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[bookmark: _Toc194070974]Section 1:     Waveguide and Dipole Antenna Design


Abstract
The transmission of electromagnetic (EM) waves from one point to another can be achieve through a number of methods. For high frequency application EM waveguide are typically employed for the efficient and low loss transmission of these EM waves. The rectangular hollow tube waveguide is a common choice for EM waveguides. In the hollow cavity of these waveguides a filling material can be inserted to change the characteristic of the waveguide. In this report the design of such a waveguide has been conducted with rectangular cross-section dimensions of 230mm by 3.5mm. To compare the effects of different fill materials the waveguide’s cavity was filled a vacuum and Teflon and through simulation the characteristic results were analysed.
Secondary to this, another key EM device are antennas – used to generate EM wave. Many types of antenna designs and geometries exist, but a widely used design is the dipole antenna. To explore the operation of a dipole antenna and its theory, one has been designed to operate at a frequency of 1.30GHz. This design has been simulated and characteristics results analysed.


[bookmark: _Toc194070975]1.1 Introduction
[bookmark: _Hlk194070537]Electromagnetic (EM) waves are essential for applications like radio broadcasting, wireless communications, and radar. Generating EM waves rely on antennas, which, when excited by alternating current, produce oscillating electric and magnetic field that propagate as EM waves. Their transmission requires specialised structured for efficient point-to-point transfer. This report explores the design and practical use of a dipole antenna and a rectangular waveguide.
1.1.1 [bookmark: _Toc194070976]Rectangular Waveguides
[bookmark: _Hlk193907340][bookmark: _Hlk193912044][bookmark: _Hlk193959951]Waveguides are structures designed to transmit waves between two points with minimal power loss. For EM waves, waveguides come in various geometries and configurations, including parallel plate, circular, and rectangular designs. They are primarily used in high-power, microwave-frequency applications due to their wavelength-dependent size and efficient transmission with minimal losses [1]. One of the most commonly used types is the rectangular waveguide; Figure 1 illustrates the geometry of a waveguide. [2][bookmark: _Ref194130315][bookmark: _Ref194130309][bookmark: _Toc195795296]Figure 1. Boundary construction of a rectangular waveguide. Left is a 3-dimensional construction the rectangular waveguide. Right shows the waveguide cross-section. [2]

Transmitting EM waves through a rectangular waveguide, the conductive structure bounds the propagating wave. For the waveguide structure in FIGURE, these conditions require the tangential components of the electric field (E-field) and the normal components of the magnetic field (H-field) to be zero at the boundaries where and . As demonstrated in [3, pp. 110-120], these conditions allow waves to propagate in different modes: transverse electric (TE), where the electric field is entirely perpendicular to the direction of propagation, and transverse magnetic (TM), where the magnetic field is purely perpendicular to the propagation direction. Another mode, transverse electromagnetic (TEM), can exits but requires the waveguide to have more than one conducting element.
For TE mode, the field components within a rectangular waveguide are determined as follows:
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[bookmark: _Hlk193907385]
And for TM mode:
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[bookmark: _Hlk193907394]
Where a and b are the width and height of the waveguide cross-section respectively, m and n are the mode numbers’ indices corresponding to the number of half-wavelengths that fit into the dimensions a and b respectively, ω is the angular frequency, µ is the permeability and ε the permittivity of the medium filling the waveguide, A is an arbitrary amplitude constant, kc the cut-off wavenumber and γ is the propagation constant. 
The propagation of both TE and TM modes depends on the propagation constant , particularly its phase constant components β, where:
	
	
	(13)



For a wave to propagate, β must be real-valued, meaning the wavenumber and corresponding frequency must exceed the cut-off values determined by kc, given by:
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These equations show that a rectangular waveguide functions as a high-pass filter, preventing wave propagation below the cut-off frequency. The cut-off frequency is dependent on the waveguide’s cross-sectional geometry and propagation mode indices. Additionally, since TM10 or TM01 modes cannot exist, the TE10 mode is dominant when a>b.
[bookmark: _Toc194070977][bookmark: _Ref194132303]1.1.2 Half-Wave Dipole Antennas
[bookmark: _Hlk193909919]A simple and widely used antenna is the dipole, which is employed in many applications. Dipoles are typically made of two equal-length conductive elements, excited across a gap between them, as shown in Figure 2. While dipole lengths vary, the most common design is the half-wavelength dipole, where the total antenna length equals half the operating wavelength. This design is preferred due to its efficiency, as it has a resonant input impedance of 73Ω, closely matching common system impedances [1]. [4][bookmark: _Ref194132027][bookmark: _Toc195795297]Figure 2. Construction of a dipole antenna with the typical element lengths for a half-wavelength dipole antenna [4].

In practical dipole designs, the abrupt truncation of the current path at the element ends creates fringing fields, effectively increasing the antenna’s electrical length beyond its physical length. This results in added inductance and a longer resonant wavelength [5]. To achieve resonance at a desired wavelength, the antenna can either be impedance-matched to cancel out the reactive component or have its element length reduced so that the effective length equals half a wavelength. For a thin dipole (where d<<l), a reduction to 0.48λ is typically sufficient, but thicker dipoles may require further length reduction [6, pp. 182-184].
Dipole thickness is a key factor influencing the bandwidth, determined by the length-to-thickness ratio. Another critical dimension is the feed gap size, which should be minimised for optimal performance [7] and is often calculated as  [8].
[bookmark: _Toc194070978]1.2 Methodology
[bookmark: _Hlk193907450]Designing both the waveguide and antenna was achieved using the High Frequency Structure Simulator in the Ansys Electronics Desktop software. 
[bookmark: _Toc194070979]1.2.1 Waveguide Design and Simulation
[bookmark: _Hlk193907457]Creating the rectangular waveguide in Ansys requires only defining its internal structure, as the software assumes the external faces as the waveguide boundaries. Figure 3 shows the constructed waveguide cavity with its corresponding dimensions. Initially, the cavity was modelled as a vacuum and then Teflon, whose key properties are listed in Table 1. The boundary faces of the waveguide were defined as being perfect electric conductor (PEC).[bookmark: _Ref194132144][bookmark: _Toc194171120]Table 1. Key material properties of the different waveguide fills simulated.
l
a
b
l = 50mm
a = 23mm
b = 3.5mm
[bookmark: _Ref194132115][bookmark: _Toc195795298]Figure 3. Rectangular waveguide cavity of the waveguide being designed and simulated. Labelled are the dimensions of the waveguide with l being the length, a being the cross-section width and b the cross-section height.

[bookmark: _Hlk193907466]For the simulation setup, both ends of the waveguide were assigned as wave port to simulate 3 modes, as shown in FIGURE. The waveguide response across these modes was analysed over a frequency range of 2GHz to 30GHz using an interpolating sweep with 401 defined points. Figure 5 detail the applied analysis settings.
[bookmark: _Toc195795299]Figure 4. Wave port setup applied to both ends of the waveguide.

[bookmark: _Toc194070980]1.2.2 Antenna Design and Simulation[bookmark: _Ref194132209][bookmark: _Toc195795300]Figure 5. Analysis setup settings applied for simulating the waveguide across a 2GHz to 30GHz frequency sweep.

[bookmark: _Hlk193907477]Designing a half-wavelength dipole to resonate at a wavelength of 230mm, using the element material of PEC the geometric parameters of the antenna were determined from the theory discussed in section 1.1.2.
With  the total element is calculated with:


[bookmark: _Hlk193907485]Calculating the feed gap size:


[bookmark: _Hlk193907494]Through design constraints, the element diameter is limited to 1mm.[bookmark: _Ref194132365][bookmark: _Toc195795301]Figure 6. Designed dipole antenna.
L
G[image: ]
D[image: ]

From these calculated dimensions the antenna in Figure 6 was create with all of its dimensions outlined int Table 2.[bookmark: _Ref194132599][bookmark: _Toc194171121]Table 2. Dimensions and parameters values used for the design and simulation of the dipole antenna.


[bookmark: _Hlk193907509]Simulating the antenna in Ansys, first required defining a lumped port across the feed gap, set to operate at 1 mode with a 50Ω port impedance, as shown in Figure 7. For far-field simulations, a perfectly matched layer (PML) boundary was applied around the antenna. The simulation was run from 500MHz to 2.5GHz to capture the full frequency response beyond the desired operating frequency of 1.303GHz. Figure 8 illustrates the applied analysis setup.[bookmark: _Ref194133476][bookmark: _Toc195795302]Figure 7. Feed port setup applied across the feed gap of the antenna.
[bookmark: _Ref194133485][bookmark: _Toc195795303]Figure 8. Analysis setup applied for simulating the antenna from 500MHz to 2.5GHz.


[bookmark: _Toc194070981]1.3 Results
[bookmark: _Toc194070982]1.3.1 Waveguide
[bookmark: _Hlk193907528]The simulations of the rectangular waveguides for the 3 modes, showed the vacuum and Teflon fills produced different responses from the waveguide. Figure 9 shows the phase constant of each mode in the vacuum and Teflon filled waveguides and from this the cut-off frequencies of each mode has been determined by taking frequency at which the phase constant becomes sufficiently close to zero. Table 3 outline these cut-off frequencies. The port fields for the excitation ports of the waveguide are shown in Figure 10 for the different modes and within the figure the corresponding mode propagation type is also indicated. Magnitude and vector plots of the E and H fields propagation throughout the waveguide at each mode can be found in APPENDIX.[bookmark: _Ref194133800][bookmark: _Toc195795304]Figure 9. Graphs showing the phase constant vs frequency for the first 3 modes of the rectangular waveguide. Left is the graph for the vacuum filled waveguide and right is the graph for the Teflon filled waveguide.
[bookmark: _Ref194133836][bookmark: _Toc194171122]Table 3. Cut-off frequency of the waveguides filled with a vacuum and Teflon. These results contain the cut-off frequencies calculated from the theory and those determined by the simulations.

Mode 1 (TE10):
Mode 2 (TE20):
Mode 3 (TE30):
Port Field:
[bookmark: _Ref194133871][bookmark: _Toc195795305]Figure 10. Port field pattern for each mode excited in the waveguide, with the corresponding determined mode type.


[bookmark: _Toc194070983]1.3.2 Antenna
[bookmark: _Hlk193907545]From the simulation result of the dipole antenna, the operating frequency was determined to be at 1.23GHz. This was measured from the minimum values of the S11 characteristics of the antenna, shown in Figure 11. Also, from Figure 11 the antennas bandwidth was calculated using the -10dB points, which was determined to be 125MHz. The radiation pattern of the antenna, at the desired operating frequency of 1.3GHz, is displayed in the Figure 12 and is seen to have a peak gain of 2.28dBi.
[bookmark: _Ref194143307][bookmark: _Toc195795306]Figure 11. Graph showing the S11 characteristic value against frequency for the half-wavelength dipole with total length 110.4mm, diameter 1mm and feed gap of 0.552mm.


[bookmark: _Ref194137635][bookmark: _Toc195795307]Figure 12. Radiation pattern of the half-wavelength dipole antenna with length of 110.4mm, diameter of 1mm and feed gap of 0.552mm at the desired operating frequency of 1.3GHz.

[bookmark: _Toc195795308]Figure 13. Radiation pattern polar plots. Left shows the azimuthal slice of the radiation pattern at an elevation of 0°. Right shows the elevation slice of the radiation pattern when the azimuth angle is 0°.

[bookmark: _Toc194070984]1.4 Discussion
[bookmark: _Toc194070985]1.4.1 Waveguide
[bookmark: _Hlk194070516]The waveguide simulations showed that the Teflon-filled waveguide had lower cut-off frequencies for the first three modes compared to the vacuum-filled waveguide. This aligns with the theoretical cut-off frequency equation (…), where the relative permittivity and permeability of the fill material influence the cut-off frequency of each mode. With Teflon’s higher permittivity () than a vacuum (), the decrease in cut-off frequency observed was expected. This suggests that smaller waveguides can support lower operating frequencies when the cavity is filled with a dielectric like Teflon. However, it was also seen Teflon increased the attenuation of the transmitted wave, due to its dielectric loss. It should be note this was minimal, but it still introduces noise to the propagating wave (determined as a function of the dielectric’s loss tangent [9]) which may be problematic in low noise applications [10]. Additionally, the Teflon fill raises the reflection coefficient, requiring aperture matching to maximise feeding efficiency [11], as seen in the TE10 mode S11 characteristics in Figure 14.







[bookmark: _Ref194143691][bookmark: _Toc195795309]Figure 14. S11 characteristic of the rectangular waveguide for the vacuum fill and Teflon fill against frequency for mode TE10.





[bookmark: _Toc194070986]1.4.2 Antenna
[bookmark: _Hlk194070464]From the simulation of the half-wave dipole, the operating frequency was observed to be less than the expected 1.303GHz. This suggests the impedance characteristics of the designed antenna is not as expected by the theory. The cause of this is likely the antenna’s thickness, invalidating the assumptions made for the simple length reduction to 0.48λ to have 0 reactance at the desired wavelength [6]. Additional adjustments were made to the antennas length, and it was found an element length of 0.45λ () resulted in a resonant frequency closer to the desired 1.303GHz. Figure 15 shows the S11 characteristics of the adjusted antenna. From this there is also seen to be a change in the antenna’s bandwidth to 137MHz (a percentage bandwidth increase from 10.16% to 10.54%), which would originate from the length-to-diameter ratio increasing and the relationship between dipole bandwidth by having the diameter remain at 1mm. Slight changes to the radiation pattern were also seen with a new peak gain of 2.16dBi, seen in Figure 16. This would be linked to the relationship between directivity, element length, and operating wavelength [12]. With the directivity of the adjusted antenna being reduced at the operating frequency.[bookmark: _Ref194143923][bookmark: _Toc195795310]Figure 15. S11 against frequency showing the changing in results for the further adjusted antenna.
[bookmark: _Ref195795129][bookmark: _Toc195795311]Figure 16. Radiation pattern polar plots of adjust length antenna and original length antenna. Left shows the azimuthal slice at an elevation of 0°. Right shows the elevation slice at an azimuth of 0°.

[bookmark: _Toc194070987]1.4.3 Simulation Limitations
The simulations are limited by the use of PEC materials, which present them as being lossless and having infinite conductivity. In the waveguide simulation, the PEC walls ignore conductor losses which are important to understand as this can disturb the propagating fields [13]. Similarly, for the antenna, element conductivity is seen to impact key characteristics [14], but using PEC prevent these effects from appearing in the results.
Another limitation is the exclusion of external interactions. As noted in [14], real-world factors like feed port structures can significantly affect antenna performance. Including these components in simulations may be necessary for a more accurate representation.
[bookmark: _Toc194070988]1.5 Conclusion
[bookmark: _Hlk194234131]A rectangular waveguide wavs designed and simulated using both vacuum and Teflon as fill materials to assess their impact on waveguide performance. The results confirmed theoretical cut-off frequencies for different modes and demonstrated that dielectric filling enables smaller waveguides for lower operating frequencies. However, it also introduced additional noise and the requirement for matching.
Following this, a half-wavelength dipole was designed to operate for a 230mm wavelength and simulated. The results revealed limitations in simplified theory, particularly when the element length-to-diameter ratio is low. To achieve the target wavelength, the element length had to be reduced to 0.45λ.
Simulation limitations were also examined, including the effects of using PEC as a material and the accuracy of results for real-world applications.









[bookmark: _Toc194070989]Section 2:            A Review of Radar technology and its Applications for the Detection of Small Drones


Abstract
Drones have rapidly increased in popularity and with their vast range of capabilities make them suitable for many applications. However, drones are beginning to be used for illegal and illicit activities and pose a very real threat to the safety and security of the UK. A key part of handling the threat of drones is in the ability to detect them. Thus, this section reviews current radar technology and future research taking place, identifies challenges faced detecting drones, particularly small systems, and explores applications of the radar technology to the problem.


[bookmark: _Toc194070990]2.1 Introduction
[bookmark: _Hlk193914040][bookmark: _Hlk193907629][bookmark: _Hlk193529549]Drones are an escalating security threat, with rising incidents involving their use for illegal or malicious activities. The 2018 Gatwick airport incident [15], where a drone grounded aircraft for 36 hours, highlighted the threat they pose, and challenges faced detecting and countering them. Following this, incidents have only increased with over 6000 incidents being reported in 2023, including unauthorised flying near airports and sensitive sites, and facilitating illicit deliveries to prisons. Additionally, the ease of weaponizing commercially-off-the-shelf (COTS) drones, as seen in the Ukraine war, raises concerns about inspiring new attack methodology for terrorists and other hostile actors [16] [17]. Mitigating these threats requires advanced countermeasures, with radar technology emerging as a critical defence tool.
[bookmark: _Hlk193529557]Radar has long been essential for identifying, tacking and targeting distant objects, with applications in both military and civilian sectors, including air defence systems, air traffic control, weather monitoring and navigation. Traditionally designed for detecting large airborne targets, radar systems must now be adapted to detect and track smaller drone systems to provide a key tool in countering their rising threat. This report analyses current radar technological capabilities and its application to detecting small drone systems.
[bookmark: _Toc194070991]2.2 Literature Review
[bookmark: _Hlk193907642]Radar operates by transmitting electromagnetic waves, typically at frequencies between 5MHz and 300GHz [18, p. 2], and detecting the reflections off objects. By comparing the transmitted and received signals and using the delay and property changes, the distance, direction and speed of an object can be measured. Various techniques-each with specific benefits and drawbacks-can be implemented to optimise radar for different applications, with key types being the two main transmission types: continuous wave (CW) and pulsed. [19]
[bookmark: _Toc194070992]2.2.1 Continuous Wave Radar
CW radar uses separate transmit and receive antenna, with the transmitter constantly sending signals and the receiver detecting reflections. Figure 17 illustrates this operation. [image: ]With a simple unmodulated signal, the Doppler effect can be utilised to enable measurement of object velocities based on frequency changes of the received signal. However, not modulating the signal limits range measurement and static object detection due to the lack of a time reference. This can be overcome by modulating the signal’s phase or frequency, enabling time delay measurements [20]. Frequency-modulated CW (FMCW) radar is the most common variant, offering high accuracy, reliability, and low hardware requirements. Research into Phase-modulated CW (PMCW) radar, however, show advantages with resilience to interference, no Doppler-coupling and ability to discriminate weak radar cross-section (RCS) targets near stronger targets, though more complex hardware is required. [21] [bookmark: _Ref194169960][bookmark: _Toc195795312]Figure 17. Illustration of the operation of continuous wave radar. The transmitter continually transmits a signal at the same time the receiver listens for reflection from targets. [19]

[bookmark: _Hlk194233141]CW radar systems have benefits and limitations that suit specific applications. One limitation is transmitted power, to prevent leakage into the receiver, which restricts CW radar to short-range sensing. Despite this, the continuous transmission removes a minimum detection range. In addition, FMCW’s success, depends on optimising it modulation bandwidth, period and beat frequency. Figure 18 shows impacts of these parameters. These factors make CW radar ideal for missile seekers, police radar guns, and automotive ADAS applications. [22] [19][bookmark: _Ref195794736][bookmark: _Toc195795313]Figure 18. Trade-offs of changing the parameters of a FMCW waveform with practical impacts of make the changes as outlined in [22].


[bookmark: _Toc194070993]2.2.2 Pulse Radar
[bookmark: _Hlk194233575][bookmark: _Hlk193907662]Unlike CW radar, pulsed radar alternated between transmitting EM pulses and listening for reflection, as shown Figure 19. During transmission, the receiver is isolated from the antenna, and vice versa, preventing simultaneous operation. Key parameters defining its operation are pulse repetition frequency, pulse width, and peak power. The pulse width affects the detection range and resolution: wider pulses increase the detection range by increasing average transmitted power, but reduces range resolution and increases minimum detection range, while narrower pulses improve resolution but decreases range. Pulse repetition frequency controls the maximum ambiguous range by governing the receiver’s listening time, affecting the distance at which a target can be detected within the same pulse period. Peak transmit power determines the maximum radar range, though it may be constrained by the other parameters, so the power should be selected to balance effectiveness and efficiency. [23][bookmark: _Ref195794755][bookmark: _Toc195795314]Figure 19. Depiction of the operation of pulsed RADAR. Pulses are transmitted with silent periods in between where reflected waves can be received [19].

Overcoming some of the limitations of pulsed radar, techniques like linear frequency modulation of the pulses are used. This modulation helps better distinguish reflections from closely spaced targets and enhances the signal-to-noise ration after processing with a matched filter. [24]
[bookmark: _Toc194070994]2.3 Discussion
[bookmark: _Hlk193914684][bookmark: _Hlk193529614][bookmark: _Hlk193907678]Modern radar systems should be capable for detecting smaller targets, but drone detection presents unique challenges. Unlike conventional radar applications, which focus on high-altitude targets, drone detection requires operation closer to the ground, introducing a more complex environment [25]. Challenges identified in [25] and [26] include the small size and material composition for drones, their similarity to other objects, low operating altitude, short detection ranges, diverse flight patterns and terrain masking.
The small size and low-reflectivity material typical of drones (e.g., plastics, as seen in the DJI Phantom 2 Vision [27]) result in low RCS, making them difficult to detect. Additionally, their RCS can resemble other objects within the low altitude environment such as birds, complicating classification. Techniques exploiting changes in the reflected wave properties such as RCS modulation, micro-Doppler analysis, and polarisation data have been explored to distinguish drones from birds. Using polarimetric data is a newer concept but shows promise for classification even when micro-Doppler and RCS modulation effects are minimal [28].
Low-altitude radar operation also introduces significant ground clutter, further impairing detection ability. Moving Target Indication (MTI) can help by exploiting the higher Doppler frequencies caused by moving targets compared to little or no Doppler frequencies seen by clutter [29]. However, unconventional drone flight patterns and varying speeds can limit MTI due to blind speeds where targets become undetectable to the radar. An alternate technology which could be used is PMCW, with it offering high contrast resolution [30], potentially improving discrimination between targets and clutter.
[bookmark: _Toc194070995]2.4 Conclusion
Modern radar technology has been shown to have the necessary capability to be adapted from the detection of large aircraft to small drones. Harnessing this technology to mitigate the challenges discussed it has been identified an ideal radar system should consist of the capabilities outlined in Table 4.[bookmark: _Ref194170406][bookmark: _Toc194171123]Table 4. Determined ideal capabilities of a radar system for the detection of small drones and suggested technological implementations to achieve this.

This is supported by an existing drone detection radar system by Fraunhofer [32], implementing a FMCW waveform at 94GHz, with a 1GHz bandwidth which achieve a range resolution of 15cm. This has been shown to successfully detect drones of RCS above 0.01m2 at ranges between 50-150m, with potential for significant range extension by increasing transmit power.
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