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[bookmark: _Toc149812800]Abstract
The documentation will describe how to test ASK (amplitude-shift keying), PSK (Phase-shift Keying), QPSK (Quadrature Phase-Shift keying) and 16-state QAM (Quadrature Amplitude Modulation), how this is done and the differences in the systems and how them deal with gradually increasing levels of additive white Gaussian noise. This testing will be completed by creating simulations within Simulink and comparing the results when a random binary input is made and testing the output. The results will show that QPSK and PSK are the best systems for this but also discuss the advantages to QAM and ASK in situations.  

[bookmark: _Toc149812801]Introduction 
Before creating the simulations, it was important to carry out research on each of the modulation’s methods to understand how they work and how to build the systems. 
[bookmark: _Toc149812802]ASK Research
For ASK the formula for the modulation for the binary of 1 & 0 is:

[bookmark: _Toc149812796]Equation 1: ASK Formula [1]
A = amplitude
ωct = frequency in rad/s 
This formula shows that the value that varies between the logic 1 and 2 messages are Amplitude, example in Figure 1. 
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[bookmark: _Ref148430101][bookmark: _Toc149812765]Figure 1: ASK Example
This shows ASK where when in state logic 1 the Amplitude is equal to 1 and during Logic 0 the Amplitude is equal to 0 [2]. The positive of ASK is it’s a very simple modulation technique and is easy to set up which is seen later but the negative is its very susceptible to noise. This is due to the fact the main thing effected by noise is the amplitude, noise will create large spikes in the amplitude making it more inaccurate of a modulation much easier than other methods, this will be seen later in the results section. ASK can be used for more than 1 bit per message [3] but in this case it is just 1. ASK is used in optical cables to transmit data [4]. 
[bookmark: _Toc149812803]PSK Research
For PSK the formula for the modulation for the binary of 1 & 0 is:

[bookmark: _Ref149639741][bookmark: _Ref149639735][bookmark: _Toc149812797]Equation 2: PSK Formula [1]
A = amplitude
ωct = frequency in rad/s 
θ = phase
When looking at Equation 2 this shows the clear difference being the phase, an example of how this would look is Figure 2.
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[bookmark: _Ref148430090][bookmark: _Toc149812766]Figure 2: PSK Example
In this example you can see when the logic changes between 1 and 0 there is a clear switch in Phase as the wave appears to reverses [5]. The advantage to using PSK is its less susceptible to noise as phase cannot be affected by noise but still will be at some point as this can loss the data when the noise is high enough levels. The negative of this is compared to ASK modulation the demodulation is more complicated which can be seen later. BPSK is commonly used in Bluetooth [6]. 
[bookmark: _Toc149812804]QPSK Research
For QPSK the formula for the modulation for the binary of 00 -> 11 is:

[bookmark: _Toc149812798]Equation 3: QPSK Formula [1]
A = amplitude
ωct = frequency in rad/s 
θ = phase
Where:
Logic 11 –> θ =  	Logic 01 –> θ =  	Logic 00 –> θ =  	Logic 10 –> θ =  
QPSK is very similar to PSK with main difference being there are 4 different phases instead of 2, this allows for 2 bits to be passed instead of 1 per cycle. An example of how this modulation would look can be seen in Figure 3, the 2 input waves can be seen in Figure 4, and An example of what the output waves would look like can be seen in Figure 5. The output waves can also be seen in the constellation graph in Figure 6 which plots Quadrature amplitude against in-phase amplitude, this clearly shows the 4 points, one for each of the 4 binary states (11, 10, 01, 00).  
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[bookmark: _Ref148430040][bookmark: _Ref148430031][bookmark: _Toc149812767]Figure 3: QPSK Modulation
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[bookmark: _Ref148430059][bookmark: _Toc149812768]Figure 4: I & Q wave
[image: A graph with colored lines

Description automatically generated]
[bookmark: _Ref148430066][bookmark: _Toc149812769]Figure 5: QPSK Outputs
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[bookmark: _Ref148430344][bookmark: _Toc149812770]Figure 6: QPSK Constellation Graph
All this information means that the QPSK has the advantage that it can send more data than the PSK and is almost as good at transmitting data, this has a negative of being very complicated to setup. QPSK is commonly used in cellular signals, such as 2G and 3G [6]
[bookmark: _Toc149812805]16-State QAM Research
The QAM is a combination FSK and ASK modulation techniques looked at before [7], it uses the varying amplitude and phase to be able to pass more data while keeping it as safe from noise. 
For a QAM modulator the formula is:

[bookmark: _Toc149812799]Equation 4: QAM Formula [1]
A = amplitude
ωct = frequency in rad/s 
θ = phase
To create a 16-state QAM this means having 4 Amplitudes and 4 varying phases, this is done using:
A: 1, 0.3, -0.3 & -1 
θ:  
This creates 16 variants which are assigned to 1111 -> 0000 depending on the setup, an example can be seen in the constellation graph in the Figure 7 bellow.
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[bookmark: _Ref148431244][bookmark: _Toc149812771]Figure 7: Constellation Graph for 16-state QAM
QAM advantages of QAM is the ability to pass larger amounts of data then the other techniques, this is because it gives more variables being able to alter the Amplitude and Phase. If you tried to pass 16 states of data using just an ASK or PSK method, the data would be very easily lost to noise, whereas using the QAM this spreads out the data, so it is more secure. This makes the devise a lot more complicated than the others that can be seen bellow in Figure 16. QAM is commonly used in cellular and Wi-Fi [8].

[bookmark: _Toc149812806]Simulation Models 
For Simulating the models Simulink was used, [9], Simulink is a part of MATLAB used for graphical programming, modelling, and analysing of multi dynamical systems. This is perfect for the job as will allow creation of the models and then simulating the models to ensure they are outputting the expected results. Once decided on I then took the next steps into building the models.
Bellow in Figure 8 you can see the standard filter I decided to use, this was done as it was a order I thought wasn’t too high and the filter wouldn’t create a massive delay in data, but would still do the expected job in the output removing an appropriate level of noise.
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[bookmark: _Ref148433107][bookmark: _Toc149812772]Figure 8: Standard Filter
Once the Filter was decided on, I then began building the models. At this point it was also decided that the carrier waves would be of a standard amplitude of 1 and a frequency of 5Hz, and the binary data will be transmitted at 1 Hz.
[bookmark: _Toc149812807]ASK Model
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[bookmark: _Ref148442232][bookmark: _Toc149812773]Figure 9: ASK Simulink Model
Figure 9 above shows the model of an ASK system, the Bernoulli Binary random outputs 1 or 0 then multiplies this with the carrier, this creates the modulation, seen in Figure 10 top 3 scopes (1- sine wave in, 2- Bernoulli Binary, 3- modulated wave). This then passes through the AWGN channel, Figure 10 scope 4, which adds white noise then starts the demodulation. In the demodulation this is then multiplied by the carrier again to remove it, then passes through the filter which smooths out the noise, then goes into a switch which will detect if the value input is above or below 0.3, if above the switch outputs 1 else 0. The output is then compared to the input, the input is delayed, and then compared using the error rate calculations then displayed next to it, Figure 10 scopes 5->7. 
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[bookmark: _Ref149730128][bookmark: _Ref149730124][bookmark: _Toc149812774]Figure 10: ASK Scope output
[bookmark: _Toc149812808]PSK Model
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[bookmark: _Ref148442755][bookmark: _Toc149812775]Figure 11: PSK Simulink model
Figure 11 above shows the model of a PSK system, the Bernoulli Binary random outputs 1 or 0 then using a switch this then output wave 1 or 2, these are identical waves just wave 2 is 1800 out of phase, Figure 12 channels 1->4. This signal then passes through the AWGN channel, Figure 12 channel 5, adding noise then needs to be demodulated. The signal received is multiplied with wave 1 and wave 2 then the outputs are subtracted, and this is the end out, this then passes through the same end as the ASK and tested the same way, Figure 12 channel 6->10. 
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[bookmark: _Ref149730541][bookmark: _Toc149812776]Figure 12: PSK Scope output
[bookmark: _Toc149812809]QPSK Model
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[bookmark: _Ref148442760][bookmark: _Toc149812777]Figure 13: QPSK Simulink Model
Figure 13, this is like PSK just with an additional bit of data being passed at once, to do this the binary is backed up and then output on the de-mux with 2 bits of data at the same time. 1 bit of data is then output from the mux then 0.5 is subtracted, meaning 1 -> 0.5 and 0 -> -0.5 so when you then multiply this with the wave if it’s a 0 the wave is inverted/ phase changed by 180. For the second bit this is the same, but the wave is 900 out of phase, when these 2 waves are added together this creates the phases discussed in the research phase, seen in Figure 14. This is then passes through the AWGN channel. The demodulator works like the PSK just with 2 separate waves. Once demodulated this works the passes into the mux and then the output is tested the same as before, seen in Figure 15. 
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[bookmark: _Ref149731140][bookmark: _Toc149812778]Figure 14: QPSK Modulation
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[bookmark: _Ref149731147][bookmark: _Toc149812779]Figure 15: QPSK Noise & Demodulation
[bookmark: _Toc149812810]QAM Model
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[bookmark: _Ref148440789][bookmark: _Toc149812780]Figure 16: QAM Simulink model
Figure 16 shows the QAM, this is a combination of both the QPSK with ASK included as well. 4 bits are passed through the de-mux they are passed into a switch which creates varying outputs using the constants 1, 0.3 and -1 creating a range of outputs of 1, 0.3, -0.3 and -1 which are then multiplied with the I wave and Q wave (I wave 900 out of phase), then adding these 2 waves together creates 16 varying outputs, this can be seen in Figure 17, Figure 18 and Figure 19. This then passes through the AWGN channel. Then needs to be demodulated this, is done by first using the QPSK technique to remove the 2 waves, then uses the ASK technique to get the individual bits, seen in Figure 20 and Figure 21. 
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[bookmark: _Ref149733204][bookmark: _Ref149733198][bookmark: _Toc149812781]Figure 17: QAM I Wave Modulation.
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[bookmark: _Ref149733214][bookmark: _Toc149812782]Figure 18: QAM Q Wave Modulation.
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[bookmark: _Ref149733217][bookmark: _Toc149812783]Figure 19: QAM I&Q Wave Combined- Final Modulation.
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[bookmark: _Ref149733260][bookmark: _Toc149812784]Figure 20: I Wave Demodulation.
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[bookmark: _Ref149733262][bookmark: _Toc149812785]Figure 21: Q Wave Demodulation.
[bookmark: _Toc149812811]Testing Methodology
After carrying out the task of building each of the modulation methods in Simulink the next part is to carry out the testing on each one. This will be done by altering the value in the AWGN (Additive White Gaussian Noise) channel then using an error rate calculator work out the BER (Binary Error Rate) with each noise level. [10] BER is a method to examine the performance of the modulator, this is done by looking at the binary at one both ends of the devise and testing them against each other to see how many errors occur, this will mean using a delay method as it is not instant to pass 1 bit through modulation. Attempting to get a more accurate test result, each test would be carried out in as similar conditions as possible, for example: as similar inputs as possible and the same filter. Then when testing the tests were ran 20 times and these values were used to create an average and then the standard deviation which would be used to create error bars on the final graph. 

[bookmark: _Toc149812812]Results
Bellow, Figure 22, the final graph can be seen which is a direct comparison between all 4 of the modulation techniques. This graph is plotting the data collected from the test ran using the test methodology stated above. 
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[bookmark: _Ref148436805][bookmark: _Toc149812786]Figure 22: Test Results graphed.
The Below images Figure 23, Figure 24, Figure 25 and Figure 26 are photos of the constellation graph for a QAM with varying levels of noise started in there captions. Figure 27, Figure 28, Figure 29 and Figure 30 are for the QPSK, this also shows the data displaying with varying noise. The Graphs plat the Quadrature Amplitude against the In-Phase amplitude. In all these images each central point, shown best on the 10dB noise graphs, relate to one of the binary outputs, an example of this can be seen in Figure 31 where the binary for each point is displayed next to the point. 
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[bookmark: _Ref148953804][bookmark: _Toc149812787]Figure 23: QAM Constellation with 10dB noise
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[bookmark: _Ref148953805][bookmark: _Toc149812788]Figure 24: QAM Constellation with 0dB noise
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[bookmark: _Ref148953807][bookmark: _Toc149812789]Figure 25: QAM Constellation with -10dB noise
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[bookmark: _Ref148953808][bookmark: _Toc149812790]Figure 26: QAM Constellation with -20dB noise
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[bookmark: _Ref148953814][bookmark: _Toc149812791]Figure 27: QPSK Constellation with 10dB noise
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[bookmark: _Ref148953816][bookmark: _Toc149812792]Figure 28: QPSK Constellation with 0dB noise
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[bookmark: _Ref148953818][bookmark: _Toc149812793]Figure 29: QPSK Constellation with -10dB noise
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[bookmark: _Ref148953819][bookmark: _Toc149812794]Figure 30: QPSK Constellation with -20dB noise
[image: BPSK, 4-QAM, and 16-QAM constellation diagrams [10] | Download ...]
[bookmark: _Ref148956287][bookmark: _Toc149812795]Figure 31: Binary Example [11]

[bookmark: _Toc149812813]Discussion
In Figure 22 you can see how the different systems coped with the addition of noise, the best performing being the PSK and QPSK with the PSK performing slightly better as expected with it carrying only 1 bit of data rather than 2 bits of data. Both these systems are not highly affected by noise, as discussed before, due to phase not being affected by noise meaning the errors start occurring a lot later when the noise is a lot higher. They are both complicated systems, PSK seen in Figure 11 and the QPSK seen in Figure 13, compared to the ASK, seen in Figure 9. 
It was expected that QAM would have the worst result, even though this is a combination of ASK and PSK methods due to carrying much more data with 4 bits. This can be seen when comparing the Figure 23, Figure 24, Figure 25, Figure 26, Figure 27, Figure 28, Figure 29 and Figure 30 which are of the QAM and QPSK outputs to a constellation graph, this shows the massive difference noise creates for QAM interfering with the data where this only happens which much more noise for the QPSK. This is also very complicated to demodulate which can be seen in Figure 16. There are a lot of steps which when compared to the ASK in Figure 9 is very dramatic.
Finally, the 3rd best performing was ASK, this was expected to be far from the best due to how ASK’s work, due to using the amplitude to pass the data this is a bad method as this is very susceptible to additive white Gaussian noise. 

[bookmark: _Toc149812814]Conclusion
In conclusion all these modulations systems have their uses, each one has a reason to be selected for a different task. ASK is good for simple transmissions where you know the noise levels are low as it’s an easy system to create and demodulate the signal. PSK and QPSK are very good in an area you know there is a higher level of noise as there is a reduced chance in data loss with QPSK being able to carry a larger amount of data in a message, this does make it slightly more susceptible to noise but only by a small amount, this can be seen in Figure 22 at the end of the graph. With QAM although it was the most susceptible to noise it can pass much more data in a short period of time compared to the other systems, so would be useful if you need to pass a large amount of data in a less noisy area but are a lot more complex system.
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