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Figure 1: Displays Gauss’s Law of Electricity, the equation demonstrates that the divergence of the electric field (E) is proportional to the charge density (ρ). Meaning that electric field lines originate from positive charges and terminate on negative charges.	2
Figure 2: Illustrates Gauss’s Law of Magnetism this indicates that magnetism isn’t a monopole structure, and thus magnetic fields (B) always form closed loops.	2
Figure 3: represent Ampere-Maxwell law of Magnetic Flux Density, displaying the relationship between magnetic flux and density B, and the total current density, this also includes both the conduction current J, and the displacement current in the term ε0(.	2
Figure 4: Displays the physical dimensional properties of the proposed waveguide to be filled with both a Vacuum and Teflon.	5
Figure 5: Displays the propagation of the waveform TE10, TE20 and TE30 (from left to right) in the proposed wave guide structure.	6
Figure 6: Displays the equation used to calculate the hypothetical cutoff frequency of the different modes of a rectangular waveguide. C denotes the speed of light in a vacuum, εr represents the relative permittivity of the medium, a is representative of the waveguides width, B of the waveguides height, and m & n represent the are the mode indices, which corresponds to the number of half-wave variations in the x-y directions.	6
Figure 7: Displays the construction parameters of the Dipole Antenna being studied, the Antenna had a radius of 1mm, and a height of 105.5mm.	7
Figure 8: Portrays the calculation used to establish the hypothetical resonant frequency of a dipole antenna. C is proportionate to the speed of light in a vacuum, where as L denotes the total physical length of the dipole antenna in meters.	8
Figure 9: Displays the gamma plot of the Vacuum filled waveguide, from which the actual cutoff frequencies of the TE10, TE20 and TE30 modes was established.	9
Figure 10: Displays the E field magnitude (left), and vector plots (right) of the wave guide constructed of a Vacuum and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.	9
Figure 11: Displays the h field magnitude (left), and vector plots (right) of the wave guide constructed of a Vacuum and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.	10
Figure 12: Displays the gamma plot of the Teflon filled waveguide, from which the actual cutoff frequencies of the TE10, TE20 and TE30 modes was established.	10
Figure 13: Displays the E field magnitude (left), and vector plots (right) of the wave guide constructed of a Teflon and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.	11
Figure 14: Displays the H field magnitude (left), and vector plots (right) of the wave guide constructed of a Teflon and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.	11
Figure 15: Displays the S parameter Return loss (s11) plot of the Dipole antenna, first peak (m1) shows signs of high resonance, the secondary peak (m2) shows a near resonant peak, whereas the tertiary peak (m3) suggests some higher order resonances.	12
Figure 16: Displays the far-field total gain pattern of the dipole antenna simulated at 1.225 GHz. This illustrates the spatial distribution of the power radiated, with a maximum gain of 1.87 dB. Furthermore, peak gain occurs perpendicular to the antenna axis whereas the nulls occur along the axial direction.	12


[bookmark: _Toc196422205]Abstract 
Using ANSYSS HFSS, electromagnetic (EM) wave propagation within a rectangular waveguide and dipole antenna was studied in a simulated environment. This demonstrated that the behaviour of wave propagation is governed by core fundamental principles of Electromagnetic Radiation (EMR), particularly Maxwell’s equations. These principles form the basis for wireless communication and sensing systems commonly used in defence applications. This report investigated the behaviour of confined EM fields within a waveguide structure, whilst also identified the radiated fields of a dipole antenna, this primarily focused upon mode excitation, field distribution and cut off phenomena. By employing a ANSYSS HFSS simulation both a vacuum filled, and Teflon filled rectangular wave guide was analysed and excitation was imparted omnidirectionally, this confirmed that TE10 was the dominant propagating mode, due to there being a significantly lower cutoff frequency. Additionally, to this, field distributions also further validated modal behaviour, displaying the expected transverse and magnetic field patterns. In contrast to this the designed dipole antenna simulation identified that resonance was achieved an observed resonance of 1.2 GHz, which deviates from the theoretical frequency of 1.422GHz. This deviation was attributed to end effects being captured in the simulation, and geometric imperfections. 
[bookmark: _Toc196422206]Introduction: 
	Electromagnetic radiation (EMR) is a fundamental concept that serves a crucial role in modern communication systems and sensing technologies. EMR is categorised as a very broad spectrum of frequencies and wavelengths, which ranges from the very low frequency with long wavelengths of radio waves; to very high frequency with short wavelength of gamma rays. One of the better-defined portions of this spectrum is the radio frequency (RF) range, which is frequently and extensively utilized in a magnitude of wireless communication and radar systems. Fundamentally the propagation of wired and wireless signal is governed through Maxwell’s Equations, which govern how electromagnetism propagates through structures, free space and different mediums [1] [2]. The propagation of a RF signal can be controlled and manipulated through a host of different guiding structures. Examples of these structures include waveguides and antennas, which serve as crucial components in electromagnetic wave transmission, which play a fundamental role in modern life and in many defence applications [3].
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[bookmark: _Toc195650163][bookmark: _Toc196422238]Figure 1: Displays Gauss’s Law of Electricity, the equation demonstrates that the divergence of the electric field (E) is proportional to the charge density (ρ). Meaning that electric field lines originate from positive charges and terminate on negative charges.
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[bookmark: _Toc194165548][bookmark: _Toc195650164][bookmark: _Toc196422239]Figure 2: Illustrates Gauss’s Law of Magnetism this indicates that magnetism isn’t a monopole structure, and thus magnetic fields (B) always form closed loops. 
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[bookmark: _Toc196422240]Figure 3: represent Ampere-Maxwell law of Magnetic Flux Density, displaying the relationship between magnetic flux and density B, and the total current density, this also includes both the conduction current J, and the displacement current in the term ε0(. 

Maxwell’s equations expanded upon Gauss’s and Ampère’s laws, introducing the term of displacement current, this resolved inconsistencies in the dynamic electric fields, this in turn unified electricity and magnetism into a singular consistent theoretical model [4] [5]. In essence, this law postulates that the electric flux passing through a closed surface is directly proportional to the total electric charge contained within that surface. Maxwell’s theory also dictates that electric fields form from charge distributions which also weaken with increased distance. The most important feature this law explains is that electric fields can exist independently of current flow, this is because electric fields can be tied to static or varying charge distributions. 
Gauss’s law of magnetism suggested that magnetic monopoles cannot exist, and that magnetic field lines must always form closed loops, without a defined beginning or end. Faraday suggested the existence of electromagnetic induction, which principally described that a moving magnetic field will create an electric current [6].  Maxwell’s equations also identified a crucial flaw in the original Gauss’s law, which was exacerbated when the theorem was applied to a dynamic system. Maxwell introduced the and change in the concept, which represented the rate of change of electric displacement in an electric field, which is now described as displacement current [7]. This relationship between electric and magnetic fields is both a key metric of EMR, and a crucial underpinning that defines how antennas function, this theorem also illustrates how electromagnetic theory translates into practical communication systems [8].
One of the most efficient transmission medias for high-frequency electromagnetic waves is the rectangular waveguide. Waveguides are commonplace in defence and communication systems, typically employed in satellite communication, radar systems, and high-frequency data links. Crucially, waveguides confine and direct electromagnetic waves using electrically conducting walls, which reduce signal loss and improve performance, particularly at microwave and millimetre-wave frequencies [10]. Whereas conventional transmission lines, commonly become inefficient due to radiation losses and dispersion over the length of the transmission medium, these losses are also proportional to the length of the transmission line [9]. 
These waveguide structures are tuned to support specific modes of wave propagation; each mode, such as TE (Transverse Electric) and TM (Transverse Magnetic), display unique field characteristics and cutoff frequencies. For instance, the TE₁₀ mode in rectangular waveguides ensures minimal signal distortion and is often targeted in design of the structure to ensure efficient behaviour. The behaviour of the fields within the waveguide is entirely governed by Maxwell’s equations, where the boundary conditions fundamentally determine how the electric and magnetic fields interact with the waveguide’s geometry and material properties [11] [12]. Understanding these principles is essential for designing waveguides that support efficient, low-loss transmission of RF energy.
In contrast to the aforementioned, a dipole antenna is a relatively simple radiating structure, and an example of the application of electromagnetic theory which also serve as fundamental building blocks for more complex antenna structures. These antennas are commonly used in a variety of applications ranging from FM radio and television broadcasting to mobile communication [13]. A dipole antenna is constructed of two conductive elements, an alternating current is applied to this structure. The altering current produced oscillations, resulting in charges that accumulate and reverse at the ends of the conductors. By applying Gauss’s Law, this results in a time-varying electric field in the space around the antenna. In conjunction to this, the oscillating current produces a magnetic field, consistent with Ampère’s Law, and the right hand rule. The interaction between these time-varying fields forms the basis of electromagnetic radiation.
Faraday’s Law described that the changing magnetic field around the dipole induces a circulating electric field, this is further supported by Maxwell’s displacement current term which confirms that the changing electric field induces a magnetic field. Ultimately this mutual induction leads to the formation of a radiation pattern, or an electromagnetic wave, which propagates away from the source, or the antenna into free space. The fields decouple at a sufficient distance, forming a transverse electromagnetic (TEM) wave where the electric and magnetic fields are perpendicular to each other and to the direction of propagation [14].
The efficiency of transmission of radiation from a dipole antenna is maximised when the antennas length is approximately half the wavelength of the intended operating frequency. By designing the antenna to this condition, it allows the antenna to support the resonant standing wave current distribution, this will result in the effective energy transmission. Which in turn means that the radiation pattern and impedance behaviour are a directly consequential to the spatial and temporal production of the electric field and the magnetic fields, this is described by Maxwell’s equations[15].
To summarise, the operation, and workings of both rectangular waveguides and dipole antennas show examples of the core principles of electromagnetic theory. There are dynamic interactions between electric and magnetic fields, which are governed by the mathematics of Maxwell’s and Faraday’s laws. These also give the fundamental basis for understanding how electromagnetic energy is confined, guided, and radiated through structures and free space. This theoretical understanding is crucial for analysing and the design of systems that utilise RF and microwaves in practical engineering contexts. This report will aim to analyse the mechanisms of electromagnetic wave propagation in waveguides and dipole antennas, exploring the behaviour of confined within a waveguide structure and radiated electromagnetic fields of an antenna structure. 

[bookmark: _Toc196422207]Method: 
Rectangular Waveguide: 
The design and analysis of a rectangular waveguide was facilitated through the use of a high-frequency electromagnetic simulation, which was conducted using ANSYS HFSS. A HFSS project was initialized where the working units were defined in millimetres. A three-dimensional rectangular model, representative of the waveguide geometry, was constructed by defining its width of 21mm,  the height of 7mm, whereas the length was set at 50mm, this was constructed along the X, Y, and Z axes. Following on from this the solution parameter was defined as a modal analysis which would accurately resolve the supported electromagnetic modes within the waveguides structure. In two separate studies, different material assignments were applied to the model e.g., vacuum or Teflon.
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[bookmark: _Toc195650165][bookmark: _Toc196422241]Figure 4: Displays the physical dimensional properties of the proposed waveguide to be filled with both a Vacuum and Teflon.


What remained between the two different studies was that the four lateral walls of the waveguide were assigned Perfect Electric Conductor (PEC) boundary conditions. This was to emulate ideal and lossless metallic boundaries. Wave port excitations were defined at both terminations of the waveguide, configured to support up to three propagating modes, with the port impedance set to 50 Ω. A broadband frequency sweep, typically spanning 2 GHz to 30 GHz, was incorporated into the solution setup to resolve the cutoff frequencies of supported TE10, TE20 and TE30 modes.

The set up was validated to assess convergence, and the simulation was executed, post-processing was performed to extract critical electromagnetic characteristics. This included mode-specific cutoff frequencies based just above the theoretical cut off frequency of the magnetic and electrical field distribution profiles, and modal Gamma plots. Additionally, visualizations were generated, including vector and magnitude overlays of electric and magnetic fields, as well as port field displays to facilitate modal pattern identification and propagation behaviour analysis.
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[bookmark: _Toc195650166][bookmark: _Toc196422242]Figure 5: Displays the propagation of the waveform TE10, TE20 and TE30 (from left to right) in the proposed wave guide structure.
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[bookmark: _Toc196422243]Figure 6: Displays the equation used to calculate the hypothetical cutoff frequency of the different modes of a rectangular waveguide. C denotes the speed of light in a vacuum, εr represents the relative permittivity of the medium, a is representative of the waveguides width, B of the waveguides height, and m & n represent the are the mode indices, which corresponds to the number of half-wave variations in the x-y directions. 






Dipole Antenna:
A centre-fed dipole antenna was modelled as a HFSS design, this was created through the ANSYS Electronics Desktop environment. Akin to the waveguide method, the unit system defined in millimetres to reflect the physical scale of the structure. The antenna geometry was constructed using the cylinder and extruding oriented along the Z-axis which represented the longitudinal axis of the dipole antenna. To ensure geometrical symmetry about the origin, the cylinder height was partitioned equally above and below the XY-plane.
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc195650167][bookmark: _Toc196422244]Figure 7: Displays the construction parameters of the Dipole Antenna being studied, the Antenna had a radius of 1mm, and a height of 105.5mm. 

To represent the antennas feed, a central feed gap was introduced by subtracting a smaller, co-axial cylindrical volume from the original cylindrical structure through the Boolean tools. Material properties were then assigned to the antenna, where Perfect Electric Conductor (PEC) used for the each of the dipole arms and vacuum was assigned to the feed gap region of the antenna. To represent excitement of the antenna, a lumped port was defined across the feed gap by constructing a planar surface within the YZ-plane, an integration line was applied to specify the voltage/current reference across the port. To simulate open-region behaviour and minimize boundary reflections, the entire antenna was enclosed within a radiation boundary which was terminated by a Perfectly Matched Layer (PML).


A solution setup was included to obtain a frequency sweep centred around the anticipated resonant frequency of the dipole antenna, this enabled for the analysis of broadband performance of the antenna structure. The whole design and parameter were then validated prior to executing the simulation. S-parameter results were extracted to assess the input reflection coefficient (S₁₁) which also assisted in the identification of the antenna's resonant frequency. In addition to this a far-field radiation analysis was conducted, which yielded three-dimensional representation of the radiation pattern which would characterize the antenna’s directional gain and overall radiative efficiency.
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[bookmark: _Toc196422245]Figure 8: Portrays the calculation used to establish the hypothetical resonant frequency of a dipole antenna. C is proportionate to the speed of light in a vacuum, where as L denotes the total physical length of the dipole antenna in meters. 







[bookmark: _Toc196422208]Results: 
Analysis of a waveguide constructed of PEC and filled with a Vacuum and Teflon. 
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[bookmark: _Toc195650168][bookmark: _Toc196422246]Figure 9: Displays the gamma plot of the Vacuum filled waveguide, from which the actual cutoff frequencies of the TE10, TE20 and TE30 modes was established. 
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[bookmark: _Toc195650169][bookmark: _Toc196422247]Figure 10: Displays the E field magnitude (left), and vector plots (right) of the wave guide constructed of a Vacuum and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.
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[bookmark: _Toc195650170][bookmark: _Toc196422248]Figure 11: Displays the h field magnitude (left), and vector plots (right) of the wave guide constructed of a Vacuum and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.


[image: A graph with lines and numbers

AI-generated content may be incorrect.]
[bookmark: _Toc195650171][bookmark: _Toc196422249]Figure 12: Displays the gamma plot of the Teflon filled waveguide, from which the actual cutoff frequencies of the TE10, TE20 and TE30 modes was established.
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[bookmark: _Toc195650172][bookmark: _Toc196422250]Figure 13: Displays the E field magnitude (left), and vector plots (right) of the wave guide constructed of a Teflon and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.
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[bookmark: _Toc195650173][bookmark: _Toc196422251]Figure 14: Displays the H field magnitude (left), and vector plots (right) of the wave guide constructed of a Teflon and PEC, top row denotes above their respective cutoff frequencies, TE10 mode, Middle row TE20 mode, and bottom displaying TE30 mode.
[bookmark: _Toc195650237][bookmark: _Toc195650276]Table 1: Displays the theoretical Cutoff Frequency Vs the observed frequency obtained from the Gamma plots.
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[bookmark: _Toc195650174][bookmark: _Toc196422252]Figure 15: Displays the S parameter Return loss (s11) plot of the Dipole antenna, first peak (m1) shows signs of high resonance, the secondary peak (m2) shows a near resonant peak, whereas the tertiary peak (m3) suggests some higher order resonances. 
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[bookmark: _Toc195650175][bookmark: _Toc196422253]Figure 16: Displays the far-field total gain pattern of the dipole antenna simulated at 1.225 GHz. This illustrates the spatial distribution of the power radiated, with a maximum gain of 1.87 dB. Furthermore, peak gain occurs perpendicular to the antenna axis whereas the nulls occur along the axial direction.
[bookmark: _Toc196422209]Discussion: 
The results from the simulation for both the vacuum-filled and Teflon-filled rectangular waveguides indicate that the TE₁₀ mode is the dominant propagating mode, as it can be seen that in both scenarios this mode exhibits the lowest cutoff frequency. This is an expected result, as aligns with theoretical expectations, which suggests that the TE₁₀ mode represents the simplest allowable field distribution in a rectangular waveguide  where a singular half-wave variation across the broader dimension of the waveguide and no variation along the narrower dimension [16] [17]. This was further demonstrated by the Gamma plots of both the vacuum and Teflon filled waveguide. The plots displayed that the onset of the wave’s propagation occurs at 7.11 GHz in the vacuum-filled waveguide whereas was 4.94 GHz in the Teflon-filled waveguide. These values are consistent with the theoretical shift in cutoff frequency as it is expected due to the increased relative permittivity of Teflon, which reduces the phase velocity as the material physically restricts the movement of the electromagnetic wave in turn lowering the cutoff threshold [16] [18].
In addition to the gamma plots, the simulated electric and magnetic field distributions visualisation further supported the identification of the TE₁₀ mode as the dominant propagating mode. It can be seen in the E-field magnitude plots that a single lobe extending across the waveguide’s width with nulls at the conducting walls, which is consistent with the expected half-wave variation in the transverse electric field. Furthermore, the H-field vector plots somewhat display a circulating magnetic fields oriented primarily within the transverse plane, in which corresponds to the theoretical field configuration of a TE₁₀ mode [17] [18]. It can be observed in the results that there is an absence of any field variation along the vertical dimension in both E and H fields further suggesting that no higher-order modes are excited at the simulated cutoff frequency.
When comparing the vacuum-filled waveguides to the Teflon-filled waveguides, there is a clear downward shift in cutoff frequency observed in the presence of Teflon. This shift can be attributable to the higher relative permittivity, εᵣ ≈ 2.1, of Teflon, which reduces the phase velocity of propagation, physically reducing the effective formation of the wave, thereby lowering the cutoff threshold for all modes [16] [18]. Despite this shift between materials the modal structure remains unchanged, where TE₁₀ remains the dominant mode in both configurations, suggesting that the geometry plays a much more significant factor in mode dominance, over material properties. This is confirmed by the consistent field distributions and the order of mode excitation observed in the Gamma plots. The Teflon-filled guide also exhibits tighter field confinement, particularly in the E-field magnitude, which has been attributed to the increased dielectric loading [18].
	Whilst the results of this study accurately depicted the waveguide modal analysis, results could have been further bolstered by including dispersion diagrams such as β–frequency plots. In such plots, the first curve to display a non-zero propagation constant (β) would reliably indicate the dominant mode. Moreover, dispersion analysis would enable the extraction of additional insights, including group velocity characteristics and modal dispersion behaviour, which are critical for broadband and high-frequency applications [16] [18]. Complementary analysis using S-parameters which specifically monitor the reflection coefficient (S₁₁) and transmission coefficient (S₂₁) this would also provide a valuable means of identifying resonance. A sharp dip in S₁₁ or corresponding rise in S₂₁ would mark the onset of efficient propagation, thereby validating the frequency range at which the dominant mode is excited [19].
The results obtained from the S-parameter study indicate that the dipole antenna resonated most effectively at approximately 1.2 GHz, as evidenced by a pronounced minimum in the S₁₁ curve. This is somewhat lower than the anticipated theoretical resonance frequency of 1.422 GHz which was calculated based on the antenna’s physical length in free space [20] [21]. This ultimately indicates that in true real-world scenarios, deviation could arise from impedance mismatches introduced by external loading effects, including enclosure materials to physically protect the antenna, surrounding structures, or nearby circuitry [20]. 
However, in this instance that this analysis was conducted in a simulated environment, this indicates that the most likely explanation for the deviation is the presence of end effects, this is where the electric field extends beyond the physical tips of the dipole. This phenomenon effectively increases the electrical length of the antenna, in turn this reduces the antennas resonant frequency [22] [23]. Furthermore discrepancies may also stem from minor numerical errors within the simulation or slight asymmetries in the feed structure or gap spacing, both of which can influence the resonance characteristics of an dipole antenna, as both pole structures must be identical in length.
What could have further bolstered the findings of the antenna’s performance could have been obtained through the analysis of the Voltage Standing Wave Ratio (VSWR), in essence this approach quantifies how effectively the antenna is matched to the transmission line feeding the antenna. If a VSWR ratio is close to 1:1 at the operating frequency, this indicates there are minimal reflections and thus a very efficient power transfer [19]. Additionally, examination into the input impedance using Smith charts could also provide a comprehensive view of the antenna’s complex impedance across a frequency spectrum. This would furthermore enable a detailed analysis of the antenna’s matching characteristics. Ultimately displaying how close the input impedance approaches the ideal 50Ohms of the target frequency [24] [25]. Together, these tools would offer critical information for optimizing antenna performance and ensuring compatibility with some standard RF systems.
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Mode Vacuum Cutoff Freq (GHz) Teflon Cutoff Freq (GHz)
Theoretical Actual Theoretical Actual
TExw 7.14 7.1 4.93 4.94
TEn 14.29 14.25 9.86 9.84
TExn 21.43 21.39 14.79 1474
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