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[bookmark: _Toc167185986]Introduction
The aim of the two tasks highlighted in this paper is to design and analyses 5 different antenna types and what their radiation patterns show. The first task was to use a selected centre frequency to build a fully operational patch antenna using a specifically sized FR4 substrate plane and a rectangular piece of Perfect Electric conductor (PEC). This information would then be used to create the correctly sized patch to radiate Electro-Magnetic (EM) waves safely. The second task was to design four similar antenna and analyse their performance when specific frequencies were used for a student’s ID card i.e. 2114468. For this task the four antennas being evaluated are, a cylindrical Dipole, a folded dipole, a horn antenna, and a helical array antenna.  Analysis for both tasks would be checking the radiating fields (3D and 2D), the frequency chosen is operational and evaluating the S1,1 reflection parameters as well as, their impedance values.
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[bookmark: _Toc167185946]Figure 1 - Patch Antenna Design Model
Shown above in figure 1 is the redesigned patch antenna design model using the simulation software Ansys. This design was made by using a set of required constraints and materials.

[bookmark: _Toc167185988]Patch Antenna Dimensions 

	Piece of the Antenna
	Name on Model
	Material
	X-Plane Size (mm)
	Y-Plane Size (mm)
	Z-Plane Size (mm)

	Substrate
	Sub
	FR4
	70
	70
	1.6

	Ground Plane
	Ground
	PEC
	70
	70
	0.5

	Slot 1
	CutOut
	PEC
	1
	8.1975
	0.1

	Slot 2
	CutOut1
	PEC
	1
	8.1975
	0.1

	Patch
	Patch
	PEC
	43.47
	32.79
	0.1

	Feed
	Feed
	PEC
	2
	18.605
	0.1

	Port
	Lumped Port
	N/A
	2
	N/A
	1.7


[bookmark: _Toc167185980]Table 1 - Patch Antenna Dimensions
This equation determines the width of the patch using the relative permittivity and the resonant frequency.


Using this equation with the relative permittivity of FR4 being 4.4 and the resonant frequency of 2.1 GHz or 2.1 x 109, the width can be found which is 43.47 meters.



The length of the path used in task one can be denoted by the equation string below. To start the effective relative permittivity is needed. 





Below is the calculation using the ℇreff value to determine the length extension which can then be used alongside the effective length equation to find the finalised length of the patch antenna.

Following the same values as demonstrated in the effective relative permittivity, the calculation for length extension is shown below.


The equation below displays the calculations in order to obtain the full length of the patch antenna.





[bookmark: _Toc167185989]Patch Antenna Results
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[bookmark: _Toc167185947]Figure 2 - Patch Antenna S1,1 Parameter Full 1 GHz to 8 GHz Sweep
Figure 2 shows the full sweep of the patch antenna from 1 to 8 GHz with the main frequency being positioned at 4.05 GHz with a dB level of -42. The antenna has been designed to operate at a frequency of 2.1 GHz which it does effectively with a reflection of around 75 at -14 dBs. This shows the antenna has been appropriately designed to carry out its proposed frequency. 
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[bookmark: _Toc167185948]Figure 3 - Patch Antenna S1,1 Parameter 1.7 GHz to 2.5 GHz Sweep
Figure 3 shows a smaller sweep to show the reflections back to the source at 2.1 GHz.
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[bookmark: _Toc167185949]Figure 4 - Patch Antenna Impedance Smith Chart 1.7 GHz to 2.5 GHz Sweep

Shown above in figure 4 is the smith chart displaying the impedance levels at 2.1 GHz. As shown the impedance on the resistive line is not quite at 1.00 meaning it is not quite perfectly matched. This means the slot sizes and or the feed size is not quite the right length however, the antenna is still highly operational. 
[bookmark: _Toc167185990]Patch Antenna 2D Patterns 
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[bookmark: _Toc167185950]Figure 5 - Patch Antenna Azimuth Plane 2 Dimensional Radiation Pattern
Figure 4 displays the azimuth plane of the antenna and proves that the antenna is highly direction towards the radiating direction, which is prefect for a microstrip patch antenna. 
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[bookmark: _Toc167185951]Figure 6 - Patch Antenna Elevation Plane 2 Dimensional Radiation Pattern
Figure 6 Shows the side view of the elevation plane and proves that the antenna still in some places exhibits nulls at the lower side of the radiating element. 
[bookmark: _Toc167185991]Patch Antenna 3D Patterns
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[bookmark: _Toc167185952]Figure 7 - Patch Antenna 3 Dimensional Radiation Pattern
The 3D plot shown here in figure 7 shows the overall directivity and gain of the antenna. This shows although there are nulls underneath the model the main power and gain if being radiated in a singular direction. This means the patch can radiate and receive EM waves in the 0 degree direction. 


[bookmark: _Toc167185992]Task 2
[bookmark: _Toc167185993]Cylindrical Dipole Antenna
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc167185953]Figure 8 - Cylindrical Antenna Design Model
Shown above in figure 8 is a cylindrical dipole antenna which has been designed with an operating frequency of 1 GHz. This design has been made with the conductor being copper with a relative permittivity (ℇr) of around 1 which is the only material with a relative permittivity with this perfect value [1]. The length has been slightly adapted in order to achieve a better radiating electro-magnetic (EM) field.
[bookmark: _Toc167185994]Cylindrical Antenna Design Constraints

	Piece of the Antenna
	Size (m)

	Length of the Dipole
	0.1350

	Radius of the Dipole 
	0.0028018


[bookmark: _Toc167185981]Table 2 - Cylindrical Dipole Dimensions

Table 2 shows the constraints used to establish an effective radiating dipole. When designing the antenna the original sizing, being a length of 0.1334m, was not enough to get the reflections to be less than 10% being negative 10 dBs as shown below in figure x. In order to adjust this reflection problem, the length of the dipole has been adjusted enabling the dB level to well below the required -10 for safe operational use. This level is determined by high power level transmission as done by the International Commission of Non-Ionising Radiation Potential (ICNIRP). 

[bookmark: _Toc167185995]Cylindrical Antenna Results
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[bookmark: _Toc167185954]Figure 9 - Cylindrical Dipole S1,1 Parameters
The S1,1 parameters show the reflection back to the source when radiating the EM field. As a standard, -3dBs is 50% of the overall gain reflected back, -6dBs is 25% reflected back and -10 dBs is 10% reflected back. For an antenna of this size anything above -10 dBs would be classified as a non-operational antenna. This is due to the increased risk of radiofrequency (RF) burns and high doses of potentially lethal non-ionising radiation. ICNIRP is used to give advice on what non-ionising radiation does to your health [2].
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[bookmark: _Toc167185955]Figure 10 - Impedance Graph for Cylindrical Dipole Antenna
The impedance is calculated by using both the resistance of the antenna as well as, the reactance [3]. By using the equation below the Impedance can be found. 


This equation shows the antenna has an impedance of 68.4 Ohms. The optimal dipole impedance is set to be 72 ohms, which proves that the antenna in the design here is near enough perfectly matched to the theoretical impedance level. 
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[bookmark: _Toc167185956]Figure 11 - Cylindrical Dipole Azimuth Plane 2D Radiation Pattern
The azimuth plane in figure 11 is a view of the total gain radiation pattern of the spherical look from a bird’s eye view. This plot shows the gain through 360 degrees along the x plane and can be used to determine the directionality (if there is a main direction) of the antenna when propagating EM-waves. By looking at this Azimuth plane it can be seen that the dipole antenna which has been designed using the required constraints above, is omnidirectional at a gain index in dBi of 2.09. 
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[bookmark: _Toc167185957]Figure 12 - Cylindrical Dipole Elevation Plane 2D Radiation Pattern
The elevation plane in figure 12 is the view when the radiation polar plot is cut through along the y z plane and shows the full gain that the antenna can achieve in dBi when the operational frequency is 1 GHz. The 2D results shown here are consistent with the gain which would be exhibited by a dipole antenna. Dipoles are generally bidirectional however; this antenna has been designed with an omnidirectional radiation type which is perpendicular to the x plane.
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[bookmark: _Toc167185958]Figure 13 – Cylindrical Dipole 3D Radiation Pattern
Figure 13 shows the 3D spherical geometric radiation pattern model of the directionality and gain of the dipole antenna. This is done by looking at the dBi gain through both 360 degree axis. One is perpendicular to the ground plane, and one is parallel to the ground plane. The analysis clearly demonstrates the dipole is working incredibly efficiently at radiating along the omnidirectional plane.

[bookmark: _Toc167185996]Folded Dipole Antenna
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[bookmark: _Toc167185959]Figure 14 - Folded Dipole Design Model
Figure 14 shows the design model of a folded dipole made using the antenna designer app as integrated within the software simulation MATLAB. Unlike the cylindrical dipole, the folded dipole is a circuit shaped antenna created from the conducted material which changes poles from negative to positive inducing a current which emits an Electromagnetic Wave. The Folded dipole is used for TV broadcasting due to its ability to be wide band, thus covering a multitude of frequency channels. 

[bookmark: _Toc167185997]Folded Dipole Antenna Design Constraints
The folded dipole has been designed with an operation frequency of 105.5 MHz and uses copper as its conductive material and is fed from a source in the centre of the antenna. 
	Piece of the Antenna
	Size (m)

	Length of the Dipole
	1.3

	Radius of the Dipole 
	0.014208

	Separation Distance
	0.018944


[bookmark: _Toc167185982]Table 3 - Folded Dipole Dimensions
Table 3 shows the full design constraints used in order to create the folded dipole model using software simulations. One change as notices between table 2 and 3 is that the folded dipole has a separation distance between the material. To establish an operational antenna distance between the materials, the folded dipole should not exceed 0.05λ [4]. 




[bookmark: _Toc167185998]Folded Dipole Results
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[bookmark: _Toc167185960]Figure 15 - Folded Dipole S1,1 Parameters
The reflection S1,1 parameter in figure 15 shows that this folded dipole model is incredibly reflective with 50% of the total gain and power being reflected back to the source. A folded dipole should be below -10 dBs at a minimum. This high reflection is due to the antenna not being sized for the operational frequency used. The antenna would have to be about 0.5 meters shorter in length and have a slightly increased separation distance between the elements to be effective. 
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[bookmark: _Toc167185961]Figure 16 - Impedance Graph for Folded Dipole Antenna
Figure 16 shows the impedance levels of the folded dipole antenna split down into its reactance and resistance. Using the same equation as the cyclic dipole, the impedance level of this antenna can be calculated. 


For a folded dipole antenna to be perfectly matched, an impedance of 300Ω should be shown on this graph.

It was found that the impedance of this folded dipole is 277.1 ohms, meaning it’s far off being perfectly matched. Furthermore, to get a better matched port and antenna, the length needs to be shorter and the distance between the materials increased.
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[bookmark: _Toc167185962]Figure 17 - Folded Dipole Azimuth Plane 2D Radiation Pattern

Figure 17 shows the azimuth plane which is a 2D radiation pattern of the folded dipole antenna. It can be determined by the polar plot that there are two nulls which reach a dBi gain of -34.8 and a maximum gain of 2.19 dBs. The azimuth plane is a cut through the 3 dimensional radiation pattern in the xz plane. This pattern demonstrates that the antenna is omnidirectional through 360 degrees along the z plane perpendicular to the radiating elements. 
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[bookmark: _Toc167185963]Figure 18 - Folded Dipole Elevation Plane 2D Radiation Pattern
Above is the 2 Dimensional polar plot of the Elevation plane for the folded dipole. Due to the direction of the radiating field, both the Azimuth and Elevation polar plots look very similar. 

The minimum gain shown along the 0 to 180 line is -34.8 dBi and the total omnidirectional gain is 1.95 dBi. For this type of antenna, the gain is a little low however, with the change in sizes (as stated above) the impedance will be more perfectly matched, which in turn will increase the overall total gain of the antenna. 
[image: A computer screen shot of a red sphere

Description automatically generated]
[bookmark: _Toc167185964]Figure 19 - Folded Dipole 3D Radiation Pattern
Above is the 3D radiation pattern created by the folded dipole antenna. The pattern displayed here is known as omnidirectional meaning that through one 360 degrees plane the antenna is radiating the same gain in all directions in the plane around the radiating elements [5]. The radiation pattern is exhibited this way due to the positive and negative influence on the folded areas of the dipole. As a result of this, the folded dipole can be used for television broadcasting because of its ability to have large coverage, transmit and receive in multiple directions and can be used as wide band. 2.19 dBi is a relatively low gain and therefore, using a frequency so low the antenna cannot radiate effectively and for its general intended purpose. 
[bookmark: _Toc167185999]Horn Antenna
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[bookmark: _Toc167185965]Figure 20 - Horn Antenna Design Model


Shown above in figure 20 is a horn antenna which has been designed with an operational frequency of 7 GHz and uses copper as its main propagating element. The horn uses a Flare (which is the opening of the antenna) and apertures to effectively radiate EM waves.
[bookmark: _Toc167186000]Horn Antenna Design Constraints
	Piece of the Antenna
	Size (m)

	Flare Length
	0.07063

	Flare Width
	0.09389

	Flare Height
	0.08275

	Length
	0.04685

	Width
	0.037475

	Height
	0.018735

	Feed Width
	0.0011999

	Feed Height
	0.0099931


[bookmark: _Toc167185983]Table 4 -Horn Antenna Dimensions
Table 4 shows the dimensions used to establish an operation frequency of 7 GHz when using a horn antenna. When checking the sizes it was determined that the size constraints already given by the simulation software were in line with the operation requirements of this antenna. 
[bookmark: _Toc167186001]Horn Antenna Results
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[bookmark: _Toc167185966]Figure 21 - Horn Antenna S1,1 Parameters
The S1,1 parameters in figure 21, display the reflections of the horn antenna. The parameters here show that at 7 GHz, the level of reflection is at -25 dBs which is only ~1% of the power being reflected back to the source. This means that, the antenna is radiating EM waves very effectively. This also proves safe use of the antenna when testing around people.
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[bookmark: _Toc167185967]Figure 22 - Impedance Graph for Horn antenna



The usual impedance for a horn antenna is between 33 ohms and 77 ohms with the best impedance at 50 ohms allowing a perfectly matched antenna. The equation above shows the impedance of the horn antenna design is 50.25 ohms meaning that the horn antenna is almost perfectly matched. 
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[bookmark: _Toc167185968]Figure 23 - Horn Antenna Azimuth Plane 2D Radiation Pattern
Shown in figure 23 is the Azimuth plane for the horn antenna. The main lobe shows it is very directional at 15.45 dBi with only a small amount of reflection being -6.75 dBi. 
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[bookmark: _Toc167185969]Figure 24 - Horn Antenna Elevation Plane 2D Radiation Pattern
Due to the flaring, in the elevation plane, it can be shown that the main lob also has two smaller side lobes between 3.90 and 4.30 dBi. This means the antenna does exhibit some scattering of the waves when radiating.
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[bookmark: _Toc167185970]Figure 25 - Horn Antenna 3D Radiation Pattern
Figure 25 displays the full 3D radiation pattern of the horn antenna, where the side lobes can be seen with a decreased power to the main lobe and a high directivity is exhibited towards the x plane out of the front of the antenna’s aperture. 

[bookmark: _Toc167186002]Helix Antenna
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[bookmark: _Toc167185971]Figure 26 - Helix Antenna Design Model
Figure 25 shows the design of a singular helix antenna made out of copper which operates at a resonant frequency of 7 GHz. The helix radiates in a cyclic directional pattern at the end of the helix coil. 
[bookmark: _Toc167186003]Helix Antenna Design Constraints
	Antenna Dimensions
	Size (m)

	Radius 
	0.0097012

	Width 
	0.001

	Spacing
	0.0080944

	Turns
	3


[bookmark: _Toc167185984]Table 5 - Helix Antenna Dimensions
[bookmark: _Toc167186004]Helix Antenna Results
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[bookmark: _Toc167185972]Figure 27 - Helix Antenna S1,1 Parameters
The helix antenna has been designed to ensure that minimal reflection are made when radiating. Figure 26 shows that this antenna has been designed to be narrow band and resonate at 11 GHz with a back reflection of -12.1, and another lower spike at 11.8 GHz.
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[bookmark: _Toc167185973]Figure 28 - Impedance Graph for Helix Antenna
Shown in figure 25 is the graph measuring the impedance with both the reactance and the resistance. 



This equation shows the impedance of the helix antenna by reading and using the reactance and resistance. A perfect impedance a horn antenna is 50 ohms. The calculation shows that the impedance of this particular helix antenna was 58.09 ohm making it reactive. To change this value, the sizing could be recalculated, and the size of the helix would be shorter or the feed line adjusted. 
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[bookmark: _Toc167185974]Figure 29 - Helix antenna Azimuth Plane 2 Dimensional Radiation Pattern

The 2D azimuth plane here represents the directionality of the horn antenna. The pattern above shows that there are two main lobes with 2 smaller side lobes showing a radiation pattern which is almost bidirectional in nature. This, however, is inaccurate for a helix antenna due to the helix being omnidirectional in normal mode [6]. To increase the omnidirectional capability, more turns could be added, and the length extended.
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[bookmark: _Toc167185975]Figure 30 - Helix Antenna Elevation Plane 2 Dimensional Radiation Pattern
Figure 30 is the elevation plane 2D gain pattern showing a small increase in gain at the main lobe. The scattering of the EM waves is very erratic and so radiation would be emitted at multiple points through the 360 degree axis. This is close to omnidirectional however, there a few nulls caused by the separation of the turns. Overall, its radiating capability is still effective. 
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[bookmark: _Toc167185976]Figure 31 - Helix Antenna 3 Dimensional Radiation Pattern
Figure 30 shows the 3 Dimensional radiation pattern of the helix antenna by displaying the dBi gain on a geometrical sphere. It can be seen that the antenna radiates in a near omnidirectional pattern at the end of the helix/ point of propagation. This is to be expected of a helix antenna. This pattern also shows that there are minimal reflections back to the source meaning this antenna is operational.
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[bookmark: _Toc167185977]Figure 32 - Helix Array Antenna Design, 3D Plot and S1,1 Parameters
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[bookmark: _Toc167185978]Figure 33 - Helix Array Antenna Azimuth Plane 2 Dimensional Radiation Pattern
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[bookmark: _Toc167185979]Figure 34 - Helix Antenna Elevation Plane 2 Dimensional Radiation Pattern

Figure 31 through 33, shows the helix antenna designed to be operated in an array pattern. An array is sometimes better than a singular antenna due to its increase in gain when paired with one another. When an array is made, each antenna within the array work together in order to boost the strength of the antennas to either transmit or receive EM waves.  Figure 32 shows the antenna array is extremely directional however, one disadvantage is that, due to multiple antennas radiating, there will be heavier back reflections to around -5 dBs as shown in Figure 31.
[bookmark: _Toc167186005]Helix array Antenna Design Constraints
	Helix sizing
	Size (m)

	Radius
	0.0057805

	Width
	0.00023125

	Turns
	3

	Spacing
	0.0080944


[bookmark: _Toc167185985]Table 6 - Helix Array Dimensions
The constraints of the helix antenna are shown above.
[bookmark: _Toc167186006]Conclusion 
Task 1 was used to develop a patch antenna with the required resonant frequency of 2.1 GHz with the correct sizing of the patch in order to have an effective radiating field. It was discovered that, the calculations to get a frequency of 2.1 GHz could also be used for other wider band frequencies making this design extremely effective. Testing was also conducted on 4 different antennas to see if, with the required frequencies, they would radiate effectively or have too many reflections back to the source. It was determined that 3 out of the 4 antennas were working nominally however, the folded dipole antenna would need dimension changes in order to reduce its reflections. Overall, the tasks were carries out effectively and successfully, however if this was to be reproduced, more time would be needed to resize the antennas to work with better accuracy.
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