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Impedance Matching Background Research
Background
A follow-on avenue of investigation for this project is to investigate the variations in amplifiers intended for operation at audio frequencies (typically 20-20,000Hz) [1] and those operating in the significantly higher in frequency Radio Frequency (RF) band. Specifically, the IEEE/ITU High Frequency (HF) band was chosen (3-30MHz) [2], at the lowest end of the RF spectrum, in order to minimize the disparity between the new and original operating band and to serve as a use case for the amplifier: mobile radio telecommunication devices operating in the HF band. This investigation is twofold: to explore the performance of the existing audio amplifier design as the frequency band is increased and to investigate some of the basic design changes employed in amplifier circuits intended to work in the RF spectrum from the ground up.
One notable design change between the two frequency bands is the prioritisation of impedance matching. In the RF industry, there are a few select impedance values which are adhered to in almost all circuits, transmission lines and test and measurement equipment in order to match the source and load impedances at connections and terminals. A mismatch in impedance at a connection between, for example, an amplifier circuit and a transmission line can cause the unwanted reflection of energy back towards the amplifier which can have undesired effects (almost certainly reducing gain). These reflections are characterised as scattering (S)-parameters.
Historically, audio amplifiers employing vacuum tubes have required active input in circuit design to control the output impedance of the amplifier. This is because the vacuum tubes had relatively high input impedances when compared to the load impedance (a speaker) that they were driving [3]. However, with the advent of solid-state transistor-based amplifier circuits, the need to impedance match at audio frequencies became less necessary as the focus shifted from maximising power transfer (and thus a need for impedance matching) to maximising voltage transfer. To maximise voltage transfer, the load impedance needs to be several times greater than the source impedance (output impedance of the amplifier) [4]. It can also be desirable for the amplifier output impedance to be lower in order to dampen the physical oscillations of the speaker [5].
As the frequency increases and the focus shifts to maximising power transfer, impedance matching becomes necessary to reduce unwanted reflections. Therefore, a 50Ω characteristic impedance is accepted as a common value for all RF equipment. This value was selected as an ideal compromise between reducing signal attenuation in transmission lines and maximizing power handling [6].

Methods of impedance matching in RF circuits
Impedance is defined as the opposition of electrical current flow in a circuit. It is the combined effect of resistance (opposition of current flow) and reactance (opposition of change in current). Therefore, for an ideal near-DC circuit where there is no reactance component, the output impedance can be controlled using only resistors as the output resistance is equivalent to the output impedance. As the frequency increases and a reactance component becomes present, the need for a matching network, consisting of a series of inductors and capacitors to control the reactance component of the impedance becomes apparent [7]. These matching networks aim to maximise power transfer by adjusting the output impedance of the amplifier to the complex conjugate of the load impedance (a transmission line, for example). This means achieving equal resistance values and reactance values equal in magnitude but opposite in sign. These opposite reactance values will effectively cancel out and reduce the formation of standing waves within the transmission line [7].
Because the reactance component is frequency dependent, these matching networks can also act as filters, achieving maximum power transfer along a certain frequency range and suppressing amplifier harmonics.
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Impedance matching conclusion

Due to time constraints with ordering components, it was not possible to construct an additional impedance matching circuit with a number of inductors and capacitors to adjust the reactance component of the amplifier’s output impedance. This is likely reflected in the frequency response plotted in figure 8 which shows a significant decrease in signal gain following the harmonic at ~13MHz. It is possible that, had an impedance matching circuit been incorporated, the gain may have been improved in the higher half of the HF band.

Conclusion of Review

The background review has identified key information on the chosen operating frequency bands that will be explored and how the amplifier can be expected to perform. It also identifies the governing legislative body on spectrum usage (OFCOM) should Over The Air (OTA) trials be considered. By identifying potential unwanted effects on the output waveform like harmonics and crossover distortion, along with a detailed analysis on the format of a class AB amplifier, it is possible to identify potential defects with the circuit in order to rectify them.

An investigation into the common amplifier structures enables the justification in testing the class AB amplifier design that was selected over a class A or class B design. By recognising that a class AB is an ideal compromise between the A or B designs, there can be confidence in selecting the ideal amplifier format for the requirements. A detailed understanding on its structure may also help with modifying the design to improve its performance in the higher frequency range.

By understanding the functions and reasons for impedance matching, it’s possible to identify when impedance matching may be necessary during testing and some of the viable methods that can be used in order to match the output impedance of the amplifier with the load impedance or transmission line impedance when conducting measurements. It was acknowledged that impedance matching is not necessary (and may even be detrimental) when operating at audio frequencies, however should be explored when transitioning to the HF frequency band. It also recognised that a matching circuit comprised of a number of inductors and capacitors is likely the ideal way to match impedances.

Abstract 
The following report details the suitability of audio amplifier designs to operate in the HF band and details some of the key adaptations that may be required. The objectives of the report were to test and evaluate its performance in the audio range and HF band, and identify necessary modifications to optimise performance in the latter. 
Results indicated that while the amplifier performed well up to 9 MHz, it failed to maintain adequate performance beyond this frequency. Challenges such as parasitic capacitance, feedback loop issues, and component limitations were identified as significant factors affecting the amplifier's ability to operate effectively at higher frequencies. 

Results and analysis 
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Figure 8 - Plot of measured signal out power level Vs Frequency 
Figure 8 displays the measured power level of the output signal for a constant source signal power of –20dBm (therefore to find the amplifier gain –20dBm must be subtracted from the output signal strength). As shown the amplifier gain is mostly linear in the audio frequency range and beyond. Between 0.01 MHz and 1 MHz, the output fluctuates slightly but remains close to -9 dBm. There are two noticeable deviations from the trend at 2 MHz and 13MHz. This is then followed by steep decline, with the output value reaching as low as -25 dBm by 15 MHz. 
Using 3dB of loss in gain as the cutoff point​ [9]​, the amplifier achieved a full-power bandwidth of 9MHz. Taking the midband amplifier gain as 11dBm, this arrives at a Gain Bandwidth Product of 99 MHz.  
The decrease in gain is to be expected as the frequency range exceeds both the original design specifications of the circuit and also the components used to create it.  It is worth noting the specific points where the gain changes significantly, such as the spike at 2 MHz and the peak at 13 MHz. The potential causes of these will be discussed in more detail below. 

Parasitic Effects 
Parasitic inductances and capacitances within the amplifier circuit can create resonant frequencies, leading to spikes in gain at certain frequencies. Strip boards like veroboard can be particularly susceptible to parasitic effects like induced capacitance between the conductive strips and is especially common at higher frequencies ​[17]​ . Likewise, the layout of the circuit itself can also introduce parasitic effects which alter the frequency response of the amplifier. 

Feedback Loop Issues 
As the design chosen for the amplifier uses negative feedback, the feedback network's frequency response can influence the overall gain. Unintended resonances in the feedback loop can cause spikes in the frequency response. 

Other Effects 
Changes in temperature can affect the performance of the transistors and other components in the amplifier, potentially causing variations in gain at different frequencies. Additionally, external factors like electromagnetic interference and power supply instability can introduce unwanted effects which may cause spurious results and frequency spikes as seen in Figure 8. 

Summary of Success Criteria 
Ultimately, the design failed to amplify across the entire 30MHz bandwidth and so would not be suitable for HF communications in its current design. However, the circuit did perform adequately as an amplifier in a reduced frequency range and produced an output waveform which met the success criteria for minimal cross-over distortion and signal noise. It can be concluded, therefore, that the design is a good basis for modification to reach the 30MHz bandwidth that was targeted. 

Conclusion and recommendations  
The project showed that the effect of operating an amplifier outside of its designed frequency range is clear: there is, at some point a significant reduction in gain once the frequency of the incident signal surpasses the intended operating frequency range of the amplifier circuit. This is likely due to a number of factors, although impedance mismatching is likely to have contributed. The use of two resistors to produce roughly 50Ωs on the output signal for a much lower resistance load likely caused an impedance mismatch, notwithstanding the lack of control of inductance through the use of an LC matching circuit. 
Due to time constraints in selecting ordering components, it was not possible to construct an additional impedance matching circuit with a number of inductors and capacitors to adjust the reactance component of the amplifier’s output impedance. This is likely reflected in the frequency response plotted in figure 8 which shows a significant decrease in signal gain following the harmonic at ~13MHz. It is possible that, had an impedance matching circuit been incorporated, the gain may have been improved in the upper half of the HF band. An impedance matching circuit may also have helped in tuning out the harmonics and gain anomolies by adjusting the resonant frequency of the circuit. 
To develop the amplifier circuit and increase its complexity, schematics of basic operational amplifiers (op amps) could also be referred to and some of the design principles incorporated, such as the selection of transistors which are specifically tailored to higher operating frequencies. Further consideration could be taken into addressing feedback loop issues and resonance within the circuit, potentially through the use of smoothing capacitors and additional components to either move the fundamental frequency or additional external filtering. 
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