



Table of Contents
Abstract	3
Introduction	3
Impedance matching	3
Antenna application requirements	4
Societal environmental and ethical factors	4
Task 1 Patch Antenna	4
Calculations	4
Constants	4
Patch Width	5
Patch Length	5
Ground plane dimensions	6
Patch antenna Screenshots	6
S-11 parameters	7
Task 2	9
Cylindrical Dipole Antenna	9
Folded Dipole Antenna	14
Horn Antenna	18
Helix Antenna	23
Task 3 Helix array antenna	29
Conclusion	33
References	34

Figure 1 Formula for calculating Width of the patch antenna [2]	5
Figure 2 Formula for calculating the Effective dielectric constant [2]	5
Figure 3 Formula for calculating the Length of the patch antenna [3]	5
Figure 4 Patch antenna design model	6
Figure 5 S parameters for the Patch antenna	7
Figure 6 3D radiation pattern for the Patch antenna	7
Figure 7 Impedance chart for the Patch antenna	8
Figure 8 Smith chart for the Patch antenna	8
Figure 9 Model design for the cylindrical dipole	9
Figure 10 Impedance chart for the cylindrical dipole	10
Figure 11 S parameters for the cylindrical dipole	11
Figure 12 3D radiation pattern for the cylindrical dipole	12
Figure 13 Azimuth graph for the cylindrical dipole	13
Figure 14 Elevation graph  for the cylindrical dipole	14
Figure 15 Model diagram for the folded dipole antenna	15
Figure 16 Impedance chart for the folded dipole antenna	15
Figure 17 S parameters graph for the folded dipole antenna	16
Figure 18 3D radiation model for the folded dipole antenna	16
Figure 19 Azimuth graph for the folded dipole antenna	17
Figure 20 Elevation graph for the folded dipole antenna	18
Figure 21 Model of the horn antenna	19
Figure 22 impedance chart of the horn antenna	19
Figure 23 S parameters of the horn antenna	20
Figure 24 3D radiation pattern model of the horn antenna	21
Figure 25 Azimuth graph of the horn antenna.	22
Figure 26 Elevation graph of the horn antenna.	23
Figure 27 Model of the Helical antenna.	24
Figure 28 Impedance graph of the Helical antenna.	24
Figure 29 S parameters graph of the Helical antenna.	25
Figure 30 3D radiation pattern of the Helical antenna.	26
Figure 31 Azimuth graph of the Helical antenna.	27
Figure 32Elevation graph of the Helical antenna.	28
Figure 33 Model of the Helical antenna array.	29
Figure 34 Array layout of the Helical antenna array.	30
Figure 35 S parameters of the Helical antenna array.	30
Figure 36 3D radiation pattern of the Helical antenna array.	31
Figure 37 Azimuth chart of the Helical antenna array.	32
Figure 38 Elevation chart of the Helical antenna array.	32


[bookmark: _Toc197949487]Abstract
This report presents the design, simulation, and performance analysis of multiple radio frequency antennas intended for various GHz-range applications. Using simulation tools such as CST Studio Suite and MATLAB’s Antenna Designer, the study evaluates a microstrip patch antenna, cylindrical and folded dipole antennas, horn and helix antenna, and a 3×3 helical antenna array. Each antenna was designed based on frequency parameters derived from a student identification number and assessed in terms of impedance characteristics, resonant frequency, radiation pattern, and overall efficiency. The microstrip patch antenna demonstrated semi-directional radiation with acceptable impedance matching, while the dipole variants exhibited typical omnidirectional behaviour. The horn and helix antennas provided high directivity and gain, with the helical array further enhancing performance through beam concentration. The findings underscore the importance of impedance matching, material selection, and structural design in achieving optimal antenna performance, offering valuable insights for modern RF system development in communication, satellite, and radar applications.
[bookmark: _Toc197949488]Introduction 
The aim of this report is to present the design, simulation, and analysis of various RF antennas, each intended for specific applications in the GHz frequency range. The assignment focuses on synthesising and critically evaluating RF transmission using simulation software, with specific emphasis on the calculation of antenna dimensions, resonant frequencies, and radiation patterns. The project is divided into three primary tasks: the design and simulation of a rectangular microstrip patch antenna, the design and simulation of four different RF antennas (cylindrical dipole, folded dipole, horn, and helix), and the design and simulation of a 3x3 helix array antenna. Each antenna is evaluated based on its impedance, radiation characteristics, and suitability for specific RF applications.
RF antenna design is crucial in modern communication systems as it directly impacts the efficiency of signal transmission and reception. Microstrip patch antennas are widely used for their low profile, ease of fabrication, and compatibility with printed circuit boards (PCBs). Dipole antennas, including cylindrical and folded dipoles, are fundamental for wideband applications. Horn antennas are preferred for high gain and directional radiation, while helix antennas are used for circular polarisation and satellite communication. This report examines each of these antenna types, with particular attention to the impact of impedance matching, resonant frequency, and radiation patterns on overall antenna performance.


[bookmark: _Toc197949489]Impedance matching
Impedance matching is the process of designing the antenna’s input impedance (ZL ) or matching it to the corresponding RF circuitry’s output impedance (ZO ). [1] When designing antennas, impedance matching is a crucial aspect to ensure maximum power transfer between the antenna and the transmission line. Impedance mismatch can result in signal reflections, power loss, and reduced efficiency. The impedance is usually 50 or 75 Ohms and must be matched to the antenna impedance to minimise the standing wave ratio (SWR). Smith charts can also be used to visualise impedance and design appropriate matching networks for optimal performance across the desired frequency range.

[bookmark: _Toc197949490]Antenna application requirements
Antenna design is highly dependent on the intended application. For communication systems, considerations include frequency range, gain, directivity, polarization, and bandwidth. Satellite communication antennas require high directivity and gain, while mobile communication antennas prioritize omnidirectional patterns and compact size in order to fit inside a phone and pick up signal easier. In radar systems, the beamwidth and scanning capabilities are critical. When applying antennas for a specific task environmental factors such as weather resistance and structural stability also have to be considered, and suitable materials used.

[bookmark: _Toc197949491]Societal environmental and ethical factors 
The design and deployment of antennas can have significant societal, environmental, and ethical implications. Ensuring that antenna installations comply with safety standards to prevent excessive electromagnetic exposure is paramount. Environmentally, the materials used should prioritise sustainability and recyclability to minimise the impact on the environment. Ethical considerations must also be considered, these involve ensuring that antenna systems do not interfere with other critical communication systems, infringe on privacy, or contribute to electromagnetic pollution.


[bookmark: _Toc197949492]Task 1 Patch Antenna 

In this task, a rectangular microstrip patch antenna is to be designed to operate at a frequency determined by the first two digits of the student ID (2215291) in GHz. The antenna uses an FR4 epoxy substrate with a relative permittivity of 4.4 and relative permeability of 1, while the patch and ground plane are modelled as Perfect Electric Conductors. The antenna is excited using a rectangular microstrip feed line connected to a 50Ω lumped port, with radiation occurring through a defined rectangular aperture. Key design parameters, including the dimensions of the patch, ground plane, and substrate, are to be calculated using fundamental antenna theory. A frequency sweep from 1 GHz to 8 GHz is then set up to analyse the antenna's broadband behaviour. Simulations are conducted to obtain the radiation pattern, impedance characteristics, and resonant frequency. Then, the performance is evaluated by using suitable computational techniques.
[bookmark: _Toc197949493]Calculations
[bookmark: _Toc197949494]Constants 
In this section the following constants will be used, the frequency is derived from the first two digits from my student number 2215291. This means the frequency this antenna is designed for is 2.2GHz.
Frequency: 2.2GHz (f0)
Relative Permittivity: 4.4(εr)
Relative Permeability: 1
Substrate Height 1.57 mm (Standard Thickness of an FR4 PCB)
Speed of Light: 299,792,458 m/s

[bookmark: _Toc197949495]Patch Width 
To calculate the width of the patch antenna I used the formula in Figure 1.
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[bookmark: _Ref197947969][bookmark: _Toc197949364]Figure 1 Formula for calculating Width of the patch antenna [2]
W = 
W = 0.04146542723 m
W = 0.04147 m
W = 41.47mm
[bookmark: _Toc197949496]Patch Length  
To calculate the width of the patch antenna multiple formulas were used, the first being the calculation for the Effective dielectric constant shown in Figure 2
[image: A math equation with numbers and symbols
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[bookmark: _Ref197947970][bookmark: _Toc197949365]Figure 2 Formula for calculating the Effective dielectric constant [2]
εeff = 
εeff = 4.10965811

This calculated value is inputted into the length formula Figure 3 to get the length of the Patch antenna 
[image: A math equations and formulas
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[bookmark: _Ref197947976][bookmark: _Toc197949366]Figure 3 Formula for calculating the Length of the patch antenna [3]
L = 
L = 0.03215778377
L = 0.03216
L = 32.16mm

[bookmark: _Toc197949497]Ground plane dimensions
 The width is calculated using the formula:
Width of ground plane = W+6(Height of substrate)
Width of ground plane = 50.89mm

The length is calculated using the formula:
Length of ground plane = L+6(Height of substrate)
Length of ground plane = 41.58 mm


[bookmark: _Toc197949498]Patch antenna Screenshots.
Below Figure 4 shows the screenshot of the designed patch antenna, this was designed in CST Studio Suite and is made from FR4 Epoxy substrate and a ground plane made from PEC (Perfect electric Conductor). The results from this antenna have been given by completing a frequency sweep from 1-8GHz.
[image: A white square with a white border
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[bookmark: _Ref197947989][bookmark: _Toc197949367]Figure 4 Patch antenna design model.


[bookmark: _Toc197949499]S-11 parameters
As shown in the S-11 graph below named Figure 5 there is a noticeable dip to -15dB at around the 2.2GHz mark. This has been measured using an axis marker to be 2.1267GHz. Although this antenna has been designed for 2.2GHz due to imperfect impedance matching there is a noticeable difference of around 0.88GHz from the desired operating frequency. There are also other noticeable dips at around 3.2,4.2,5.6 and 7.1GHz. This indicates more resonances that we do not need or want. These can be filtered out if needed. The graph also shows that this antenna is currently working best for the 4.2GHz as the dip in the graph is lower at -30dB meaning less power is being reflected.

[image: A graph with red lines
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[bookmark: _Ref197947999][bookmark: _Toc197949368]Figure 5 S parameters for the Patch antenna


Figure 6 is the simulated radiation pattern for the microstrip antenna, this shows that there is a good semi directional radiation pattern with the peak gain along the broadside direction.
[image: A colorful circle with lines and circles
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[bookmark: _Ref197948039][bookmark: _Toc197949369]Figure 6 3D radiation pattern for the Patch antenna



Figure 7 shows the impedance chart for the antenna, this shows the impedance to be around 47.75 Ohms, quite close to the desired 50 Ohm matching. 
[image: A screen shot of a graph
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[bookmark: _Ref197948062][bookmark: _Toc197949370]Figure 7 Impedance chart for the Patch antenna
 
Figure 8 is the smith chart for the Micro Strip Patch antenna, this shows how impedence changes depending on the frequency. It is made using values from the frequency sweep previously ran of 1-8GHz. This chart shows that the antenna is efficient at the 2.2GHz mark but is much more efficient at the 4.2GHz mark shown by marker 2.
[image: A diagram of a circle with red lines
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[bookmark: _Ref197948075][bookmark: _Toc197949371]Figure 8 Smith chart for the Patch antenna


[bookmark: _Toc197949500]Task 2
[bookmark: _Toc197949501]Cylindrical Dipole Antenna 
A cylindrical dipole antenna is made up of two cylindrical elements that are conductive aligned in a straight line. The two elements are separated by a small gap in which the feed connects. They operate the same as a dipole but have a cylindrical shape.
For the cylindrical antenna the designed frequency is selected using the second digit of my student ID in GHz, therefore the cylindrical dipole needs to be designed to have a frequency of 2GHz
To design this antenna, I opened MATLAB’s antenna designer app. I then selected the dipole antenna and inputted the frequency of 2GHz into the frequency box. MATLAB then created the antenna and simulated the different results shown below. Figure 9 is also an image of the designed cylindrical dipole antenna.

[image: A screenshot of a computer
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[bookmark: _Ref197948093][bookmark: _Toc197949372]Figure 9 Model design for the cylindrical dipole[image: A graph with a red line and a blue line
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[bookmark: _Toc197949373]Figure 10 Impedance chart for the cylindrical dipole
The S11 plot in Figure 11 are for the cylindrical dipole antenna at 2 GHz and show a distinct resonance, indicating effective impedance matching. This is shown by the trough at 2GHz measuring -15dB.

[image: A graph with a line
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[bookmark: _Ref197948116][bookmark: _Toc197949374]Figure 11 S parameters for the cylindrical dipole
The radiation pattern of the cylindrical dipole shown in Figure 12 exhibits a typical omnidirectional pattern in the horizontal plane, characteristic of dipole antennas.
[image: A red sphere with colored lines and a point
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[bookmark: _Ref197948145][bookmark: _Toc197949375]Figure 12 3D radiation pattern for the cylindrical dipole
[image: A screen shot of a graph
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[bookmark: _Toc197949376]Figure 13 Azimuth graph for the cylindrical dipole
[image: A graph of a radar
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[bookmark: _Toc197949377]Figure 14 Elevation graph  for the cylindrical dipole


[bookmark: _Toc197949502]Folded Dipole Antenna
A Folded dipole antenna is a half-wave dipole antenna with an additional parallel wire or rod connecting its two ends and folded to form a cylindrical closed shape. One pole (rod) is continuous with a length of λ/2 and the other is split at the centre [4]
For the folded dipole antenna, the designed frequency is selected using the first three digits of my student ID and dividing them by two, then using the answer in MHz Therefore, the cylindrical dipole needs to be designed to have a frequency of 110.5 MHz
To design the antenna, MATLAB’s antenna designer app was used with the frequency of 110.5MHz being used. MATLAB simulated this antenna and provided the results below along with images of the designed antenna.

[image: A computer screen shot of a bar

AI-generated content may be incorrect.]
[bookmark: _Toc197949378]Figure 15 Model diagram for the folded dipole antenna
[image: A graph with a red line
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[bookmark: _Toc197949379]Figure 16 Impedance chart for the folded dipole antenna

The S11 graph of the folded dipole antenna Figure 17, shows that the resonant frequency is around 108.5 MHz instead of the desired 110.5MHz, this could be due to poor impedance matching.
[image: A graph with a line
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[bookmark: _Ref197948174][bookmark: _Toc197949380]Figure 17 S parameters graph for the folded dipole antenna


The radiation pattern of the folded dipole is shown in Figure 18 and reveals a more pronounced omnidirectional gain compared to the previous cylindrical dipole. 
[image: A red sphere with green and blue circles
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[bookmark: _Ref197948194][bookmark: _Toc197949381]Figure 18 3D radiation model for the folded dipole antenna
[image: A screen shot of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc197949382]Figure 19 Azimuth graph for the folded dipole antenna
[image: A screen shot of a graph
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[bookmark: _Toc197949383]Figure 20 Elevation graph for the folded dipole antenna.


[bookmark: _Toc197949503]Horn Antenna
An antenna that uses a metal waveguide that flares outward in the shape of a horn to focus radio waves into a beam is known as a horn antenna or a microwave horn. [5]
For the Horn antenna, the designed frequency is selected using the second and third digits of my student ID and dividing them by two, then using the answer in GHz. Therefore, the horn antenna needs to be designed to have a frequency of 7.5 GHz
This was once again simulated using MATLABs antenna designer. Figure 21 is an image of the designed horn antenna 
[image: A screen shot of a computer screen
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[bookmark: _Ref197948215][bookmark: _Toc197949384]Figure 21 Model of the horn antenna.
[image: A graph with a red line
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[bookmark: _Toc197949385]Figure 22 impedance chart of the horn antenna.

The S11 graph for the horn antenna is shown below in Figure 23 From the graph the resonant frequency is around 7.42GHz, this is quite close to the designed 7.5GHz but again not exact, this is most likely due to the imperfect impedance matching that the software has done.  However, a difference of 0.08GHz is not too significant. The magnitude of the trough in the graph at -27dB shows a really efficient antenna with low return loss and indicated very good impedance matching.
[image: A graph with a line drawn on it
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[bookmark: _Ref197948233][bookmark: _Toc197949386]Figure 23 S parameters of the horn antenna
The radiation pattern of the horn antenna is shown below in Figure 24 and shows a highly directional radiation pattern outwards from the horn.
[image: A screen shot of a computer
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[bookmark: _Ref197948248][bookmark: _Toc197949387]Figure 24 3D radiation pattern model of the horn antenna
[image: A screen shot of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc197949388]Figure 25 Azimuth graph of the horn antenna.
[image: A screen shot of a graph
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[bookmark: _Toc197949389]Figure 26 Elevation graph of the horn antenna.


[bookmark: _Toc197949504]Helix Antenna 
A helical antenna has a conducting wire in a helix shape and features high gain and wide bandwidth. The structure of the antenna gives powerful RF waves. [6]
For the Helix antenna, the designed frequency is selected using the second and third digits of my student ID in GHz. Therefore, the cylindrical dipole needs to be designed to have a frequency of 21 GHz.
[image: A graph of a graph with a yellow circle and a spiral
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[bookmark: _Toc197949390]Figure 27 Model of the Helical antenna.
[image: A graph with red and blue lines
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[bookmark: _Toc197949391]Figure 28 Impedance graph of the Helical antenna.
The S11 graph of the helical antenna in Figure 29 shows that the resonant frequency is around 20.4GHz, this is 0.6GHz away from the desired output, this was also only at the magnitude of around -7dB meaning that it has quite a bit of reflection.
[image: A graph with lines in the middle
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[bookmark: _Ref197948390][bookmark: _Toc197949392]Figure 29 S parameters graph of the Helical antenna.
Figure 30, the 3d simulated radiation pattern of the helix antenna exhibits a slightly circularly polarised pattern with a slight helical beam structure. This pattern has a high gain.
[image: A colorful diagram of a sphere
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[bookmark: _Ref197948402][bookmark: _Toc197949393]Figure 30 3D radiation pattern of the Helical antenna.
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[bookmark: _Toc197949394]Figure 31 Azimuth graph of the Helical antenna.
[image: A graph with a blue line
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[bookmark: _Toc197949395]Figure 32Elevation graph of the Helical antenna.


[bookmark: _Toc197949505]Task 3 Helix array antenna 
Helical array antennas are antennas that provide considerable gain per unit of swept volume they are circularly polarised making them really good for space communications due to them overcoming faraday rotation.
“An antenna array definition is; a group of antennas that are arranged to form a single antenna to generate radiation patterns but not generated by individual antennas. So a set of antennas will work together to transmit or receive radio signals”.[7] These arrays of antennas have many advantages over a single antenna including much greater directivity and gain. Antenna arrays can also be beam steered electronically or mechanically to dynamically direct the main lobe of radiation in a desired direction without physically moving the antenna structure. This makes them highly effective in applications such as radar, satellite communication, and wireless networks, where precise targeting and adaptive coverage are essential. Additionally, by controlling the phase and amplitude of the signals fed to each element, antenna arrays can reduce interference and enhance signal-to-noise ratio, contributing to more robust and efficient communication systems.

This helical array has been designed using MATLAB’s antenna array designer and has been designed for the frequency of 21GHz, Figure 33 is the designed antennas 3d model.

[image: A drawing of a yellow square with black lines on it
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[bookmark: _Ref197948484][bookmark: _Toc197949396]Figure 33 Model of the Helical antenna array.
[image: A screen shot of a graph
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[bookmark: _Toc197949397]Figure 34 Array layout of the Helical antenna array.
Unfortunately, the S parameter graph in Figure 35 of the helical array is too complex to read each element. 
[image: A graph of different colored lines
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[bookmark: _Ref197948519][bookmark: _Toc197949398]Figure 35 S parameters of the Helical antenna array.
The 3d radiation pattern in Figure 36shows a significantly strong gain perpendicular to the ground plane, this is much more powerful than the singular helical antenna. 
[image: A colorful sphere with circles and lines
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[bookmark: _Ref197948506][bookmark: _Toc197949399]Figure 36 3D radiation pattern of the Helical antenna array.
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[bookmark: _Toc197949400]Figure 37 Azimuth chart of the Helical antenna array.
[image: A screen shot of a graph
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[bookmark: _Toc197949401]Figure 38 Elevation chart of the Helical antenna array.

[bookmark: _Toc197949506]Conclusion
This report has explored the design, simulation, and performance evaluation of a range of RF antenna types, each serving different operational requirements across various frequency ranges. Beginning with a microstrip patch antenna, the project demonstrated practical considerations in dimensioning, impedance matching, and radiation analysis. Further simulations covered cylindrical and folded dipole antennas, horn antennas for high-gain applications, and helical antennas for circular polarisation. The final task involved the development of a helical antenna array, illustrating the benefits of array configurations in achieving higher gain and directivity. Across all designs, simulation results highlighted the importance of accurate impedance matching and material selection in achieving the desired performance metrics. This comprehensive investigation into antenna design reaffirms the significance of antenna selection in RF systems and provides foundational insights for future work in advanced wireless communication technologies. In future work, I would analyse these antennas using the same frequency for all, to ensure a more consistent performance comparison.
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