Background information 
Antennas
An antenna is a metallic structure that captures and/or transmits radio electromagnetic waves. An antenna is a metal structure that transmits and or receives electromagnetic waves in the radio end of the electromagnetic spectrum. An antenna is the structural interface between propagating radio waves through electric currents and a vacuum moving in metal conductors present in a transmitter or receiver. An antenna is an array of conductors which are electrically connected to the receiver or transmitter designed to transmit and receive radio waves in all horizontal directions equally or often in a particular direction to achieve the highest gain. 
Array antennas
An array antenna is a system of several connected antennas which work together as a single system to transmit and receive radio signals. The individual antennas are generally connected to a single receiver or transmitter by feedlines that transfer power to individual antennas in a specific phase relationship. The radio waves radiated by each antenna superpose and add together by constructive interference to increase power radiated in desired directions and cancelling each other out by destructive interference to decrease power in other directions. When the antennas are receiving the separate RF signals from the individual antennas combine in phase forming plane waves to enhance the signal and decrease noise from the chosen directions. The larger the number of individual antenna elements used, the higher the gain and the narrower the field of plane waves. 
Cylindrical dipole, folded dipole, horn and helix array antennas
A dipole antenna is made of two similar conductive elements like metal wires separated at the centre. The forward current from the transmitter is applied and for receivers the output signal is taken between two halves of the antenna, each side of the antenna of the feedline is connected to the transmitter or receiver at one end and the conductor at the other. The RF voltage source is applied to the point between the two dipoles, this voltage and a forward current flowing through the two conductor’s forms an electromagnetic wave or radio signal to be transmitted. The current is highest and the voltage is lowest at the dipole midpoint. The dipole antenna is a form of transducer which changes electrical signals into RF electromagnetic waves and radiates them at the transmitting side and changes electromagnetic waves into electrical signals at the receiving end. The resonant frequency of a linear conductor happens at a frequency whose free-space wavelength is twice the wire's length so the conductor is  1 /2 wavelength long. Information obtained from ([2], Dipole antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus) and ([5] Dipole antenna: What is it? (And how are they designed). 2021. Electrical4U)
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Figure 1 Dipole antenna diagram ([2], Dipole antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus) 
A folded dipole antenna is an array of a two-dipole antenna and an example is shown in Figure 18. If two dipoles are connected in parallel to form a thin wire loop and so forming a folded dipole antenna. One dipole is continuous, and the other is separated at the centre, folded and joined together in parallel at the ends. The separated dipole is fed at the centre by a balanced transmission line. Therefore, both dipoles have the same voltages and identical currents are formed at each end. A folded dipole antenna radiation pattern is like a normal dipole except the input impedance is higher, the directivity of the antenna is bidirectional, and it has a wider bandwidth. Information obtained from ([8], Folded dipole antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus)
[bookmark: _GoBack]A horn array antenna is several antennas built of flaring metal waveguides shaped like a horn to direct radio waves and are widely used at UHF and microwave frequencies shown in Figure 19. A horn antenna transmits radio waves from a waveguide or collect radio waves through a waveguide for a reception signal. The radio waves are usually introduced into the waveguide by a coaxial cable connected to the side, with the central conductor pointing into the waveguide to form a quarter wave monopole antenna so then the waves radiate out the horn end in a narrow signal bandwidth. Information obtained from ([3], Horn antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus)
A helix antenna is a travelling wave antenna shaped like a corkscrew that produces radiation in the form of radio waves along the axis of the helix antenna forming circular polarised fields. A diagram is shown in Figure 20. This antenna can be designed with spiral shaped conductive copper wire connected to a ground plate through a feeder line. Information obtained from ([4], Helical antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus)

Rectangular micro strip patch antenna
Figures 2 ([7], Microstrip patch antennas. 2021. Antenna Theory) show the top and side views of a rectangular micro strip patch antenna. A micro strip antenna is often a small internal antenna fabricated onto PCBs and operates generally at microwave frequencies. An individual antenna is patch of conductive metal foil of different shapes with a metal foil ground plane on the board base and most antennas are several patches in a 2-D array. The antenna is connected to a receiver or transmitter through metal micro strip transmission lines. The RF current is transmitted, or the received signal is produced in receiving antennas between the ground plane and antenna. Information obtained from ([7], Microstrip patch antennas. 2021. Antenna Theory)
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Relative permittivity
Relative permittivity  is the permittivity of a material expressed as a non dimensionless ratio with the electric permittivity of free space. Permittivity is a measure of the electrical polarizability of a dielectric. A dielectric is an insulating material, and the constant of the insulator measures the ability to store electrical energy in an electrical field. Permittivity is a material property that affects the Coulomb force between two charges in the material and the relative permittivity is the factor by which the electric field between the charges is decreased relative to vacuum.

S parameters
S parameters describe the electrical pattern of linear electrical networks when undergoing stimuli in a steady state by electrical signals in the electromagnetic spectrum. S parameters can describe the characteristics of RF components at varying frequencies and different power and gain levels of a signal. The term S parameters usually refers to the small signal S-parameters, they represent an RF network’s response to a small signal transmission and quantify its reflection and transmission characteristics over different frequencies. 
Radiation pattern
In antenna design the radiation pattern means the directional dependence and strength of the radio waves propagating from an antenna or other source. The purpose of a directional antenna is to transmit radio waves in a specific direction and the antenna is designed to radiate most of the power in the lobe directed in the desired direction known as the main lobe. The other lobes near the main lobe, represent unwanted radiation in other directions, are called minor lobes, they are oriented at an angle to the main lobe and are called side lobes. The minor lobe in the opposite direction (180°) from the main lobe is called the back lobe. Minor lobes represent radiation in unwanted directions, so a design purpose in directional antennas is to reduce the minor lobes. The information about radiation information was paraphrased from ([1], Radiation pattern 2024 Wikimedia foundation).
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Figure 3 Antenna radiation pattern ([1], Radiation pattern 2024 Wikimedia foundation)
Impedance and reactance 
Impedance is the measure of opposition to alternating current from the combined effect of resistance and reactance in a circuit. Impedance of a two-point network is the ratio of the complex representation of a voltage in a sinusoidal pattern between the points, to the complex representation of the current flowing through the network. The impedance depends on the frequency of the sinusoidal voltage. Impedance is an opposition to current and is dependent on the frequency of circuit however, resistance is not dependent on frequency and can be defined as impedance with a phase angle of zero. Reactance is the opposition to current flow in a circuit due to an element’s inductance and capacitance. When AC current passes through a circuit, the energy is stored in that element that contains reactance, so the energy is transferred in the form of an electric or magnetic field. In the magnetic field, the reactance opposes change in current, and in the electric field, it opposes the difference in voltage. The reactance is inductive if it releases energy in the form of a magnetic field and the reactance is capacitive if energy is released in an electric field. As frequency increases, capacitive reactance decreases, and inductive reactance increases. An ideal resistor has zero reactance, in comparison to ideal inductors and capacitors which have zero resistance.
Equation 1 –  R – resistance, X – reactance.
Equation 2 –  if  X(L) – inductive reactance, X(C) – capacitive reactance
Equation 3 –  c – speed of light, f – frequency, λ – radio wavelength
Equation 4 –    L – length of dipole antenna, λ – antenna wavelength
Task 1
Frequency – 2GHz, FR4 Epoxy substrate with relative permittivity of 4.4 and relative permeability of 1, Width of substrate and ground plane – 70mm, Length of substrate and ground plane – 70mm, Substrate height – 1.6mm. Rectangular patch width and length – 30mm
Antenna feed is through a rectangle microstrip line connected to a lumped port which has a port impedance of 50Ω. The Ground plane and patch are modelled as perfect electric conductors. Dimensions – Substrate and ground plane width and length 70mm, height 1.6mm of substrate. Rectangular patch – width and height 30mm. Feedline –  width 5mm and height 10mm. Further dimensions and diagram in appendices. Substrate is usually thin so h << λ
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Figure 4 Substrate model FR4 epoxy 70mm length and width and 1.6mm height
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Figure 5 Substrate and ground plane model – width and length 70mm
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Figure 6 Perfect electric conductor boundary
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Figure 7 Rectangular patch with width and length 30mm
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Figure 8 Feedline connected to rectangular patch with width 5mm and length 10mm
[image: A computer graphics of a graph

Description automatically generated with medium confidence]
Figure 9 Inset 1 and 2 connected onto the patch with width 1mm and length 2mm
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Figure 10 Insets 1 and 2 removed from the microstrip patch
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Figure 11 Microstrip patch with lumped port
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Figure 12 Lumped port excitation mesh
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Figure 13 Operating frequency of 2GHz set
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Figure 14 HFSS validation check
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Figure 15 S Parameter plot for the rectangular microstrip antenna
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Figure 16 3D radiation pattern
Figure 15 shows the S Parameter plot for the rectangular microstrip antenna which has a resonant frequency of 8GHz which has a corresponding power at this frequency of -0.5db. If the number of patches is increased to make a phased array of microstrip patch antennas by increasing the number of patches or increasing the dimensions of a single patch, the maximum directive gain increases. If the antenna is transmitting, the gain is a measure of how effectively the antenna feed line transfers input power to radio waves in a certain direction. If the antenna is receiving, the gain describes how effectively the antenna changes input power into radio waves inbound in a specific direction. Gain is always less than directivity because antennas have some internal losses which reduces the input power transferred by the antenna through the transmission line because some power is transferred to heat energy due to the internal resistance of the conductor.
Task 2 a) Cylindrical dipole antenna 
Constant factors of the first antenna design: Radius – 0.02m, Material – PEC and Tilt – 0 degrees. Operating frequency – 1GHz. Resonant frequency – 0.9GHz.                                                                                                                       Calculated wavelength from inputted operating frequency 
Calculated wavelength from observed resonant frequency 
Optimum length at inputted operating frequency
Optimum length at from observed resonant frequency
	Antenna number
	Length of antenna (m)
	Observed operating frequency  from simulated results (GHz)
	Maximum and minimum gain (dBi) 

	1
	0.2
	 0.9GHz @ -4dB
	Max – 2.62
Min – -52.3

	2
	0.25
	 0.9GHz @ -2.5dB
	Max – 3.17
Min – -53.3

	3
	0.3
	0.9GHz @ -1.91dB
	Max – 3.61
Min – -48.2



A cylindrical dipole can sometimes be implemented in over the horizon radar system and radio telescopes as part of larger array systems to transmit over medium and short radio wave bands to increase the bandwidth of the transmitter.
Cylindrical dipole – Length 0.2
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Length 0.25
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Length 0.3m
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The inputted operating frequency of 1GHz and the actual resonant frequency is 0.9GHz. The operating frequency of 1GHz has a corresponding wavelength of 0.3m, the optimum length of the antenna is 0.15m. The resonant frequency is 0.9GHz and corresponds to a wavelength of 0.333m. The resonant frequency is lower than the inputted operating frequency because in a transmitting antenna some power is lost to heat energy due to the internal resistance of the conductive metals like aluminium, the antennas are made out of. The resonant frequency is the minimum point on an impedance (y) vs frequency (x) graph and is the point where the capacitive and inductive reactance will cancel out. Therefore, at the resonant frequency of 0.9GHz the antenna is purely resistive and the resistance is a combination of the loss and radiation resistance. In order for both antennas to transmit at the same frequency, the length of the antenna which transmits at resonance must be longer because antenna length is determined how large the frequency is compared wavelength, there’s an inverse proportional relationship to frequency and a directly proportional relationship to wavelength which determines antenna length.
Task 2 b) Folded dipole antenna
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Figure 18 Folded dipole antenna ([8], Folded dipole antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus)
Constant factors of first folded dipole antenna design: Width – 1.450e-05m, Spacing – 1.90e-05m, Material – PEC and Tilt – 0 degrees. Operating frequency – 105.5GHz. Resonant frequency – 95GHz.
Calculated wavelength from inputted operating frequency 
Calculated wavelength from observed resonant frequency 
Optimum length at inputted operating frequency
Optimum length at from observed resonant frequency
	Antenna number
	Length of antenna (m)
	Observed operating frequency  from simulated results (GHz)
	Maximum and minimum gain (dBi) 

	1
	0.0015
	95GHz @ -2.8dB
	Max – 2.35
Min – -30.4

	2
	0.0018
	95GHz @ -0.65dB
	Max – 2.61
Min – -25.8

	3
	0.0021
	95GHz @ -0.319dB
	Max – 2.94
Min – -24.2



Constant factors of the second folded dipole antenna design: Length – 0.0020m, Width – 1.450e-05m, Spacing – 1.90e-05m and Tilt – 0 degrees. Operating frequency – 105.5GHz. Copper conductivity –  and thickness – 3.556e-05m. Aluminum conductivity –  and thickness – 0.000762m.
	Antenna number
	Material
	Observed operating frequency  from simulated results (GHz)
	Maximum and minimum gain (dBi)

	1
	Copper
	116GHz @ -0.498dB
	Max – 0.76
Min – -26.3

	2
	Aluminum
	116GHz @ -0.58dB
	Max – 0.316
Min – -26.8

	3
	Iron
	116GHz @ - 1.545dB
	Max – -3.78
Min – -32.6



Length = 0.015m
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Length – 0.0018m
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Length – 0.0021m
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Material – Copper
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Material – Aluminium 
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Material – iron 
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The modelling of the folded dipoles shows a difference of 10GHz between the inputted operating frequency and the actual resonant frequency due to the fact for a transmitting antenna some of the power is reflected back and not transmitted along the transmission line. The resonant frequency which is the point where capacitive and inductive reactance cancel each other out, decreases as the physical antenna length increases.
Folded dipoles are often implemented as feeder elements in Yagi-Uda antennas to increase the bandwidth. Yagi-Uda antennas are in radar systems for tracking and surveillance of aircraft and ships. Feeder elements are the RF cable connection between the transmitter or receiver and the antenna to make the two systems compatible in a transmitter, the transmitter generates an AC current of RF signals, and the feed system feeds the current to the antenna, which converts the power in the current to radio waves. In a receiver the radio waves excite currents in the antenna, and the feed system transfers the current to the receiver which processes the signal.
Task 2 c) Horn antenna
Horn antennas have important applications as feed horns which are small antennas used to couple a waveguide to larger antenna structures like parabolic or offset dish antennas for the transmission and reception of microwaves. A typical application of this is in satellite TV by coupling the microwave signal through a waveguide to the signal received from a satellite dish.
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Figure 19 Horn antenna ([3], Horn antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus)
Constant factors of first helix antenna design: Flare width – 0. 05m, flare height – 0.05m, length – 0.05m, width – 0.05m, height – 0.02m, material – PEC. Operating frequency – 12GHz. Resonant frequency – 11.5GHz.
Calculated wavelength from inputted operating frequency 
Calculated wavelength from observed resonant frequency 
Optimum length at inputted operating frequency
Optimum length at from observed resonant frequency
	Antenna number
	Length of antenna (m)
	Observed operating frequency  from simulated results (GHz)
	Maximum and minimum gain (dBi) 

	1
	0.05
	12.5GHz @ -26dB
	Max – 10.2
Min – -27.3

	2
	0.1
	11.5GHz @ -22dB
	Max – 10
Min – -31.2

	3
	0.15
	11.5GHz @ -dB
	Max – 
Min –



Horn flare length 0.05m
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Length 0.1m
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Length 0.15m 
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The horn antenna has initial operating frequency of 12GHz with a corresponding wavelength of 0.025m and the resonant frequency is 11.5GHz with a corresponding wavelength of 0.026m. The gain of horn antennas increases and the bandwidth decreases as the frequency increases. This is because the horn aperture and flare length is measured in wavelengths and as the antenna frequency increases the antenna has more electrical power and has a shorter wavelength.
Task 2 d) Helix array antenna
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Figure 20 Helix array antenna ([4], Helical antenna: Design, Working, Types & Its Applications. 2022. Electronics|Projects|Focus)
Constant factors of the first antenna design: Operating frequency – 12GHz, Size – [3,3], Rectangular lattice, Row space – 0.015m, Column space – 0.015m, Helix element width – 0.0002m Material – PEC, Amplitude taper – 1v Phase shift – 45 degrees. Resonant frequency – 11.2GHz
Calculated wavelength from inputted operating frequency 
Calculated wavelength from observed resonant frequency 
Optimum length at inputted operating frequency
Optimum length at from observed resonant frequency
	Antenna number
	Radius of the array element (m)
	Observed operating frequency  from simulated results (GHz)
	Maximum and minimum gain (dBi) 

	1
	0.005
	11.2GHz @ -61dB
	Max – 9.7
Min – -25.9

	2
	0.01
	12.25GHz @ -65dB
	Max – 14.1
Min – -32.7

	3
	0.012
	12GHz @ -51dB
	Max – 10.9
Min – -25.7



Helix array antennas are applicable in communications between satellites and earth base stations because of transmitted electromagnetic waves being circular polarized and maximum directivity, to receive and transmit VHF signals between Earth and a satellite in space.
Element array radius 0.005m 
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Radius 0.01m
[image: A screenshot of a computer

Description automatically generated]

[image: A computer screen shot of a yellow square

Description automatically generated]

[image: A colorful diagram of a nuclear explosion

Description automatically generated with medium confidence]
[image: A graph of a leaf with a line drawn on it

Description automatically generated with medium confidence]
[image: A graph of lines and curves

Description automatically generated with medium confidence]
Radius 0.012m
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Copper
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Aluminium 
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Iron 
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The inputted operating frequency is 12GHz with a corresponding wavelength of 0.025m and the resonant frequency is 11.2GHz with a corresponding wavelength of 0.0268m. The resonant frequency is lower due to two types of radio frequency loss which are ground and ohmic loss. Ohmic loss current lost due to the heat forming resistance to the flow of radio frequency current in the conductive material of the antenna and loss inside the feed cable.  Another type of loss is ground loss because of the electrical resistance faced by radio-frequency fields and currents through the ground near the antenna.
Task 2 e) Advantages of array antennas
A phased array antenna is a multiple antenna system where the electromagnetic field patterns can be directed to improve performance. The fundamental principle of a phased array antenna is that the phase-dependent superposition of at least two radiated signals through constructive interference is utilised to enhance transmission signals. The superposition of signals from the individual antennas increases the amplitude of the signals if they’re in-phase. The signals out of phase from individual antennas cancel each other out therefore, if the signals emitted from two sources are in phase then the signal is amplified in the main direction and attenuated in all other directions. Single antennas in the phased array emit different phase shifted signals and individual signals can be summed up to form a single signal. Phased array antennas have an advantage of spatial filtering as signals being transmitted in undesired directions can be suppressed. The geometric orientation, number of and distance between antennas can be changed to optimize the fewest number of signals to be suppressed and radiating in unwanted directions. Phased array antennas also have better signal-noise ratios because the lowest detectable signal at a single antenna can be found from the lowest signal-noise ratio possible. A phased array antenna’s output signal-noise ratio is better than single path receiver antennas, therefore improving the sensitivity of the receiver and as the number of single antennas in the array increases, the signal-to-noise ratio also increases. Information obtained from ([6], Phased array antennas. 2019. Wikipedia contributors Wikimedia foundation)
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Task 1 dimensions
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Figure x Substrate dimensions
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Figure x Rectangular patch and feed line dimensions
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Figure 2 Top and side view of rectangular microstrip antenna
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