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The aim of this assignment was to research, design and analyse Electromagnetic Systems. The report is separated into 3 tasks which investigated separate features and research areas of RF (Radio Frequency) Systems. Tasks 1 & 2 used Ansys Electronics Desktop Student and HFSS (High Frequency Structured Simulation) Modelling Software to design and simulate a Rectangular Waveguide Model and Halfwave Dipole Antenna respectively. Before each simulation, a theoretical value was calculated as a comparison with the simulated values of both the Rectangular Waveguide and the Halfwave Dipole Antenna and then discussed. 
As expected, the Rectangular Waveguide TE10 Mode was the dominant mode as evidenced in the simulation and changing the material of the Rectangular Waveguide, from vacuum filled to Teflon filled, impacted the operating frequency of the waveguide.
The theoretical resonant operating frequency of the Halfwave Dipole Antenna was not reflected in the results of the simulation and the 3D radiation pattern in the simulated Halfwave Dipole Antenna was as expected. 
The final section of this report was Task 3 which was an evaluation of recent technological advancements in Radar technology with consideration given to the broader societal and environmental impacts. The primary discussion was radar solutions within the sphere of drones and Uncrewed Aerial Vehicles (UAVs).









[bookmark: _Toc196742894]Task 1 & 2

Tasks 1 and 2 investigated the comparison between theoretical outcomes and simulated results of Rectangular Waveguides and a Halfwave Dipole Antenna respectively. Task 1 was further broken down into Task 1 (a) and Task 1 (b) whereby Task 1 (a) evaluated the design and simulation of a vacuum filled Rectangular Waveguide and Task 1 (b) evaluated a Teflon filled Rectangular Waveguide. Task 1 and 2 were designed and simulated using Ansys HFSS Software. 

[bookmark: _Toc196742895]Introduction

A Rectangular Waveguide is a structure used for signal transmission in satellite communication, radar and telecommunication. It is essentially a hollow conducting tube in a rectangular form which functions by guiding electromagnetic power to a destination point [1]. Electromagnetic waves are transmitted along through a Rectangular Waveguide and they are reflected from the conducting walls. It is this reflection which refers to the topic of ‘Modes’ within the structure, either Transverse Electric (TE) Mode or Transverse Magnetic (TM) Mode, depending on the direction of propagation and the Electric (E) and Magnetic (H) fields [2]. The dimensions of a Rectangular Waveguide are important as they determine its cut-off frequency, below which a wave cannot propagate. 

[bookmark: _Toc196742896]Task 1(a)

The aim of Task 1(a) was to design a Rectangular Waveguide Model with Perfect Electric Conductor (PEC) walls filled with vacuum [3]. The assignment brief required the Rectangular Waveguide Model to have 2 Wave Ports with 3 Modes respectively in order to analyse the simulation across a range of frequencies from 2GHz to 30GHz. 


[bookmark: _Toc196742897]Task 1(a): Dimensions of Rectangular Waveguide Model

In order to complete Task 1(a), the dimensions of the waveguide had to be calculated as the values to be used in the simulation. The dimensions required were:
· Width (a)
· Height (b)
· Length (50mm) 
Width (a) and Height (b) were determined using the student ID (2318127) of each individual and all dimensions were in millimetres (mm). The Width was calculated using the first two numbers of the student ID:

mm
The Height of the Rectangular Waveguide was determined using the following formula: 
 
 
 9mm
[image: ]Using these dimensions, the following model (Fig. 1.0) was created with Ansys Electronics Desktop Student Software in order to implement the simulation and analysis.







Figure 1.0: Dimensions used in the Rectangular Waveguide Model

[bookmark: _Toc196742898]Task 1(a) i) Dominant Mode

Electromagnetic waves are reflected on the walls in a Rectangular Waveguide and only Transverse Electric (TE) and Transverse Magnetic (TM) modes are supported [1]. The dominant mode is the mode of propagation with the lowest cut-off frequency, which is TE10 in a Rectangular Waveguide [4] . As the Gamma plot displays in Figure 1.1, the lowest cut-off frequency is 6.55 GHz, which is the TE10 Mode. 

[bookmark: _Toc196742899]Task 1(a) ii) Port Field Display

The port field displays for Port 1 and Port 2 in the vacuum filled Rectangular Waveguide were recorded using HFSS Software alongside their varying modes. Table 1.0 and Table 1.1 show the port field displays for Port 1 and Port 2 respectively. The Modes were identified as TE10 (dominant), TE20 and TE01 [5].
	Port 1: TE10 Mode
	Port 1: TE20 Mode
	Port 1: TE01 Mode
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Table 1.0: Port Field Display for Port 1 in Rectangular Waveguide with Modes

	Port 2: TE10 Mode
	Port 2: TE20 Mode
	Port 2: TE01 Mode
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Table 1.1: Port Field Display for Port 2 in Rectangular Waveguide with Modes


[bookmark: _Toc196742900]Task 1(a) iii) Magnitude & Vectors

The Magnitude and Vectors for the Electric (E) and Magnetic (H) fields for the 3 Transverse Electric (TE) modes (TE10, TE20, TE01) were simulated using HFSS Software (Table 1.2). 
	
	TE10
	TE20
	TE01

	Magnitude (E Field)
	[image: ]
	[image: ]
	[image: ]

	Vector
(E Field)
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	Magnitude (H Field)
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	Vector
(H Field)
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Table 1.2: Magnitude and Vectors for Electric (E) and Magnetic (H) fields in 3 TE Modes of Port 1





[bookmark: _Toc196742901]Task 1(a) iv) Graph to visualise Cut-off Frequencies

Using the results from the simulation in the HFSS Software, a Gamma plot graph was created (Fig. 1.1) in order to visualise the cut-off frequencies from the 3 modes in Port 1 (TE10, TE20, TE01 respectively). 
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TE01
TE20
TE10


Figure 1.1: Gamma Plot with markers at the 3 cut-off frequencies of Vacuum filled Waveguide.

[bookmark: _Toc196742902]Task 1(a) v) Cut-off Frequency of first 3 Modes 

The cut-off frequencies of a Rectangular Waveguide for each of the first 3 Modes can be calculated with the following formula [6]:


m = number of half-wavelength variations in the Width of Waveguide
n = number of half-wavelength variations in the Height of Waveguide
a = Width of Rectangular Waveguide (m)
b = Height of Rectangular Waveguide (m)
 = Speed of Light: 3 × 10⁸ (m/s)
Cut-off Frequency (Hz) [6]





	Mode
	Cut-off Frequency Formula
	Cut-off Frequency Value (GHz)

	TE10
	

	= 6.52

	TE20
	

	= 13.04

	TE01
	

	= 16.66


Table 1.3: Calculated cut-off frequencies of vacuum filled Rectangular Waveguide Modes


[bookmark: _Toc196742903]Task 1(b)

The requirement of Task 1(b) was to redesign the PEC Rectangular Waveguide with the same dimensions and simulation parameters as the Task 1(a), however the Rectangular Waveguide would be Teflon filled (also called polytetrafluoroethylene - PTFE) [7], instead of vacuum filled. Due to the fact Teflon is an excellent insulator and is considered a dielectric medium, it is widely used as insulation in wiring and as a material in HF and microwave applications [8].

[bookmark: _Toc196742904]Task 1(b) i) Dominant Mode

The Dominant Mode in the Teflon filled Rectangular Waveguide is also TE10, as seen in Table 2.0. The cut-off frequency is 4.45 GHz and can be seen in the S-Parameter Plot Graph in Figure 2.0. 
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The port field displays for Port 1 and Port 2 in the Teflon filled Rectangular Waveguide were recorded using HFSS Software alongside their varying modes. Table 1.0 and Table 1.1 show the port field displays for Port 1 and Port 2 respectively. 

	Port 1: TE10 Mode
	Port 1: TE20 Mode
	Port 1: TE01 Mode
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Table 2.0: Port Field Display for Port 1 in Rectangular Waveguide with Modes

	Port 2: TE10 Mode
	Port 2: TE20 Mode
	Port 2: TE01 Mode
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Table 2.1: Port Field Display for Port 1 in Rectangular Waveguide with Modes
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	TE10
	TE20
	TE01

	Magnitude (E Field)
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	Vector
(E Field)
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	Magnitude (H Field)
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	Vector
(H Field)
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Table 2.2: Magnitude and Vectors for Electric (E) and Magnetic (H) fields in 3 TE Modes of Port 1.











[bookmark: _Toc196742907]Task 1(b) iv) Graph to visualise Cut-off Frequencies
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Figure 2.0: Gamma Plot with markers at the 3 cut-off frequencies of Teflon filled Waveguide.



[bookmark: _Toc196742908]Task 1(b) v) Cut-off Frequency of first 3 Modes 

The assignment brief for Task 1(b) states that the redesigned Teflon filled Rectangular Waveguide has different parameters due to the change in material:
· Relative Permeability of Teflon (μr) = 1
· Relative Permittivity of Teflon (εr) = 2.1
In order to calculate the cut-off frequencies for the Teflon filled Rectangular Wavelength modes, the permeability constant and the permittivity constant of free space are used to calculate the absolute permeability and permittivity of Teflon: 
· Permittivity of Free Space (ε0​) = 8.85 x 10-12 Farad/metre (F/m)
· Permeability of Free Space (μ0) = 4𝝅×10-7 Henry/metre (H/m) [9]
To calculate the absolute permeability and absolute permittivity of Teflon, the following formulas were used: 
Absolute Permittivity (ε) = εr​ × ε0​
Absolute Permeability (μ) = μr ​× μ0​

Absolute Permittivity (Teflon) = (2.1) x (8.85 x 10-12) = 1.859 x 10-11 F/m
Absolute Permeability (Teflon) = (1) x (4𝝅×10-7) = 1.256 10-6 H/m

With the permeability and permittivity of Teflon known, the velocity can be calculated using the following formula [6, p. 13]: 


 2.069×108 m/s

	Mode
	Cut-off Frequency Formula (Teflon)
	Cut-off Frequency Value (GHz)

	TE10
	

	= 4.45

	TE20
	

	= 9.00

	TE01
	

	= 11.45


Table 2.3: Calculated cut-off frequencies of Teflon filled Rectangular Waveguide Modes



[bookmark: _Toc196742909]Cut-off Frequency Comparison of Task 1(a) and Task 1(b)

As seen in the calculation results for the Vacuum filled Rectangular Waveguide and the Teflon filled Rectangular Waveguide in Table 2.4, the theoretical calculations are similar to the frequency cut-off values displayed in the simulation Gamma Plot graphs.
The lowest cut-off frequency was TE10 for both waveguides and the highest cut-off frequency was TE01 for both waveguides. It can be seen that the Teflon filled Rectangular Waveguide has a lower cut-off frequency at 4.45 GHz, than the Vacuum filled Rectangular Waveguide at 6.52 GHz. 

	
	Vacuum
	Teflon

	
	Theoretical (GHz)
	Simulated (GHz)
	Theoretical (GHz)
	Simulated (GHz)

	TE10
	6.52 
	6.55
	4.45 
	4.45

	TE20
	13.04 
	12.99
	9.00 
	8.93

	TE01
	16.66 
	16.63
	11.45 
	11.45


Table 2.4: Theoretical and Simulated cut-off frequencies of Rectangular Waveguides


[bookmark: _Toc196742910]Task 2

The requirements for Task 2 were to design a Halfwave Dipole Antenna with a radius of 1mm and a wavelength calculated from the first 3 digits of the student ID in mm. An antenna is a device which can accept RF power and radiate is back out whilst also having the ability to receive energy from a passing radio wave and decode it [10]. A halfwave dipole is one of the most simple and popular antenna designs [11]. The antenna had to be constructed using PEC and excitation was applied through a 50Ω lumped port. This meant the design was placed within a rectangular radiating surface. A Halfwave Dipole Antenna is a Dipole Antenna but where the frequency of operation is half of its wavelength [12].
[bookmark: _Toc196742911]Methodology

[bookmark: _Toc196742912]Task 2 (i): Length of Halfwave Dipole Antenna

The length (L) of the Halfway Dipole Antenna was calculated using the wavelength ( first before designing the model in HFSS. 


L =  [12]
L =  = 115.5mm = 0.115m
Length of Halfwave Dipole Antenna = 0.115m
[bookmark: _Toc196742913]Task 2 (ii): Calculate Operating Frequency of Halfwave Dipole Antenna

To calculate the operating frequency of the Halfwave Dipole Antenna, a formula with the speed of light ( and wavelength (0.115m) can be used [12]:


 Hz / 2.69 GHz
Resonant Frequency = 2.69 GHz

[bookmark: _Toc196742914]Task 2 (iii): S-Parameter Plot of Halfwave Dipole Antenna

Following the design and simulation of the Halfwave Dipole Antenna in HFSS, a Scattering Parameter (S-Parameter) Plot was created, Fig. 3.0. The S-Parameter Plot shows how the RF energy behaves in the system and how much power gets reflected back [13]. Given that the resonant frequency was calculated at 2.69 GHz, it would be expected for the first marker to be closer in value to 2.69 GHz. As seen in the graph, the simulated resonant frequency is shown at Marker 1 at 1.17 GHz. 

[image: ]







Figure 3.0: S-Parameter Plot Graph showing resonant frequency of Halfwave Dipole Antenna

[bookmark: _Toc196742915]Task 2 (iv): Radiation Pattern of Halfwave Dipole Antenna

[image: ]Radiation patterns were produced using Far Field Plots in the HFSS Software Suite. Figure 3.1 shows the classic Halfwave Dipole Antenna cross section with peak gain at 90° and weakest gain at the poles of the radiation model. Figure 3.2 shows a 3D Polar Far field plot which again highlights the peak Gain at the sides of the model in the expected ‘doughnut’ shape [10, p. 190] with omnidirectional radiation. However, the maximum directive Gain (dB) shown is 4.41 dB which is unexpected as the directivity for a Halfwave Dipole Antenna is usually 2.15 dB [14].






Figure 3.1: 2D Vertical Plane of Radiation Pattern
[image: ]







Figure 3.2: 3D Far Field Polar Plot of Radiation Pattern



[bookmark: _Toc196742916]Results & Discussion

The results of Task 1 (a) and Task 1 (b) show that the theoretical and simulated values for the cut-off frequencies are almost identical. As seen in Table 2.4, the cut-off frequency is lower for the Teflon-filled Rectangular Waveguide in comparison to the vacuum filled Rectangular Waveguide. This can be attributed to the difference in permittivity, given that the same dimensions and parameters were used in both the simulated and theoretical rectangular waveguides. Teflon impacts the electromagnetic behaviour due to its higher permittivity as it slows the wave propagation and thus lowers the cut-off frequency to 4.45GHz. 
The main aspect to note in Task 2 was the discrepancy between the theoretical operating frequency of the Halfwave Dipole Antenna and the simulated results obtained from HFSS Software using the same dimensions as seen in Table 2.5. With the same parameters and dimensions, it was expected that the simulated operating frequency of the Antenna would be similar to the theoretical calculations. The radiation patterns displayed in Figure 3.1 and 3.2 are as expected, therefore the 1.52GHz difference between the theoretical and simulated operating frequency must be attributed to an error in the experimental set-up. 
	
	Operating Frequency (GHz): Halfwave Dipole Antenna

	Theoretical
	2.69

	Simulated
	1.17


Table 2.5: Theoretical and Simulated operating frequency of Halfwave Dipole Antenna
This could be due to inconsistencies in the experiment within the simulated HFSS Software whilst designing the Halfwave Dipole Antenna, and it would be recommended to repeat this experiment again. 

[bookmark: _Toc196742917]Conclusion

The aim of Tasks 1 and 2 was to analyse the relationship between theoretical calculations of Rectangular Waveguides and Halfwave Dipole Antennas and with their simulated results designed using HFSS Software. 
To conclude, the results of Task 1 suggest that the difference in permittivity of the material used in the Rectangular Waveguide has an impact on the speed of wave propagation. Due to the large discrepancy in Task 2 between the theoretical and simulated outcome of the Halfwave Dipole Antenna operating frequency, it would be recommended to redo this experiment as the 1.52 GHz difference between the operating frequencies was unexpected.

[bookmark: _Toc196742918]Task 3

The aim of Task 3 was to evaluate recent technological advancements in Radar and to provide improvements or solutions that could enhance radar effectiveness for drone detection, using recent developments in Radar technology [3]. 

[bookmark: _Toc196742919]Introduction

Radar, like Sonar, is an acronym and stands for Radio Detection and Ranging [15, p. 1]. It is a system used to detect and track objects by recording the time taken for reflected signals to return. Radar as a technology is widely used, from tracking weather to defence and military systems to aviation to tackling climate change [16]. This report describes a brief overview of how Radar works before discussing recent technological advances and improvements in the Radar domain with a focus on drones and UAVs (Uncrewed Aerial Vehicles). 
[bookmark: _Toc196742920]Literature Review

Although the theoretical principles of Radar were suggested in the work of James Clerk Maxwell [17] and then developed in experiments by Heinrich Hertz in the 19th century, it was not until the 20th century that the principles of Radar bridged into physical devices. According to academic resources, Radar was almost developed simultaneously by several countries around the 1930s including Germany, USA, UK, Japan, France, Holland, the Soviet Union and Italy but in great secrecy [18]. Due to there being no practical air defences around Great Britain and with growing threats, the British government began experimenting with possible weapons and detection devices, carried out by Watson Watt [18]. 
Although Radar has evolved greatly in the last century, the basic principles behind Radar are not complex: radio energy, travelling at the speed of light, is transmitted and then returned as an echo after reflecting off a target [19]. The key components of Radar Systems are: 
· Transmitter – the device that emits the electromagnetic Radio Waves in short or long pulses
· Antenna – the emitter and receiver of waves 
· Receiver – captures the reflected signals and measures time elapsed since transmission
· Processor – analyses the received signals to determine range and trajectory of objects [20]
There are different types of Radar based on their configuration and characteristics, for example; Continuous Wave (CW) Radar operates by transmitting and receiving HF signals constantly, Doppler Radar implements the Doppler effect to determine the velocity of moving objects and Bistatic Radar functions by having the transmitter and receiver in different locations, which can be used in military scenarios to detect targets employing specific technology [21]. 
Recently there have been some interesting technological developments in the Radar domain. Although still in proof-of-concept stage, Quantum radar is currently being prototyped and developed and this could have immense benefits in the aviation safety, space exploration and medical imaging. If quantum radar is developed with the hypothesised techniques, it could revolutionise civilian airspace because functioning in noisy conditions with lots of interference would no longer be an issue and quantum radar could also be utilised in the space exploration field [22]. There are also some theorised far-reaching implications of quantum radar technology should it be developed past the prototyping stage, in regard to stealth warfare and upending of security and geopolitical advantages [22].
Like most areas in the technological space, Radar is also being developed with Artificial Intelligence (AI). Machine Learning (ML) algorithms alongside the analysing of historical data allows for huge processing of data in real time which can be utilised in autonomous vehicles if the radar-based systems can differentiate between objects [23]. There are also studies researching ML algorithms with issues pertaining to radar signal processing, namely radar jamming [24]. And there have also been developments within the realm of landslide prediction modelling using AI and synthetic-aperture radar (SAR) time-series data [25]. There are various other examples of interesting and pioneering technological developments with Radar, however one challenge that has not yet found a lasting solution is drone detection. 

[bookmark: _Toc196742921]Discussion

One of the most current subjects associated with Radar, and the main discussion in this report, is that of Drones and UAVs. Despite technological advancements with Radar, detecting and dealing with drones is still seen as a challenge. In 2017, a £300 commercial drone landed on the UK’s most coveted warship, the Queen Elizabeth, while it was moored. The drone was undetected and fortunately the drone pilot was not a hostile actor, as the pilot “could have carried 2 kilos of Semtex and left it on the deck” [26]. 
As commercial drones and UAVs are becoming smaller and cheaper, most traditional radar systems cannot distinguish between a drone or another object, like a bird, therefore they are filtered out automatically [27]. Radar systems also need a direct line of sight to track an object and a drone can operate at a very low altitude, meaning any object shielding the drone such as a building or a tree, can prevent the radar system from detecting it [28]. Drones and UAVs can also have a small radar cross-section (RCS) which makes it difficult to reflect any energy back to a radar trying to detect it [29]. 
In order to overcome these challenges, the traditional radar systems built to detect large, fast moving objects must be reconfigured to combat the growing issue of drone and UAV detection. One example of a solution with huge potential is a Multistatic radar configuration which relies on several smaller radars positioned at different points instead of one radar [30]. There have also been positive developments with the use of higher frequency radars due to their capabilities in detecting drones to a high resolution. Operating at frequencies from 35GHz to 300GHz means they function well regardless of weather conditions and require a smaller antenna size [31].
Another solution to overcome the challenges in drone and UAV detection could be an amalgamation of the ML algorithms and radar technology being developed for autonomous vehicles to distinguish between and classify objects. The AI models could be trained to quickly recognise specific drone characteristics whilst differentiating between objects to decipher a drone vs a bird. 

[bookmark: _Toc196742922]Conclusion 

To conclude, it is evident that radar remains dynamic and vital in modern technology and from the research undertaken in this report, it is tangible that a solution to the challenges with drone and UAV detection may involve the high accuracy and reliable systems that AI and machine learning can provide [32]. 
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