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[bookmark: _Toc166683221]Introduction
This report details the design and simulation of several antenna types using two different pieces of software, and as such will be separated into two parts. The first part will cover the construction of a Microstrip Patch antenna in the simulation software package HFSS (High Frequency Structure Simulator) created by Ansys. 
The second part follows the design and simulation of several different types of antennas; a dipole, folded dipole, horn, and helical antenna. It utilises the antenna designer application in the mathematical simulation software MATLAB.
Sections will include a part one, with background research on patch antennas, and antenna design, simulation, and analysis. As well as a part two with background research on four different types of antennas, and the design, simulation, and analysis of these antennas.



[bookmark: _Toc166683222]Part 1 – HFSS


[bookmark: _Toc166683223]What is a Microstrip Patch Antenna?
A Microstrip patch antenna is a small, low profile, thin strip of metal, often only millimetres in size, used at high or microwave frequencies. This patch is placed on a dielectric material with a ground plane underneath. The polarisation is either linear or circular, and the energy radiates from the edges of the patch [1]. Despite being small in size, they are able to operate in a wide bandwidth, which is influenced by the material of the substrate, as well as the size of the physical patch and how the signals are fed to the patch. They are most commonly found on Printed Circuit Boards (PCBs) in mobile phone handsets, RFID systems and satellite communications. [bookmark: _Ref165625947][bookmark: _Toc166683242]Figure 1: Microstrip Patch Antenna Radiation Pattern Example

A Microstrip Patch Antenna is considered to be an omnidirectional antenna and is observed to have a round, balloon shaped radiation pattern, seen in Figure 1 [2] to the right. 

[bookmark: _Toc166683224]Antenna Design and Simulation
[bookmark: _Toc166683225]Patch Dimensions
The patch antenna for this report will operate at a frequency of 2GHz (first digit of student ID (2).second digit (1))[footnoteRef:1], have an FR4 Epoxy substrate, a relative permittivity of 4.4 and a relative permeability of 1. The ground plane and substrate will be 70mm by 70mm for the width and length, with the height of the substrate being 1.6mm. [1:  It was incorrectly surmised by the author that the frequency was meant to be a product of the first and second digits of the student number, rather than two digits with a decimal point in between. Therefore, this report is written using the product of the two digits.] 

The formula for the width of the patch is as follows [3]:

Equation 1: Patch Width Formula
Where:
W = width
C = the speed of light
Fr = the resonant frequency or operating frequency
r = relative permittivity of the substrate
With the given dimensions inputted the following result is given:

Therefore, the width of the patch antenna for this report is 45.64354645mm. To calculate the length of the patch, the effective relative permittivity (reff) needs to be calculated. The formula for this is as follows [3]:

Equation 2: Effective Relative Permittivity Formula
Where:
h = height
w = width
With the known figures entered, the formula becomes the following:

With this, the length is then able to be calculated. The formula is as follows [3]:

Equation 3: Patch Actual Working Length Formula
Finally, the calculated figures are entered into the equation to get the following results:


Therefore, the actual length of the patch antenna is 37.53058576mm.
However, when using these dimensions into the simulation, it was found that the resonance of the patch antenna was not at 2GHz as expected. Instead, the resonance was observed to be ~1.81GHz, seen in Figure 4 later in the report.

[bookmark: _Toc166683226]Simulation[bookmark: _Ref164965678][bookmark: _Toc166683243]Figure 2: Image of Patch on Substrate

With the dimensions calculated the antenna was created in HFSS, which can be seen in Figure 2 to the right. It shows the form of the patch antenna, where it has a rectangular shape, with a central feed channel feeding the signal to the patch. Figure 3 below demonstrates the 1.6mm depth of the substrate.
The feed connects to a lumped port at the edge of the substrate. This lumped port provides the frequency to be radiated. It is set up to match the impedance of the feed and sits at 50Ω. Finally, a sweep was set up to range from 1GHz to 8GHz, to analyse the behaviour of the patch antenna over those frequencies. [bookmark: _Ref165368122][bookmark: _Ref165368119][bookmark: _Toc166683244]Figure 3: Micropatch Antenna Showing the Depth of the Substrate

[bookmark: _Toc166683227]Analysis and Evaluation of Simulation
[bookmark: _Rmr165621595]The results of the frequency sweep are seen below in  Figure 4. As previously stated, the resonant frequency is not at the expected 2GHz and sits at ~1.81GHz. This could be due to several factors such as material type and thickness of the substrate, the main cause being the length of the patch. When the length of the patch is decreased to 36.4mm the resonant frequency is the desired 2GHz, as seen in Figure 7 overleaf. It is also observable in Figure 4 that the antenna experiences harmonics [4] at roughly 3GHz and 3.6GHz.[bookmark: _Ref165620377][bookmark: _Toc166683245]Figure 4: S Parameter Sweep Showing Resonant Frequency

The length of the patch antenna controls the resonant frequency [5], whilst the width affects the impedance. The length and width of the feed can be used to impedance match, as, similarly, the length and width of the feed affects the impedance of the feed itself.[bookmark: _Toc166683246]Figure 5: Radiation Pattern from Microstrip Antenna

As expected from prior research, the radiation pattern for the patch antenna is a round balloon shape, with nulls formed around the base closer to the physical antenna. 
In Figure 6 overleaf the directivity of the patch antenna is plotted[footnoteRef:2], as expected, it is omnidirectional, with a stronger main lobe outwards from the centre of the patch. [2:  Mistakenly the patch was made upside down in the simulation.] 


This antenna can be optimised by altering the length of the patch to centre the resonant frequency on the expected 2GHz, widening the patch will lower the impedance and allow impedance matching to be achieved more easily. The substrate may also be altered in thickness and material, as well as the dimensions of the feed and the size of the channel cut outs either side as it enters the patch.[bookmark: _Ref165625545][bookmark: _Toc166683247]Figure 6: Directivity Plot of Patch Antenna

As an example of optimisation and to test that the frequency is controlled by the length, Figure 7 below shows a centred 2GHz resonant frequency after the length of the patch was decreased to 36.4mm. 
[bookmark: _Ref165621725][bookmark: _Toc166683248]Figure 7: Small Sweep to Show Centred 2GHz Frequency

[bookmark: _Toc166683228]Part 2 – MATLAB Simulations


[bookmark: _Toc166683229]Antenna Types
[bookmark: _Toc166683230]Dipole Antenna
A Dipole antenna consists of two equal halves in opposite directions, with a centre-fed driven element [6], the size of each half is roughly a quarter of the wavelength of the working frequency, making the entire length a half wavelength [7]. The frequency range for a half wave dipole is from LF (low frequency) through to EHF (Extremely High Frequency), 3KHz to 300GHz [8]. An example of a Dipole antenna can be seen in Figure 8 [9] to the right. It shows the two poles that make up the Dipole antenna, perpendicular to the supporting arm. Dipole antennas are omnidirectional antennas and produce a doughnut-shaped radiation pattern, with the antenna through the centre  [10]. They are most commonly found in radio and television applications, or in scenarios where capturing signals from multiple directions is necessary [11].[bookmark: _Ref164688149][bookmark: _Toc166683249]Figure 8: Example of Dipole Antenna from Thunderpole

[bookmark: _Toc166683231]Folded Dipole Antenna
A folded dipole is similar to the dipole antenna; however, the two halves are connected in a loop, an example is below in Figure 9 [12]. Each electric conductor is a half wavelength  [6]. A folded dipole antenna operates in the same LF to EHF, 3KHz to 300GHz range, and is commonly used in radio and television applications as with the dipole antenna. An advantage of the folded dipole over non-folded, is the increased impedance created at the feed point, which makes impedance matching with transmission line easier [11]. However, it may also be used as a feeder element in a larger antenna such as a yagi-uda [11]. In this case the dipole will feed the signal to the parasitic elements in the antenna for further distribution and higher directionality for both transmission and reception.[bookmark: _Ref166159269][bookmark: _Toc166683250]Figure 9: Folded Dipole Example

[bookmark: _Toc166683232]Horn Antenna
An example of a directional antenna is a Horn antenna, shown in Figure 10 [13] right, sometimes referred to as a microwave antenna because of the high frequencies it functions in; the 300MHz to 30GHz range, UHF (Ultra High Frequency) and SHF (Super High Frequency)  bands [1]. A horn antenna is a hollow flared tube that extends in either the E-plane, H-plane or both directions (also referred to as pyramidal), with both being the most common. Horn antennas are fed by a waveguide connected at the “top” of the pyramid and the energy is radiated out of the open flare of the horn. It is a directional antenna, and the flare is able to improve this directivity, as well as reduce the amount of diffraction experienced. This directivity is influenced by the angle of the flaring and the length of the horn itself. They are commonly used in microwave (hence being referred to as a microwave antenna) and millimetre wave communication as they able to achieve high gain, with a wide bandwidth and strong directivity.[bookmark: _Ref166158975][bookmark: _Toc166683251]Figure 10: Example of a Horn Antenna

[bookmark: _Toc166683233]Helix or Helical Antenna
A helix antenna is a travelling wave antenna, made up of one or more conductive wires wrapped around a central free space point in a spiral or helix [14] as seen in Figure 11 [15] to the right. It is a highly directional antenna and is used mostly in satellite communications. A helical antenna functions in VHF (Very High Frequency) and UHF bands, approximately 30MHz to 3GHz. With helical antennas, the direction of the coil is important as this direction polarises the waves [16].[bookmark: _Ref166159311][bookmark: _Toc166683252]Figure 11: Helical Antenna Example




[bookmark: _Toc166683234]Antenna Simulations
[bookmark: _Toc166683235]Cylindrical Dipole Antenna
In this simulation the operating frequency was set to 1GHz (second digit of student ID), with the material PEC (Perfect Electronic Conductor). The dimensions of which can be seen to the left in Figure 12, it is 120mm long, with each half measuring roughly 60mm, and a width of 5mm. These dimensions produce a resonant frequency of ~0.95GHz, seen in Figure 15. In order to improve the accuracy of this antenna, the length needs to be altered slightly. For real life use with a radio or television set the position of the antenna may also be changed in order to best pick up the signals. This discrepancy in frequency (as with all the antennas simulated) can be due to the near and far fields interacting with each other [17].[bookmark: _Ref166145944][bookmark: _Toc166683253]Figure 12: Cylindrical Dipole Dimensions

Figure 14 overleaf shows the impedance of the antenna. At the centre frequency of 1GHz the impedance sits at roughly 125Ω. 
As previously stated, the radiation pattern of a dipole is spherical doughnut shape, with the length of the dipole running through the centre. This can be seen in Figure 13 below.
This antenna, due to its directivity (Figure 16 on page 15), is able to be used in applications where the source of the signal may come from various directions, or even an unknown location. Making it suitable for radio and television applications.[bookmark: _Ref165373243][bookmark: _Toc166683254]Figure 13: Cylindrical Dipole Radiation Pattern

[bookmark: _Ref165371970][bookmark: _Toc166683255]Figure 14: Cylindrical Dipole Impedance


[bookmark: _Ref165372362][bookmark: _Toc166683256]Figure 15: Cylindrical Dipole S Parameter


[bookmark: _Ref166231082][bookmark: _Toc166683257]Figure 16: Cylindrical Dipole Gain/Directivity Plot

[bookmark: _Toc166683236]Folded Dipole[bookmark: _Ref165478982][bookmark: _Toc166683258]Figure 17: Folded Dipole Dimensions

The folded dipole was simulated at 105.5MHz, again with the material PEC. The dimensions of which are shown in Figure 17 above, each arm is 650mm long for a total length of 1300mm. Below in Figure 18 is the impedance of the antenna, seen to be ~275Ω at 105MHz, the lowest impedance is ~250Ω at 100MHz. Further in Figure 19 is the resonant frequency for the folded dipole, which is seen to sit at around 104MHz. Again, this is just shy of the intended resonant frequency, in order to reach the intended frequency of 105.5MHz, the length should be decreased slightly. The width may be increased to lower the impedance and in real world situations, where it may be used as a feeder or driven element in larger parasitic antennas  [18] or in radio and television application.[bookmark: _Ref165479023][bookmark: _Toc166683259]Figure 18: Folded Dipole Impedance

The radiation pattern for a folded dipole is doughnut shaped, seen in Figure 20 below, where the folded dipole sits in the centre of the radiation pattern.[bookmark: _Ref165479104][bookmark: _Toc166683260]Figure 19: Folded Dipole S Parameter

Overleaf in Figure 21 the 2D directivity plot for the folded dipole is seen. As with the 3D radiation pattern it is omnidirectional and is observed to have nulls in the centre where the dipole itself is situated.[bookmark: _Ref165479369][bookmark: _Toc166683261]Figure 20: Folded Dipole Radiation Pattern

Due to the omnidirectionality of this antenna, it would be suitable for applications where it may receive signals from multiple locations; such as with radio or television applications. As previously stated, in order to tune the antenna to the desired frequency, the length must be altered.[bookmark: _Ref166148163][bookmark: _Toc166683262]Figure 21: Folded Dipole Directivity Plot


  
 

[bookmark: _Toc166683237]Horn Antenna
For the horn antenna, the frequency was set to 5GHz, with PEC as the material. The dimensions of the antenna are seen in Figure 22 to the right, the flare is roughly 140mmx140mm, with the length of the flare being 130mm. These dimensions produced a resonant frequency of ~4.95GHz.[bookmark: _Ref166142837][bookmark: _Toc166683263]Figure 22: Horn Antenna Dimensions

Figure 23 below shows the impedance experienced by the antenna. In this simulation at 5GHz the impedance was seen to be 50Ω. The radiation pattern is seen in Figure 25 overleaf, as expected it is seen to be directional with the main lobe radiation being concentrated out of the flare of the horn, and nulls forming round the feed.
[bookmark: _Ref166143400][bookmark: _Toc166683264]Figure 23: Horn Antenna Impedance

From this high directivity and the gain that the horn antenna is capable of, it is well suited to directional, high frequency applications, such as space communications, as well as a feeder antenna for satellite tracking and communication dishes  [19].[bookmark: _Ref166143185][bookmark: _Toc166683265]Figure 24: Horn Antenna S Parameter


[bookmark: _Ref166144151][bookmark: _Toc166683266]Figure 25: Horn Antenna Radiation Pattern

  
  
[bookmark: _Toc166683267]Figure 26: Horn Antenna Directivity Plot

[bookmark: _Toc166683238]Helix Antenna
The helix antenna simulation was set at 10GHz, made from PEC. The dimensions of the antenna can be seen to the right in Figure 27, the base of which being ~30mm and the height of the helix roughly 17mm. These given dimensions produce a resonant frequency of 9.8GHz, seen in Figure 29, which is offset from the intended 10GHz frequency. The impedance seen in Figure 28 below is ~140Ω, with the lowest impedance being ~75Ω at 11GHz.[bookmark: _Ref166077772][bookmark: _Toc166683268]Figure 27: Helical Antenna Dimensions

The radiation pattern for the helical antenna can be seen in Figure 30 overleaf. As with the horn antenna it is seen to be directional, with a main lobe concentration in the direction of the coil. Nulls once again form around the base of the antenna where it meets the feed. The directivity is better seen in Figure 31, where it is observed that there are spurs at the side of the base and underneath.[bookmark: _Ref166145014][bookmark: _Toc166683269]Figure 28: Helical Antenna Impedance

From the simulation this type of antenna is well suited to high directionality, and high frequency applications, such as space, or long-distance communications. It is also well suited for GPS (Global Positioning Systems) applications  [20].[bookmark: _Ref166144995][bookmark: _Toc166683270]Figure 29: Helical Antenna S Parameter

[bookmark: _Ref166145388][bookmark: _Toc166683271]Figure 30: Helical Antenna Radiation Pattern




[bookmark: _Ref166145620][bookmark: _Toc166683272]Figure 31: Helical Antenna Directivity Plot







[bookmark: _Toc166683239]Helix Array[bookmark: _Ref166150760][bookmark: _Toc166683273]Figure 32: Helical Antenna Array

A helical array to function at 21GHz was constructed in MATLABs antenna array designer. The dimensions of the resulting array are seen above in Figure 32, the base of the array is roughly 50mm x 50mm with a coil height of just over 20mm. The impedance of the array is seen below in Figure 33, at 11GHz the impedance is 125Ω, the lowest impedance is seen to be between 12GHz and 12.5GHz, where it is roughly 40Ω.[bookmark: _Ref166151255][bookmark: _Toc166683274]Figure 33: Impedance of Helical Array

As expected from prior research, the radiation pattern is highly directional, with a strong main lobe in the direction of the coil, and nulls formed around the base, demonstrated in Figure 34 below. A 2D representation of the radiation pattern is found overleaf in Figure 36. When comparing it to the radiation pattern of the single helical antenna in Figure 30, it is seen to be much larger overall and stronger in its directivity.[bookmark: _Ref166151406][bookmark: _Toc166683275]Figure 34: Helical Antenna Array Radiation Pattern

Figure 35 (a larger version may be found in Annex 1) below shows the S Parameters for the antenna array, it is observed that (on average) the resonant frequency falls around 10.6GHz, with only S28 and S82 meeting 11GHz. The positioning of the individual antennas in the array and their size would both contribute to this discrepancy in frequency. In order to tune the array these parameters should be altered.[bookmark: _Ref166154144][bookmark: _Toc166683276]Figure 35: Helical Antenna Array S Parameters

The benefits of using an antenna array over a single antenna are that the gain, signal to noise ratio and directivity are increased [21]. However, it also increases the overall resistance and requires a much larger surface area than a single antenna may need. They may be used in applications where a strong, concentrated signal needs to be transmitted over long distances, such as space communications.[bookmark: _Ref166151515][bookmark: _Toc166683277]Figure 36; Helical Array Directivity Plot

  


[bookmark: _Toc166683240]Conclusion
In conclusion it is observed that none of the simulations had the intended resonant frequency expected from calculations. As previously stated, this can be due to the materials of the antenna, the near and far fields of the antenna, and the dimensions of the antenna themselves. When the length of the antennas were altered, the resonant frequency was also changed; decreasing the length of the antenna caused the wavelength to decrease and therefore the resonant frequency to increase, vice versa if the length was increased. Additionally, all of the antennas had much higher impedance than expected at the resonant frequency, meaning that impedance matching would be incredibly difficult and possibly result in the antenna being inefficient. To rectify this impedance mismatch, the width of the antenna should be increased.
The calculations for each antenna should therefore not be relied solely upon when selecting or designing an antenna, and it should instead be chosen for its intended application, physical characteristics, intended frequency range, directional or gain characteristics and polarisation. It should then be tuned using various available techniques to make sure that the chosen antenna is able to operate at the chosen frequency. 
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