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Throughout this report, several Simulink models are created for different digital modulation techniques: specifically, Amplitude Shift Key (ASK), Phase Shift Key (PSK), Quadrature Phase Shift Key (QPSK), and Quadrature Amplitude Modulation (QAM). Three of these models (QAM non-functional) are analysed for noise immunity using an Additive White Gaussian Noise Generator that will simulate natural noise from transmission.
The data collected from these models suggests no significant difference in noise immunity between the techniques, contradicting other more significant research out there and the constellation diagrams for each model. As such, the best conclusion to take is “further research into these specific models is required”
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Digital computers in an analogue world; not really much use by themselves! How is it possible that a religiously binary device and it’s 1s and 0s can interact with a chaotic, continuous world around it? The answer of course is digital signal processing (DSP), a way to encode and decode digital signals onto or off of analogue waves. 
Providing grateful electronics engineers everywhere the capability to process real-world analogue measurements, send data wirelessly, communicate with fibre-optics and far more, DSP and communications is an essential field of electronics.
This report will primarily focus on the encoding and subsequent decoding of digital signals onto sinusoidal waves (possible applications include transmission lines, fibre-optics, radio frequency (RF), and more).
There are many techniques for encoding digital signals onto sinusoidal waves, this report will focus on four main types: 
· Amplitude Shift key (ASK)
· Phase shift key (PSK)
· Quadrature Phase Shift Key (QPSK)
· Quadrature Amplitude Modulation (QAM)
[bookmark: _Toc147314261]Sample Theorem and Aliasing
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Amplitude shift key is an encoding technique where a carrier wave is switched ON and OFF to represent binary 1s and 0s (as shown below in figure 1):
[image: ]
Above: Figure 1, A diagram showing amplitude shift keying. [6]

[bookmark: _Toc147314263]Phase Shift Key
Phase shift key allows digital signals to be encoded by altering the phase of the wave. Two carrier waves of identical frequency and differing phase (typically 180⁰) are employed, switching between the two to represent digital 1s and 0s. Shown below in figure 2:
[image: PSK – phase shift keying - T&M Atlantic]
Above: Figure 2, a diagram showing phase shift keying [8].
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QPSK:
QPSK is a variant of phase shift key that has four possible phase variants: 0⁰, 90⁰, 180⁰, and 270⁰. This is achieved by encoding the signal onto I (in-phase) and Q (quadrature) sinusoidal waves, and adjusting the phase by 0⁰ or 180⁰. Since the Q and I waves are orthogonal (at 90 phase difference), they can be added together, and then later separated by multiplying by the I and Q waves again.
QAM:
Quadrature Amplitude modulation is a digital processing technique that modulates by using both phase and amplitude. By switching the amplitude and phase of the Q and I waves between two values, you can transmit 4 bits of information in one cycle, encoding far more information than with other techniques. 
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In the Simulink models used, all of the following blocks will be used:
Bernoulli binary generator
In order to provide random data to test the modems on, a random binary generator is used. It generates random patterns of 1s and 0s with a Bernoulli distribution [1]
AWGN channel
Noise in communication systems closely matches the Gaussian distribution. That is: a bell-shaped distribution characterised by a mean value and variance [2]. 
The Additive White Gaussian Noise (AWGN) channel will be used to simulate natural noise when testing each modem.
The noise is present on all frequencies (simulating real-world noise well)
Filter design
The “Filter Design” block in Simulink allows for the easy design and simulation of high-order passive LRC filters. For all of the modems used in this report, the filter design block will be used as a low pass filter.
By specifying the pass and stop frequencies (and subsequent attenuation values considered as “pass” and “stop”), Simulink will design the lowest-order LRC filter possible that will achieve the specified characteristics.
Carrier frequencies
To simulate the carrier frequencies that the message will be encoded onto, the Sine Wave block will be used. The frequency of the carrier wave used for all of the modems in this report will be at least 5 times the source data rate (as specified in the brief).
Error rate calculation
The error rate calculator will be used to measure the resistance of each modem to increasing noise levels. The error rate calculation block outputs a vector comprised of the error rate, the number of errors, and the number of samples compared [3] (shown on a display).
Sampling
In the real world, all signals are continuous time. With a finite amount of resources, it isn’t possible to process a continuous time signal, therefore all signals are quantized to split an infinitely-complex signal into finite packets [4]. Nyquist’s theorem proves that a signal must be sampled at least twice the highest frequency you wish to capture. In practice, it must be slightly more than twice so that aliasing can be avoided (where a signal is misrepresented after sampling) [5].
Amplitude Shift Key

[image: ]
Above: Figure 3, Simulink model of a ASK modem.
· The ASK Modem above (fig. 3) starts with a random binary generator and a sinusoidal carrier wave (shown on first and second trace of oscilloscope below in fig. 4). 
· The two are multiplied together, modulating the signal onto the carrier wave (shown on the third oscilloscope trace). 
· The signal passes through a simulated channel, with noise added.
· The carrier wave is multiplied again, removing it from the signal. The wave now approximately ranges from 0 to 1 in sinusoidal arches (increase the range slightly due to noise multiplication), shown on the fourth Oscilloscope trace.
· A low pass filter attenuates the higher-frequency carrier wave, shown on fifth oscilloscope trace.
· A multiplexer re-digitises the signal using a 0.5 threshold, shown on final trace.
· It is then sampled, and an error rate is calculated
[image: ]
Above: Figure 4, Oscilloscope traces of the ASK modem.
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Above: Figure 5, A Simulink model of a PSK Modem.

The Phase Shift key modem shown above in figure 5 generates two carrier waves of 180⁰ phase shift, and switches between them depending on the message signal.
The transmitted signal is duplicated, both branches are multiplied by one of the carrier waves. 
When multiplied by a wave of anti-phase, the resulting signal is a sine wave of twice the frequency, with peak of 0, and trough of -1. 
When two in-phase waves are multiplied, the result is a sinusoid of twice the frequency, with peak of 1 and trough of  0.
[bookmark: _Toc147314268]QPSK
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Above: Figure 6, Simulink model of a QPSK Modem.

Quadrature Phase Shift Keying Modulation:
· The modem initially deserialises and de-multiplexes the message signal. (shown on traces 2, 3, and 4)
· Both signals have ½ subtracted (meaning they range from 0.5 to -0.5 instead of 1 to 0).
· The signum block switches the signal between 1 and -1, doubling the amplitude of the -0.5 to 0.5 signal.
· The I and Q carrier waves are multiplied by this signal, effectively switching the phase from 0⁰ to 180⁰ for the I wave, and from 90⁰ to 270⁰ for the Q wave.
· Both signals are added together ready for transmission.
[image: ]
Above: Figure 7, a diagram showing an oscilloscope output trace of the QPSK modulation in figure 6.

Quadrature Phase Shift Keying Demodulation:
· The signal is duplicated so that the I and Q waves can be analysed separately
· The two signals are multiplied by the I and Q waves to remove their components. Trace 3 of the oscilloscope shows the signal multiplied by the I-Wave.
· They are passed through a low-pass filter to attenuate the high-frequency carrier wave, shown on the fourth trace of the oscilloscope.
· The signal is digitised again using a switch with a 0 threshold, shown on 5th trace of the oscilloscope.
· The signals are multiplexed and serialised (shown on 7th and 8th traces respectively), the error rate is measured.
[image: ]
Above: Figure 8, The output trace for the demodulation-side of the QPSK modem shown above in figure 6.
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Quadrature Amplitude Modulation:
[image: ]
Above: Figure 9. Simulink model of QAM Modulation.
· The incident signal (trace 1 in figure 10, below) is deserialised and de-multiplexed (trace 2). There are four lines in the end, two encoded onto the I wave with phase and amplitude, and two encoded on the Q wave with phase and amplitude.
· The first and third signal lines encode the phase onto the carrier with the I wave switching between 0⁰ and 180⁰, and the Q wave between 90⁰ and 270⁰ (trace three on the oscilloscope). Labelled as the “phase encoding” blocks in figure 9 above.
· The second and fourth lines encode the amplitude onto the signal by switching between a multiplier of either 0.25 or 0.75 (trace 4 on the oscilloscope).
· The two signals are added together ready for transmission (trace 5 of oscilloscope).

[image: ]
Above: Figure 10, Oscilloscope output traces for the QAM modulation model shown above in figure 9.

Quadrature Amplitude Demodulation:
[image: ]
Above: Figure 11, Demodulation of QAM in simulink.

· The demodulator duplicates the signal onto I and Q branches.
· The two signals are multiplied with I and Q carrier waves to reduce the I or Q components.
· The resulting signals are passed through a low pass filter to remove the carrier frequencies altogether. This stage was inspired by the maths of QAM demodulation, as laid out by Idaho State University [6]. 
· The resulting waveform is either positive or negative depending on the phase initially encoded onto it. Switches with a 0 threshold produce a digital output representing the phase that was encoded onto the I and Q waves.
· The amplitude of the wave was initially encoded to be either 0.25x or 0.75x. Now that it has been filtered and the carrier wave removed, that equates to a signal of magnitude 0.15 or 0.4 (sign depends on phase as previously explained). The signal is multiplied by itself to ensure that all values are positive, producing two possible values: 0.02 or 0.17. A switch with a 0.1 threshold produces a digital output corresponding to the amplitude modulation on the signal.
· All of these signals are sampled and fed into a multiplexer, and serialised.
· Unfortunately, this demodulator won’t work. After checking each of the four signals, they match those that were transmitted, but the serialised output does not match the initial random binary input. I suspect the issue is somewhere in the sampling and serialising at the end, as everything before this is correct.
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When testing the noise resistance of each modem, a small Signal to Noise Ratio (SNR) of 0 was the initial measurement, with SNR decreased in steps of -5dB (later adding additional measurements to any interesting areas) until the graph tended towards the maximum statistically significant error rate (0.5).
The stop time was set to 50 seconds, and five runs of was taken for each modem at each noise level, resulting in 255 samples taken per noise level, per modem.
Each modem was tested with a carrier frequency five times greater than the message signal. 
Amplitude Shift Key:
 
Above: Figure 12, Graph showing mean error rate against SNR for the ASK modem shown in fig. 3. For access to data please refer to Appendix. A

For Amplitude Shift Key, the error rate is 0 until a Signal to Noise Ratio (SNR) of -10dB is tested. The error rate increases significantly until about -25dB when it begins to level off at an error rate of approximately 0.5.
Phase Shift Key:
 
Above: Figure 13, Graph showing mean error rate against SNR for the PSK modem shown in fig. 5. For access to data please refer to Appendix. B
The PSK modem has a low error rate until the -5dB point is reached, where the mean error rate increases significantly with subsequent reductions of the SNR, up until it nears the theoretical limit of 0.5 mean error rate.

Quadrature Phase Shift Key:

[bookmark: _GoBack]Above: Figure 14, Graph showing mean error rate against SNR for the QPSK modem shown in fig. 6. For access to data please refer to Appendix. C
The QPSK modem has a low/zero error rate until SNR is reduced to -5dB, whereby error rate increases with further reductions. The mean error rate begins to level off around -25dB SNR, approaching 0.5.

Quadrature Amplitude Modulation:
Regrettably, results are unavailable for the QAM modem as the demodulation wasn’t working (as explained when the model was introduced).  

[bookmark: _Toc147314271]Discussion

Above: Figure 15, Graph showing mean error rate against SNR for the ASK, PSK, and QPSK modems.
Similarities:
All of the modems demonstrated within this report have varying levels of resistance to White Gaussian Noise. However, this resistance becomes less effective as the Signal to Noise Ratio (SNR) reduces.
The maximum mean error rate approaches 0.5, but does not become worse. This is because infinite noise would still give a 50% chance of getting the bit correct, so it is impossible for noise to achieve a statistically significant error rate above 0.5.
All three models seem to have a dip in error rate from -30dB to -35dB. This is due to the random chance of the noise being the correct bit, and would not be a repeated observation as more samples are taken.
Differences:
All of the models demonstrated will happily deal with few errors with a SNR of -5dB or greater. However, only the Amplitude Shift Key was able to continue to receive signals with an error rate of less than 1% at this SNR.



[bookmark: _Toc147314272]Conclusion
From the data collected in by the model demonstrated in this report, there is no significant difference between the noise immunity between the ASK, PSK, or QPSK modulation techniques. This contradicts other research conducted, and the constellation diagrams for each of these modulation methods, where it is clear to see different distances between recognised points, and therefore different levels of immunity to noise. 
If anything at all, the conclusion of this report may be that 250 datapoints is not enough to robustly analyse the noise-immunity of digital signals for a given SNR. Alternatively, the conclusion may also be that further investigation is require into the effects of filter design on the noise immunity of these systems, as the filters used varied significantly in their order, pass frequencies, stop frequencies, and pass and stop attenuation levels.
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A – Amplitude Shift Key Noise Resistance Data:
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B – Phase Shift Key Modem Noise Resistance Data:
[image: ]
C – Quadrature Phase Shift Key Modem Noise Resistance Data:
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Observed Error rate against Signal to Noise Ratio:

Mean Error rate:	0	0	0	0	9.6058421285614825E-3	1.9996154955265823E-2	2.6012743453767841E-2	5.9988464865797467E-2	3.9992309910531647E-2	8.169673198431239E-2	6.3958848746274874E-2	6.5149991081710393E-2	0	0	0	0	9.6058421285614825E-3	1.9996154955265823E-2	2.6012743453767841E-2	5.9988464865797467E-2	3.9992309910531647E-2	8.169673198431239E-2	6.3958848746274874E-2	6.5149991081710393E-2	0	-5	-8	-9	-10	-12	-13	-15	-20	-25	-30	-35	0	0	0	0	1.1764705882352941E-2	6.6666666666666666E-2	0.11372549019607843	0.19215686274509805	0.27058823529411763	0.41568627450980394	0.45882352941176469	0.4392156862745098	Signal to Noise Ratio (dB)


Error Rate



Observed Error rate against Signal to Noise Ratio for Phase Shift Key Modem:
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Observed Error rate against Signal to Noise Ratio for Phase Shift Key Modem:
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Observed Error rate against Signal to Noise Ratio for  Digital Communication:
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ASK Modulation:

SNR: (dB) Run 1 Run 2 Run 3 Run 4 Run5  Sum of errors: Mean Error rate: Standard Deviation: StdDev of error rate
0 0 0 0 0 o’ 0 o’ 0 0
K 0 0 0 0 o 0 o’ o 0
8 0 0 0 0 0 0 o’ 0 0
K 0 0 0 0 0 0 o’ 0 0
-10 1 0 0 1 17 3 0.011764706" 0.489897949 0.009605842
-12 3 5 2 3 a7 17 0.066666667 1.019803903 0.019996155
-13 6 4 6 8 5" 29 0.11372549” 1.326649916 0.026012743
-15 15 9 11 8 6" 49 0.192156863” 3.059411708 0.059988465
-20 14 16 14 15 10”7 69 0.270588235” 2.039607805 0.03999231
-25 22 19 18 18 29”7 106 0.415686275” 4.166533331 0.081696732
-30 26 20 19 25 277 117 0.458823529” 3.261901286 0.063958849
-35 17 27 23 21 24" 112 0.439215686 3.322649545 0.065149991
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PSK Modem

SNR (dB): Run 1 Run 2 Run 3 Run 4 Run 5 Sum of Errors  Mean error rate: Standard deviation: Standard deviation of error rate:

10 0 0 0 0 o’ 0 o’ 0 0
5 0 0 0 1 o” 1 0.003921569” 0.4 0.007843137

0 0 1 1 0 17 3 0.011764706" 0.489897949 0.009605842
-5 0 0 1 1 o” 2 0.007843137” 0.489897949 0.009605842
-6 3 1 1 2 2" 9 0.035294118” 0.748331477 0.014673166
-7 1 2 5 1 2" 11 0.043137255” 1.469693846 0.028817526
-10 4 7 2 3 6" 22 0.08627451" 1.854723699 0.036367131
-15 8 16 10 10 127 56 0.219607843” 2.712931993 0.053194745
-20 20 18 18 19 207 95 0.37254902” 0.894427191 0.017537788
-25 16 21 18 19 21" 95 0.37254902” 1.897366596 0.037203267
-30 30 25 18 18 25”7 116 0.454901961” 4.621688003 0.090621333
-35 23 24 24 20 18" 109 0.42745098" 24 0.047058824
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QPSK Modem: Note: only 47 samples as 4-sample delay due to serialisation

SNR (dB): Run 1 Run 2 Run 3 Run 4 Run 5 Sum of Errors  Mean error rate: Standard deviation: Standard deviation of error rate:

0 0 0 0 0 o’ 0 o’ 0 0

-5 0 0 1 1 o” 2 0.008510638” 0.489897949 0.010423361
-10 2 2 2 1 2" 9 0.038297872” 0.4 0.008510638
-15 6 10 8 8 a7 36 0.153191489” 2.039607805 0.043395911
-20 16 14 8 10 127 60 0.255319149” 2.828427125 0.060179301
-25 21 17 14 17 207 89 0.378723404” 2.481934729 0.052807122
-30 22 25 22 22 16: 107 0.455319149: 2.939387691 0.062540164

-35 26 23 18 17 22 106 0.45106383 3.310589071 0.070438065
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