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Abstract: 

This report involves the design and simulation of rectangular waveguides and a half-wave dipole antenna using HFSS, focusing on waveguide behaviour and antenna performance. For the waveguide model, both vacuum and Teflon dielectrics with PEC walls underwent a frequency sweep from 2GHz to 30GHz, identifying cut-off frequencies and mode types, which were compared between materials. In the half-wave dipole antenna model, a calculated length was chosen, resulting in a distinct operating frequency and radiation pattern. These simulated results were then compared with analytical predictions.
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Introduction:

Background of electromagnetic waves and waveguides/ antennas:

Electromagnetic waves, as detailed in [1, p. 272], are “non-mechanical waves which move with speed equal to the speed of light (in a vacuum).” They are defined as oscillations of electric and magnetic fields that self-propagate through space. Their behaviour is governed by Maxwell’s equations, which include ‘Gauss’s law for electricity, Gauss’s law for magnetism, Faraday’s law of electromagnetic induction and Ampere’s circuital law,’ as outlined in [1, p. 271]. These fundamental equations form the basis for understanding electromagnetic wave properties. Electromagnetic waves cover a broad range of frequencies and wavelengths, known as the electromagnetic spectrum. This spectrum is illustrated in Figure 1 below, as cited in [2].

[image: ]
Figure 1 - Electromagnetic spectrum

The electromagnetic spectrum is the complete range of electromagnetic waves, classified by their wavelength and frequency. It ranges from the long-wavelength radio waves to the short-wavelength gamma rays. As detailed in [3, p. 69], the wave equation “” describes the relationship between frequency and wavelength in a given medium. As wavelength increases, frequency decreases and vice versa. The electromagnetic waves analysed in this report fall within the microwave region of the electromagnetic spectrum (300MHz – 300GHz).



Waveguides are “structures that guide electromagnetic waves” from one place to another with “minimal attenuation and signal delay distortion,” as explained in [4, p. 1]. This is achieved by confining the waves and allowing transmission in only specific directions. Waveguides can be categorised into several types, as shown in Figure 2, cited in [5]. 

[image: ]
Figure 2 - Waveguide types

In this report, only the rectangular, homogenous, metal shell pipe waveguide will be featured. This type of waveguide is a hollow metal conduit with a rectangular cross-section, supporting only transverse electric (TE) and transverse magnetic (TM) modes. As described in [6, p. 1-2], TE modes are characterised by an electric field that is entirely transverse (perpendicular to the direction of propagation) and a magnetic field that has a longitudinal (parallel component). Conversely, TM modes have a magnetic field that is entirely transverse, while the electric field has a longitudinal component. Both these types of modes experience a distinct cut-off frequency.

The IEEE standard defines an antenna as “a means for radiating or receiving radio waves,” as stated in [7, p. 1]. Antennas are essential components of wireless communication systems, functioning as transducers that convert electrical signals into electromagnetic waves for transmission and convert electromagnetic waves into electrical signals for reception. Antennas can be categorised into several types, as shown in Figure 3, cited in [8].
[image: ]
Figure 3 - Antenna types

In this report, only the wire dipole antenna will be featured. As explained in [9], this type of antenna consists of two conductive elements, ‘with the length of the total wire being used as the dipole, equal to half of the wavelength’ of the electromagnetic radiation. The half-wave dipole antenna radiates electromagnetic waves by oscillating electric currents along its length. The electric field in the radiation pattern is strongest along the axis of the antenna, while the magnetic field is perpendicular to this axis. The antenna operates under resonant conditions, where the current distribution is sinusoidal, with a maximum at the centre and nulls at the ends.

Importance of rectangular waveguides and half-wave dipole antennas:

Rectangular waveguides serve a wide range of applications. As cited in [10], these include:

	· Military and defence radar.
	· Maritime communications.

	· Satellite communications.
	· Weather radar.

	· Air traffic control.
	· Scientific research.

	· Industrial applications.
	· Medical applications.



Half-wave dipole antennas also serve a wide range of applications. As cited in [11], these include:

	· Military and defence applications.
	· Wireless networks.

	· Radio communications.
	· Maritime communications.

	· Television broadcasting.
	· Aviation communications.



Objectives and direction of the report: 

The purpose of this report is to understand electromagnetic wave propagation, waveguides and antennas through analytical calculations and simulation-based analysis. It bridges electromagnetic theory with practical simulation in ANSYS HFSS. This is essential for RF design in applications such as radar systems, satellite communications and wireless technologies, all of which are relevant to the defence industry.

Rectangular waveguide methodology: 

Design considerations and dimensions:

For the first task, a rectangular waveguide model with a vacuum dielectric and Perfect Electric Conductor (PEC) walls was created. The dimensions of the waveguide are width (a), height (b) and length (50mm) along the Z-axis, as dictated in [12].









For this reason, the dimensions of the rectangular waveguide are width (23mm), height (5mm) and length (50mm). A frequency sweep of 2GHz to 30GHz was conducted, with 3 modes simulated. This was repeated with the vacuum material replaced by Teflon.




Simulation setup and parameters:

ANSYS HFSS was used for the simulation due to its ability to accurately solve electromagnetic field distributions and perform comprehensive modal analysis. To model the waveguides, follow the step-by-step instructions, as cited in [13]:

· Open ANSYS HFSS.
· Set the units to millimetres (mm).
· Set the solution type as modal.
· Use the box tool to create a cuboid.
· Input the calculated dimensions using the properties tool.
· Set vacuum as the dielectric type using the properties tool.
· Select the four faces in the X-Y plane of the rectangular waveguide.
· Assign the boundary of these faces as Perfect E.
· Select one face in the Z-plane of the rectangular waveguide.
· Assign this face as wave port (modal) excitation.
· Set the number of modes as 3.
· Set the port impedance as 50 ohms.
· Select the other face in the Z-plane of the rectangular waveguide.
· Assign the same excitation settings to this face.
· Create a solution setup (advanced).
· Set the solution frequency near the operating frequency/ expected cut-off frequency.
· Set the maximum number of passes to 99 or less.
· Select the sweep type as interpolating and enable 3D fields as save fields.
· Set the start and end frequencies as 2GHz – 30GHz.
· Perform a validation check.
· If successful, analyse all.

To produce results, follow the step-by-step instructions, as cited in [13]:

· After analysis, check the cut-off frequencies in the results.
· Create a modal solution data report (rectangular report).
· Set the domain as sweep, category as gamma, select the 3 modes from port 1 and set function to imaginary (im).
· Add markers at the cut-off frequencies to obtain exact values.
· To generate port field displays, click on port field displays and select the 3 modes.
· To generate field overlays, select the waveguide, go to plot fields and choose E/H as magnitude or vector.
· Set the solution setup as sweep, set the frequency to 30GHz, choose a quantity (e.g. Mag_E) and plot on surface only.
· Repeat for all field overlays.
· To edit the mode, right-click on excitations, choose edit sources, enter 1 for the desired mode and 0 for all others in the magnitude column. 
· Repeat again for all field overlays.
· Change the dielectric type to Teflon and replicate the process.
Theoretical formulas for cut-off frequency:

Both transverse electric (TE) and transverse magnetic (TM) modes have a distinct cut-off frequency, which can be predicted analytically using an equation. This is shown below, as detailed in [14]:



 = Cut-off frequency (Hz)
 = Speed of light in a vacuum (m/s)
 = Number of half-wavelength variations along the width
 = Number of half-wavelength variations along the height
 = Width of the waveguide (m)
 = Height of the waveguide (m)
 = Relative permittivity of the material
 = Relative permeability of the material

Using this equation, the cut-off frequency can be analytically predicted for TE modes:

Vacuum:

 = 1                       = 1
 = 1                       = 6.52GHz
 = 2                       = 13.30GHz
 = 3                       = 19.57GHz

Teflon:

 = 2.1                    = 1
 = 1                       = 4.50GHz
 = 2                       = 9.00GHz
 = 3                       = 13.50GHz

Half-wave dipole antenna methodology: 

Design considerations and dimensions:

For the second task, a half-wave dipole antenna with Perfect Electric Conductor (PEC) walls was created. The dimensions of the antenna are radius (1mm) and length (x), as dictated in [12]. The wavelength of electromagnetic waves emitted is a chosen value ().

 



 

For this reason, the dimensions of the half-wave dipole antenna are radius (1mm) and length (115mm). The material type PEC was used.

Simulation setup and parameters:

ANSYS HFSS was used for the simulation due to its ability to accurately solve electromagnetic field distributions and perform comprehensive antenna analysis, including operating frequency and radiation pattern evaluation. To model the antenna, follow the step-by-step instructions, as cited in [15]:

· Open ANSYS HFSS.
· Set the units to millimetres (mm).
· Set the solution type as modal.
· Use the draw cylinder tool to create a cylinder.
· Enter the calculated dimensions using the properties tool and set the axis as Z.
· Centre the cylinder so half lies below the X-Y plane.
· Set the material type to PEC using the properties tool.
· Duplicate the cylinder to create a gap at the centre.
· Set the length of the duplicate to 1mm and centre it as before.
· Set the material type of the second cylinder to vacuum.
· Select both cylinders, go to modular, Boolean, subtract.
· Enable Clone tool objects before operation and click OK.
· To create a lumped port, select the gap, go to modeller, surface and section.
· Select the Y-Z plane and click OK.
· Select the rectangular plane, assign excitation, port and modal lumped port.
· Set the impedance to 50 ohms.
· Set the number of modes to 1 and define the integration line as new line.
· Draw a line from the bottom to the top of the rectangle to define the integration line.
· Create an open region.
· Set the operating frequency to 1GHz and the boundary condition to PML.
· Right-click on analysis and add a solution step (advanced).
· Set the frequency close to the operating frequency.
· Set the maximum number of passes to 99 or less.
· Set the start and end frequencies as 1GHz – 7.5GHz.
· Perform a validation check.
· If successful, analyse all.

To produce results, follow the step-by-step instructions, as cited in [15]:

· After analysis, check the operating frequency in the results.
· Create a terminal solution data report (rectangular report).
· Select terminal S parameter, St (1, 1), dB and then click new report.
· Add markers at the operating frequencies to obtain exact values.
· To create the radiation pattern, create a far fields report (3D polar plot).
· Select gain, gain total, dB and then click new report.

Theoretical formulas for operating frequency:

Half-wave dipole antennas have a distinct operating frequency, which can be predicted analytically using a set of equations, as seen previously.

 

 = Length (m)
 = Wavelength (m)



 = Speed of light (m/s)
 = Wavelength (m)
 = Frequency (Hz)



Using these equations, the operating frequency can be analytically predicted for the antenna:

 =  m/s                                     = 230mm                                     = 1.30GHz

Results: 

Rectangular waveguide results:

Gamma plots:

[image: ]
Figure 4 – Gamma plot (vacuum)

[image: ]
Figure 5 – Gamma plot (Teflon)

Port field displays:

[image: ][image: ][image: ]
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Figure 6 - Port field displays (Vacuum)
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Figure 7 - Port field displays (Teflon)




Field overlays (mode 1):

[image: ][image: ]Figure 9 - E field, magnitude (Teflon) M1

                        Figure 8 - E field, magnitude (vacuum) M1
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Figure 11 - E field, vector (Teflon) M1
Figure 10 - E field, vector (vacuum) M1
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Figure 13 - H field, magnitude (Teflon) M1
Figure 12 - H field, magnitude (vacuum) M1
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Figure 15 - H field, vector (Teflon) M1
Figure 14 - H field, vector (vacuum) M1


Half-wave dipole antenna results:

Antenna example:
[image: ]














Figure 16 - Antenna example with boundaries



S parameter plot: 

[image: ]
Figure 17 - S parameter plot

Gain Plot: 

[image: ]
Figure 18 – Gain plot


Interpretation of results:

The rectangular waveguide gamma plots (Figures 4-5) display the dominant modes (the lowest frequency modes) and two successive higher-order modes. The X-axis represents frequency (GHz), while the Y-axis shows the complex propagation constant (). As explained in [16], the complex propagation constant is given by:

 

 = Complex propagation constant
 = Attenuation constant (Np/m)
 = Phase constant (rad/m)

Below each cut-off frequency,  is purely real (with), meaning the wave does not propagate and instead decays along the waveguide. Once the frequency exceeds the cut-off frequency,  becomes non-zero and the wave starts to propagate with a changing phase along the guide. The higher the frequency, the greater the value of, indicating faster phase variation.

The rectangular waveguide port field displays (Figures 6-7) illustrate the types of modes observed in the first three modes. The field distribution shows wave peaks represented by clusters of red field vectors. For both the vacuum and Teflon models, the, and  modes can be seen. 

The rectangular waveguide field overlays (Figures 8-15) illustrate both scalar (magnitude) and vector representations of the electric and magnetic fields. Field strength is indicated by colour, red for stronger fields and blue for weaker ones. The arrows represent the direction of the vector fields, providing insight into the spatial behaviour of the electric and magnetic field components.

The half-wave dipole antenna S parameter plot (Figure 17) displays the operating frequencies. The X-axis represents frequency (GHz), while the Y-axis shows the reflection coefficient S (1, 1) in decibels (dB). As explained in [17], it is typical for dipole antennas to resonate at odd multiples of their half-wavelength. The first and deepest dip corresponds to the fundamental mode at, indicating optimal impedance matching and efficient radiation at that frequency. The second and third dips, which are progressively shallower, represent the higher order harmonics at  and, respectively. These shallower dips reflect reduced matching efficiency and increased reflection losses at higher frequencies, as higher-order modes typically radiate less efficiently in basic dipole geometries.



The half-wave dipole gain plot (Figure 18) illustrates the antenna’s radiation pattern. The plot reveals an omnidirectional radiation profile, characteristic of a half-wave dipole, with maximum radiation intensity shown in red and slightly lower intensity regions in yellow, both measured in decibels (dB). The pattern exhibits symmetrical radiation lobes in the azimuthal plane and clearly defined nulls along the axis of the antenna, aligning with theoretical expectations for dipole performance at the  fundamental resonance.

Discussion: 

Waveguide behaviour and comparison:

The cut-off frequencies observed in the waveguide simulation closely aligned with analytical predictions for both the vacuum and Teflon configurations. In the vacuum model the largest discrepancy occurred in mode 2 where the analytically predicted cut-off frequency was 13.30 GHz compared to 12.99 GHz obtained from the ANSYS simulation. Similarly, in the Teflon model the most significant difference also appeared in mode 2 with a theoretical cut-off at 9.00 GHz and a simulated result of 8.93 GHz. The difference in results between the vacuum and Teflon models was expected, as indicated by the analytical predictions. This disparity is due to the difference in the relative permittivity of the materials, which affects the speed of light within them.

As previously outlined, the port field displays and field overlays facilitate a more in-depth analysis of electromagnetic wave propagation. They clearly illustrate the direction and magnitude of the electric and magnetic field components of the modes, enabling a detailed comparison between the vacuum and Teflon models. For instance, in the Teflon model, both the electric and magnetic field components appear stronger than their vacuum counterparts. This is evident from the larger scaling observed in the Teflon model's field overlays.

Antenna behaviour and comparison:

The operating frequency in the antenna simulation closely matched the analytical prediction. The analytical estimate suggested an operating frequency of 1.3 GHz, while the ANSYS simulation produced a result of 1.2 GHz. The 3λ/2 and 5λ/2 harmonics were modelled as 3.7 GHz and 6.3 GHz, respectively.

As previously explained, the radiation pattern provides a detailed representation of electromagnetic wave propagation. It clearly illustrates the distribution of radiation in 3D space and indicates the intensity values. Additionally, nulls are observable along the antenna's Z-axis confirming the expected behaviour of the dipole antenna.



Insights and explanations:

These results offer valuable insights into the functioning of the waveguide and antenna designs. The close match between the analytical and ANSYS model outcomes underscores the test's accuracy, while slight deviations are likely attributable to factors in the ANSYS simulation, such as meshing limitations, boundary conditions and other settings.

Conclusion: 

Key findings:

· In the rectangular waveguide, only TE modes were supported, with  confirmed as the dominant mode. 
· The half-wave dipole antenna exhibited an omnidirectional radiation pattern characteristic of dipoles. 
· The analytical and simulated results showed strong agreement, validating the modelling approach and confirming the effectiveness of ANSYS HFSS for accurately representing electromagnetic behaviour in both guided and radiating structures.

Implication of results:

The results show that ANSYS HFSS reliably predicts waveguide and antenna behaviour, making it valuable for designing real-world RF and microwave systems. In military contexts, accurate modelling supports secure communications, radar and electronic warfare. Validated waveguide performance enables high-power signal transmission, while the dipole’s predictable pattern ensures reliable coverage in tactical settings. These findings support more robust and mission-ready electromagnetic system designs.

Future work:

Future work could include simulating additional waveguide modes/ complex antenna designs and refining mesh quality and boundary conditions for better accuracy. Also, exploring material properties and analysing performance under different environmental conditions would further improve real-world relevance, especially for defence and aerospace applications.
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Appendices:

Raw simulation data:
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Figure A.2 - E field, magnitude (Teflon) M2
Figure A.4 - E field, vector (Teflon) M2
Figure A.3 - E field, vector (vacuum) M2
Figure A.6 - H field, magnitude (Teflon) M2
Figure A.5 - H field, magnitude (vacuum) M2
Figure A.1 - E field, magnitude (vacuum) M2
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Figure A.6 - H field, magnitude (Teflon) M2
Figure A.5 - H field, magnitude (vacuum) M2
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Figure A.8 - H field, vector (Teflon) M2
Figure A.7 - H field, vector (vacuum) M2


Field overlays (mode 3):
[image: ]
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Figure A.10 - E field, magnitude (Teflon) M3
Figure A.9 - E field, magnitude (vacuum) M3
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Figure A.12 - E field, vector (Teflon) M3
Figure A.11 - E field, vector (vacuum) M3
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Figure A.14 - H field, magnitude (Teflon) M3

Figure A.13 - H field, magnitude (vacuum) M3
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Figure A.16 - H field, vector (Teflon) M3
Figure A.15 - H field, vector (vacuum) M3
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