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[bookmark: _Toc167201663]Abstract
The purpose of this task was to design multiple types of antenna using different Computer Aided Design (CAD) software. From these simulations the antenna designs would be critically analysed using tools to measure impedance, reflections and resonance of the antenna to determine whether that antenna was performing optimally. If not, then suggestions based upon antenna theory would be made on how to optimise it. Task 1 involved designing a patch antenna using Ansys [1] 3D design technology whilst task 2 consisted of designing four antenna types in Matlab’s Antenna Designer application [2].
[bookmark: _Toc167201664]Task 1 – Patch Antenna
The Patch antenna was designed in the Ansys [1] antenna simulation software to have an operating frequency of 2.1GHz. The antenna in question would lie on a substrate on top of a ground plane of size 70mmx70mm. The height (h) of the substrate would be 1.6mm. The patch itself would have a length (l) of 32.8mm and a width (w) of 43.5mm. This was calculated using the patch formulas in figure 1 [3]. The relative permittivity of the substrate was 4.4.
Patch antennas, also referred to as microstrip antennas, are used on embedded systems such as mobile phones where space is limited. The patch resonant frequency is depended on its length and its bandwidth is determined by the proximity of the patch is to the ground plane (1.6mm in this case). The substrate is dielectric so it does not conduct and acts predominantly as a separator for the patch and ground plane for reasons stated above. The ground plane also acts as a reflector making the antenna directional (figure 4). Furthermore, a ground plane makes the patch antenna more narrowband. The Notches either side of the feeder are there for impedance matching (optimisation of the antenna) [3].
Figure 3 shows that at the 2.1GHz operating frequency the antenna has good performance with an S11 of -17dB. This equates to 50 times less power reflected back to the source than radiated out. This being far below the threshold of -10dB [4]. Across the rest of the sweep the antenna has a mixed performance with a multitude of times the reflections drop below -10dB but a lot of times the reflections being greater. For example, between 5.4GHz & 6.9GHz the S11 is always above -10dB [4]. Furthermore, the point of good performance (-10dB or lower) are narrow in band with the high S11 areas being much wider. The best performing area is at 3.9GHz where the S11 is -25dB. Although, this antenna does have frequencies across the sweep that have good radiating properties, these areas are narrow with the majority of the frequencies having high reflections (>-10dB) [4]. Therefore, from S11 it could be deduced that this patch antenna consisting of a ground plane is a poor wideband antenna which is coherent with the theory outlined above [3].
As stated earlier, a patch antenna with a ground plane is a directional one which is shown in figure 4 where there is one main lobe radiating with a max gain of 3.01dBi. Figure 5 shows a Smith Chart of the entire 1-8GHz sweep detailing that the antenna across the sweep is predominately open circuit (not impedance matched) with the radiator both displaying both inductive and capacitive reactance fairly evenly across the sweep. Figure 6 shows a Smith Chart of a 200MHz sweep from 2.0-2.2GHz which incorporates the operating frequency of 2.1GHz. This was done to determine the antennas impedance characteristics at the operating frequency. It can be confidently deducted that the at around 2.1GHz the plot the reactance (y-axis) is zero and the normalised characteristic impedance is close to one, showing the antenna is close to being impedance matched and resonant. 
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Figure 1: Patch Antenna calculations
[image: ]
Figure 2: Ansus model of patch antenna
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Figure 3: S11 Parameter for 1GHz to 8GHz.
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Figure 4: Patch Antenna radiation pattern (Gain Plot(dB))
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Figure 5: Smith Chart of 1GHz to 8GHz sweep.
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Figure 6: Smith Chart 2.0-2.2GHz sweep.















[bookmark: _Toc167201665]Task 2
[bookmark: _Toc167201666]Task 2A: Circular Dipole
The first of the Matlab [2] antenna designs involved creating a basic cylindrical dipole. Compared with Ansys this was a relatively simple process. The Matlab Antenna Designer application [2] has already pre-set antenna designs and so was just a process of finding the correct one and applying the correct parameters i.e. frequency.  A cylindrical dipole is an omni-directional antenna which radiates energy when the wavelength is twice the length of the cylindrical structure. i.e. a dipoles length is at half that of the wavelength. These antennas are mostly used for wireless communications [3].
The designated operating frequency for this antenna was 1GHz which due to c=fλ specified that the wavelength would be 30cm. Therefore, the dipole length would be around 15cm. In the simulation it can be seen Matlab [2] sets the length to 13.5cm. This is likely to incorporate the 100MHz bandwidth (from 950MHz to 1.05GHz). This can be seen in figure 7&8 which shows a graphical representation of the antenna along with the Matlab [2] constructed dipole parameters: length 13.5cm and a radius of 2mm. Figure 9 shows the S11 parameter which shows the amount power being reflected back from the antenna into the source. At our operating bandwidth the S11 remains below -10dB [4] (10% reflected back) which is an adequate for radiating elements [4]. At the centre frequency ,1GHz, the reflections drop to less than -14.5dB.
Figure 10 shows reactance, resistance and the impedance the antenna. At the operating frequency it can be seen is slightly reactive (around -15ohms). A reactive antenna can cause Voltage Standing Wave Ratios (VSWR) and reflections. The antenna is reactive due the timings of waves being reflected back from the ends of the antenna. When these reflections don’t occur in phase to the feed the antenna is said to be reactive. When reactance is zero an antenna is considered perfectly radiating. A negative reactance implies the antenna is slightly capacitive so some of the antenna holds charge restricting current flow. This can be seen from figure 14 showing current distribution where at the extremities the is little current flow. For a perfectly resonating antenna this would be expect reactance to be zero [3]. Using  [3] gives an impedance of 66ohms. A dipole is expected to have an impedance around 72ohms [3] which is only 6-ohms short. This along with the S11 parameter show that this antenna is a good radiator however could need some optimisation by to improve performance by lengthening the antenna to 15cm for λ/2 length which is resonance for a half-wave dipole [3].
Figure 11, 12 & 13 show the radiation pattern the cylindrical dipole showing an omni-directional pattern as expected. Therefore, this is a low gain antenna as shown figure 13 which states the gain is 2.09dBi. dBi means decibels relative to an isotropic radiator, gain of 1.
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Figure 7 & 8: 
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Figure 9: S11 parameter
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Figure 10: Impedance of antenna
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Figure 11: H-Plane Radiation pattern
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Figure 12: E-Plane Radiation Plane
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Figure 13: 3D plot of the radiation pattern
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Figure 14 : Current distribution

[bookmark: _Toc167201667]Task 2B: Folded Dipole
Task 2B involved designing a folded dipole antenna at 106MHz. As seen in figure 15 the antenna has a designed bandwidth of 21 MHz and a length of 1.31m which is roughly half the wavelength. A folded dipole has the addition of another wire/rod placed in parallel and connected to the conventional dipole at either end (see figure 15). This antenna design can operate between 3KHz to 300GHz [3]. 
The folded dipole works by sinusoidal currents in the conductor producing electric and magnetic fields between the two conductors which then propagate away from the antenna. A folded dipole provides higher input impedance than a conventional dipole, around 300ohms [3] (see figure 18). This is compared with 66 ohms for the conventional dipole. When operating at a resonating frequency the impedance is completely real i.e. reactance, the imaginary component, is zero. In figure 18 the reactance can be seen to not equal zero, being about -15-ohms. This means the antenna is not resonant and is in fact inductive which is backed up by the S11 parameter. 
In figure 17 shows that at 106 MHz the S11 parameter is -3dB, meaning half of the transmitted signal is being sent back to the source and not radiated. This is much higher than the desired <-10dB reflection [4]. A reason for this could be due to mismatching in impedance and the presence of reactance as stated earlier. This could be because the antenna length is about 10cm too short. Using c=fλ and λ/2 produce a dipole of 1.41m [3] where Matlab [2] has calculated it to be 1.31m (see figure 9). 
A folded dipole also has a slightly higher gain than a conventional λ/2 dipole with the Matlab [2] generated one being 2.22dBi (figure 20) compared with 2.09dBi (figure 13) of the conventional dipole. This is backed up by the radiation pattern plots of figure 18 & 19 which still show an omni-directional pattern however the E-plane lobes have become slightly more directional. Figure 21 shows non-uniform current distribution with like Task 2A shows the antenna has not been optimised perfectly to make it a perfect resonator.
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Figure 15&16: Antenna diagram and parameters
[image: Machine generated alternative text:
-1.4 
-1.6 
-1.8 
.22 
•2.4 
-2.6 
-2.8 
100 
105 
110 
115 
120 
Frequency (MHz) ]
Figure 17: S11 Parameter
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Figure 18: Impedance of the antenna
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Figure 19: E-Plane 2D radiation pattern
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Figure 20: 3D radiation pattern
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Figure 21: Current distribution















[bookmark: _Toc167201668]Task 2C: Horn
This task involved designing a Horn Antenna that operated at 7 GHz. The Horn antenna acts as an open-ended waveguide with a flare opening, which acts as a transition zone between waveguide and free-space. The waveguide is usually Trans-Electric (TE) [5]The RF is generated from a driven element within the horn (see figure 22). Figure 22 shows the parameters for the flare size and length of the horn [5].
Figure 23 shows the S11 parameter which at 7 GHz is down at -27dB which means 500 times less power is being reflected back than radiated out. This is a very good radiator. The antenna’s impedance graph shows resistance to be 50 ohms and the reactance to be 5 ohms denoting the antenna is slightly reactive (inductive). The impedance therefore is 50.24ohms at 7GHz. Giving the prior characteristics would suggest the Horn is high performance with great characteristic impedance (being almost impedance matched).
From figure 25-27 shows the antenna to be highly directional with a gain of 15.5dBi. All of the above denote the antenna is performing well and that there is not much optimisation required to enhance the performance. Depending on the application requirements, i.e. wide or narrow band, could then help determine how the antenna could be optimised.
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Figure 22: Horn Parameters
[image: Machine generated alternative text:
-10 
-12 
-14 
-16 
-20 
-22 
-24 
-26 
-28 
62 
6.6 
6.8 
72 
Frequency (GHz) 
7.6 
7.8 ]
Figure 23: S11 Parameter
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Figure 24: Impedance of Horn 
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Figure 25: E-Plane 2D Polar Plot
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Figure 26: H-Plane Polar Plot
[image: Machine generated alternative text:
Output 
Frequency 
Max value 
Min value 
Azimuth 
Elevation 
Directivity 
7 GHz 
IS.s d3i 
dai 
[-180' . 
10 
-5 
.15 
-20 
-25 
-30 
-35 ]
Figure 27: Radiation Pattern
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Figure 28: Current Distribution



[bookmark: _Toc167201669]Task 2D: Helix
A Helix antenna is a directional antenna that circularly polarises radiated waves, making it useful for space application [6]. Depending how the radiating element is wound, i.e. right or left handed, will depend on how the wave radiates circularly. The Matlab [2] design is righthanded. Note, like vertical and horizontal polarisation a left-handed polarised helix antenna will not receive right-handed polarised waves. The parameters for designing a helix antenna are:
· D – Diameter of a turn
· C- Circumference of a turn
· S – Separation between turns
· α - Pitch angle
Figure 29 shows these parameters that Matlab [2] has simulated for a Helix antenna operating at 5.5GHz. The designed antenna is known as an Axial mode helix antenna as the radiation filed in figure 34 is directional whereas a helix antenna operating in Normal mode has a bi-directional radiation pattern [6]. Axial mode is more commonly used over normal mode [7].
Figure 30 shows that at the operating frequency, 5.5GHz, the antenna has a S11 of around    -9.2dB which is just above the -10dB threshold [4] of determining if an antenna is a good radiator or not. A S11 of -9.2dB means more than 10% of the signal is being radiated back to the source instead of radiated. At 5.5GHz figure 31 shows the antenna has an impedance of 111-ohms with the reactance being 17-ohms and the resistance 110-ohms. As alluded to earlier a radiator is said to be resonant when the impedance is purely real (only resistive). Having a positive reactance shows the antenna is slightly inductive. Furthermore, a helix antenna usually has an impedance of 140-ohms (impedance only real so just resistance). As the resistance is lower (110) the antenna could be said to be operating in a more open circuit condition hence the high reflections.
The reason the antenna appears to be operating in these conditions is that the length is slightly too long for the operating frequency. In the axial mode the circumference of the turns is 1λ and the spacing between λ/4. At 5.5GHz the λ = 0.055m [7]. The circumference of the turns of this antenna is 2πr = 0.072m, which is larger than the wavelength. This explains the positive reactance as an antenna that is longer than the operating wavelength is inductively reactive [3]. To improve the antennas performance the circumference needs to be shorter by 0.017m. 
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Figure 29: Helix Antenna
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Figure 30: S11 Parameter Helix
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Figure 31: Impedance Helix
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Figure 32: E-Plane Helix
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Figure 33: H-Plane Helix
[image: ]
Figure 34: 3D Radiation Pattern

[bookmark: _Toc167201670]Task 2E: Helix Array
A Helix Array antenna is an antenna made of a multiple radiating helical element. The advantages of doing so is to increase directionality through beamforming [8]. Beamforming is a technique that increase directionality by utilising constructive interference. Constructive interference is a phenonium where electromagnetic waves in-phase shall sum in amplitude increasing the power of the wave at a particular point in space, Increasing the gain in that particular point. Furthermore, with clever computing the point of constructive interference can change without rotating the antenna. This is known as ‘beam-steering’ whereby changing the timings at which each element radiates the same signal will change the phase relationship causing the electromagnetic waves to interfere in different areas see figure 33 [8].
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Figure 33: Array Antenna Beamforming
The helix antenna array was a 3by3 element array seen in figure 34. In figure 35 shows all the S-Parameters for the antenna, although many lies below the -10dB threshold [4], the reflections (S11, S22, S33 etc) all lie above the -10dB threshold. At the operational frequency the reflections are around -5dB, just under half of the signal being reflected back shows this frequency is not resonant and not impedance matched. In figure 36 to 38 shows the impedance of 3 different antenna elements all of which have positive reactive quantities (inductive), in figure 37 of element 5 has a reactance of 98-ohms (well above zero, which is expected of a resonant antenna). An Inductive reactance implies that the antenna length is too long for the operational wavelength so for optimisation shall need to be shortened to eliminate any reactance [3].
The radiation pattern of the array in figure 39 shows a gain of 13.2dBi which compared to 11dBi of the standalone antenna in figure 34. This is expected due beamforming as described above [8]. 
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Figure 34: Helix Array
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Figure 35: S-Parameters of the array
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Figure 36: Radiating element 1 Impedance
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Figure 37: Radiating element 5 Impedance
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Figure 38: Radiating element 9 Impedance
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Figure 39: Radiation Pattern
[bookmark: _Toc167201671]Conclusion
[bookmark: _GoBack]All the antennas included in this report showed a variety of performances with the Horn exhibiting the optimal performance and the folded dipole exhibiting the worst. These conclusions have been based upon the parameters measured such as S11 and impedance and not on application purposes. The report has given me a better understanding of resonance and the ability to work this out using impedance. It has also exposed me to more advanced antenna design tools like Ansys which could be a useful tool for me going forward.
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