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[bookmark: _Toc167262276]Task 1
[bookmark: _Toc167262277]Introduction
Microstrip patch antenna are used for applications requiring small, flat spaces. Consisting of two shaped conductive planes separated by a dielectric, they benefit from being lightweight and easy to manufacture on PCBs. Due to these benefits, they are often used in applications such as wearable devices, aerospace, and mobile phones (among others).
This antenna will then be simulated in Ansys’ Electronic Desktop, a program that calculates and displays electric and magnetic fields for a variety of Antennas. These plots will be analysed to assess gain and directivity allowing the antenna to be characterized.
[bookmark: _Toc167262278]Background Research
Due to their small size and light weight, patch antennas are often used in aerospace applications such as missiles and radar, wearable devices, and mobile phones.
Dielectric selection
Many different materials can be used as dielectrics for the antenna, appropriate materials are selected by the desired properties from a range of categories, such as:
· Dielectric constant (effecting resonant frequency and bandwidth)
· Manufacturing considerations (availability, cost, fabrication complexity) 
· [bookmark: _GoBack]Loss tangent (how much energy is wasted through physical processes such as electrical conduction, dielectric relaxation, or dielectric resonance [1])
· Thermal stability (how much the impedance of the antenna will vary with temperature)
[image: ]
Fig. 1, The change in relative permittivity of FR4 dielectric caused by temperature variations. [2]
Patch Shape
Different patch shapes effect many properties of the antenna, common shapes include: [3]
· Rectangular. These are easy to design and analyse, making them well suited for simple applications. Linearly polarised.
· Circular. These produce circularly polarized waves that have a greater bandwidth and more symmetrical radiation patterns.
· Elliptical (trade off between rectangular and circular)
· Triangular (compact, good for array situations)
· Fractal shapes (enable miniaturisation and multiband performance)
[image: Figure 2 from Dual Band David Fractal Microstrip Patch Antenna for GSM and  WiMAX Applications | Semantic Scholar]
Fig. 2: Patch antenna with David Fractal. [4]
Impedance Matching
Impedance matching is an important component of all RF engineering. Without sufficient impedance matching, much of the signal would be reflected back to the source, wasting power and causing interference.
For a patch antenna, the electric field is zero at the centre, and maximum at the edges, and the magnetic field is maximum in the centre, and minimum at the edges. [5] These combined informs that the distribution of impedance is the minimum at the centre, and maximum at the edges. Therefore, there is a point on the patch where the impedance is exactly 50Ω. If placed here, the impedance would be perfectly matched. [5]
[bookmark: _Toc167262279]Approach
Selected Criteria
In this assignment, the following criteria will be used to design the patch antenna:
· Rectangular patch shape: a very common shape, meaning the analysis will benefit more applications. It also benefits from being easy to design and analyse.
· FR4 dielectric: by far the most common dielectric material, providing insight for more antenna
· Frequency: 2.1GHz is within the band of 3G (1.92 – 2.17 GHz), adjacent to 4GLTE (band 1: 2.1GHz), wireless broadband, and some satellite communication uplink and downlinks. This will offer an insight into patch antenna design for all of these applications, and others. [6]
Antenna Construction in AnSys
When constructing the antenna in AnSys, the below steps were followed [7]:
· Ground plane: specified as a 70mm x 70mm. Placed along the XY plane, positioned at the origin. Later assign boundary as perfect electric conductor.
· Dielectric: Rectangle drawn over the ground plane, 1.6mm high. Set material as FR4 with relative permittivity as 4.4.
· Patch: Start with rectangle that has the calculated dimensions (33.7mm long, 43.4mm wide), then make a cut with another rectangle to open a space for the feed to enter. Draw the feed and combine with the first rectangle. The feed should join the rectangle in the middle of the patch as this is where impedance will be closest to 50Ω. Later assign boundary as perfect electric conductor.
· Port: This simulates the connection of the patch and ground plane to the transmission line. draw a rectangle connecting the feed to the ground plane in the YZ plane. Assign it as a lumped port.
· Surroundings: Create the environment around the antenna, and set as “Air”.
Dimensions of the patch
The width and length of a patch antenna are calculated below:
Calculating Width:
Starting with the width of the patch, given by eqn. 1, below:

Equation 1: Width of a patch antenna.


Calculating Length:
Calculating length (Eqn. 2, below) relies on knowing the effective length, and the length extension, calculated in Eqns. 4, 3 below.

Equation 2: Length of a patch antenna


Calculating Length Extension:
To calculate the length extension, the effective relative permittivity must first be calculated (eqn. 5, below).

Equation 3: Length Extension for patch antenna


Calculating Effective length:
As with length extension, effective length also requires the calculation of relative effective permittivity (calculated in Eqn. 5, below).

Equation 4: Effective length of patch antenna


Calculating effective relative Permittivity:

Equation 5: Effective relative permittivity.


[bookmark: _Toc167262280]Results
[image: ]
Fig. 3: S-Parameter plot of patch antenna.
Resonant Frequency:
The location of the S1,1 minimum shows that the resonant frequency of the antenna is approximately 2.54 GHz. Different to the desired 2.1 GHz. 
S1,1 minimum:
As shown above in fig.3, the patch antenna has a resonant frequency (where S[1,1] reflection is at a minimum) of approximately 2.54 GHz. This means that at this frequency, the lowest amount of the incident wave will be reflected back towards the source (approximately -3.9dB or 40% of incident signal). This is a clear indicator of low performance as only 60% of energy is radiated as intended, with the remaining 40% reflecting and causing interference. 
Impedance Matching:
Improving Impedance matching will go a long way to reducing the S[1,1] coefficient, and therefore reducing interference and energy wasted.
[image: ]
Fig. 4: Radiation pattern for the 2.1GHz patch antenna.
The radiation pattern in fig. 4 above shows a directional antenna, as expected. With maximum a maximum gain of 1.2dB in the radiating direction, this also clearly suggests poor performance.
[image: ]
Fig. 5: Radiation pattern of the patch antenna, overlaid onto the model, showing an upwards radiating direction.


Fig. 6: Animated electric field for the patch antenna. To view please double click on the icon.
When looking at the animated electric field for the patch antenna, it is clearly strongest on the feed. This is expected, and is due to the reduced width of this section, and therefore a concentration of charge carriers, and subsequent concentration of the electric field.
An increase in the electric field strength should be seen further away from where the feed meets the patch, however this is only observed weakly in the negative Y direction. The explanation for this is unclear, and requires further research, it is most likely an error somewhere in the simulation settings.


Fig. 7: Animated magnetic field for the patch antenna. To view, please double click on the icon.
The magnetic field is clearly orthogonal to the electric field (shown in figure 7, above), and concentrated in the centre where the patch meets the feed. These properties are both expected [8].
[bookmark: _Toc167262281]Task 2
[bookmark: _Toc167262282]Introduction
Wireless communications have a near-infinite number of applications. As such, there are many different antennas fit for use in each application. Evaluated on some of the following characteristics, it’s important for RF engineers to choose the right type:
· Directionality
· Gain
· Manufacturing considerations (cost, construction complexity, availability)
· Resonant frequency
· Bandwidth
· Electrical efficiency
In the second task of this assignment, the following antennas will be investigated, allowing for a broad range of antennas to be understood:
· Cylindrical dipole 
· Folded dipole
· Horn antenna
· Helix Antenna
· 3 x 3 Helix Array Antenna
[bookmark: _Toc167262283]Cylindrical Dipole
Centre frequency of 1GHz (specified in assignment brief)
[bookmark: _Toc167262284]Background Research
Cylindrical dipoles are simple wire antenna where the length is equivalent to half of the wavelength. They’re unidirectional in the plane orthogonal to the length, and as such offer limited gain. However, their simplicity means they are easy to manufacture and low cost.
[bookmark: _Toc167262285]Approach
I’ll be simulating this antenna is Matlab’s antenna designer. Using the most common conductor (copper), the antenna will be 150mm long (derived in equation 7, below).

Eqn. 7: Wave equation


As such, the dipole will extend for 150mm, or 75mm above and below the feed in the middle.
[image: ]
Fig. 8: Copper Cylindrical Dipole for frequency of 1GHz.

[bookmark: _Toc167262286]Analysis
[image: ]
Fig. 9: Field Pattern of Copper Cylindrical Dipole.
The radiation pattern in Fig. 9 shows omnidirectional transmission, with consistent gain in the X-Y plane, as expected. Note the unit of measurement: dBi, which is a logarithmic ratio of gain when compared to an isotropic radiator.
[image: ]
Fig. 10: Impedance of Copper Circular Dipole.
The impedance-frequency plot (fig. 10, above) shows how the resistance and reactance varies with frequency. 
The inductive reactance and capacitive reactance cancel each other out (reactance = 0) just below 1GHz, indicating the resonant frequency of the dipole is closer to 0.995GHz than 1GHz exactly. In reality, this is a deviation of only -0.5% (not significant for most dipoles), and could be corrected by shortening the length experimentally.
The resistance at resonance is 80 ohms, not far off the standard 75 ohms. To improve impedance matching, this could be improved by making minute changes to the antenna’s length, diameter, or material properties.
Resistance increases with frequency due to a phenomenon called “skin effect”, where the current begins to flow more in the edges of the conductor than in the centre, reducing the effective cross-sectional area. [9] This explains why the resistive component of the impedance increases with frequency.
[image: ]
Fig. 11: S-Parameters of Copper Circular Dipole.
A similar pattern is displayed by the S-Parameter plot; a graph that shows the magnitude of the signal reflected back to port 1. The resonant frequency of the antenna will be indicated by a minimum of S[1,1], approximately 0.96GHz.
Slightly less than 1GHz, it is unclear what this is caused by, but likely isn’t significant and can be fixed experimentally as described previously.
S[1,1] reaching as low as -14.5 dB indicates appropriate performance for this antenna type, with the power of reflected signals being only a small fraction of transmitted power.
[image: ]
Fig. 12: Azmiuth of Copper Circular Dipole
The azimuth plot shows behaviour exactly as expected: an omnidirectional transmission pattern, with a consistent 2.12 dB gain when compared to an isotropic radiator.
[image: ]
Fig.13: Elevation Pattern of Circular Dipole.
Elevation plot shows horizontal and vertical symmetry, with nulls vertically above and below (as expected).
[bookmark: _Toc167262287]Conclusion
The circular dipole is an omnidirectional radiator with gain of 2.21dBi in the horizontal plane, and nulls vertically above and below the antenna.
Minor resonant frequency deviation from expected values requires further investigation, but likely isn’t significant enough to cause a problem and could easily be fixed by shortening experimentally.
[bookmark: _Toc167262288]Folded Dipole
[bookmark: _Toc167262289]Background Research
A folded dipole consists of two separate dipole elements, folded against themselves and joined in the middle [10]. This construction means it is less sensitive to frequency changes, and therefore has a larger broadband than a standard dipole. Besides this, the folded dipole shares the same radiation pattern and similar gain to the standard dipole.
[bookmark: _Toc167262290]Approach
Length Calculation
For an operating frequency of 211/2 = 105.5 MHz, the wavelength will be:



The length of the antenna will be:

[image: ]
Fig. 14: Diagram of folded dipole 105.5MHz

[bookmark: _Toc167262291]Analysis

[image: ]
Fig. 15: Radiation Pattern of folded dipole 105.5MHz
The radiation pattern of the folded dipole shows an omnidirectional radiator, with equal gain in the plane orthogonal to the antenna length (as expected). 
[image: ]
Fig. 16: Azimuth Pattern of folded dipole 105.5MHz
The Azimuth pattern is the same as the standard dipole: nulls at the end of the antenna, and consistent low gain in all directions of the orthogonal plane.
[image: ]
Fig. 17: Elevation Pattern of folded dipole 105.5MHz
Since Matlab’s antenna designer plots the folded dipole from +x to -x, and the standard dipole from +y to -y, the elevation patterns (showing the x-y plane) look different, even though they convey the same information: consistent gain across the plane orthogonal with the length of the antenna, and nulls at each end of the antenna.

[image: ]
Fig. 18: Impedance of folded dipole 105.5MHz
The Impedance plot of a folded-dipole shows a similar pattern to the conventional pattern (resistance increasing with frequency, reactance roughly 0 at resonant frequency). One notable difference is a higher resistance at resonance: 300Ω. This makes this antenna an easier impedance-match for transmission lines with a higher impedance (e.g. twin-lead cable is typically 300Ω [11]).
[image: ]
Fig. 19: S-parameters of folded dipole 105.5MHz
As with the standard dipole, the S[1,1] minimum of the antenna is at a slightly lower frequency than resonance (104MHz, not 105.5MHz). Although this would be possible to correct by adjusting design settings, it may not be an issue (-3dB and -3.1dB are very close, representing 50% loss and 49% loss respectively).
Comparing bandwidth to the conventional dipole would be difficult here, as they were both designed for different resonant frequencies and will therefore have different bandwidths anyway.
[bookmark: _Toc167262292]Conclusion
The folded dipole is a very similar antenna to the standard dipole. With the same azimuth and elevation plots, radiation pattern, and similar S-parameter plot, the only key difference is a slightly improved bandwidth and higher impedance.
[bookmark: _Toc167262293]Horn Antenna
[bookmark: _Toc167262294]Background Research
Horn antennas are directional antennas that reflect the EM waves to guide them in a specific direction. The can be used with waveguides, and are best suited for high-frequency (UHF-Microwave) applications [12] such as radar.
[bookmark: _Toc167262295]Approach
[image: ]
Fig. 20: Diagram of Horn Antenna for 7GHz
Designed in Matlab’s antenna designer for a frequency of 7GHz, I chose copper to form the conductor of the antenna.
[bookmark: _Toc167262296]Analysis
[image: ]
Fig. 21: Radiation pattern of Horn Antenna for 7GHz
Clearly very different from the radiation patterns of the dipole and folded dipole, the horn antenna is directional.
With a peak gain of 15 dBi, this antenna focuses just over 30 times the amount of electromagnetic energy in the radiating direction (when compared to isotropic radiator).
Side lobes and a back lobe are clearly visible, with gain consistently below -5dbi away from the radiating direction. Many nulls are also present due to the shape of the antenna.
[image: ]
Fig. 22: Azimuth pattern of Horn Antenna for 7GHz
Also illustrating the directional nature of the antenna, the azimuth plot demonstrates the nulls at 120 and 240 degrees.
[image: ]
Fig. 23: Elevation pattern of Horn Antenna for 7GHz.
The elevation pattern has far more nulls than the azimuth plot. It also has two distinctive side-lobes at approximately 50⁰ and 310⁰.
[image: ]
Fig. 24: Impedance of Horn Antenna, 7GHz
The impedance plot shows a resistance of 50Ω at resonance, and a reactance of approximately j5Ω. 
[image: ]
Fig. 25: S-Parameters of Horn antenna, 7GHZ
The S-parameter plot shows a fantastic S[1,1] of -28.2 dB. This means 99.8% of all electromagnetic energy is radiated in the forward direction, leaving only a small amount of wasted energy and interference. This is clearly a large improvement on any of the other antenna so far.
[bookmark: _Toc167262297]Conclusion
The horn antenna is directional, and has fantastic gain of up to 15 dBi. This is paired with a S[1,1] parameter of -28.2 dB when at resonance meaning little energy is wasted.
The horn antenna is a good choice when information only needs to be transmitted to or received from one direction. This also has the benefit of making information more secure as it isn’t being broadcast in all directions (and therefore harder to listen in, unless in the direction of transmission).
However, due to its directionality, it would not be a good choice when the direction of transmission/reception is not known or liable to change as it would suffer significant attenuation from most directions.
[bookmark: _Toc167262298]Helix Antenna
[bookmark: _Toc167262299]Background Research
Helix antenna have a 3-D spiral shape extending from a reflective ground plane. They are most commonly used in axial mode of operation [13], where the diameter of the spiral is equivalent to the wavelength of the resonant wave [13]. It has maximum directivity in the direction of its axis.
Due to its high gain and directivity and narrow beam-width, the Helix is often used in satellite communications.
[bookmark: _Toc167262300]Approach
[image: ]
Fig.26: Helix antenna diagram, 11GHz.
The Helix was designed in Matlab’s antenna designer for a frequency of 11GHz.
[bookmark: _Toc167262301]Analysis
[image: ]
Fig.27: Helix antenna radiation pattern, 11GHz.
The radiation pattern shows a directional antenna with peak gain just over 10dB. Significant side lobes in the X-Y plane, and a small back lobe in the -Z direction. The back lobe is greatly reduced in size by the ground plane reflecting most of the radiation back into the +Z direction.
[image: ]
Fig.28: Azimuth pattern for Helix antenna, 11GHz.
The Azimuth shows a figure-8 pattern with limited gain in all directions. This is expected as the highest gain will be in the axial (+Z) direction. Nulls in the 50⁰ and 245⁰ direction may be caused by the spiral joining the ground plane and finishing at 0⁰, but this would require further investigation to confirm.
[image: ]
Fig.29: Elevation pattern for Helix antenna, 11GHz.
Elevation plot shows exactly as expected: high gain in the axial (+Z) direction, and a small back lobe in the reverse direction. Side lobes in the horizontal plane are also expected. Nulls at approximately 30⁰ and 150⁰ are likely caused by destructive interference from reflected radiation from the ground plane.
[image: ]
Fig.30: Impedance plot for Helix antenna, 11GHz.
The Helix antenna appears to be resonating at 10.85GHz as this is where the capacitive and inductive components cancel out to produce 0Ω reactance. Resistance has also hit a minimum at this point.
Resonance at approximately 10.85GHz: reactance = 0, resistance is at a minimum
[image: ]
Fig.31: S-Parameter plot for Helix antenna, 11GHz.
The S-parameter plot also indicates resonance at ~10.85GHz, as this is the minimum for the S[1,1] parameter.
It’s uncertain why the S[1,1] figure reduces again after 11.7GHz.
[bookmark: _Toc167262302]Conclusion
The Helix antenna is a highly directional antenna, with the main direction of transmission in the axial direction. It has side lobes, and a small back lobe that has been reduced in size by the ground plane.
[bookmark: _Toc167262303]3x3 Helix Array Antenna
[bookmark: _Toc167262304]Background Research
Array antenna are multiple antenna elements placed within each other’s radiating field, working together to increase gain. The directionality of an antenna array will typically be greater than that of an individual antenna element.
Each element can be fed from a common feed, or can be phase shifted to provide directionality (acting as a phased array antenna).
[bookmark: _Toc167262305]Approach
[image: ]
Fig. 32: 3x3 Helix Array antenna, 11GHz
Designed in Matlab’s “Array Antenna designer”, a 3x3 array of helix antenna is created.
[bookmark: _Toc167262306]Analysis
[image: ]
Fig. 33: Radiation pattern for 3x3 Helix Array antenna, 11GHz
With an approximate 1dB gain improvement, the array antenna has much smaller side lobes than the individual Helix antenna. This is caused by the destructive interference of the radiation from the multiple antenna elements.
[image: ]
Fig. 34: Azimuth pattern for 3x3 Helix Array antenna, 11GHz
The Azimuth plot shows the same behaviour as an individual Helix antenna.
[image: ]
Fig. 35: Elevation pattern for 3x3 Helix Array antenna, 11GHz
The elevation pattern shows that side and back lobes still exist, but reduced slightly.
[image: ]
Fig. 36: Impedance pattern for 3x3 Helix Array antenna, 11GHz
With a real resonant frequency of approximately 10.7GHz, the array antenna shows a mildly increased deviation from the designed resonant frequency than the single Helix.
Further investigation would be required to determine why the resistance peaks at approximately 10.2, then reduces again. 
[image: ]
Fig. 37: S-parameters for 3x3 Helix Array antenna, 11GHz

[bookmark: _Toc167262307]Conclusion
The 3x3 Helix array antenna offers marginally better gain than the individual Helix. Besides that, the radiation pattern shows a similar pattern, and directionality isn’t improved much.
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