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This report will cover the critical evaluation of various RF, Radio Frequency, transmission and reception systems using MATLAB and ANSYS High Frequency Structured Simulation (HFSS) software. 
The analysis of the RF transmission and reception systems, hereon referred to as antenna, will be focussed on considering the performance of the antenna and the suitability of the antenna for a given application.
This report will be split into two sections, Task 1 and Task 2. Task 1 will focus on the analysis of a microstrip antenna design implemented in HFSS, the goal being to simulate the antenna in software and obtain the radiation pattern and resonant frequency of the antenna. Task 2 will consider multiple antennas of differing construction at various operating frequencies. These designs will be implemented in MATLAB, and their performance will be compared, and any potential improvements or discrepancies identified.


[bookmark: _Toc167201516]Task 1: Microstrip Patch Antenna

The purpose of this task is to design a rectangular UHF, Ultra High Frequency, microstrip antenna - commonly used in mobile systems embedded onto a PCB [1]. 
This microstrip antenna has a design Frequency of 2.1GHz. The antenna will be embedded onto a PEC, Perfect Electrical Conductor, layer on top of a 70mm x 70mm x 1.6mm FR4 epoxy substrate. FR4 is a common material used as the insulating layer on PCBs, with a relative permittivity of 4.4 and a relative permeability of 1 [2]. A ground plane is placed below the FR4 substrate layer, also a PEC material. The port impedance for the lumped port antenna feed is given as 50Ω (Ohms); the frequency sweep for the simulation set from 1GHz to 8GHz.

[bookmark: _Toc167201517]Antenna Width

The speed of light has been taken as , the operating frequency has already been given as 2.1GHz, and the relative permittivity has also already been given as 4.4.


 
[bookmark: _Toc167201518]Antenna Length

The antenna width can then be used to calculate the antenna length. This is calculated using Equation 2 and Equation 3. Prior to calculating the length using Equation 3, the effective relative permittivity needs to be calculated, using Equation 2.


 


 
[bookmark: _Toc167201519]Implementation

Using the above data, the 2.1GHz UHF microstrip antenna design could now be synthesised in Ansys HFSS for analysis. The Feed Width, , has been given as 0.75mm, with a Feed Length, , of 31mm running from the edge of 70mm substrate. A 0.75mm lumped port width is given at the board edge adjacent to the feed, with port impedance set at 50Ω. Finally, the thickness of the ground plane and patch antenna has been set at 0.18mm, a common stack-up size used for a two-layer 1.6mm PCB [3].
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[bookmark: _Ref165469195][bookmark: _Toc167195637]Figure 1: HFSS Microstrip Implementation

Shown in Figure 2 and Figure 4 are the respective narrowband (1.9GHz - 2.3GHz) and wideband (1GHz – 8GHz) frequency sweeps for the microstrip antenna implementation shown in Figure 1. It can be seen in Figure 2 that the microstrip antenna was resonant at ~1.96GHz, a margin of around 140MHz from the operating frequency. This is caused by the near fields around the antenna making the antenna seem longer than it is, lowering the resonant frequency by a margin of around 4% [4]. In practise, a means to resolve this and achieve resonance at 2.1GHz would be to reduce the length of the microstrip antenna by ~4%, to ~32.37mm. 
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[bookmark: _Ref165469086][bookmark: _Toc167195638]Figure 2: VSWR(dB) 1.7GHz – 2.1GHz  Plot
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[bookmark: _Ref165544278][bookmark: _Ref165544274][bookmark: _Toc167195639]Figure 3: Antenna VSWR Bandwidth
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[bookmark: _Ref165469088][bookmark: _Toc167195640]Figure 4: VSWR(dB) 1.0GHz - 8.0GHz Plot.
As can be seen in Figure 2, the VSWR, Voltage Standing Wave Ratio, was taken at 0.48dB at a frequency of 1.9571GHz. The BW, Bandwidth, of the antenna was taken as 45.8MHz, from resonance at 1.9571GHz up to a VSWR of 2 either side, as shown in Figure 3. The BW can also be given as a percentage bandwidth, which was found to be narrowband at 2.18%, using Equation 4. 
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[bookmark: _Toc167195641]Figure 5: 1.9 - 2.0GHz S(1,1) Plot
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[bookmark: _Toc167195642]Figure 6: 1.0 – 8.0GHz S(1,1) Plot

What can be drawn from the VSWR, and S(1,1) graphs is that the impedance from the source (Lumped Port) and Antenna is not perfectly matched, hence there are standing waves generated. The result of the standing waves being the reflection of power back into the antenna [5] as shown by Figure 2 through to Figure 6.
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[bookmark: _Ref165546692][bookmark: _Toc167195643]Figure 7: E (Phi = 0°) and H (Phi = 90°) Plane Radiation Pattern
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[bookmark: _Ref165548618][bookmark: _Toc167195644]Figure 8: Microstrip 3D Far Field Gain(dB) Plot
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[bookmark: _Toc167195645]Figure 9: Microstrip 3D Far Field Directivity(dB) Plot

Regarding the radiation pattern of the Antenna, Figure 7 shows the directivity of the Antenna in the E and H planes, with Figure 8 showing a 3D plot of the antenna gain (dB) in the far field. The of the antenna directivity was taken at a peak of 6.50dB, falling within the expected range for a microstrip antenna which is usually between 5-7dB [6]. The radiation pattern of the antenna is largely omnidirectional, though polarised toward 0°, with a small bandwidth (reflected also by the small % bandwidth); the bandwidth could be improved by adding an inset feed, to improve impedance matching and reduce return loss, or by tuning the width and length of the feed line [7]. This would also have the effect of reducing the small back lobe in the antennas EL radiation pattern, Figure 7. 






[bookmark: _Toc167201520]Task 2

The purpose of this to design and implement multiple antennas of various types and operating frequencies, in MATLAB, including Cylindrical Dipole, Folded Dipole, Horn Antenna, Helix Antenna, and an [3,3] Helix array antenna. Each Antenna simulated to provide graphical data showing the various characteristics of each antenna for evaluation.
The two helix antenna implementations, the [3,3] array and the single element antenna, will be contrasted, using the simulated results to determine whether the array or the single element design have the more desirable operating characteristics at the same operating frequency. The expectation being the [3,3] array will have better performance (higher gain and directivity) as the driven-elements are placed within each-others induction fields, leading to constructive interference in the desired direction of propagation and therefore the summing of the energy radiated by each element, creating a beam and reducing losses – known as ‘beamforming’ [8].
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Dipole Antennas are typically used for omnidirectional communications and typically operate in the VHF to UHF bands [9]. 
For the simulation, the operating frequency for this antenna was taken as 1GHz (UHF band), with the frequency range evaluated being a sweep of 500MHz to 1.5GHz. The expected length of a typical half-wave dipole antenna is half of the wavelength, given by Equation 5; the wavelength is then divided by a factor of 2 to get the half-wavelength. Using Equation 5, the wavelength was calculated at 0.3m, which was then halved to 0.15m for the length of the antenna [10]. 
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[bookmark: _Ref166048255][bookmark: _Toc167195646]Figure 10: Cylindrical Dipole Antenna Model

As shown in Figure 10, the actual antenna dimensions calculated using the MATLAB software were calculated as 140.9mm (length) x 2.8mm (radius).	
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[bookmark: _Ref165558142][bookmark: _Toc167195647]Figure 11: S(1,1) Characteristic for Cylindrical Dipole Antenna
As can be seen in Figure 11, this antenna is resonant at 961MHz; at resonance, the magnitude of the S_11 was measured at -14.71dB. The resonance being below 1GHz can also be seen in Figure 15, where the reactive and inductive component of the antenna’s impedance cancel to equal 0Ω at 961MHz, a reactance of 0Ω being the point at which an antenna becomes resonant as it is purely resistive [11]. A typical method to tune an antenna to achieve resonance is to reduce the length of the antenna until resonance is at – or very near to the operating frequency [12]. 
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[bookmark: _Ref165559425][bookmark: _Toc167195648]Figure 12: Cylindrical Dipole Antenna Radiation Pattern (EL Plane)
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Figure 13: Cylindrical Dipole Antenna Radiation Pattern (AZ Plane)
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[bookmark: _Ref165559427][bookmark: _Toc167195649]Figure 14: Directivity of Cylindrical Dipole Antenna (3D Pattern)

Directivity of antenna is 2.12dB max at 1.00GHz, shown in Figure 12 and Figure 14. It can be seen in both figures that the radiation pattern of the antenna is strongly omnidirectional (doughnut pattern), whereas the overall gain is low at 2.12dB. The gain of the antenna is highest in towards 0° and 180°, Figure 12, and null in the 90° and 270° - along the axis of the length of the antenna, with a high null-to-null bandwidth.
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[bookmark: _Ref166846280][bookmark: _Toc167195650]Figure 15: Impedance of Cylindrical Dipole Antenna

At 1GHz, the impedance of the antennas was measured as 81.07Ω+j2.62Ω. This would be well-matched to a typical 75Ω transmission line.
This antenna would be most suited for receiving rather than transmitting due to its low gain (2.12dB). This type of antenna is typically use in mobility applications, where the low directivity of the antenna is beneficial, such as handheld radios. It may also be used as a feeder element for array antennas, such as a Yagi-Uda antenna [13].
[bookmark: _Toc167201522]Folded Dipole Antenna

Folded dipole Antennas usually operate in the VHF to UHF bands, much like a typical dipole antenna, with an increased impedance at the feed – to make impedance matching easier [14]. Folded dipole Antennas may be used in low-power RF embedded networks, ZigBee and Bluetooth, and as a feeder element in an array antenna, such as a Yagi-Uda antenna [15] [16].
For this model the operating frequency was 105.5MHz (VHF band) with a frequency sweep of 55.5MHz to 161MHz.  Akin to a Cylindrical Dipole, the expected length of a Folded Dipole antenna is half of the wavelength of the operating frequency, given as 1.92m - using  Equation 5.
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[bookmark: _Ref166048811][bookmark: _Toc167195651]Figure 16: Folded Dipole Antenna Model

Figure 16 shows the simulated model of the Folded Dipole antenna; the calculated dimensions of the folded dipole antenna being a length of 1.32m, a width of 0.014m, and a spacing of 0.018m.
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[bookmark: _Ref166049085][bookmark: _Toc167195652]Figure 17: Folded Dipole S-Parameter Plot

The S-Parameter plot, Figure 17, shows that the antenna model is resonant at 104.45MHz, ~0.5% lower than the operating frequency. At resonance, the magnitude of S_11 is -3.12dB.
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[bookmark: _Ref166049524][bookmark: _Toc167195653]Figure 18: Folded Dipole Antenna Radiation Pattern (EL Plane)
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Figure 19: Folded Dipole Antenna Radiation Pattern (AZ Plane)
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[bookmark: _Ref166049525][bookmark: _Toc167195654]Figure 20: Directivity of Folded Dipole Antenna (3D)

Using Figure 18 and Figure 20, the max directivity of the antenna was taken as 2.22dBi at 90°, with the minimum directivity (or nulls) measured at 0° and 180°, with a measurement of -34.7dBi. As expected for a dipole antenna, the radiation pattern is largely omnidirectional, barring the areas (nulls) around 0° and 180° with respect to the antenna – with a high null-to-null bandwidth.
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[bookmark: _Ref167174325][bookmark: _Toc167195655]Figure 21: Impedance Plot of Folded Dipole Antenna

As can be seen in Figure 21, this antenna is not resonant at the operating frequency of 105.5MHz, instead resonant at slightly below the operating frequency, as discussed previously. However, resonance being within 0.5% of the operating frequency suggests the antenna is well-matched with the source impedance, which folded dipole antennas are renowned for [17]. At 105.5MHz, the impedance of the antenna is 286.99Ω + j2.52Ω, meaning this antenna would be well-matched to 300Ω twin-lead transmission lines [18].
This antenna would be well-suited for use as an omnidirectional antenna, due to its high null-to-null bandwidth and low directivity.


[bookmark: _Toc167201523]Horn Antenna

This type of antenna is used for directional communication, with typical operating frequency within the UHF or SHF bands [19]. For this model, the operating frequency for this antenna model was taken as 5GHz (UHF band). The frequency range evaluated within this model will be a sweep of 4.5GHz to 5.5GHz.
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[bookmark: _Ref166050465][bookmark: _Toc167195656]Figure 22: Horn Antenna Model

The dimensions of the aperture calculated using MATLAB  for the horn antenna model, Figure 22, are an aperture width of 5.2cm, an aperture height of 2.6cm, and an aperture length of 6.5cm. Regarding the flare of the horn antenna, this was measured as 9.9cm (length) x 13.1cm (width) and 11.6cm (height). 
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[bookmark: _Toc167195657]Figure 23: Horn Antenna S-Parameter Plot

The antenna was resonant at a frequency of 4.95GHz, with an S_11 magnitude of -27.67dB at resonance. 
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[bookmark: _Ref167180585][bookmark: _Toc167195658]Figure 24: Horn Antenna 3D Radiation Pattern
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[bookmark: _Ref167180587][bookmark: _Toc167195659]Figure 25: Horn Antenna Radiation Pattern (EL Plane)
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Figure 26: Horn Antenna Radiation Pattern (AZ Plane)

Using Figure 24 and Figure 25, it can be determined that the radiation pattern for this antenna is highly-directional with a high gain of 15.47dB in the 90° direction and a strongly-defined main lobe in that direction. There is a small back lobe towards 180° and side lobes towards 60° and 300°, which are caused by the antenna not being perfectly matched. 
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[bookmark: _Ref167180357][bookmark: _Toc167195660]Figure 27: Horn Antenna Impedance Chart

As shown by Figure 27, at 5GHz the impedance of the antenna is 49.43Ω + j4.32Ω, meaning this antenna will be well-matched to a 50Ω source; however, reflections will occur as there is a still a small mismatch between source and antenna impedance.
Overall, this antenna would be best suited for directional point-to-point UHF to SHF frequency communication, due to its high gain and directivity.
[bookmark: _Toc167201524]Helix Antenna

Helix antennas are typically used in the VHF to UHF bands and may be used in directional or omnidirectional applications [20]. For this simulation, the operating frequency for this antenna was given as 1.1GHz (UHF). The frequency range tested will be a sweep of 990MHz to 1.21GHz.
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[bookmark: _Toc167195661]Figure 28: Helix Antenna Model

The dimensions of the antenna calculated using MATLAB were a diameter of 115.61mm, a pitch of 80.94mm, and a width of 2.31mm for the antenna coil itself. The helix itself comprises of 3 turns.
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[bookmark: _Ref166832180][bookmark: _Toc167195662]Figure 29: Helix Antenna S-Parameter Plot

Using Figure 29, the Helix antenna was found to be near-resonant at the designed operating frequency (1.1GHz). This contrasts with the other antennas which proceed this model, where resonance is noticeably below the operating frequency. At resonance, the magnitude of S_11  was measured at -10.71dB.
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[bookmark: _Ref166835271][bookmark: _Toc167195663]Figure 30: Directivity of Helical Antenna (EL Plane)
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Figure 31: Directivity of Helical Antenna (AZ Plane)

The radiation pattern for the EL plane of the Helix antenna can be seen in Figure 30, where there is a defined main-lobe towards 90°, with two side-lobes at 0° and 180°, and then a back-lobe at 270°. The peak gain, measured in the 90° direction, was 11.08dB. 
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[bookmark: _Ref166844153][bookmark: _Toc167195664]Figure 32: Helical Antenna 3D Radiation Pattern

As shown in Figure 32, the radiation is highly directional along the Z-axis with minimal radiation in the X and Y-axis, a result of the side lobes shown by the radiation pattern in Figure 30. The radiation pattern shows this antenna would be unsuitable for use an omnidirectional antenna, due to low gain in the Azimuth plane – or perpendicular to the axis of the antenna [21].
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[bookmark: _Toc167195665]Figure 33: Helix Antenna Impedance Chart
At 1.1GHz, the impedance of the antenna was 90.81Ω-j4.33Ω and would not be well-matched to a 50Ω source. This also shows the antenna is not at resonance, and the length of the antenna should be tuned to achieved resonance.
Overall, this antenna would be best suited as a directional antenna due to its high gain and directivity and would be ineffective as an omnidirectional antenna due to its very low gain in the AZ plane and poor bandwidth.


[bookmark: _Toc167201525]Helix [3,3] Array Antenna

Helical array antennas use helical elements, so operate in the VHF to UHF bands, a notable use case being as a satellite ground station [22] [23].
The operating frequency for this antenna is 1.1GHz, the same as that of the single-element Helix antenna tested; the frequency sweep will also be the same. The array design is a 9-element array, with a rectangular spacing, as shown in Figure 34. 
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[bookmark: _Ref166832601][bookmark: _Toc167195666]Figure 34: Helix Array Antenna Model

For each driven helix element of the array shown in Figure 34, the dimensions in regard to pitch, diameter, antenna width and number of turns are the same as given by the single-element helix antenna shown in Figure 29. The spacing between the elements is rectangular, so the row-spacing and column-spacing are both the same - at 136.27mm respectively.
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[bookmark: _Toc167195667]Figure 35: Helix Array Antenna Impedance Chart
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[bookmark: _Ref166835779][bookmark: _Toc167195668]Figure 36: Directivity of Helical [3,3] Array (EL Plane)
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Figure 37: Directivity of Helical [3,3] Array (AZ Plane)

The averaged impedance across the n elements 1.1GHz was calculated as 127.185 + j36.653Ω. As there is a reactance component, maximum power transfer is not taking place in this simulation, as the antenna is not resonant at the operating frequency.
The high directivity of the helix array antenna can be seen in Figure 36, where there is a strongly defined main lobe towards 90°, with the effects of the constructive interference between the driven elements clear to see [23]. 
With respect to the back lobe, this has been reduced significantly in contrast with the (EL) radiation pattern for the single-element helix antenna, Figure 30, where there was a pronounced back lobe in the 270° direction. Side lobes are still present in this radiation pattern, but they are significantly reduced when compared to the radiation pattern for the single-element helix antenna. The gain of the helical array antenna in the 270° direction is also higher than that of the single-element antenna, at 13.91dB compared to 11.08dB. 
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[bookmark: _Ref166845239][bookmark: _Toc167195669]Figure 38: Helical Array Antenna 3D Radiation Pattern

The strongly-defined uni-directional radiation pattern shown by Figure 36 and Figure 38 would be desirable if this antenna was used in an axial orientation for the purpose of forming a highly directional end-fire antenna [21]. 
The antenna would be unsuitable for use as a onmi-directional antenna, as the radiation given in the azimuth plane is minimal. A potential use case for a helical array antenna with this radiation pattern would be for satellite communication, where the narrow beamwidth and high directivity would be desirable [23] [24].
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