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Abstract
1
The report preSENts the design, theoretical analysis and simulation of rectangular

waveguides and a dipole antenna using ANSYS HFSS. Waveguides were filled with
both a vacuum and Teflon to investigate the influence of dielectric materials on
electromagnetic behaviour. The cutoff frequencies for the dominant TE modes (TE,,,
TEzs, TEjz) in the rectangular waveguides were theoretically determined and
compared to simulation results, which demonstrated excellent agreement with a
maximum error of 1.2%. When Teflon was introduced to the waveguide, a cutoff
frequency occurred that was consistent with theory. Electric and magnetic field vector
plots revealed improved intensity and confinement within the Teflon-filled waveguide,
attributed to the lower phase velocity and reduced propagation losses. Additionally, a
halfwave dipole antenna was simulated, operating at a frequency of 1.2962 GHz with
an omnidirectional radiation pattern, and achieving a peak perpendicular to the
antenna axis, which aligns with theoretical expectations. Overall, this report validates
theoretical predictions through simulations and highlights the importance of dielectric
materials in the design of efficient high-frequency waveguide and antenna
applications.




Al Declaration

| acknowledge the use of Grammarly (https://www.grammarly.com/) on 24 April 2025
to check my work using the prompt(s):

1. Please check the following text for readability, grammar and syntax.
| confirm that | have not presented any Al generated text as my own work. | confirm |

have copies of my drafts, notes, and other resources | used before, and after the use

of Al tools which | may be asked to provide in evidence.




Table of Conte mtsi
Abstract 2

Al DECIArAtON ...ttt e e e e 3
LISt OF FIQUIBS ...t et e e 5
LiSt Of TADIES .....c.ei i e e 5
List Of EQUANIONS .....coviiiiiii it it bbb bbb e ses i 5
List of abbreviations ... 6
1.0 INtrodUCtioN. ... 7
1.1 BacKgroUNd......ccoiiiiiiiiiiin it bbb 7
1.2 AIMS & OBJECHIVES .. .ooiiiiiiiii i i s 10
2.0 Methodology ... ...cueiiiii i s 11
2.1 Task 1A i 11
2.2 TasSK 1B e e e s 12
23 TASK 2. 13
B0 RESURS ..o s 15
3.1 Port Field DiSPlay........coo oo et e e 16
3.2  Theoretical Calculations for the waveguides..............ccccoceiiiiiiiic e 18
3.3 GamMmMAa PlIOS ..o e 19
3.4  Electric Field Magnitude and Vector ...........cccccie i 20
3.5  Magnetic Field Magnitude and Vector...........c.ccoccoeviiiie e 24
3.6 S-Parameter Plot........ccoiiiiiiiiiiiii i, 28
3.7 Radiation Pattern .........ccoiiiiiiiii i, 28
4.0 DISCUSSION ...ttt et e e be s e b e se e sbe s sae e saneenas 30
4.1 Dominant MOAES ..o s 30
4.2 Cutoff freqUENCIES.......cciiiiiiiiiiii i 30
4.3  Vectors of the Magnetic and Electric Fields .............ccccooiiiiiiiiicn 31
4.4 Operating freqQUENCY .........cooiiiiiiiiii s 32




4.5  Radiaion Pattern ... ..o e 33
5.0 CONCIUSION .ottt bbb bbb e b e e et e s bs e e as 34

B.0 REIBIBNCES ..ottt e e e s 36

List of Figures

Figure 1 — The first 12 modes in rectangular waveguide [8]..............ccoviiiiciinnn 8
Figure 2 - Rectangular waveguide design. ...........ccovcviniiiii i, 12
Figure 3 - Halfwave Dipole Antenna design. ..........cccveniiiiiiii e, 14
Figure 4 - Task 1A Gamma plotS. ........ccooiiiiiiiiiiee e s 19
Figure 5 - Task 1B Gamma plot. .........ccccceiiiiiiiiiii i, 19
Figure 6 - S parameter plot for dipole antenna. ...........cccccoooiieiiiiiicnie 28
Figure 7 — Dipole antenna radiation pattern. ...........cccoovii i, 28
Figure 8 — Incorrect simulation of dipole antenna 1...............cccciii e, 29
Figure 9 - Incorrect simulation of dipole antenna 2. ..............cccciiiii e, 29

List of Tables

Table 1 - Task 1A port field display. .........ccccoiiiiiiiii i, 16
Table 2 - Task 1B port field display. ...........cccocoiiiiiii 17
Table 3 - Electric field magnitude and vector displays for task 1A. ... 20
Table 4 - Electric field magnitude and vector displays for task 1B. ......................... 22
Table 5 - Magnetic field magnitude and vector displays for task 1A........................ 24
Table 6 - Magnetic field magnitude and vector displays for task 1B........................ 26
Table 7 — Theoretical vs simulated cutoff frequencies.............ccccooviiiiiiiic e, 30

List of Equations

Equation 1 — Phase velocity in a medium [7]............cccooi i 7
Equation 2 — Length of halfwave dipole antenna [15]..........cccoiiiiiniiiniie 9
Equation 3 — Frequency of an electromagnetic wave [15]........cccccviiiieiininiie e 9
Equation 4 - Cutoff frequency for rectangular waveguides [16].............cccooeiiinen. 11




List of abbreviations

pr — Relative permeability
€r - relative permittivity
GHz - Gigahertz

dB - Decibel




1.0 Introduction

1.1  Background

Electromagnetic waves are essential to modern communication systems, enabling
transmission and reception of information across significant distances. This process
relies on two primary components: antennas, which convert electrical signals into
electromagnetic radiation and vice versa, and waveguides, which confine and guide
electromagnetic waves to reduce propagation losses.

A waveguide is a structure that confines and directs electromagnetic energy between
two locations with minimal attenuation [1] [2]. Waveguides are seen in applications
ranging from micrometres in integrated photonics to hundreds of kilometres in optical
fibre communications [3]. Based on shape and function, waveguides are commonly
classified as rectangular, circular, or optical. Each type supports different modes and

operates efficiently over specific frequency ranges.

In this report, part 1 focuses on rectangular waveguides, which are hollow metallic
structures that confine energy within their Perfect Electric Conductor (PEC)
boundaries [4]. These waveguides typically exhibit a width-to-height aspect ratio of
2:1. The dominant propagating mode is the Transverse Electric (TE) TE+o mode,
characterised by an electric field perpendicular to the propagation direction [5]. A key
feature of a waveguide is the cutoff frequency, which is the minimum frequency
required for wave propagation. Below this threshold, waves become evanescent.
Traditionally, these waveguides are used for low-loss purposes such as low-power

radio astronomy and high-power radar systems [6].

In this work, two rectangular waveguides were studied: the first filled with vacuum (&
= 1), and the second with Teflon (er = 2.1). This reduces the phase velocity and cutoff
frequency in the Teflon-filled waveguide. The phase velocity in Teflon is calculated

below:

1
Ve

Equation 1— Phase velocity in a medium [7].




v=L 1 _ 1
VHE J(po i) (o &) J(@mx10~7x1)(8.854 x10~12x2.1) L= Uo Ky
=2.06876444x108% = 2.07x108 ms! fo = 4 x 107 H/m
=1
£ =&o &y
£ = 8.854 x10-12 F/m
gy=2.1

Effective wave propagation occurs when the operating frequency exceeds the cutoff
of the dominant mode, ensuring minimal attenuation.

Rectangular waveguide supports only TE and Transverse Magnetic (TM) modes, and
not Transverse Electromagnetic (TEM) modes. In certain cases, degenerate modes
arise when multiple modes share the same cutoff frequency, leading to implications
such as mode coupling or mode competition, which may impact waveguide
performance. Figure 1 illustrates the electric field distributions for the first 12 TE and
TM modes.

Figure 1 - The first 12 modes in rectangular waveguide [8].

Notably, TMmn modes require both indices to be non-zero, which raises the cutoff
frequency to be higher than the cutoff frequency for a TEmn mode [9].




This report also examines antennas, which emit various radiation patterns based on
their shape and functionality. Antennas are integral to numerous systems, including

radar systems, radio and satellite communications. Common antenna types include:

* Dipole antennas consist of two conductive elements that are typically half the
wavelength of the desired operating frequency [10].

« Yagi-Uda antenna is a directional antenna that is designed to enhance signal
transmission and reception [11].

« Parabolic antennas utilise a parabolic reflector to focus radio waves, enabling
high-gain and high-directivity transmissions and receptions of electromagnetic
waves [12].

This report focuses on dipole antennas. Typically, each wire is a quarter of the
wavelength of the operating frequency [13]. These antennas have a linear polarisation
and a radiation pattern that resembles a ‘doughnut’ shape [14]. The limitation of having
a limited power gain is attributed to their widespread coverage, as the antenna is not

a directive antenna [14].

L=2
2

Equation 2 — Length of halfwave dipole antenna [15].

Equation 3 - Frequency of an electromagnetic wave [15].

The length of the antenna is governed by the wavelength at which the antenna is
intended to work, as shown by Equation 2. Furthermore, Equation 3 allows the
operating frequency to be determined.




1.2 Aims & Objectives

This report aims to design, simulate and analyse waveguide and antenna structures
using ANSYS High Frequency Simulation Software (HFSS). By integrating
computational and theoretical approaches, the study aims to develop a well-rounded
understanding of the electromagnetic wave behaviour across different propagation
mediums. Simulation results will evaluate the performance of the waveguide and
antennas, providing critical insight into their operational characteristics and validating
theoretical predictions. Additionally, the report facilitates the development of
techniques used in electromagnetic simulations and analysis vital for understanding
wave propagation phenomena in complex structures.




2.0 Methodology

2.1 TasklA

The first part of this task involves the design of a vacuum-filled rectangular waveguide
with Perfect Electrical Conductor (PEC) walls. Dimensions of the waveguide are a
width (a) of 21mm along the x-axis, a height (b) of 6mm on the y-axis and a length of
50mm on the z-axis (Figure 2). With the following &=1 and pr =1. The design
incorporates two ports, which facilitate the simulation of the waveguide modes. A
frequency sweep was applied over a range from 2.5 GHz to 7.5 GHz, enabling an
investigation of the waveguide's performance across various frequencies. This
frequency range was selected for a detailed examination of the waveguide's modal
behaviour. The simulation identifies the propagating modes within the waveguide
based on the analysis of electric and magnetic field vectors.

fo= 5 G+ Gy

Equation 4 - Cutoff frequency for rectangular waveguides [16].

The theoretical cutoff frequencies for the first three modes were calculated using the
formula for rectangular wave guides, as seen below in Equation 4.

The simulation included the following analytical steps:

» |dentification of the dominant mode and other propagating modes.

» Recording of the port field display at Wave Port 1 and Wave Port 2.

» Extraction of the magnitude and vector representations of the magnetic and
electric fields for the modes.

To analyse the cutoff frequencies of the modes, a rectangular plot was generated.
These cutoff frequencies were recorded for further analysis within this report.




| A

40 (mm)

Figure 2 - Rectangular waveguide design.

2.2 Task1B

Similarly to Task 1A, a waveguide was designed but with a Teflon filling, which has
e=1 and pr =2.1. The waveguide dimensions, boundary conditions, and port
assignments remained unchanged with task A (Figure 2). The analytical steps from

Task A were repeated for the Teflon-filled waveguide.

The cutoff frequencies of the Vacuum and Teflon waveguides were compared. The
comparison provided insight into how the dielectric medium affects wave propagation
in both the electric and magnetic fields. The cutoff frequencies were recorded and
discussed later in subsequent sections of this report.




2.3  Task2

Task 2 involved the design of a half-wave dipole antenna that had a radius of 1mm.
The function of this antenna was to emit electromagnetic waves with a wavelength of
211 mm (Figure 3). An excitation was applied through a 50-ohm lumped port, and the
antenna was constructed using a PEC material. A rectangular radiation surface
enclosed the antenna in the model.

Based on knowing the wavelength of the antenna, the length was calculated to give
the intended wavelength result below, using Equation 2.

A=211mm
=3x108ms-1

(o}
L=2=2!' 1055mm
2 2

Additionally, the operating frequency was determined using the intended wavelength
below using Equation 3.

c=Af

¢ 3x108
f=<=

A7 o211

= 1421800948 Hz = 1.4218 GHz

Following the simulations, these computational analyses were performed:
« Generation of an S-parameter plot to capture the operating frequency of the
antenna.
« Observation and recording of the antenna’s radiation pattern, to assess the
directionality of the antenna's radiation.

These methodologies above ensure a systematic approach to designing and analysing
waveguides and antennas, facilitating a comprehensive evaluation of electromagnetic

wave propagation and antenna radiation characteristics.




p—N

Figure 3 - Halfwave Dipole Antenna design.

300 (mm)




3.0 Results
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3.2

Theoretical Calculations for the waveguides

Using results obtained in section 3.1 to identify m and n, and using Equation 4 the

following theoretical cutoff frequencies of each mode of the waveguide were obtained

below for the two mediums of the waveguide:

Vacuum

F2

F3

F3

3x10®
Fi=

_ 3x10®
T2

_ 3x10®
T2

Mode 1:
. 1 y2 4 (%2 = 7142857143 = 7.143 GHz
2 0.021 6
Mode 2:
() + (9)? = 1428571429 x10'° = 14.286 GHz

Mode 3:

JGa? + &2 = 2:142857143x10% = 21429 Gtz

Teflon
Mode 1:

2.07x10%
Fi=—

Fa =

_ 2.07x10° 2

} 1oy (%2 _
2 ()2 + (97 = 4928571429 = 4.929 GHz

Mode 2:

24 (%2 — —
28 G202+ ()% = 9857142857 = 9.857 GHz

Mode 3:

- 207x10% }(ﬁ)? +(3)? = 1478571429x10° = 14.786 GHz

2

a=21mm
b=£=6mm
2

c=3x108ms?

mi=1

mz =2

m3 =3
ni=0
nz=10

n3 =0
a=21mm
b=%=6mm
c=2.07ms1
m=1

mz =2

msz =3
n=0
nz=20

nz =10




3.3  Gamma Plots

CoRETTENG Gamma Plot 1
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Figure 4 - Task 1A Gamma plots.
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Figure 5 - Task 1B Gamma plot.
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Table 4 - Electric field magnitude and vector displays for task 1B.
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3.6 S-Parameter Plot

Marno | X[GHZ] | Y S Parameter Plot 1
mi_| 12967 151551 HFSSDesignt AR’?}RSZ
STUDENT

5 — ams(,1)
Setup1 Sweep

dB(S(1,1))

<10

Frea [GHZ]

Figure 6 - S parameter plot for dipole antenna.

3.7  Radiation Pattern

Aneys Inc. Gain Plot 1

Figure 7 — Dipole antenna radiation pattern.
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Figure 8 — Incorrect simulation of dipole antenna 1.
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Figure 9 - Incorrect simulation of dipole antenna 2.
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4.0 Discussion

4.1 Dominant maodes

It can be seen from the port field displays in section 3.1 that both propagation mediums
exhibit similar electromagnetic behaviour. For both configurations:

Mode 1 corresponds to the fundamental TEio mode, identified by a single half-
wavelength across the width.

Mode 2 represents the TEzo mode, displaying two half-wavelengths across the width
of the waveguide.

Mode 3 indicates the TEso mode, with three distinct half-wavelengths spanning the
waveguide width.

In all modes, no significant variation was observed in the vertical axis, consistent with
the nature of TE modes in rectangular waveguides.

4.2 Cutoff frequencies

Table 7 — Theoretical vs simulated cutoff frequencies.

Filing Mode Theoretical Simulation % Error
(GHz) (GHz)

TE.o 7.143 7.110 0.46%
Vacuum TEzo 14.286 14.250 0.25%
TEso 21.429 21.390 0.18%
TE+o 4.929 4.870 1.20%
Teflon TEz 9.857 9.840 0.17%
TEzo 14.786 14.740 0.31%

Table 7 presents theoretical cutoff frequencies, previously calculated in section 3.2,
alongside simulated results from section 3.3. As expected, the presence of Teflon
significantly reduced the cutoff frequencies due to the lower velocity of propagation of
the waves through the waveguide. A detailed inspection reveals a strong correlation
between theoretical and simulated values, with minor discrepancies being likely
attributable to the following:
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¢ Numerical artefacts or interpolation errors.
* Field ‘leakage’ near waveguide boundaries.

o Limited Mesh resolution.

4.3 Vectors of the Magnetic and Electric Fields

Table 3 shows the electric field distribution for the vacuum-filled waveguide Mode 1,
showing a single peak at 2426 V/m near the top of the structure, consistent with the
expected field maximum for the TE10 mode. For Modes 2 and 3, the maximum electric
field decreases to 1500 V/m and 1213 V/m, respectively. These modes have two and
three peaks, indicating that higher-order modes introduce increased field complexity
with multiple lobes across the waveguide. The associated vector plot confirms
expected modal behaviour, with field vectors oriented perpendicular to the direction of

propagation, which is characteristic of TE modes.

In contrast, the Teflon-filled waveguide significantly enhances electric field
confinement and intensity across all three modes. In Mode 1, the electric field is
centrally concentrated, whereas Modes 2 and 3 exhibit compressed lobes with sharper
boundaries, in contrast to the broader nodes observed in the vacuum-filled waveguide.
This enhancement is attributed to the higher dielectric constant of Teflon, resulting in
stronger electric field reflections and tighter spatial control. The presence of Teflon
lowers the phase velocity and cutoff frequency, allowing the waveguide to support

more compact and intense electric field distributions.

Clear differences in magnetic field intensity and spatial variation were observed
between the two propagation mediums, primarily due to the difference in relative
permittivity, which influences the propagation and distribution of the magnetic field.
Notably, mode 1 experiences a phase reversal in the Teflon-filled waveguide,

stemming from the altered dielectric conditions.

Additionally, the node location in Mode 1 is found at the bottom of the waveguide,
unlike Modes 2 and 3, where the nodes remain distributed across the top of the
waveguide. This may result from the waveguide dimensions being less optimal for
supporting mode 1 propagation. As the fundamental mode, Mode 1 supports only a
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single half-wavelength across the cross-section, whereas higher order modes
accommodate multiple variations, allowing more extended field patterns. In addition,

the Teflon waveguide reduces the amount of side losses.

The results of both electric and magnetic vectors and their magnitudes confirm that a
Teflon-filled waveguide significantly improves magnetic field confinement, providing
greater spatial precision and reduced propagation losses. These findings underscore
the importance of the material selection in the design of waveguides for high-frequency
systems.

4.4  Operating frequency

The study found that the dipole antenna in this report had an operating frequency of
1.2962 GHz, which is the lowest point of the plot in Figure 6 and transmission is the
highest, and the reflection coefficient is the lowest. This correlates well with the
theoretical calculations made in section 2.3 of 1.4218 GHz. The 9% difference could
be explained by the simulation boundary conditions or the meshing and numerical
accuracy of the simulation. If the diameter of the antenna were to increase, bandwidth
would become wider, and loss resistance would decrease, improving efficiency, which

would be advantageous when wider frequency coverage is required.
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4.5  Radiation Pattern

The gain (dB) of the radiation pattern for the dipole antenna is shown in Figure 7. The
radiation pattern suggests an omnidirectional radiation pattern, as the antenna
radiates 12.5 dB equally in all directions within a specific plane. However, the radiation
is the lowest along the axis of the antenna at 1.98004 dB. The ‘doughnut’ shape is the
expected radiation pattern, supported by numerous academic studies. This type of
radiation is useful in applications such as FM radio or broadcasting, where signals
need to reach a wide audience in various directions.

As shown in Figures 7 and 8, the simulated radiation pattern of the dipole antenna
deviates from the expected results. To correct this issue, the number of passes was
adjusted from 99 to 10, and the frequency sweep from 1- 7.5 GHz to 0.5 — 7 GHz.
These corrections improved simulation accuracy, yielding a pattern that aligned with

theoretical predictions.
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5.0 Conclusion

In this report, the aim was to design, simulate and analyse two waveguides with
different propagation mediums as well as a dipole antenna using ANSYS HFSS,
integrating both theoretical and computational approaches. Through analysis of port
field displays, it was confirmed that the dominant modes in both vacuum and Teflon
filled waveguides correspond to TE, TE;o, and TEj,, with field distributions aligning

with theoretical expectations of TE modes.

The comparison of theoretical and simulated cutoff frequencies revealed excellent
agreement, with insignificant percentage errors. The presence of Teflon significantly
lowered the cutoff frequencies due to a reduced propagation velocity, which validates
the inverse relationship with the square root of the relative permittivity. Minor
deviations were likely attributed to the mesh resolution, boundary effects and
numerical artifacts attributed to simulations.

The electric and magnetic field vector analysis proved that a Teflon-filled waveguide
strengthened field confinement and reduced propagation losses. This was particularly
confirmed by sharper lobe boundaries and increased field intensity. In conclusion, the
dielectric material selection critically impacts modal behaviour and waveguide
performance. Notably, a phase reversal and node migration in Mode 1 were observed
in the Teflon waveguide, attributed to the new electromagnetic boundary conditions

and structural dimensions of the waveguide.

Analysis of the dipole antenna showed an operating frequency of 1.2952 GHz that was
9% different when compared to theory and a maximum gain of 12.5 dB in the
transverse plane. Despite initial difficulties in correctly simulating, corrective
adjustments were made to the frequency sweep parameters, which improved results.
The observed ‘doughnut’ pattern is aligned accurately with theoretical predictions and

is well-suited for broad coverage applications.

The report was limited by only comparing two propagation mediums; a wider spread
of mediums should have been analysed to make more certain conclusions.
Notwithstanding these limitations, the study suggests that a Teflon-filled waveguide
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did enhance the performance of the waveguide in this report. Further studies need to
be carried out to confirm the behaviour of waveguides with a range of dielectric

materials.
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