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1. Introduction: 

Electromagnetic waveguides and antennas are a big part of modern communication systems. This report looks at the design and analysis of a rectangular waveguide and a half-wave dipole antenna. The project is split into three main tasks.
Task 1 is about designing a rectangular waveguide with perfect electric conductor (PEC) walls. The first waveguide is first filled with vacuum, and the second with Teflon, to study how different materials affect the way electromagnetic waves move through it. The dimensions of the waveguide are based on student ID numbers.
Task 2 is based around a half-wave dipole antenna, where both the theoretical and simulated performance are explored. This involved calculating its dimensions, working out the operating frequencies, and evaluating how well it radiates.
Finally, Task 3 looks at recent developments in radar technology specifically to do with detecting drones or unmanned aerial vehicles (UAVs). It will cover some of the challenges these systems face and the improvements being made.

2. Task 1: Rectangular Waveguide Design and Analysis

2.1. Methodology for Task 1a: Vacuum filled waveguide

The rectangular waveguide was designed and simulated in Ansys HFSS, using perfect electrical conductor (PEC) walls filled with vacuum, which has a relative permittivity (εr) and a relative permeability (µr) of 1. The dimensions of the waveguide are based on my student ID number (2307825), where a = 23 and b = 4 (07÷2 rounded to the nearest whole number). The waveguide length along the Z-axis was set to 50mm. These values were converted into meters where necessary to maintain consistency with Maxwell’s equations. 
A rectangular waveguide supports TE and TM modes, with cutoff frequencies determined by the formula:


In this simulation the modes TE10, TE20 and TE30 are relevant because they are the lowest order modes that can propagate through a waveguide with the set dimensions, in the frequency range 2-30GHz. 





Wave ports were assigned at both ends of the waveguide, labelled Wave Port 1 and Wave Port 2, with each port configured to support three modes allowing for better analysis. A frequency sweep from 2-30GHz was set up to observe the behaviour of different waveguide modes across a wide frequency range. The simulation recorded the dominant and higher order propagating modes, field distributions at the ports, and vector plots of electric and magnetic fields. A graph of the cutoff frequencies for the observed modes was generated, and theoretical cutoff frequencies for the three modes were calculated and compared to the simulation.

2.2. Simulation Results for Task 1a

2.2.1. Dominant and Propagating Modes

The dominant mode is the one with the lowest cutoff frequency, meaning that as the frequency increases it is the first mode to carry energy and propagate. The theoretical cutoff frequency for a TE mode can be calculated using the equation in the methodology for task 1a like so:

fc,mn - The cutoff frequency (in Hz) of the mode with indices m, n. Below this frequency, that mode cannot propagate.

c0 - The speed of light in vacuum ≈ 3 x 108 m/s

a - The width of the waveguide, in meters = 0.023

b - The height of the waveguide, in meters = 0.004

m, n - Mode indices, numbers that count halfwave variations of the field in the X and Y axes.

So for TE10:

Simplifying since n = 0:


Having calculated TE10 ≈ 6.52GHz, following the same equation but substituting the m and n values shows that TE20 ≈ 13.04GHz and TE30 ≈ 19.56GHz. In theory this proves that TE10 is the dominant mode.


2.2.2. Port Field Display (Port 1 and Port 2)

The port field display shows the transverse electric field pattern that is being output by the radiating surface, this changes based on the mode.

Mode 1 (TE10):
[image: A grid of red dots

AI-generated content may be incorrect.]
TE10 has 1 half sine lobe (consistent with the mode index m = 1), polarised along the Y axis, and all arrows point in the same direction showing that the entire lobe is in phase.

Mode 2 (TE20): 
[image: A grid with many colored dots

AI-generated content may be incorrect.]
TE20 has 2 half sine lobes (mode index m = 2), polarised along the Y axis, but the 2 lobes are 180° out of phase with each other.

Mode 3 (TE30):
[image: A grid of lines with red dots

AI-generated content may be incorrect.]
TE30 has 3 half sine lobes (mode index m = 3), polarised along the Y axis, but the lobes alternate in phase, with the first and third being in phase with each other, and the second being 180° out of phase.



2.2.3. Electric and Magnetic Field Map and Vectors
[image: A multicolored graph showing a structure

AI-generated content may be incorrect.][image: A multicolored rectangular object with numbers and a chart
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The two images above show the electric field map and vectors (left) and the magnetic field map and vectors (right). 
At the walls the electric field is close to or at 0V/m and in the middle the field strength is much higher, around 5500V/m. This is not only expected due to Maxwells research stating that the electric field must go to zero at a perfect electrical conductor (PEC) surface, but also perfectly consistent with TE10 being the dominant mode, showing a singular lobe in the middle of the waveguide.
However, the waveguide seems to create a standing wave pattern, this is due to reflection from the wave port at the far end, these reflected waves superimpose on the forward wave and create the areas of higher electric field (green/yellow) shown on the plots. 
The magnetic field is also simulated as expected, with the vector arrows looping around the areas of high electric field and complementary areas of higher magnetic field between them.



2.2.4. Cutoff Frequencies Plot and Analysis

[image: A graph with lines and numbers

AI-generated content may be incorrect.]

The graph above shows the cutoff frequencies for the 3 modes, TE10, TE20 and TE30.
The markers m1, m2 and m3 show the exact cutoff frequency of each of the modes, these values can be compared to the frequencies that were calculated using the theoretical equations.

	Mode
	Theoretical Result
	Simulated Result
	Difference

	TE10
	6.52GHz
	6.48GHz
	-0.04GHz

	TE20
	13.04GHz
	12.99GHz
	-0.05GHz

	TE30
	19.56GHz
	19.50GHz
	-0.06GHz


 
These results show that the theoretical calculations give a highly accurate answer, with an error margin of around 0.4%. This discrepancy could be caused by several factors, for instance the variables such as the speed of light in a vacuum (C0) or the permittivity of the vacuum (ε0) could be rounded to a different number of significant figures in the simulation software than was used in the theoretical calculations, or it is even possible that the simulation software calculates losses which would explain why all of the simulated results are lower than the theory would suggest.


2.3. Methodology for Task 1b: Teflon filled waveguide

In Task 1b the same design was used as the vacuum filled waveguide, keeping the dimensions          a = 23, b = 4 and Z = 50. With PEC walls and a sweep across the 2-30GHz range. The only change was replacing the vacuum with Teflon, which has a relative permittivity (εr) of 2.1. The cutoff frequency formula was updated to account for the new material:



Filling the waveguide with Teflon shifts every cutoff frequency down by a factor of  ​, meaning that modes can propagate at lower frequencies compared to the vacuum filled waveguide.

2.4. Simulation Results for Task 1b

2.4.1. Dominant and Propagating Modes

The dominant and propagating modes in the teflon filled waveguide are the same as the vacuum filled waveguide, however, due to the addition of teflon the cutoff frequencies are now lower and can be calculated using the formula shown in the methodology for task 1b as follows:


Simplifying because n = 0:


Having calculated TE10 ≈ 4.50GHz, following the same equation but substituting the m and n values shows that TE20 ≈ 9.00GHz and TE30 ≈ 13.50GHz.




2.4.2. Port Field Display (Port 1 and Port 2)

Due to the waveguides being designed and simulated with the exact same dimensions, the port field displays are identical, please refer to section 2.2.2 for an analysis of the port field displays.

2.4.3. Electric and Magnetic Field Map and Vectors
[image: A multicolored rectangular object with numbers and lines
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The teflon filled waveguide returned some interesting simulation results in terms of the electric and magnetic fields. Notably the maximum electric field measurement was 34640V/m, almost 28000V/m higher than the vacuum filled waveguide, interestingly the hotspot where the V/m peaks is present in both the vacuum and the teflon filled waveguide. However, differing from the vacuum filled waveguide, there is no obvious wave pattern showing in this plot, instead a large area in the waveguide is close to zero V/m pointing to the conclusion that the hotspot is a corner singularity due to the sharp dielectric-PEC junction, if this is the case then Ansys would assign an incredibly large E for a “perfect corner” and scale the whole plot so any waves would be almost 0V/m in comparison. The fact that there is a single bright red vector arrow at the corner also contributes to this theory. 



2.4.4. Cutoff Frequencies Plot and Analysis

[image: A graph of a graph with colored lines
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The graph above shows the cutoff frequencies for the 3 modes, TE10, TE20 and TE30.
The markers m1, m2 and m3 show the exact cutoff frequency of each of the modes, these values can be compared to the frequencies that were calculated using the theoretical equations.

	Mode
	Theoretical Result
	Simulated Result
	Difference

	TE10
	4.50GHz
	4.45GHz
	-0.05GHz

	TE20
	9.00GHz
	9.00GHz
	0.00GHz

	TE30
	13.50GHz
	13.41GHz
	-0.09GHz


 
Similarly to the vacuum filled waveguide, the theoretical calculations give an accurate answer, this time with an error margin of around 0.6%. Apart from TE20 which was completely accurate, the discrepancies could be caused by the same variables mentioned in 2.2.4.




2.5. Comparison of Results: Task 1a and 1b

The two different waveguides both followed the expected theoretical calculations in terms of the modes cutoff frequencies, with the results of both waveguides being around a 0.5% error margin. It also appears that the difference between the two waveguides cutoff frequencies followed the theory, with the cutoff frequency shifted downward by approximately x0.69.

	
	Theoretical
	Simulated

	Mode
	Vacuum
	Teflon
	Difference
	Vacuum
	Teflon
	Difference

	TE10
	6.52GHz
	4.50GHz
	2.02GHz
	6.48GHz
	4.45GHz
	2.03GHz

	TE20
	13.04GHz
	9.00GHz
	4.04GHz
	12.99GHz
	9.00GHz
	3.99GHz

	TE30
	19.56GHz
	13.50GHz
	6.06GHz
	19.50GHz
	13.41GHz
	6.09GHz



This shows that filling the waveguide with teflon rather than vacuum effectively “slows down” the waves. The practical effect of this is an expanded low frequency passband, since the dominant mode TE10 propagates down to 4.45GHz instead of 6.52GHz, but a compressed upper limit, as higher modes now cut off below or near the original limits of the vacuum filled waveguide. This shows that dielectric loading can be used to adjust the operating band of a waveguide at the expense of narrowing the usable high frequency band.

When it comes to the electric field plots neither acted as was expected. The vacuum filled waveguides only issue was that it seemed to create a standing wave pattern, this is due to the wave reflecting off the far side wave port, and while realistic it does not accurately represent the theoretical result expected, which assumes a perfect wave port that would not reflect any energy whatsoever. 
The teflon filled waveguide had a different and much more obtrusive issue, the theory would suggest that the teflon filled waveguide would act in the same manner as the vacuum filled one, but with a reduced cutoff frequency due to the higher permittivity of the material. However, the teflon filled waveguide showed no evidence of any waveform, instead having a corner singularity, possibly due to Ansys assigning a high E value to the corner of the dielectric-PEC junction.
In conclusion, the results in relation to the cutoff frequency are more than satisfactory, having proved the theoretical calculations. However, the E and H plots both suggest there are issues within the Ansys software that require the waveguides to be set up differently to the method that the assignment brief requires.



3. Task 2: Half-Wave Dipole Antenna Design and Analysis

3.1. Methodology for Antenna Design

The half-wave dipole antenna was designed and simulated using Ansys HFSS, as with the two waveguides. The antenna was constructed using perfect electrical conductor (PEC) with a radius of 1 mm. The wavelength (λ) was derived from the first 3 digits of my student ID number (230), and the length of the dipole antenna was calculated as λ/2 to match the resonance condition for efficient radiation. 
[image: A screen shot of a graph

AI-generated content may be incorrect.]A 50 Ω lumped port was created at the center of the dipole as the radiating surface of the antenna and the entire design was placed inside a sufficiently large boundary to simulate being in the open air.

[image: A graph of a line
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3.2. Theoretical Calculations

3.2.1. Antenna Length

The antenna length is calculated as λ/2 (half the wavelength) because a dipole antenna resonates most efficiently when its total length is half the wavelength of wave it is intended to radiate. At this length the antenna supports a standing wave where the current is maximum at the centre and minimum at the ends, the standing wave pattern results in maximum radiation efficiency and a stronger radiation pattern compared to antennas of other lengths.
The equation for a halfwave dipole is as follows: 

Considering the desired wavelength is 230mm (taken from my student ID number), the length of the half wave dipole antenna is:

3.2.2. Operating Frequency

The operating frequency of a halfwave dipole antenna is effectively the same as its resonant frequency for the reasons stated above. The theoretical operating frequency can be calculated by rearranging the equation shown above in 3.2.1. 
The rearranged equation is as follows:

Substituting the variables:

This equation shows that the theoretical operating/resonant frequency of a halfwave dipole antenna with a length of 115mm is 1.304GHz




3.3. Simulation Results

3.3.1. S-Parameter Plot and Operating Frequency

[image: A graph with red lines
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Above is the S-Parameter plot for the halfwave dipole antenna, specifically an S11 plot. This measures the amount of power reflected back to port 1 (the lumped port at the centre of the dipole) when radiating. The lowest point on the graph shows the resonant (and operating) frequency, because that is the point where least power is being reflected back towards the port, thus the antenna is radiating at peak efficiency.
The marker m1 shows the lowest point on the graph, meaning that the resonant/operating frequency is 1.175GHz.

	
	Theoretical Result
	Simulated Result
	Difference

	Operating frequency
	1.304GHz
	1.175GHz
	0.129GHz






3.3.2. Radiation Pattern

[image: A diagram of a graph

AI-generated content may be incorrect.]
The plot above shows the simulated gain of the halfwave dipole antenna, it is perfectly consistent with a classic 3D radiation gain “doughnut”. 
The antenna radiates strongest at the H-plane, or 90° from the dipole axis, this is the “equator” of the doughnut. A halfwave dipole with a finite radius often has a max gain of ~2.3-2.6dB, this antenna has a max gain around the “equator” of 2.41dB this shows that the antenna is radiating relatively efficiently for a halfwave dipole.
The gain plot also exhibits all the expected behaviours towards the poles along the E-plane (0° and 180°), with the gain dropping to a minimum of -49.73dB at the ends of the antenna where it is incapable of radiating.
In conclusion this antenna seems to be operating exactly as expected, the only thing that may be worth mentioning is how perfectly smooth the plot is. This suggests that the design is almost textbook ideal, where in practice a gain plot would have ripples across the surface. 

3.5. Comparison Between Theoretical and Simulated Results

The theoretical operating frequency of the halfwave dipole antenna was calculated to be approximately 1.304GHz. However, the simulated operating frequency taken from the S-parameter plot was 1.175GHz. This discrepancy between the theoretical and simulated results may be due to several factors, most importantly, the theoretical model assumes an infinitely thin and perfectly conducting antenna in free space, whereas the simulated antenna has a finite thickness (1mm radius) and is placed within a finite area, both of which affect the electromagnetic behaviour. 
Another possible issue is end effects, which is the fringing of electric fields at the antenna tips, this effectively lengthens the electrical size of the antenna, causing it to resonate at a slightly lower frequency than in theory. 
In conclusion, the drop in operating frequency was to be expected and the results from simulating the antenna correlate with the theoretical calculations.

4. Task 3: Radar Technologies for Drone Detection

4.1. Introduction

Radar technology has had a major role in airspace monitoring and defence since World War II, it has evolved to support many applications, anything from air traffic control to missile guidance. The rise of drones in military, commercial and recreational settings has introduced new challenges as drones have low radar cross sections (RCS), fly at low altitudes and move unpredictably. Because of this, they are hard to detect on radar and undetected drones can pose risks to air traffic, privacy and security. In response, efforts across defence, aerospace and commercial sectors have focused on adapting radar for drone detection and tracking. 

4.2. Literature Review

Traditional Radar and Limitations
Conventional radars operate in microwave bands (1–10 GHz) with pulse‐Doppler processing optimized for targets with a large radar cross section. 
Obstacles for drone detection include:
· Low RCS: Drones’ small metallic and composite structures reflect weak radar echoes.
· Unpredictable Flight: Low speed, agile manoeuvres yield minimal Doppler shifts, complicating detection.
· Clutter & Noise: Ground clutter, birds, and atmospheric conditions mask UAV signals, raising false alarm rates.



Millimeter Wave (mmWave) Radar
Operating at 30–300 GHz, mmWave radars offer finer range and angular resolution, and can resolve micro‐Doppler signatures from a drones rotors [1]. Field tests show mmWave systems distinguishing drones from birds by analysing rotor induced spectral patterns [2]. Their compact form factor and weather resilience make them ideal for security and urban deployment.

Passive Radar
Passive radar exploits ambient RF sources (TV, cellular, satellite) to detect reflections without active transmissions [3]. Advantages include stealth (no emitted signals) and cost efficiency. Challenges lie in correlating reflections with non‐cooperative illuminators (RF sources not designed to be used in a radar system), and handling variable signal availability. Advanced correlation and adaptive filtering algorithms have improved sensitivity and reduced false alarms in urban trials [4].

AI‐Enhanced & Cognitive Radar
Integrating machine learning into radar signal processing enhances target classification and clutter rejection. AI models trained on spectrograms of radar returns can identify UAV signatures with >90% accuracy in cluttered settings [5]. Cognitive radar expands on this by adapting waveform parameters in real time based on environmental feedback, optimising detection performance and reducing false positives [6].

Multistatic & Networked Radar
Multistatic radar uses spatially separated transmitters and receivers, enabling triangulation. Combined with networked data fusion, these systems achieve wider coverage and resilience to jamming or sensor failure [7]. Fusion of multistatic radar data with LiDAR and EO/IR imagery further improves classification confidence in complex environments [8].

4.3. Discussion and Analysis

Effectiveness of Current Systems
· mmWave Radar: High resolution and rotor signature analysis significantly improve small target detection, but this type of radar suffers from atmospheric attenuation and limited obstacle penetration.
· Passive Radar: Covert and low power but dependent on ambient signal availability and complex signal processing.
· AI & Cognitive Radar: Significant gains in detection and classification accuracy; however, they require large, labelled datasets, substantial computing resources, and robust defence against adversarial inputs.


Sensor Fusion and Multimodal Approaches
Combining radar with LiDAR, EO/IR, and acoustic sensors creates a resilient detection framework. Radar provides range and velocity, LiDAR adds precise 3D positioning, EO/IR offers visual/thermal confirmation, and acoustics capture rotor noise. Fusion algorithms merge these data streams to reduce false alarms and improve real time situational awareness [8].

Societal and Environmental Impacts
· Privacy & Surveillance: Advanced radar networks can inadvertently track lawful civilian activities. Transparent data policies, anonymization, and oversight are essential to safeguard civil liberties [9].
· Environmental Footprint: Deployment of high power radar installations must consider electromagnetic pollution and ecosystem disruptions. Passive and low power designs mitigate impact, but careful site selection and environmental assessments are necessary [10].
· Economic Trade Off: While initial costs for advanced radar and AI systems are high, long term benefits include reduced UAV incursions and enhanced security. Cost-benefit analysis supports investment when balanced against potential damages and operational disruptions [11].

4.4. Conclusion

Drones are difficult to detect due to their small RCS, low altitude flight, and agile movements. Traditional radar systems are often insufficient, but advances in mmWave, passive, AI-enhanced, cognitive and multistatic technologies provide stronger solutions. Multimodal sensor fusion and edge computing also improve detection in complex environments. Addressing privacy, environmental, economic, and regulatory issues is crucial as these technologies develop. Ongoing research into adaptive signal processing, AI, and quantum methods will be key to securing airspace against UAV threats.
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