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[bookmark: _Toc149915588]Abstract
Amplitude Shift Keying (ASK), Frequency Shift Keying (FSK) and Quad Phase Shift Keying (QPSK) exhibit different types of noise immunity at varying levels of noise in a channel. Running simulations in MATLAB Simulink with a Signal-to-Noise-Ratio (SNR) of +50dB to -30dB to represent ASK, FSK and QPSK modulators and demodulators, QPSK ran to -15dB before the Bit Error Rate increased. Errors in ASK started at -13dB and FSK saw errors the earliest at just -7dB, while also seeing the highest error rate at -30dB. ASK reached a BER of ~0.3 from -30 to -22dB. Overall, FSK is assessed to have performed the worst and be most susceptible to noise. QPSK is preferable in lower noise environments, as it can transmit at twice the rate of ASK or FSK. ASK performed similarly to QPSK once noise had been introduced into the system, but had a sharper increase in error rate with each reduction in signal to noise ratio.
[bookmark: _Toc149915589]Introduction
ASK, FSK and QPSK are three options for modulating digital signals, that will be sent through a channel vulnerable to noise and interference from the surrounding environment, that are able to provide some noise immunity. The factors that this depends on are: The carrier and message wave amplitudes; The amplitude of channel noise. Together these combine to a generate a SNR. The simulations run in MATLAB will be contrasting how different shift keying performs with differing SNR’s in the channel.
[bookmark: _Toc149915590]Amplitude Shift Keying
[image: ]ASK is a shift keying technique where a sine carrier wave is multiplied by the message wave, consisting of digital 0’s or 1’s. This results in no signal being transmitted when a 0 is present in the message wave, and the sine carrier wave being transmitted when a 1 is present in the message wave. This is shown below in Figure 1 displaying a transition from a 0, to a 1, and back to a 0.Figure 1: Amplitude Shift Key Modulation viewed on a Scope in Simulink

Demodulating the signal is similar to the modulation process: The signal is multiplied by the carrier wave (often referred to as a local oscillator). The upper image in Figure 2 demonstrates this below. This can be fed into a low pass filter, as the carrier frequency is of a higher frequency that needs to be discarded. The lower image in Figure 2 below shows the signal after a low pass filter is applied to it. A delay is visible in the line which is explained in the next section.
[image: ]
Figure 2: Amplitude Shift Key Demodulation and filtering viewed on a scope in Simulink
An advantage of ASK in analogue audio system is multiple messages may be broadcast at the same time, on the same frequency and the combined amplitude will be output from the demodulator. This is useful in a case where person A is transmitting on a frequency, but not speaking, and person B is speaking. However, for digital systems, this advantage cannot be realised as each time period has 2 possible discrete values.


[bookmark: _Toc149915591]Frequency Shift Keying
FSK is a shift keying technique that modulates the frequency of the message instead of the amplitude, as ASK does. The message wave selects between two different frequencies corresponding to a 1 or a 0, based on the inputs to a node that switches between the two. An example of this is displayed below in Figure 3.
[image: ] Figure 3: Frequency Shift Key Modulation viewed on a Scope in Simulink
The example above shows the much lower frequency message wave compared to the high frequency carrier wave.
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[image: ]QPSK utilises neither frequency not amplitude to modulate its carrier message. Instead, the phase is changed and for once, two bits of data may be transmitted at the same time.Figure 4: Quad Phase Shift Key I and Q components

Figure 4 above shows the I (in phase) and Q (quadrature) – out of phase by pi / 2 radians, components of phase shift keying. By adding a negative phase to each, a total of 4 symbols can be represented by one resultant wave, shown below in Figure 5.
[image: ]
[bookmark: _GoBack]Figure 5: QPSK wave viewed on a MATLAB Simulink Scope
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A total of 35 values for the signal to noise ratio were used in all simulations, detailed in Annex 1. Each run was run a total of 7 times so that a mean could be taken and plotted to a graph.
The message frequency set for ASK and FSK simulations is 2 * pi / 10. For the QPSK simulation, the rate was set 1 due to filter errors. The carrier frequency set for ASK, FSK and QPSK simulations is 2 * pi * 10. This makes the ratio of carrier frequency 100 times the source data rate for the ASK and FSK simulations.
[bookmark: _Toc149915594]Filter design
The filter design uses a pass band of 1Hz and stop band 4Hz, with amplitude pass and stop bands of 1 and 80 respectively. The amplitude stop band of 80 contributes to a significant reduction in amplitude of noise that the signal wave picks up in the channel, however this has the effect of increasing the number of samples required to perform the filtering operation, adding a delay between the time the signal is received, and processed.
Processing time are limiting factors in real world applications of modulation techniques that uses a shift key. Increasing a filter to a high order may result in much better immunity to noise, but in doing so a very long delay can be introduced into the system. For systems transmitting audio, a 100ms filtering delay for example, would not have a significant impact on the user. However, in a safety critical system, low latency is paramount and considerations must be taken to reduce filtering delays.
This results in an 820-order filter, adding a delay of approximately 411ms to the receiving line. The initial delay is equivalent to 65% of the source data rate. The first symbol transmitted (with a 411ms delay added) and received arrive at the Bit Error Rate (BER) calculation block at the same time as cursors in the Simulink scope displayed the difference in time between transmit and receive lines.
Below are screenshots showing the MATLAB Simulink model for each of the simulations.
[image: ]
Figure 6: ASK Simulink Model
[image: ]
Figure 7: FSK Simulink Model
[image: ]
Figure 8: QPSK Simulink Model
For each of the models, the error rate calculator output was saved at the end to a MATLAB workspace, ran by a script listed in Annex 2. This allowed for a total of 245 runs to be performed for each model, producing a sufficient volume of data to be plotted, as displayed in the results section below.
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[image: ]
Figure 9: FSK simulation results[image: ]
Figure 10: QPSK simulation results
[image: ]Figure 11: ASK simulation results

[bookmark: _Toc149915596]Conclusion
QPSK performed the best of the three digital signal modulation techniques explored through simulations using MATLAB Simulink. Further work could investigate the performance of Quadrature Amplitude Modulation (QAM) in the same environments with noisy channels. Different types of noise could be introduced into the system to evaluate the performance of each modulation technique in the presence of different sources of interference.
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[bookmark: _Toc149915598]Annex 1 – Signal to noise ratio values used in MATLAB
SNR = [50, 20, 10, 5, 2, 1, 0, -1, -2, -5, -6, -7, -8, -9, -10, -11, -12, -13, -14, -15, -16, -17, -18, -19 -20, -21, -22, -23, -24, -25, -26, -27, -28, -29 -30];
[bookmark: _Toc149915599]Annex 2 – MATLAB Script used to repeatedly run simulations and save results – ASK example
File:run_ask.m
clear;

% Carrier Frequency
cf = 2*pi*10;
% Message Frequency
mf = 2*pi/10;
% Sample time
sample_t = 1/1000;
% SNR values for each run
SNR = [50, 20, 10, 5, 2, 1, 0, -1, -2, -5, -6, -7, -8, -9, -10, -11, -12, -13, -14, -15, -16, -17, -18, -19 -20, -21, -22, -23, -24, -25, -26, -27, -28, -29 -30];
% Number of total runs
RUNS = numel(SNR);
% Number of time to repeat each run
REPEATS = 7;

% Variables to store run data
results.err_percent = zeros(REPEATS, RUNS);
results.err_total = zeros(REPEATS, RUNS);
results.symbol_total = zeros(REPEATS, RUNS);

for run_no = 1:RUNS
    clc;
    fprintf('ASK Simulation %d of %d\n', run_no, RUNS);
    for repeat_no = 1:REPEATS
        snr = SNR(run_no);
        ask_sim = sim("ASK.slx");
        results.err_percent(repeat_no, run_no) = ask_sim.err.Data(end, 1);
        results.err_total(repeat_no, run_no) = ask_sim.err.Data(end, 2);
        results.symbol_total(repeat_no, run_no) = ask_sim.err.Data(end, 3);
    end
end

save('ask_results', 'results');
fprintf("Saved ASK simulation results to file.\n")
figure;
errorbar(SNR, mean(results.err_percent), std(results.err_percent));
saveas(gcf, 'ASKResults.png')
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