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[bookmark: _Toc149647199]Introduction
Wave modulation is the converting of a data or information signal into radio waves to be able to be transmitted over air  [1]. The information containing signal is referred to as the message signal and is combined with a carrier signal, usually a sinusoidal wave of a higher frequency able to carry the message signal further.[bookmark: _Ref147751994][bookmark: _Toc149647211]Figure 1: Different Modulation Techniques Representing a Binary Message Signal  

Methods of digital modulation are Amplitude Shift Keying (ASK), Frequency Shift Keying (FSK), Phase Shift Keying (PSK), Quadrature Phase Shift Keying (QPSK), and Quadrature Amplitude Modulation (QAM). In ASK digital data is encoded onto a carrier wave, through variations in amplitude representing the different logic levels [2], the simplest form of which is On-Off Keying (OOK), where for a logic level 0, the carrier signal power is set as low as possible or off [3], and returns to a set power level for a logic 1. FSK and PSK use this same basic principle  [4], however, FSK will switch between two set frequencies when a logic change is detected, and PSK will switch between two opposite phases. Techniques utilising 2 bits, such as those described, are referred to as Binary modulation. QPSK is a type of PSK, however, it modulates two bits at once, selecting one of four phase shift options as opposed to the two options of PSK (0°, 90°, 180°, 270°)  [5] allowing it to carry double the amount of information as PSK. QAM is a mixture of ASK and PSK and combines two signals in one channel, by encoding the information in both the amplitude and the phase [6] [7]. Both signals will have the same carrier frequency, but varying amplitudes [8]. Figure 1 [8] above illustrates the different binary modulation types combining a message signal with a carrier signal. QPSK and QAM have more constellation points compared to the two for ASK and PSK on the X plane, as seen in Figure 2  [9] above. [bookmark: _Ref149219287][bookmark: _Toc149647212]Figure 2: QAM Constellation Diagram 

ASK is used for AM radio stations and other low-frequency, short-range RF applications such as smart devices in a home [2] . The equations to create a logic 1 and a logic 0 are below  [10].


[bookmark: _Toc149647227]Equation 1: ASK Modulation Formulas  
FSK and PSK are frequently used in digital communications, such as RFID, radar, and wideband microwave radio relays  [7][11]. Their formulas are as follows  [10].
	FSK
	PSK

	
	

	
	


[bookmark: _Toc149647228]Equation 2: FSK and PSK Modulation Formulas  
As QPSK can carry double the information of PSK it is used for high-speed digital communications such as satellite, and microwave radio [7]. QAM, however, is mainly used for short range cable modems [5]. The formulas for QPSK  [10] and QAM  [8] are below.
	

	Logic 11
	A = A1

	Logic 01
	A = A2

	Logic 00
	A = A3

	Logic 10
	A = A4


[bookmark: _Toc149647229]Equation 3: QPSK Modulation Formula  

[bookmark: _Toc149647230]Equation 4: QAM Modulation Formula  
ASK, FSK, and PSK are all examples of binary modulation which is limited to 2 symbols or bits; 0, or 1. Digital M-ary modulation techniques, such as QPSK and QAM, are capable of multiple or M discrete symbols or bits, M is a power of 2 and each symbol is represented by “n” bits [12], which can be represented by the equation below.

[bookmark: _Toc149647231]Equation 5: M-ary Formula
[bookmark: _Hlk149133779]This experiment uses Simulink, a software package used for modelling and analysing circuits or systems [13]. It is based in MATLAB and utilises a global and customisable block library set. Simulink will be used to simulate the techniques in real time. In order to generate noise, the Additive White Gaussian Noise (AWGN) block will be used. AWGN simulates the motion of electrons at the receiver front end as experienced in real life transmission. The frequency response is flat across the sampling bandwidth, hence being termed “white” noise  [14]. This noise will introduce errors into the system, the amount of which is calculated as the Bit Error Rate (BER). BER is the number of bits that have been received incorrectly divided by the number of bits received over a given time period  [4].
This report details the creation, simulation, results, and analysis of performance of ASK, PSK and QPSK in comparison, with regards to the effect of signal noise on the systems. 
[bookmark: _Toc149647200]Simulation Models
The different models were each put through the same simulations, with a modulator, transmission channel, and demodulator. Using the AWGN block to alter the Signal to Noise Ratio (SNR), each method was run 10 times for each SNR level, 10dB, 0dB, -5dB, -10dB, -15dB, and -20dB, calculating the BER for each. This BER was then averaged by SNR level and a standard deviation figure calculated. Finally, this information was collated into a graph for each method of modulation. The sample rate, according to the Nyquist theory [15] must be at least twice the frequency of the signal in order to be able to reconstruct the waveform accurately, and to avoid aliasing. Aliasing being the introduction of distortion or loss of information caused by the overlapping of frequencies that occurs when the sample rate is below the Nyquist Theory  [16]. 
SNR is the ratio of the desired signal, to the undesired background or interference noise [17], demonstrated in the equation below   [12].

[bookmark: _Toc149647232]Equation 6: SNR Formula 
In this experiment, each of the simulations are given the same filter design during demodulation. The parameters of which can be seen in Figure 3 below. The filters are lowpass equiripple, with an order of 142, a sample rate, fs, of 100, a frequency passband of 0.75 and stop band of 1.75. Finally, the amplitude passband is 1 and the stop band 40. Whilst it is possible to create better filters, this order of filter was chosen as it worked with all types of modulation discussed. For the purpose of this report, the performance of the modulation technique is of more interest than the performance of the filter.[bookmark: _Ref147992280][bookmark: _Toc149647213]Figure 3: Filter Settings


In all scope output figures following, the message signal is on the top line, and the demodulated signal after “transmission” is the last line.
[bookmark: _Toc149647201]ASK[bookmark: _Ref147491028][bookmark: _Toc149647214]Figure 4: ASK Modulation Simulation Layout

The above diagram in Figure 4 displays the layout of the ASK modulation simulation, using the Bernoulli Binary Generator as the message signal, creating the output shown in Figure 5 below.[bookmark: _Ref147491438][bookmark: _Toc149647215]Figure 5: ASK Modulation Output Without Errors

[bookmark: _Toc149647202]PSK[bookmark: _Ref147492077][bookmark: _Toc149647216]Figure 6: PSK Modulation Simulation Layout

The diagram in Figure 6 displays the layout for the PSK simulation, again using the Bernoulli Binary generator to produce the output shown below in Figure 7.[bookmark: _Ref147493286][bookmark: _Toc149647217]Figure 7: PSK Modulation Output Without Errors

[bookmark: _Toc149647203]QPSK[bookmark: _Ref147492229][bookmark: _Toc149647218]Figure 8: QPSK Modulation Simulation Layout

The diagram in Figure 8 above is the QPSK simulation, which produces the output shown below in Figure 9.[bookmark: _Ref147757873][bookmark: _Toc149647219]Figure 9: QPSK Modulation Output without Errors

[bookmark: _Toc149647204]Results
[bookmark: _Toc149647205]ASK
Errors in ASK became more frequent around -5 to -10dB, with the highest error rate being 0.55. Seen below in Figure 10.[bookmark: _Ref147752847][bookmark: _Toc149647220]Figure 10: ASK BER Results

[bookmark: _Toc149647206]PSK
PSK is observed to have errors introduced at -5dB, with more transmissions received with errors than without at -10dB. The highest rate of errors was 0.6. Seen below in Figure 11.[bookmark: _Ref147752884][bookmark: _Toc149647221]Figure 11: PSK BER Results


[bookmark: _Toc149647207]QPSK
Out of 10 simulation runs QPSK had 6 received with errors at -10dB, with the highest BER being 0.55. It is worth noting that until -10dB there were no errors received. Seen below in Figure 12.[bookmark: _Ref147753003][bookmark: _Toc149647222]Figure 12: QPSK BER Results

[bookmark: _Toc149647208]Discussion
As shown by the results in the graphs in Figure 10 and scope output in Figure 16, ASK is very susceptible to noise and easily produces errors when noise is introduced, even receiving errors at 0dB SNR. ASK modulation works by varying the amplitude of a signal, add to this that noise by definition affects the amplitude, and the result is a system that is very susceptible to noise error, which requires a high signal power to counter. Figure 13 below shows the result of demodulating an ASK message with high noise. It can be seen that multiple bits are received in error.[bookmark: _Ref148007228][bookmark: _Toc149647223]Figure 13: ASK Modulation Output with Errors

As can be seen below in Figure 14, errors occur within PSK due to the differences in phase being difficult to detect with a low SNR. The 5th line shows the demodulated but unfiltered signal, which should have peaks and troughs in line with the first line of the scope. However, due to the noise introduced by the AWGN channel, the receiver is less able to distinguish the differences in phase, resulting in errors.[bookmark: _Ref147748333][bookmark: _Toc149647224]Figure 14: PSK Modulation Output with Errors

QPSK was observed to be the least susceptible to noise out of the methods simulated. This is due to the fact that QPSK uses two separate signals of the same frequency and amplitude, but opposite phase, which makes it difficult for the resultant signal to be disrupted by noise  [18]. Therefore, it doesn’t need as strong a signal as ASK or PSK to be able to be correctly demodulated.[bookmark: _Toc149647225]Figure 15: QPSK Modulation Output with Errors

The graph below in Figure 16, shows the performance of the different types of modulation in comparison to each other. ASK can be observed to rise in error rate quickly, with PSK being the next to error totally, but the number of errors received is a gradual rise. QPSK is the last to receive errors, and as with PSK, the BER is a gradual curve. However, it can be seen that QPSK eventually overtook ASK and PSK to receive the highest average BER of 0.42, with ASK reaching an average of 0.405 and PSK 0.355.
[bookmark: _Ref147742799][bookmark: _Toc149647226]Figure 16: BER Graph Comparing Responses for all Modulation Methods

[bookmark: _Toc149647209]Conclusion
During this experiment it was discovered that QPSK was able to perform the most accurately with higher levels of added noise. With ASK being the modulation technique that produced errors with the least amount of noise. As discussed, ASK is more susceptible to noise because of how it modulates the signal. In ASK the amplitude is modified, and as noise is inherently amplitude based, ASK can fall short with a seemingly small amount of noise, even producing an error at 0dB SNR. However, it is a simple system, meaning that it will have a relatively low cost to build. Therefore, it remains popular and is better suited to the shorter range, lower frequency, and power applications that it is used for. QPSK on the other hand was able to sustain its signal during high levels of noise, only becoming completely overwhelmed at -15dB of noise. The two different signals used in QPSK protect the original signal from noise interference. PSK however, produced a performance that was in between ASK and QPSK. Whilst it wasn’t as susceptible to error as ASK, it introduced errors fairly early and was overwhelmed at -10dB. Despite these methods performing better, their circuits are more complex and will incur a higher build cost, meaning that they are better suited to the higher stakes applications mentioned previously, such as satellite communications etc.
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