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Abstract
Digital modulation is a method of signal modulation used in everyday life. Different methods of digital modulation can be used for different applications; for example, amplitude shift keying is better used in low-frequency radio frequency (RF) systems [1], whilst quadrature phase shift keying is better used in systems which require good noise immunity [2]. 
This paper details an investigation carried out to compare the performance of three methods of digital modulation: amplitude shift keying, phase shift keying and quadrature phase shift keying. An evaluation is carried out showing that on average, the QPSK model performs the best out of the three. 
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[bookmark: _Toc67671634]Introduction
Modulation is the process of optimising data for transmission by converting it into electrical signals. The technique demonstrated in this experiment is digital modulation. [3] The three modulation methods used in this experiment are amplitude shift keying, phase shift keying and quadrature phase shift keying.
Amplitude Shift Keying (ASK) is a method of digital modulation which varies the presence of analogue signals in order to transmit digital data. As seen below, when the logic state of the digital signal is a 1, the analogue signal is being transmitted. When the logic state of the digital signal is a 0, no analogue signal is being transmitted. 
[image: ]
Figure 1
[3]
Phase Shift Keying (PSK) is a method of digital modulation which reverses the phase of the carrier wave when there is a change in state of the digital signal. PSK modulation works at two phases, 0 degrees and 180 degrees. As seen in the image below, when the logic state changes from a 1 to a 0, the phase of the output frequency changes; the same happens when the logic state changes back to a 1. 
[image: Phase Shift Keying (PSK)]
Figure 2
[4]

Quadrature Phase Shift Keying (QPSK) is an advanced method of digital modulation which transmits two bits of data per symbol as opposed to one like ASK and PSK. Much like PSK, to represent each symbol, a QPSK signal will transmit at four different degrees of phase. These four phases and bits can be seen below: 
[image: Quadrature-Phase-Shift-Keying-Waveform.]
Figure 3
[5] 
In this experiment, white noise is added to each modulated signal to simulate real world signal transmission. White noise is random noise which is a combination of all audible frequencies. As a result of its wide frequency range, it has the capability of masking other frequencies [6]. This poses the problem that when a signal is received, it is unreadable in its raw state and hence, the noise needs to be filtered out in the demodulation stage.
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The first step in this investigation was to create three models for ASK (Figure 5), PSK (Figure 9) and QPSK (Figure 13) based on the design outlined in the assignment brief. This included a random signal generator being transmitted through a modulator, a noisy channel and then a demodulator with the bit error rate being calculated at the end. The bit error rate is calculated by comparing the input to the output. 
In each instance, a Bernoulli binary generator was used to create a random digital signal to be transmitted, and a carrier wave of 1 amp and 100Hz was used to send this data. 
The amplitude shift keying modulator in this instance is simply a switch which reads the digital signal; when the digital signal reads a 1, the carrier wave is output from the switch and when it reads a 0, nothing is output. 
The phase shift keying modulator is very much like the ASK modulator as it is simply a switch. The difference is that when the digital signal reads a 0, the switch outputs an inverted version of the carrier wave. 
The QPSK modulator is different in that the signal is first separated into two. To do this, the digital signal (serial) gets converted to parallel so that the data is output simultaneously as opposed to one bit at a time. This parallel data then goes through a demultiplexer which splits it into two streams. The two data streams are multiplied by 2 and then 1 is subtracted; this gives the signal an amplitude range of +1/-1. Each signal is multiplied by a carrier wave; one with no phase and one which is phase shifted by 180 degrees.
For all three models, the modulated signal then goes through an Additive White Gaussian Noise (AWGN) module. This simulates the addition of natural noise to a transmitted signal. 
The demodulator for the ASK and PSK model is the same in this design. The output from the AWGN module is then multiplied by the original carrier wave, which gives the signal a rough shape. This signal is then sent through a low pass filter which filters out the majority of the white noise and smoothens the wave out to a certain extent. To then get a solid binary output, the signal is sent through a switch with a threshold just above 0. This allows an output of either a 1 or 0 which means the signal should match that of the initial input. 
The demodulator for the QPSK model is much like two ASK/PSK demodulators running in parallel; each signal is multiplied by its original carrier wave and then put through a low pass filter to remove as much noise as possible and give them a better shape. The signals are then put through a switch to output a solid 1 or 0. These two signals are finally recombined with a multiplexer and then converted back to its serial form from parallel. 
At the end of all the simulations, the digital output is compared to the input signal to determine the Bit Error Rate (BER) of the system. Each model was simulated 10 times per each Signal to Noise Ratio (SNR) in order to calculate an average BER. These results can be seen in Figures 6, 10 and 14. The average bit error rate for each tested signal to noise ratio was then converted into a percentage. This value was plotted against the SNR to produce a graph for each model, and each simulation result was plotted as a scatter graph to determine the result consistency.
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Figure 4 shows the SNR (signal to noise ratio) to BER (bit error rate) average percentage for each modulator system layered on one graph. A negative correlation can be seen in these results.

Figure 4
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Figure 5 shows the amplitude shift keying (ASK) modulator and demodulator with the additive white Gaussian noise. 
[image: ]
Figure 5
Figure 6 shows the table of simulation results for the amplitude shift keying (ASK) model. 
[image: ]
Figure 6
Figure 7 shows the SNR (signal to noise ratio) to BER (bit error rate) average percentage for the amplitude shift keying (ASK) model. There is a clear negative correlation between these two variables.

Figure 7
Figure 8 shows a scatter graph of each individual simulation of the amplitude shift keying (ASK) model with a trendline. 

Figure 8
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Phase Shift Keying 
Figure 9 shows the phase shift keying (PSK) modulator and demodulator with the additive white Gaussian noise. 
[image: ]
Figure 9
Figure 10 shows the table of simulation results for the phase shift keying (PSK) model.
[image: ]
Figure 10
Figure 11 shows the SNR (signal to noise ratio) to BER (bit error rate) average percentage for the phase shift keying (PSK) model. Again, a there is a clear down trend seen in this graph. 

Figure 11
Figure 12 shows a scatter graph of each individual simulation of the phase shift keying (PSK) model with a trendline. 

Figure 12 
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Figure 13 shows the quadrature phase shift keying (QPSK) modulator and demodulator with the additive white Gaussian noise. 
[image: ]
Figure 13
Figure 14 shows the table of simulation results for the quadrature phase shift keying (QPSK) model.
[image: ]
Figure 14
Figure 15 shows the SNR (signal to noise ratio) to BER (bit error rate) average percentage for the quadrature phase shift keying (QPSK) model. Like the previous two models, a down trend can be seen in these results.

Figure 15
Figure 16 shows a scatter graph of each individual simulation of the quadrature phase shift keying (QPSK) model with a trendline. 

Figure 16
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As can be seen in Figure 4, all three systems follow the same trend: as the Signal to Noise Ratio (SNR) is increased, the bit error rate decreases. This shows a clear negative correlation between the signal to noise ratio and the bit error rate in all models. 
Out of the three, the ASK and the PSK results are the most similar; their curves cross paths three times over the course of the results, showing that their performance is almost identical when looking at the average BER. This prompted me to create a scatter graph to see visualise the consistency of each set of results. The scatter graphs for the ASK and PSK models (Figure 8 and Figure 12) show that in this investigation, the Amplitude Shift Keying model had more consistent results, whilst the Phase Shift Keying Model’s results were more varied. 
Overall, the QPSK model had the best average performance, peaking at an average BER percentage of 52.4% at -50 SNR. At this SNR, the ASK model’s average BER percentage was 54.3% and the PSK model’s was 58.6%. Although the QPSK model had the best average performance of the three, the results were still more inconsistent than that of the ASK model. The ASK model had a maximum result range of 0.2857, whilst the PSK’s was 0.3334 and the QPSK’s was 0.2941. 
These results were mostly what was expected from the three models however, I expected there to be a more noticeable difference between the ASK and the PSK system. This is mainly due to the fact that ASK is very susceptible to noise interference [7] and therefore it should, in theory, perform slightly worse.  
I did attempt to reduce the signal to noise ratio further in order to completely lose the signal, however I found that there was no significant change in bit error rate past -50. This was the same for each model, at SNRs of up to -200. This issue may be regarding the effectiveness of the low pass filter; the low pass filter will only let frequencies below a certain level pass through, and therefore anything above this threshold will be filtered out [8]. This means, in order to fully crash the system, a less effective filter would need to be used. 

[bookmark: _Toc67671641]Conclusions
This study was carried out to investigate and compare the performance characteristics of three different modulation and demodulation methods with the addition of white Gaussian noise. The three modulation methods are as follows: amplitude shift keying (ASK), phase shift keying (PSK) and quadrature phase shift keying (QPSK). Amplitude shift keying involves varying the presence of an analogue signal in order to transmit a binary signal. Phase shift keying does this by varying the phase of an analogue signal between 0 and 180 degrees. Quadrature phase shift keying also does this, but with four different phases to transmit twice the amount of data. 
The results of this investigation showed that QPSK has an overall lower average bit error rate than the ASK and PSK models, whilst the other two have very similar results. However, when looking at the consistency of the results, the ASK model was the best. These results were mostly what I expected; however, I expected the phase shift keying model to perform slightly better than the amplitude shift keying model. In the wider scope, the ASK and PSK models have a good performance relative to their simplistic design; although the QPSK model provides better results, it is significantly more complex and was difficult to debug in the design / data collection stage of the investigation. 
If I was to carry out this investigation again, I think I would carry out more simulations with a greater range of signal to noise ratios. This would improve the accuracy of the averages and graphs, as well as providing a larger scope for the data. Overall, this would allow for a better analysis. I would also be interested in spending more time learning about the digital low pass filter and how to best optimise it for each scenario. This could potentially improve the efficiency and performance of the demodulator, making the results mor realistic to a real-life system. Furthermore, I would like to lower the effectiveness of the low pass filter in order to try and completely crash the system with a 100% bit error rate.   
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