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1. [bookmark: _Toc196744155]Abstract 
To explore electromagnetic radiation, EMR, propagation through waveguides, simulation software was used to model rectangular waveguides with differing dielectric cores of vacuum and Teflon. Results demonstrate that a drop in transmission mode cutoff frequencies is observed between the dielectrics and values matched theoretical calculations closely; it is evidenced that the dominant mode of a rectangular waveguide is TE(10). To then explore EMR radiating from a halfwave dipole antenna, a dipole antenna was modelled upon a λ of 231mm, finding that the simulated dipole matched closely with the theoretical calculated operational frequency of ~0.13GHz. Finally, to explore the uses of EMR propagation, a discussion of modern RADAR and contemporaneous methods used to detect stealth vehicles is presented, outlining environmental and societal impacts such systems could have whilst suggesting refinements.

2. [bookmark: _Toc196744156]Introduction I
To explore EMR propagation, two rectangular waveguides and a halfwave dipole antenna must be simulated. Rectangular waveguides are hollow metal tubes with rectangular cross-sections, designed for minimal power loss propagation of RF and microwave signals [1]. EMR propagates within waveguides in modes, each with distinct cutoff frequencies—the frequency at which waveguide attenuation is minimized [1]. Identifying these modes and their cutoff frequencies is important. Conversely, halfwave dipole antennae radiate or receive RF/microwave signals in free space, aiming for maximum power transfer at their operational frequency [2]. Knowing an antenna's operational frequency ensures effective matching with signal sources, minimizing signal loss [2]. The goal of this section is to calculate waveguide cutoff frequencies and dipole operational frequency theoretically and validate through simulation graphs.

3. [bookmark: _Toc196744157]Methodology I
3.1 [bookmark: _Toc196744158]Rectangular Waveguides
Waveguides were modelled using a rectangular object with H-plane length of 23mm, an E-plane length of 9mm and a Z-axis length of 50mm. Plane wall boundaries were modelled using perfect electric conductor, PEC, with the first waveguide internal ‘solid’ consisting of ‘vacuum’, whilst the second was modelled using ‘Teflon’. Excitations were applied to the open ports for both waveguides, modelled as ‘modal wave ports’ with 3 modes for simulation with an impedance of 50Ω. Results are based on an analysis set up of the following: A single solution frequency of value 7GHz, a value close to theoretical cutoff frequency, was set up with 99 passes and a maximum delta S of 0.02, sweeping a range of 2-30GHz. 
Theoretical cut-off values for the first three modes for vacuum filled waveguide in Table 1 were calculated using the rectangular waveguide mode cutoff frequency equation in vacuum[1]:



Where: 
𝑓c is cut-off frequency
 is mode with azimuthal mode index  and radial mode index 
𝑐 is velocity of light in vacuum to 1s.f = 3x108 m/s
𝑎 is the H-plane width = 23mm
𝑏 is E-plane length = 9mm

Theoretical cut-off values for the first three modes for Teflon filled waveguide in Table 2 were calculated by modifying and substituting  for the velocity of light in Teflon, derived from the permittivity and permeability equations [1]:

Where: 
 is permittivity of the medium
 is permittivity of vacuum =   [1]
 is relative permittivity of Teflon = 2.1 (Ansys)


Where: 
 is permittivity of the medium
 is permittivity of vacuum  [1]
 is relative permeability of Teflon = 1 (Ansys)


Where: 
 is the velocity of light in Teflon (m/s) 
 is permittivity of medium
 is permeability of medium

Therefore 
[image: ]Figure 1. PML boundaries of modelled rectangular waveguides.

[image: ]Figure 2. Modal wave ports for excitation on the simulated rectangular waveguides.







3.2 [bookmark: _Toc196744159]Halfwave dipole 
Dipole was modelled using a cylinder of ‘PEC’ material and constructed with an intended wavelength of 231mm and a radius of 1mm. Dipole antenna length was calculated from the halfwave dipole equation[2]: 

Where: 
 is the length of the halfwave dipole (mm) = 115.5mm = 116mm(0d.p.)
 is the desired wavelength of EMR the dipole will transmit/receive (mm)

An excitation was applied to the gap by modelling a lumped port of 50Ω impedance with 1 mode. A rectangular open region around the antenna was created based upon an operating frequency of 1GHz and results are derived from an analysis set up of the following: A single solution frequency of 1GHz, close to the theoretical operational frequency, with 99 passes and maximum delta S of 0.02, sweeping through 0 to 1.5GHz. Theoretical operational frequency of the dipole antenna seen in 4.2.1 was calculated from the EMR frequency equation[2]:

Where: 
[image: ]𝑐 is velocity of light in vacuum to 1s.f Figure 3. Modelled dipole of 116mm length and 1mm radius including gap for lumped port

 is the operational frequency of the modelled dipole antenna (Hz)
 is the desired wavelength of EMR the dipole will transmit/receive (mm)


[image: ]Figure 4. Rectangular boundary zone around modelled dipole.

[image: ]Figure 5. Lumped port of 50Ω impedance modelled as a plane of excitation.








4. [bookmark: _Toc196744160]Results I

4.1 [bookmark: _Toc196744161]Rectangular waveguides

4.1.1 [bookmark: _Toc196744162][image: ]Vacuum filled dominant modeFigure 6. Frequency sweep analysis from 2-30GHz propagating through the vacuum filled rectangular waveguide. Cutoffs for each of the 3 modes are marked, showing that the lowest cutoff frequency is at 6.48GHz. Having occurred for port 1 : mode 1, mode 1 is therefore the dominant mode.


	Waveguide mode
	[bookmark: _Hlk196709824]Simulated fc (GHz)(3s.f.)
	Theoretical fc (GHz) (3s.f.)

	Mode 1 (TE(10))
	6.48
	6.52

	Mode 2 (TE(20))
	13.0
	13.0

	Mode 3 (TE(01))
	16.6
	1.67


4.1.2 [bookmark: _Toc196744163] Vacuum filled simulated vs theoretical cutoff frequencies


Table 1. Simulated cutoff frequencies of each mode within the vacuum filled rectangular waveguide from Figure 6 compared against theoretical cutoff frequencies for each mode calculated from equations outlined in 3.1.

4.1.3 [bookmark: _Toc196744164][image: ][image: ]Vacuum filled port 1Figure 7. Magnitude and vector mapped across the waveguide for both the E-field and H-field respectively, for port 1 mode 1.


[image: ]Figure 8. Magnitude and vector mapped across the waveguide for both the E-field and H-field respectively, for port 1 mode 2

[image: ]
[image: ][image: ]Figure 9. Magnitude and vector mapped across the waveguide for both the E-field and H-field respectively, for port 1 mode 3


[image: ]Figure 10. TE(10) pattern displayed at port 1 port field display, meaning mode 1 is TE(10)





[image: ]Figure 11. TE(20) pattern displayed at port 1 port field display, meaning mode 2 is TE(20)






[image: ]Figure 12. TE(10) pattern displayed at port 1 port field display, meaning mode 3 is TE(01)





4.1.4 [bookmark: _Toc196744165][image: ][image: ]Vacuum filled port 2Figure 13. Magnitude and vector mapped across the waveguide for both the E-field and H-field respectively, for port 2 mode 1.

[image: ]Figure 14. Magnitude and vector mapped across the waveguide for both the E-field and H-field respectively, for port 2 mode 2.

[image: ]


Figure 15. Magnitude and vector mapped across the waveguide for both the E-field and H-field respectively, for port 2 mode 3.

[image: ][image: ]

[image: ]Figure 16. TE(10) pattern displayed at port 2 port field display, meaning mode 1 is TE(10)


[image: ]Figure 17. TE(20) pattern displayed at port 2 port field display, meaning mode 2 is TE(20)



[image: ]Figure 18. TE(01) pattern displayed at port 2 port field display, meaning mode 3 is TE(01)








4.1.5 [bookmark: _Toc196744166][image: A graph of different colored lines

AI-generated content may be incorrect.]Teflon filled rectangular waveguide dominant modeFigure 19. Gamma plot derived from the analysis set up in 3.1, testing a frequency sweep between 2-30GHz through the Teflon core waveguide. The lowest cut off frequency is the dominant mode, which here is 4.45GHz on the port 1: mode 1 curve.






4.1.6 [bookmark: _Toc196744167]Teflon filled modes – simulated vs theoretical cutoff frequencies
	Waveguide mode
	Simulated fc (GHz)(3s.f.)
	Theoretical fc (GHz) (3s.f.)

	Mode 1 (TE(10))
	4.45
	4.50

	Mode 2 (TE(20))
	8.93
	9.00

	Mode 2 (TE(01))
	11.5
	11.5



Table 2. Simulated cutoff frequencies of each mode from Figure 7 within the Teflon filled rectangular waveguide compared against theoretical cutoff frequencies for each mode calculated from equations outlined in 3.1.






4.1.7 [bookmark: _Toc196744168][image: ]Teflon filled port 1Figure 20. Magnitude and vector mapped across the Teflon filled waveguide for both the E-field and H-field respectively, for port 1 mode 1.

[image: ]
[image: ][image: ]Figure 21. Magnitude and vector mapped across the Teflon filled waveguide for both the E-field and H-field respectively, for port 1 mode 2.


[image: ]Figure 22. Magnitude and vector mapped across the Teflon filled waveguide for both the E-field and H-field respectively, for port 1 mode 3.

[image: ]


[image: ]Figure 23. TE(10) pattern displayed at port 1 port field display of the Teflon filled waveguide, meaning mode 1 is TE(10)



[image: ]Figure 24. TE(20) pattern displayed at port 1 port field display of the Teflon filled waveguide meaning mode 2 is TE(20)









[image: ]Figure 25. TE(01) pattern displayed port 1 port field display of the Teflon filled waveguide, meaning mode 3  is TE(01)




4.1.8 [bookmark: _Toc196744169][image: ][image: ]Teflon filled port 2
Figure 26. Magnitude and vector mapped across the Teflon filled waveguide for both the E-field and H-field respectively, for port 2 mode 1.


[image: ][image: ]
Figure 27. Magnitude and vector mapped across the Teflon filled waveguide for both the E-field and H-field respectively, for port 2 mode 2.

[image: ][image: ]Figure 28. Magnitude and vector mapped across the Teflon filled waveguide for both the E-field and H-field respectively, for port 2 mode 3.


[image: A graph with red letters

AI-generated content may be incorrect.]Figure 29. TE(10) pattern displayed at port 2 port field display of the Teflon filled waveguide, meaning mode 1 is TE(10)





[image: A graph with many colored lines

AI-generated content may be incorrect.]
Figure 30. TE(20) pattern displayed at port 2 port field display of the Teflon filled waveguide, meaning mode 2 is TE(20)
[image: A grid of colorful dots

AI-generated content may be incorrect.]Figure 31. TE(01) pattern displayed at port 2 port field display of the Teflon filled waveguide, meaning mode 3 is TE(01)



4.1.9 [bookmark: _Toc196744170]Vacuum vs Teflon
	Waveguide mode
	Simulated vacuum dielectric rectangular fc (GHz)(3s.f.)
	Simulated Teflon dielectric rectangular fc (GHz)(3s.f.)

	Mode 1 (TE(10))
	6.48
	4.50

	Mode 2 (TE(20))
	13.0
	9.00

	Mode 2 (TE(01))
	16.6
	11.5




4.2 [bookmark: _Toc196744171]Halfwave dipole antenna results
4.2.1 [bookmark: _Toc196744172][image: ]S-parameter plotFigure 32. S-parameter plot derived from the analysis setup outlined in 3.2, the marker shows the simulated point at which would be considered the ‘operating frequency’ of the antenna, at the trough of the power. The operational frequency of the simulated halfwave dipole is 1.18GHz (3 s.f.).

Through the equation in 3.2, the theoretical operating frequency of the antenna is:
1.2987 * 109 Hz = 1.30GHz(3 s.f.)

4.2.2 [bookmark: _Toc196744173]Radiation pattern 

[image: ]Figure 33. 3D gain plot derived from the analysis set up in 3.2 showing the radiation pattern around the dipole.

5. [bookmark: _Toc196744174]Discussion I
5.1 [bookmark: _Toc196744175]Rectangular waveguides results 
Implied through the gamma plots and port field displays, both waveguides had a dominant mode of TE(10), expected of rectangular waveguides[1] Great precision within +-50MHz was observed for all modes of both simulated waveguides in comparison to the perfect theoretically calculated cutoff frequencies. Given waveguides were simulated with a functionally perfect conductor boundary, this arguably to be expected, however simulated values were always less than or equals to theoretical values. As expected due to the larger permittivity, Teflon dielectric core significantly reduced the cutoff frequencies observed over each mode of the waveguide.

5.2 [bookmark: _Toc196744176]Halfwave dipole
A -120MHz difference was observed between the simulated operating frequency of Figure 32 and the calculated perfect theoretical value. The dipole was modelled upon perfect conductor strongly implying that other effects within the simulation are causing the downshift of the operational frequency. 3D gain plot generated for the dipole shows the characteristic halfwave dipole radiation pattern ‘donut’ [2], displaying clearly the circular equidistant radiation pattern around the antenna and voids towards the ends. Once again this should be expected when the dipole is modelled on perfect conductor, real world dipole radiation patterns undergo multivariate effects that are avoided in simulation. 

[bookmark: _Toc196744177]5.3 Theoretical vs simulated 
Across all simulations, theoretical results consistently exceeded simulated values. This discrepancy implies additional, non-explicit simulation constraints designed to approximate real-world transmitter conditions. While theoretical calculations assume ideal materials and perfect conditions, simulations inherently introduce practical complexities to better mirror real environments. Theoretical calculations assume perfect conductors as were used in the simulation, but also assume that every other variable is perfect too.

6. [bookmark: _Toc196744178]Conclusion I
Two waveguides and a halfwave dipole were successfully simulated and matched closely with theoretically calculated values. Simulations showed clearly how RF/microwaves propagate through rectangular waveguides with clear field views and field modes alongside the dipole radiation pattern.


7. [bookmark: _Toc196744179]Introduction II
Traditional radar systems struggle to detect modern drones and unmanned aerial vehicles (UAVs). These vehicles employ various methods such as small body cross-sections, varied altitude operation, edge alignment, faceting and complex material science in the form of RAM [3], [4] to defeat RADAR scanning. With drone and UAV use only increasing within both civilian and military domains, countering these vehicles is becoming a critical security concern. This report therefore looks to evaluate modern RADAR technological advancements in countering UAVs and drones whilst considering the potential societal and environmental effects of said advancements and proposing improvements in anti-UAV radar systems for the future.

8. [bookmark: _Toc196744180]Literature review II

8.1 [bookmark: _Toc196744181]Low-frequency RADARs/Forward-scatter systems
These RADARs operate within the VHF/UHF bands of the EMR spectrum, exploiting the typical nature of stealth wherein measures typically counter higher frequency detection. At VHF/UHF wavelengths, UAV targets may fall within the Raleigh or Resonance regimes of scattering, wherein the size of the target is physically smaller than the wavelength’s magnitude or for resonance, a half wavelength large [5]. The primary reason RADAR of this frequency has typically been avoided previously is because of the low resolution and large antenna requirements inherent to these bands of operation. However, digital beamforming is often required to overcome these issues. Granular resolution is possible, even the micro-Doppler effects of drone rotors were shown to be detectable using UHF band cellular [6]. 

8.2 [bookmark: _Toc196744182]Bistatic and multistatic systems 
These RADAR systems separate their transmitters and receivers, as such exploiting target scattering angles that modern stealth still does not cover. Multistatic networks can use multiple receiver nodes, greatly improving tracking accuracy. It is possible with these systems to exploit the forward scatter effect when a target moves between the transmitter and receiver, wherein their effective RCS drastically increases [7]. Most useful of all is the ease and low cost of implementing a passive system like this, with early research showing forward scatter exploitation with a simple system based on a DVB-S broadcaster [7].

8.3 [bookmark: _Toc196744183]Passive RADAR detection
Passive radar systems utilize "transmitters of opportunity" to detect UAVs without emitting signals. Using existing RF signals such as GPS, cellular, and even Wi-Fi as illumination sources, reflections can be recorded and analyzed[4]. Being completely passive, there is a dependence on external signal sources and significant clutter cancellation requirements. Advanced algorithms, such as the Extensive Cancellation Algorithm (ECA), have improved passive radar performance, enabling drone detection at tactically useful ranges [8]. An experimental approach suggests the Weak Signal Propagation Reporter (WSPR) network to detect disturbances in global HF radio links caused by UAVs, even lower frequency that the FSR systems detailed earlier. While conceptually promising for long-range, over-the-horizon detection, WSPR tracking however remains unproven for reliable drone detection due to significant noise and atmospheric challenges [9].

8.4 [bookmark: _Toc196744184]Wideband RADAR/multi band RADAR processing
Wideband RADAR transmits with much larger bandwidths, allowing for high resolution retrieval using high resolution range profiles of even ‘images’ of drones within close range [10]. Multi-band systems combine different frequency bands, enhancing detection robustness and reducing susceptibility to stealth techniques tuned for specific frequencies. In the same study this was used to great effect to create a fast-tracking drone system[10].

8.5 [bookmark: _Toc196744185]Active electronically scanned arrays
AESA radars utilize electronically steered beams. They can achieve high scan rates and  simultaneous multi-target tracking. They effectively create ‘holographic RADARs’ that have 3 dimensional depth Their agility matches drone detection well, particularly against fast-moving or swarming threats. AESA systems are found on most modern fighter jets for tracking long distance targets through their near instantaneous scanning[11]. However when potentially combined with infrared search and track systems and more efficient GaN power amplifiers, there mayh be scope for them to overcome the issues suffered dealing with low observable targets [11].

9. [bookmark: _Toc196744186]Discussion II

9.1 [bookmark: _Toc196744187]Technical effectiveness
Recent advancements significantly improve radar-based drone detection. Low-frequency radars effectively counter stealth features but suffer from resolution limitations. Bistatic and multistatic systems enhance detection angles and resilience against stealth shaping. Passive radars offer covert monitoring with minimal additional emissions but are reliant on signal availability and advanced processing. Wideband and multi-band systems provide enhanced target profiling, while AESA radars deliver the agility and tracking performance necessary for dynamic drone threats. No single solution offers comprehensive coverage and each has individual drawbacks. 

9.2 [bookmark: _Toc196744188]Societal impacts

Privacy and Surveillance
The outlined modern systems could infringe on civilian privacy. Unlike visible camera systems, RADAR surveillance is invisible to the public, raising concerns about transparency and accountability. As outlined, some modern RADAR systems have such fine resolution that they could be used for spying RADAR systems being employed must therefore focus solely on airspace security, with strict limitations on data retention and usage to protect privacy of civilians. Passive RADAR systems pose a particular threat to potential privacy, effectively hijacking common civilian signal sources to spy. 
Airspace safety
Reliable, granular resolution RADAR systems support the safe integration of UAVs and drones into the civilian airspace. It becomes possible to determine quickly whether a UAV/drone is civilian and they enable authorities to act proactively against unauthorized or malicious drones. As such, rules around civilian drone use can become less restrictive.

9.3 [bookmark: _Toc196744189]Environmental impacts

Spectrum Management
The expansion of RADAR into lower frequency bands may congest the already heavily used VHF/UHF bands of the spectrum, potentially interfering with communications, GPS, or even radio astronomy. Coordination with regulatory bodies and adoption of cognitive spectrum management techniques are necessary to mitigate these risks. 

Ecological Considerations
RADAR sites may impact local ecosystems during construction, particularly large wavelength, low-frequency arrays. Comparatively, compact C-UAS radars have far smaller footprints; such a range of modern systems allows for lower environmental impact in areas where habitat is endangered. As such careful site selection and impact assessments are necessary to avoid disrupting sensitive habitats when the larger systems are required.

Energy Consumption
Advanced radars, particularly AESA systems, require substantial electrical power, contributing to operational carbon footprints. Efforts to improve radar energy efficiency and integrate renewable power sources for remote radar stations can mitigate environmental impacts [19].


9.4 [bookmark: _Toc196744190]Proposed improvements

Integrated Sensor Fusion
Combining low-frequency detection with multistatic, passive, and AESA-based systems in a layered architecture can maximize detection probability while minimizing blind spots, as in [11]. Fusing radar data with other modalities such as acoustic, electro-optical, and RF signal detectors improves resilience and reduces false alarms.

Cognitive Radar Techniques 
Implementing adaptive radar systems that dynamically select waveforms, frequency bands, and beam patterns based on environmental conditions and detected threats can enhance detection robustness while reducing spectral congestion.

AI
 Developing AI models for RADAR classification that are transparent, interpretable, and robust to handle the ever-increasing  big data requirements that are inherent to many of the newer RADAR systems outlined.

Energy Efficiency Measures 
Employing GaN-based AESA modules, intelligent duty cycling, and renewable energy integration can significantly lower the carbon footprint of demanding AESA systems [11].

Spectrum Sharing Frameworks 
Proactively collaborating with regulators and commercial users to establish spectrum-sharing frameworks to prevent modern RADAR systems from disrupting essential services on the VHF/UHF bands.

10. [bookmark: _Toc196744191]Conclusion II
Modern drones and UAVs present a complex and ever-evolving challenge in the field of RADAR. As outlined, recent technological advancements offer great strides into drone/UAV detection, though each new system still has limitations. It is therefore clear that an integrated, layered approach leveraging multiple technologies offers the most robust solution moving forward.
Broader societal and environmental impacts, including privacy concerns, spectrum congestion, ecological disruption, and energy consumption, must be carefully managed. Transparent governance, public engagement, responsible spectrum use, and sustainable energy practices are required to ensure UAV/drone surveillance is possible while retaining the trust of civilians.

11. [bookmark: _Toc196744192]References
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