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[bookmark: _Toc197870381]Introduction 
Antennas play a crucial role in RF systems, transmitting and receiving electromagnetic waves. The design and selection of different antennas are paramount for ensuring maximum performance and efficiency for different requirements. This report will focus on a number of antennas, including Microstrip Patch, Cylindrical Dipole, Folded Dipole, Horn and Helix Antennas. 
This report will focus on the design, and analysis of each antenna, using parameters such as radiation patterns, impedance plots, resonant frequencies and S-parameters to evaluate the performance of each antenna through simulations. Task 1 was use CST High Frequency Simulation software to design a Rectangular Microstrip Patch antenna with specific parameters. The antenna will be simulated, with the simulated results being compared against theoretical values. Task 2 will design and simulate Cylindrical Dipole, Folded Dipole, Horn and Helix Antennas, using MATLAB software. These antennae will be analysed and evaluated. Finally, Task 3 will construct a [3,3] Helix array antenna, and simulated to access its performance. 


[bookmark: _Toc197870382]Types of Antenna
Antenna selection is important because it directly impacts the performance and efficiency of a communication system. Different antennas have varying signal qualities, ranges, sizes and power consumptions [1]. Choosing the optimal antenna for a specific application ensures maximum performance whilst maximising efficiency. This section of the report will give a brief description of each of the antennas that will feature in the report, as well as providing examples of their real-world applications. 
[bookmark: _Toc197870383]Patch Antenna
A patch antenna is a type of antenna that consists of three main components, the patch, substrate and ground plane. The patch is the radiating element of the antenna, located on top of the substrate. The substrate is a dielectric layer than separates the patch from the ground plane, which is a conductive layer on the underside of the antenna [2]. Advantages of using a patch antenna include that they are simple to manufacture, are easy to modify and customize, and are compact [2]. Patch antennas are commonly used in medical applications [3]. 
[bookmark: _Toc197870384]Cylindrical Dipole Antenna
A cylindrical dipole antenna is a dipole antenna variation, where instead of the radiating elements being thin rods or wires, there are two conductive cylinders. These cylinders are of equal length and diameter, with the length usually around half the wavelength of the antennas operating frequency [4]. In comparison to the regular dipole antenna, cylindrical dipole antennas have a wider bandwidth, and can handle higher power levels [4]. Cylindrical dipole antennas are commonly used in navigation systems [5]. 
[bookmark: _Toc197870385]Folded Dipole Antenna
A folded dipole antenna is another dipole antenna variation, where the antennas two conductive elements are connected at both ends by folding them back, forming a loop [6]. In comparison to the regular dipole antenna, the folded dipole antenna has a higher input impedance [7], and a wider bandwidth [8], whilst maintaining the same radiation pattern as the regular dipole antenna. Folded dipole antennas are commonly used as TV antennas [9]. 
[bookmark: _Toc197870386]Horn Antenna
A horn antenna is an antenna that uses a metal waveguide which flares outwards in the shape of a horn [10]. The horn antenna is specifically designed for microwave frequencies. Due to the horn shape, it is able to transit over large distances [11]. There are many variations of horn antennas, such as H-plane, E-plane, Pyramidal, and Conical horn antennas [10]. These are all slightly different shapes and sizes, and are all used in different applications. Advantages of the horn antenna is that they have no resonant elements, have a wide bandwidth, can operate on a wide range of frequencies, and they are directive [12]. Horn antennas are commonly used in satellite communication systems [13]. 
[bookmark: _Toc197870387]Helix Antenna
A helix antenna is an antenna containing a conducting wire, wound in the shape of a helix. [14]. The helix antenna has two different modes; normal and axial mode. The helix antenna functions in normal mode when the helix’s circumference is smaller than the wavelength. In this mode, the antenna acts like a dipole antenna [15]. The helix antenna functions in axial mode when the helix’s circumference is approximately equal to the wavelength. In this mode, the antenna radiates with a direct beam along its main axis [15]. Advantages of the helix antenna include its simple design, and high directivity. Helix antennas are also commonly used in satellite communication systems [16]. 

[bookmark: _Toc197870388]Task 1
Task 1 was to design a Rectangular Microstrip Patch using CST HFSS, operating at a frequency depending on the first two digits of the authors student ID. The substrate of the antenna is made of FR4 epoxy substrate with a relative permittivity of 4.4 and relative permeability of 1, with the ground plane and patch made of Perfect Electric Conductor. Finally, the antenna is fed through a rectangular microstrip line connected to a lumped port with an impedance of 50Ω. The Authors student ID is 2214706, and therefore the operating frequency is 2.2GHz. 
[bookmark: _Toc197870389]Antenna Theory Calculations
The first step was to calculate the dimensions of the patch, ground plane and the substrate using the principles of antenna theory. CST uses 4.3 instead of 4.4 as the relative permittivity of FR4 epoxy, and therefore 4.3 will be used in the following calculations. The height of the substrate is also pre-determined at 1.6mm. 
Firstly, the width of the patch is calculated, which can be found using the below formula:

Substituting values into that equation is can be determined that the width of the patch is 0.0419 M. 

Next, the Effective relative Permittivity is calculated, using the below formula:

Substituting values into that equation it can be determined that the Effective relative Permittivity is 3.78. 

Next, the Effective length is calculated, using the below formula:

Substituting the values into that equation is can be determined that the Effective length is 0.0351 M. 

The penultimate calculation is to find the length extension, using the below formula:

Substituting values into that equation is can be determined that the length extension is 0.000748 M. 

Finally, the actual patch length can be calculated using the below formula:

Substituting values into that equation is can be determined that the actual patch length is 33.6mm. 


[bookmark: _Toc197870390]CST Design and Simulations
Next, the Microstrip Patch Antenna is designed in CST. Using the values calculated above, a parameter list was produced, determining the dimensions of the patch, microstrip, substrate, and ground plane of the antenna. Figure 1 below shows this parameter list. 
[image: ]
[bookmark: _Toc197870404]Figure 1. CST Parameter List.
Using these parameters, the Microstrip Patch Antenna was produced. Figure 2 below shows the designed antenna. 
[image: ]
[bookmark: _Toc197870405]Figure 2. Microstrip Patch Antenna.
Figure 3 below shows the simulated S-Parameter plot for the Microstrip Patch Antenna. The frequency sweeps from 1 to 8 GHz. At approximately 2.1 GHz, the graph drops to approximately -15 db, showing that the antenna has good performance at this frequency, which is expected given that the operating frequency is 2.2 GHz. The graph also shows notable troughs at about 3.3 and 5.5 GHz, revealing that the antenna would also perform well at these frequencies. The resonant frequency of the antenna is any point that drops below -10db. The trough at 5.5 GHz is the deepest dip on the graph, dropping to -22 db, which is the resonant frequency the antenna performs best at. 
[image: ]
[bookmark: _Toc197870406]Figure 3. Microstrip Patch Antenna S-Parameter Plot.
Figure 4 below shows the simulated radiation pattern for the Microstrip Patch Antenna. The shape of the radiation plot reveals that the antenna is somewhat directional.
[image: ]
[bookmark: _Toc197870407]Figure 4. Microstrip Patch Antenna Radiation Plot.
Figure 5 below shows the simulated impedance plot for the Microstrip Patch Antenna. The graph reveals the impedance of the antenna is approximately 48 Ω. 
[image: ]
[bookmark: _Toc197870408]Figure 5. Microstrip Patch Antenna Impedance Plot.
Figure 6 below shows the simulated smith chart for the Microstrip Patch Antenna. The Smith chart shows the impedance as the antenna sweeps from 1 – 8 GHz. The closer the line gets to the centre axis, the more efficient the antenna is. It can be seen the antenna is somewhat efficient at 2.2 GHz, and is more efficient at 5.5 GHz.    
[image: ]
[bookmark: _Toc197870409]Figure 6. Microstrip Patch Antenna Smith Chart.










[bookmark: _Toc197870391]Task 2 
Task 2 was to design and simulate a Cylindrical Dipole, Folded Dipole, Horn, and Helix Antenna’s. This is done using MATLAB software. The operating frequency of each of the antennas is calculated using the authors student ID. 
[bookmark: _Toc197870392]Cylindrical Dipole Antenna
The operating frequency of the Cylindrical Dipole Antenna is calculated using the below formula: 

Given the authors student ID is 2214706, the operating frequency of the Cylindrical Dipole Antenna is 2 GHz. 
Figure 7 below shows the Cylindrical Dipole in MATLAB. 
[image: ]
[bookmark: _Toc197870410]Figure 7. Cylindrical Dipole.
Figure 8 below shows the simulated impedance plot for the cylindrical dipole. 
[image: ]
[bookmark: _Toc197870411]Figure 8. Cylindrical Dipole Impedance Plot.
Figure 9 below shows the S-parameter plot for the Cylindrical Dipole. It can be seen that the simulated operating frequency is 1.92 GHz, 0.08 GHz away from the intended operating frequency. 
[image: ]
[bookmark: _Toc197870412]Figure 9. Cylindrical Dipole S-Parameter plot.
Figure 10 below shows the 3D radiation pattern for the cylindrical dipole antenna. 
[image: ]
[bookmark: _Toc197870413]Figure 10. Cylindrical Dipole Antenna 3D Radiation pattern.
Figures 11 and 12 below show the 2D radiation pattern of the Cylindrical dipole antenna, in the E and H plane. 
[image: ]
[bookmark: _Toc197870414]Figure 11. Cylindrical Dipole Antenna 2D radiation pattern.
[image: ]
[bookmark: _Toc197870415]Figure 12. Cylindrical Dipole Antenna 2D radiation pattern.


[bookmark: _Toc197870393]Folded Dipole Antenna
The operating frequency of the Folded Dipole Antenna is calculated using the below formula: 

Given the authors student ID is 2214706, the operating frequency of the Folded Dipole Antenna is 105.5 MHz. 
Figure 13 below shows the Folded Dipole in MATLAB.
[image: ]
[bookmark: _Toc197870416]Figure 13. Folded Dipole.
Figure 14 below shows the simulated impedance plot for the folded dipole.
[image: ]
[bookmark: _Toc197870417]Figure 14. Folded Dipole Impedance Plot.
Figure 15 below shows the S-parameter plot for the folded Dipole. It can be seen that the simulated operating frequency is 104 MHz, 1.5 MHz away from the intended operating frequency.
[image: ]
[bookmark: _Toc197870418]Figure 15. Folded Dipole S-Parameter plot.
Figure 16 below shows the 3D radiation pattern for the folded dipole antenna.
[image: ]
[bookmark: _Toc197870419]Figure 16. Folded Dipole Antenna 3D Radiation pattern.
Figures 17 and 18 below show the 2D radiation pattern of the folded dipole antenna, in the E and H plane.
[image: ]
[bookmark: _Toc197870420]Figure 17. Folded Dipole Antenna 2D radiation pattern.
[image: ]
[bookmark: _Toc197870421]Figure 18. Folded Dipole Antenna 2D radiation pattern.


[bookmark: _Toc197870394]Horn Antenna
The operating frequency of the Horn Antenna is calculated using the below formula: 	

Given the authors student ID is 2214706, the operating frequency of the Horn Antenna is 7 GHz. 
Figure 19 below shows the Horn Antenna in MATLAB.
[image: ]
[bookmark: _Toc197870422]Figure 19. Horn Antenna.
Figure 20 below shows the simulated impedance plot for the horn antenna.
[image: ]
[bookmark: _Toc197870423]Figure 20. Horn Antenna Impedance Plot.
Figure 21 below shows the S-parameter plot for the Horn Antenna. It can be seen that the simulated operating frequency is 6.9 GHz, 0.1 GHz away from the intended operating frequency.
[image: ]
[bookmark: _Toc197870424]Figure 21. Horn Antenna S-Parameter plot.
Figure 22 below shows the 3D radiation pattern for the horn antenna.
[image: ]
[bookmark: _Toc197870425]Figure 22. Horn Antenna 3D Radiation pattern.
Figures 23 and 24 below show the 2D radiation pattern of the horn antenna, in the E and H plane.
[image: ]
[bookmark: _Toc197870426]Figure 23. Horn Antenna 2D radiation pattern.
[image: ]
[bookmark: _Toc197870427]Figure 24. Horn Antenna 2D radiation pattern.


[bookmark: _Toc197870395]Helix Antenna
The operating frequency of the Helix Antenna is calculated using the below formula: 	

Given the authors student ID is 2214706, the operating frequency of the Helix Antenna is 21 GHz. 
Figure 25 below shows the Helix Antenna in MATLAB.
[image: ]
[bookmark: _Toc197870428]Figure 25. Helix Antenna.
Figure 26 below shows the simulated impedance plot for the helix antenna.
[image: ]
[bookmark: _Toc197870429]Figure 26. Helix antenna Impedance Plot.
Figure 27 below shows the S-parameter plot for the Helix Antenna. It can be seen that the simulated operating frequency is 20.4 GHz, 0.6 GHz away from the intended operating frequency.
[image: ]
[bookmark: _Toc197870430]Figure 27. Helix Antenna S-Parameter plot.
Figure 28 below shows the 3D radiation pattern for the helix antenna.
[image: ]
[bookmark: _Toc197870431]Figure 28. Helix Antenna 3D Radiation pattern.
Figures 29 and 30 below show the 2D radiation pattern of the helix antenna, in the E and H plane.
[image: ]
[bookmark: _Toc197870432]Figure 29. Helix Antenna 2D Radiation pattern.
[image: ]
[bookmark: _Toc197870433]Figure 30. Helix Antenna 2D Radiation pattern.
[bookmark: _Toc197870396]Impedance Matching
Impedance Matching plays a crucial role in the performance of an antenna, ensuring it operates at maximum efficiency. This is done by minimising reflections, so standing waves are not formed [17]. If an antenna is not impedance matched, the reflections can shift the antennas operating frequency [17]. This reduces performance of the antenna, causing it to be inefficient, as well as reducing its reliability of functioning at the desired frequency. 
All of the above antennas have an operating frequency that slightly differs from the inputted operating frequency, resulting in some inefficiency. This shows that they could’ve benefitted from impedance matching, so that they can operate at maximum efficiency. 
[bookmark: _Toc197870397]Antenna Application Requirements
In RF systems, the choice of antenna type is based on a systems specific application requirement. There are a number of factors which influence this. One is frequency range. Each type of antenna performs differently at different frequency ranges [18]. For example, horn antennas work well at high frequencies, as the antenna is specifically shaped for this purpose, and a folded dipole works well at lower frequencies. Another factor to consider is required bandwidth. Some antennas are more suited to narrow bandwidth, others at higher bandwidths. Directivity will also be considered, with some applications requiring high directivity, with others requiring omnidirectional coverage [18]. Size and robustness are other important factors, as systems can demand small antennas, whereas others may need to prioritize robustness over performance [18]. Finally, cost and complexity are considered [19], with cheap, easy to implement antennas preferred for mass produced systems, whereas more complex and more expensive antennas can be used in one-off applications. 
[bookmark: _Toc197870398]Societal, Environmental and Ethical Factors
When designing antennas, societal, environmental and ethical factors have to be considered. This is so that the antennas remain sustainable, and comply with regulatory standards.
Societal factors have to be considered in the design for the public’s health and safety. To do this, documents such as the International Commission on Non-Ionizing Radiation Protection (ICNIRP) are used [20]. The ICNIRP are an organisation that provides scientific advice and guidelines on the health effects on non-ionizing radiation to protect people and the environment from exposure. These guidelines are used internationally, and have to be respected when using antennas. 
Environmental factors also have to be considered in designs. When designing antennas, sustainable materials can be used, such as materials that can be recycled, having a smaller negative impact on the environment during their production [21]. In addition to this, designing more energy efficient antennas can also minimise the antennas impact on the environment. 
Finally, ethical factors should be considered when using antennas. One factor is where on the electromagnetic spectrum the antenna operates. There is limited space on the spectrum that can be used, and this should be taken into consideration when using an antenna, ensuring that users do not clog the spectrum, and avoiding interference with other communication systems. In addition, this this, healthcare ethics should also be considered, ensuring users are aware of any risks associated with antennas, for example, EMF exposure [22].

[bookmark: _Toc197870399]Task 3
Task 3 was to design and simulate a Helix Array Antenna, using MATLAB software. The operating frequency of the antenna is calculated using the authors student ID. 
An Array Antenna is a collection of multiple antennas that work together. The antennas are connected to a single transmitter, acting as a single more powerful antenna [23]. Each antenna produces a radiated field, and when multiple antennas that are close together each produce this, they interfere with one another. This interference is then used to produce a desired radiation pattern. A common use of an array antenna is in radar, where the array is used to generate a more powerful and direct beam.
[bookmark: _Toc197870400]Helix Array Antenna
The operating frequency of the Helix Array Antenna is calculated using the below formula: 	

Given the authors student ID is 2214706, the operating frequency of the Helix Array Antenna is 21 GHz. 
Figures 31 and 32 below shows the Helix Array Antenna in MATLAB.
[image: ]
[bookmark: _Toc197870434]Figure 31. Helix Array Antenna.
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[bookmark: _Toc197870435]Figure 32. Helix Array Antenna.
Figure 33 below shows the simulated impedance plot for the helix array antenna.
[image: ]
[bookmark: _Toc197870436]Figure 33. Helix Array Antenna impedance plot.
Figure 34 below shows the S-parameter plot for the helix array antenna. Due to the number of antennas in the array the graph is too congested to read an accurate operating frequency. 
[image: ]
[bookmark: _Toc197870437]Figure 34. Helix Array Antenna S-Parameter plot.
Figure 35 below shows the 3D radiation pattern for the helix array antenna.
[image: ]
[bookmark: _Toc197870438]Figure 35. Helix Array Antenna 3D Radiation pattern.
Figures 36 and 37 below show the 2D radiation pattern of the helix array antenna, in the E and H plane.
[image: ]
[bookmark: _Toc197870439]Figure 36. Helix Array Antenna 2D Radiation pattern.
[image: ]
[bookmark: _Toc197870440]Figure 37. Helix Array Antenna 2D Radiation pattern.
[bookmark: _Toc197870401]Benefits of Array Antennas
Array antennas have a number of performance advantages over regular antennas. One of these is increased directivity and gain [24]. This is a product of the radiation pattern produced by the interference of the individual antennas, resulting in greater signal strength, as well as being able to transmit more effectivity in a desired direction. Array antennas are also able to make use of a technique called beamforming. Beamforming is the ability to direct the antenna in any desired direction, without having to physically change the orientation of the antenna [25]. This increases the versatility of array antennas. 
There are also a number of commercial implications of using array antennas. One is the cost of these antennas. It is more expensive to produce array antennas, however in many cases the increased performance is worth the increased cost. This increased performance of these antenna has been utilised in 5G applications, increasing communication speeds [26]. 

[bookmark: _Toc197870402]Conclusion 
In conclusion, this study has demonstrated a comparison between simulated and theoretical antenna values. The study has highlighted the importance of impedance matching, as without it the antennas cannot perform as efficiently. The study has also shown the effectiveness of CST HFSS and MATLAB software, to gain an understanding of what results should be observed, before implementing antenna hardware.  
For future work on this subject, redoing these simulations using hardware would be beneficial. This would allow for a direct comparison between simulated and real-life results, demonstrating the effects that real world interference has on the antennas performance. In addition to this, real-world impedance matching could be introduced, allowing the antenna to perform at its operating frequency.  
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