequency S-parameter for the vacuum filled waveguide.
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[bookmark: _Toc230689722]Fig.  6. S-parameter cut-off frequencies for the three modes for a vacuum.
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[bookmark: _Toc230689723]Fig.  7. All S-parameters for the vacuum filled waveguide.
The simulated cut-off frequencies were:
Mode 1, TE10: 6.31GHz
Mode 2, TE20: 12.55GHz
Mode 3, TE01: 15.03GHz


Table III
E and H field simulations for the vacuum filled waveguide
	Port and mode
	Frequency (GHz) 
	E field
	H field

	Port 1 TE10
	6.25
	[image: ]
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	Port 1 TE20
	6.25
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	Port 1 TE01
	6.25
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	Port 2 TE10
	6.25
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	Port 2 TE20
	6.25
	[image: ]
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	Port 2 TE01
	6.25
	[image: ]
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	Port 1 TE10
	12.5
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	Port 1 TE20
	12.5
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	Port 1 TE01
	12.5
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	Port 2 TE10
	12.5
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	Port 2 TE20
	12.5
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	Port 2 TE01
	12.5
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	Port 1 TE10
	15
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	Port 1 TE20
	15
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	Port 1 TE01
	15
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	Port 2 TE10
	15
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	Port 2 TE20
	15
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	Port 2 TE01
	15
	[image: ]
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The table clearly shows the propagation of waves through the waveguide at each cut-off frequency, for each port and mode. Only those above the cut-off frequency for their mode propagated throughout as expected. The cut-off frequencies for each mode propagated at a half wavelength as expected while higher frequencies had directly proportional more half-wavelengths propagating.


C Task 1b
Task 1b uses the same dimensions, changing the internal filling to Teflon. Teflon has a relative permeability of 1 and relative permittivity of 2.1.
[image: ]
[bookmark: _Toc230689724]Fig.  8. 3D view of port 1 on the Teflon filled waveguide
[image: ]
[bookmark: _Toc230689725]Fig.  9. 3D view of port 2 on the Teflon filled waveguide.

Using the formula:


The velocity of EM waves in Teflon is:

Using the velocity of EM waves in Teflon, the cut-off frequency formula is simplified to:


Mode 1: TE10
The first mode simulated corresponds to TE10. This is the dominant mode by being the lowest order and the lowest cutoff frequency. At mode 1 the theoretical cutoff frequency is:

Mode 2: TE20
The second mode simulated corresponds to TE20, which has the values m=2 and n=0. At this mode the theoretical cutoff frequency is:

Mode 3: TE01
The third mode simulated corresponds to TE01, which has the values m=0 and n=1. At this mode the theoretical cutoff frequency is:



Table IV
Port 1 Teflon filled field displays
	Port 1:
	E
	H

	Mode 1
	[image: ]
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	Mode 2
	[image: ]
	[image: ]

	Mode 3
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Table V
Port 2 Teflon filled Field Displays
	Port 2:
	E
	H

	Mode 1
	[image: ]
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	Mode 2
	[image: ]
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	Mode 3
	[image: ]
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[bookmark: _Toc230689726]Fig.  10. TE10 cut-off frequency S-parameter for the Teflon filled waveguide.
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[bookmark: _Toc230689727]Fig.  11. TE20 cut-off frequency S-parameter for the Teflon filled waveguide.
[image: ]
[bookmark: _Toc230689728]Fig.  12. TE01 cut-off frequency S-parameter for the Teflon filled waveguide.
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[bookmark: _Toc230689729]Fig.  13. S-parameter cut-off frequencies for the three modes for Teflon.
[image: ]
[bookmark: _Toc230689730]Fig.  14. All S-parameters for the Teflon filled waveguide.
The simulated cut-off frequencies were:
Mode 1, TE10: 4.31GHz
Mode 2, TE20: 8.70GHz
Mode 3, TE01: 10.42GHz

Table VI
E and H field simulations for the Teflon filled waveguide
	Port and mode
	Frequency (GHz) 
	E field
	H field

	Port 1 TE10
	4.3
	[image: ]
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	Port 1 TE20
	4.3
	[image: ]
	[image: ]

	Port 1 TE01
	4.3
	[image: ]
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	Port 2 TE10
	4.3
	[image: ]
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	Port 2 TE20
	4.3
	[image: ]
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	Port 2 TE01
	4.3
	[image: ]
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	Port 1 TE10
	8.6
	[image: ]
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	Port 1 TE20
	8.6
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	Port 1 TE01
	8.6
	[image: ]
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	Port 2 TE10
	8.6
	[image: ]
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	Port 2 TE20
	8.6
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	Port 2 TE01
	8.6
	[image: ]
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	Port 1 TE10
	10.35
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	Port 1 TE20
	10.35
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	Port 1 TE01
	10.35
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	Port 2 TE10
	10.35
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	Port 2 TE20
	10.35
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	Port 2 TE01
	10.35
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D: Comparison between materials.
The S-parameter results for both waveguides show that the waveguides have strong transmission coefficients (S21) above the cut-off frequencies, with strong reflection coefficients (S11 and S22) below the cut-off frequencies, confirming EM waves only propagate efficiently above the cut-off frequencies for the specific mode.
A comparison of some properties between the two waveguides can be seen below. 
Table VII
Comparison of properties between vacuum filled and Teflon filled waveguides.
	Comparison
	Vacuum Filled
	Teflon Filled

	
	1
	1

	
	1
	2.1

	Propagation speed (ms-1)
	3x108
	2.07x108

	Mode 1, TE10 Cutoff Frequency (GHz)
	6.25
	4.31

	Mode 2, TE20 Cutoff Frequency (GHz)
	12.5
	8.62

	Mode 3, TE01 Cutoff Frequency (GHz)
	15
	10.34



Both materials have the same relative permeability, and have similar effects on the magnetic field properties, with the maximum strength at the cut-off frequencies being similar. Teflon has higher relative permittivity of 2.1 compared to the vacuum of 1. This effectively increases the capacitance of the material and waveguide structure, reducing the EM waves velocity, as seen with the higher electric field strengths. 
The reduced propagation velocity lowers the cutoff frequency for the same size waveguide. Alternatively smaller waveguides are needed to propagate the same frequencies. This is useful for modern communication where requirements often drive for smaller sized devices.
Table VIII
Comparison of calculated and simulated cut-off frequencies.
	Mode and material
	Calculated cut-off Frequency (GHz)
	Simulated cut-off Frequency (GHz)
	Difference (%)

	Vacuum Mode 1: TE10
	6.25
	6.31
	0.96

	Vacuum Mode 2: TE20
	12.5
	12.55
	0.40

	Vacuum Mode 3: TE01
	15
	15.03
	0.20

	Teflon Mode 1: TE10
	4.31
	4.38
	1.62

	Teflon Mode 2: TE20
	8.62
	8.70
	0.93

	Teflon Mode 3: TE01
	10.34
	10.42
	0.77



The difference between calculated and simulated frequencies were calculated using:

The simulated frequencies for all modes closely match the calculated frequencies, with the errors likely caused by the simulation such as using approximations.
E: Waveguide use in modern RF systems, communications and defence
Waveguides are often used in RF systems because EM waves efficiently transmit through. Waves are directed along the waveguide, reducing attenuation and losses, which improves the received signal strength and is more prevalent at higher frequencies. [4] 
Waveguides are often used in high frequency wireless communication systems such as satellites, radars and base stations to direct EM waves directly towards the receiver, since all EM waves in any other direction are wasted power. In isolated environments where power management is critical to operation, such as satellites, efficiency within transmissions ensures consistent and reliable operation. 
Waveguides can also be used by receivers to minimise the angles that signals are received from which reduces noise, increases reliability and increases communication distances.
Defence applications are heavily dependent on consistent, strong and reliable signals which waveguides assist in providing. Radar, guidance and targeting systems often use high power signals which are maintained by waveguides. Defence communications relies on security, where being undetectable is a major layer. The advantages of waveguides help reduce unwanted radiation for both the transmission, transmitter and receiver, lowering the probability of detection providing a crucial advantage against adversaries. [5]

[bookmark: _Toc230689706]III Task 2
[bookmark: _Toc230689707]A Half-wavelength Dipole antenna
Task 2 requires a design of a dipole antenna with the requirements below, with the wavelength generated from the student ID number.
Perfect electrical conducting material
Dipole radius = 1mm
Radiated wavelength = 242mm = 0.242m
50Ω lumped port
A half-wave dipole antenna is constructed of two equal quarter-wavelength conductive arms, powered from the centre. The length of the dipole is found using the equation:

And the length of each conductive arm is found using the equations:

The frequency of the EM wave being transmitted can be calculated using:

The theoretical optimal resonant  frequency of the EM wave produced is then calculated as:


The antenna was then created using the dimensions calculated. The dipoles were positioned 1mm away from each other, with the lumped port between them, simulating the input power and bridging the gap between dipoles. The results of the simulation are shown below, where the frequency was swept from 0.5GHz to 2GHz.
[image: ]
[bookmark: _Toc230689731]Fig.  15. 3D model of the dipole antenna
[image: ]
[bookmark: _Toc230689732]Fig.  16. 3D model of the antenna within the rectangular vacuum
[image: ]
[bookmark: _Toc230689733]Fig.  17. 3D radiation pattern from the dipole antenna
[image: ]
[bookmark: _Toc230689734]Fig.  18. Farfield radiation pattern of the dipole antenna.
[image: ]
[bookmark: _Toc230689735]Fig.  19. S-Parameter plot for the dipole antenna. 
A dipole antenna radiates in an omnidirectional pattern in the x-y plane, creating a toroidal shape of maximum radiated energy around the antenna. Nulls occur at the ends of the antenna with minimum radiation in the z axis.
The calculated theoretical frequency of the half-wave dipole antenna was calculated as 1.238 GHz. The simulated frequency of S-parameter plot of S11 showed the minimum S11 value at 1.082GHz, where the return loss was -15dB, which indicates the best impedance matching for 50 ohms. This equated to ~97% of the power being radiated rather than reflected back from the antenna. The simulated resonant frequency was 12.6% lower than expected, which is partially due to effects within the simulation. Some approximations will occur, as well as boundaries occurring within the simulation size. The conductor arms are ideally infinitely thin, with no radius. In addition, the antenna has a radius. A perfect antenna as calculated would have no radius, which is not physically possible. This alters multiple properties and indirectly affects the resonant frequency.
A half-wave dipole antenna has an ideal directivity of 2.15dBi. The simulated result was 2.16dBi, showing minimal difference between and confirming that although the frequency was not as calculated, the simulation is performing as a half-wave dipole antenna.
[bookmark: _Toc230689708]B RF Safety standards
Safety standards relating to RF, how waveguide design helps comply.
RF has become an increasing source for concern due to the increase in use across all bands and frequencies. Regulation helps protect electrical systems and living organisms. The International Commission on Non-Ionizing Radiation Protection (ICNIRP) is often used as a guideline in determining safe limits. Although there is minimal research to show low levels of exposure to RF is a cause of health issues, persistent and constant high levels of exposure may cause small health issues. The safety limits below 6GHz is the Specific Absorption Rate (SAR) whilst above 6GHz the absorbed power density (W/M2) is used.  [6] [7] Additional areas where further research is required includes the biological effects of RF radiation, including thermal effects of body temperature rises and heat-induced pain. [8]
As mentioned previously, waveguides provide structural propagation paths for EM waves, reducing radiation in unwanted directions. This reduction helps ensure unwanted radiation is kept to a minimum, protecting the surrounding environment and organisms within from additional exposure.


[bookmark: _Toc230689709]III Task 3
[bookmark: _Toc230689711]A Introduction
Unmanned aerial vehicles, such as drones, are increasingly common in consumer, commercial and military environments. The large increase in availability, and therefor nefarious use, highlight the importance for improvements in detection and countermeasures which can be used for security and safety in both civilian and defence applications. These may be required for permanent installations such as airports and government sites, or temporary installations at public events.
[bookmark: _Toc230689712]B Detection methods
Radar operates by transmitting EM waves, and analysing waves reflected off a target. [9] Active radar is transmitted and received by the same installation. Semi-active radar utilises separate radar transmitter and receiver locations. UAVs are often difficult to detect due to their low surface area, reducing the power reflected for detection. Typical radar is used for fast moving aerial objects with no background reflections. UAVs are often used at low altitudes and speeds where false positives become much more likely. 

Millimetre wave radar is a modern version of radar operating at 30-300GHz. [4] This shorter wavelength improves the resolution and reflections off smaller objects in cluttered  or urban environments. Compared to typical radar frequencies, false positives are less likely. 

An antenna array uses multiple antennas. Phased array radar uses beam forming and electronically steers that beam by changing the phase of the electrical input, rather than using mechanical movement. This significantly reduces the time necessary to change direction and allows multiple targets to be tracked simultaneously, improving response and monitoring times. [10] This is particularly useful for defence scenarios where multiple targets or waves are expected rather than single targets.

Doppler shift is a change in frequency of a reflected wave caused by relative motion between objects. [11] Within radar, the transmitter is often stationary, or knows its own speed which allows the targets speed to be calculated. UAVs often have exposed propellers, which produce distinct patterns due to the circular motion and angular velocity. Identifying these can reduce false positives. [4]
The rise in optical electronic use for detection as additional methods of detection increase the data available. AI and machine learning are regularly integrated into systems. They analyse large volumes of input data in real time to identify and classify targets, enabling trajectory and pattern predictions. Accuracy can improve from iterative training and larger datasets, improving reliability. These are often useful for large areas of monitoring and providing advance warning when compared to other systems or people. [12] [13]
[bookmark: _Toc230689713]C Implications
Advanced technologies are increasing causing concern. Surveillance and privacy are often raised with an increasing number of optical systems, data collection and storage methods. Public spaces are monitored without warning or consent. People are unknowingly monitored. The modern, internet connected world increases the risk of malicious actors exploiting poorly monitored systems. The normalisation of persistent surveillance by corporations and governments for “national security” also raises concerns where systems could or will be used for more than originally claimed when installed. [14] [15] [16]
Civilian safety is also an issue. The increasing wireless EM radiation from military systems, when not monitored or maintained, could interfere with civilian systems despite being regulated. [17]. Increasing automated and self-improving systems using AI could malfunction and target civilian infrastructure as human control decreases. [18]
Larger systems, especially AI, increase the need for energy use. These place increased demand on electrical grids. Civilians are often asked or required to monitor use, rather than restricting industry or corporations. Large energy uses often use fossil-based production, rather than clean production, disproportionally negatively impacting the environment. [19] [20]
Ethical concerns often raise public concerns regarding transparency, accountability and data access. Public distrust regularly increases after personal-data use issues such as Niantic’s use of Pokémon go data. [21] . Companies such as Palantir Technologies are frequently mentioned due their integration and access level with public-sector organisations, including the NHS [22]. These contracts are often criticised raising ongoing questions on oversight and accountability.

[bookmark: _Toc230689714]VIII Conclusion
This report investigated the design and analysed some EM system components using theoretical calculations and simulations within CST, demonstrating rectangular waveguides and half-wave dipole antennas.
The first task analysed rectangular waveguides using both vacuum and Teflon filled walls using PEC walls. These were compared across three modes, TE10, TE20 and TE01 where the cut-off frequencies simulated where within 2% of the calculated values. The results confirmed that a change in the permittivity of a material affects the propagation velocity of EM waves, and changed the cut-off frequencies.
The second task investigated a half-wave dipole antenna, designed for an EM wave with a wavelength of 242mm. Each conductive arm was 60.5mm long, with 50Ω impedance. The CST simulation produced the expected radiation pattern with an almost perfect directivity of a dipole antenna. The Resonant frequency was 12.6% lower than calculated ideal frequency, likely attributable to both simulation limits, and the physical requirement for an antenna to have a radius. The report also covered RF safety around antennas and how waveguides can assist in reducing unwanted radiation.
The final task explored radar technology including their use in UAV detection and tracking. A few methods around radar, doppler shifts and AI assisted analysis were covered, including their potential for monitoring for UAVs in cluttered environments. This report also covered societal implications of these systems.
Overall, the report demonstrates the importance of EM systems and the understanding of EM propagation and simulation analysis. The importance of antennas and waveguides were displayed with their applications in communications and defence.
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