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[bookmark: _Toc66436996]Introduction
The aim of this assignment is to compare the performance of modulation techniques when transmitted with additive white Gaussian noise (AWGN). The two type of modulation techniques that will be used are amplitude shift keying (ASK) and phase shift keying (PSK) with variants of both being used and compared. The outcome of this assignment will be a critical comparison of the variants and their error rates when subjected to the added noise with conclusions drawn on how each variant handles the noise differently. 
[bookmark: _Toc66436997]Background Information
The assignment aim is to analyse both QAM and QPSK systems, however 4QAM and QPSK both achieve the same function and therefore, for the purpose of this report 4QAM and QPSK are considered the same system.
As stated in Digital Signal Processing 101, “Modulation is the process of taking information bits and mapping them to symbols” [1]. Once the sequence of symbols is produced, it can be transformed into a waveform, added onto a carrier wave and transmitted via various transmission systems such as coaxial or fibre cable. There are a variety of modulation systems, however for the purpose of this report, the 3 that will be researched and explained are ASK, PSK and QPSK. The following sections go into detail on each one. 
[bookmark: _Toc66436998]ASK
The modulation method abbreviated as ASK is known as Amplitude Shift Keying. This method is one of the simpler methods of signal modulation. ASK modulation is where both frequency and phase remain constant while the amplitude is shifted between 1 and 0 to transmit the ASK modulated wave. Figure 1 visually shows how the combination of a digital sequence is combined with a carrier wave to result in an ASK modulated wave for transmission. 
[image: ASK waveform]
[bookmark: _Ref66355259][bookmark: _Ref66355265]Figure 1 - ASK Modulation Diagram [2]
For practical use, ASK is very simple and therefore seen to be inexpensive and easy to use. However, the flaws of ASK are that it has a low bandwidth efficiency and is reported as being susceptible to noise interference [3]. This claim will be investigated and discussed in this report. 
[bookmark: _Toc66436999]PSK
PSK, known as Phase Shift Keying, is where the phase of the digital signal is shifted. The further the difference between symbol phases (up to the maximum of 180°) the easier it becomes for the receiver to determine each symbol. In the most basic form, PSK has a phase shift of 180° which essentially inverts the signal wave. 
In order to product this shift, the signal is multiplied by 2 then having 1 subtracted from the value giving an overall signal range of -1 to 1. This is then multiplied with the carried wave in order to output the PSK modulated wave form. Figure 2 shows this phase shift for -1 values in the most basic form.
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[bookmark: _Ref66357383]Figure 2 - PSK 180° Phase Shift [4]
Practically, this large phase jump has complications when required to processed through an amplifier. By ensuring that the digital signal period is the same or more than the carrier wave cycle and that the transitions from 1 to -1 are matched with the transition of the carrier wave, this allows for a smooth transition between the signal changing as shown in Figure 3.
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[bookmark: _Ref66357943]Figure 3 - PSK with No Phase Jump [4]
Similarly, to ASK, PSK is a good system due to its simplicity but is unable to send more than a single bit per symbol and therefore has a low data rate and bandwidth efficiency. However, it is claimed that it has the advantage over ASK due to being less susceptible to errors [5], this will be investigated further into this report. 


[bookmark: _Toc66437000]QPSK
QPSK uses the same basic method as PSK however modifications to the phase shifts allow for 2 bits to be transferred per symbol. Each 2 input bits are grouped together and can then be mapped to a symbol with reference to the I-Q plane. Figure 4 shows a graphical representation of these planes while Table 1 show the mapping of input bit pairs.
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[bookmark: _Ref66360574]Figure 4 - QPSK Phase Mapping [1]
[bookmark: _Ref66360586][bookmark: _Ref66360594]Table 1 - QPSK Phase Mapping [1]
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QPSK has the advantage of being able to utilize more of its bandwidth due to the increase data rate by having 2 data bits transferred per symbol. The downside of this is that due to the phase shift only being a maximum of 90°, the receiver is likely to pick up more errors due to the data being closer together. 
While PSK can implement methods to avoid big phase jumps, due to the 90° phase shift QPSK cannot do this and therefore will often have problems when passed through an amplifier or any other component that has issues with sudden shifts in amplitude. 


[bookmark: _Toc66437001]Simulation Models
The simulation models were built using MatLab’s Simulink feature. Each system has a Bernoulli Binary signal input, carrier wave in the form of a sine wave, additive white gaussian noise generator, followed by a low pass filter and error rate calculator. 
The following variables were controlled across all models to ensure there was no variation in the basic setup that may impact the results:
· The signal data rate was set to 1/10 for every model as shown in Figure 5.
· The carrier sine wave was set up with a data rate of 1/1000 which allowed for a carrier wave to signal data ratio of over 5. This also meant that within the simulated 200 steps, there would be approximately 2000 symbols to capture. This setup is shown in Figure 6
· The filter was set up to filter out the 1/1000 carrier sine wave with Fs set to 1000, Fpass to 0.75 and Fstop to 50. Shown in Figure 7
· A run time of 200 was used for all tests. With the data rate set to 1/10, this means 2000 symbols will be captured allowing for deviations in the symbol errors to not make a dramatic impact on the percentage. If only 10 symbols were capture, the difference between 1 error and 2 is 10% where was with 2000 symbols the difference is only 0.05%.
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[bookmark: _Ref66433598]Figure 5 - Bernulli Binary data settings
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[bookmark: _Ref66433744]Figure 6 - Carrier wave settings
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[bookmark: _Ref66433587]Figure 7 - Filter design
The only variable in the various simulations was the signal to noise ration modified within the AWGN. This varied from 0dB to -50dB where all the modulators have an error rate of over 50% where this data can be considered lost. 
Each simulation was run 5 times at each noise ratio then averaged before being plotted onto a graph using Microsoft Excel. This was done to ensure there are no anomalies in the results and if there are any error that only occur in one run, they can be investigated. 
Figure 8, Figure 9 and Figure 10 shows each of the modulator built within Simulink.
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[bookmark: _Ref66434270]Figure 8 - ASK System
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[bookmark: _Ref66434272]Figure 9 - PSK System
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[bookmark: _Ref66434273]Figure 10 - QPSK System
[bookmark: _Toc66437002]Results
The table shown below (Figure 11) compares the average error rate following the 5 individual runs to each noise ratio used. Full tables of result data can be found in Annex 1 at the end of this document. 

[bookmark: _Ref66434361]Figure 11 - Data Modulation Noise Comparison
[bookmark: _Toc66437003]Discussion
The difference between each of the 3 systems is extremely clear when looking at Figure 11. In simple terms of which system is most affected by the noise introduced by the AWG, QPSK is significantly more affected than ASK, while PSK is the least affected, especially at low noise levels less than -5dB.
When looking at the results, ASK has a moderate increase in error rate as the noise is increased. Starting with an error rate of 4% with no noise, it steadily increases to 30% just after -10dB of noise and begins to flatten at -20dB with an error rate of 45%. Based on these results ASK would be easy to predict if the noise level of your system was known beforehand. The linear increase means that if you measure a -15dB noise level in your system, you can see that ASK would likely have an error rate around 35%.
At low noise levels where a cheap and simple system is desired, ASK would be ideal. Research stated that ASK would be susceptible to noise. This statement is accurate however, it is significantly less susceptible to noise than QPSK. ASK falls in the middle of both PSK and QPSK for error rates and could be a good compromise for a simple but effective modulation method.
PSK performs extremely well, especially at low noise levels, remaining below an error rate of 5% until over -6dB of noise was introduced. As the noise increased past -6dB the error rate has a steady climb to 40% at -25dB before levelling off slowly to 50% error rate at -40dB. The overall result here shows that PSK is not affected by low levels of noise but then sees a steady increase like ASK after the -6dB mark. 
The results from these are supported by the research performed that stated that PSK was less prone to errors in the process. PSK performed the best when compared to both ASK and QPSK when it comes to error rates. However, PSK is unable to send more than bit of information per symbol as with QPSK and is a slightly more complex system than seen with ASK. The ideal application for a PSK system is one that requires a low error rate and has the potential of low-level noise. The user of the PSK system can be confident that if the noise in their system is below -10dB, the error rate of the PSK modulation will be 10% or less. 
As discussed in the background information QPSK is likely to be difficult for a receiver to distinguish between each simple due to the fact they are must closer in phase. This is evidenced with these results with a 28% average error rate even with no noise added at all. The issue only increases as the noise is ramped up, quickly exceeding the 50% error rate at only -5dB of noise. 
While QPSK is superior for number of symbols that it can send, the drawback of this is that it suffers heavily from error rates. Therefore, for application that include any amount of noise, QPSK should be avoided as you are likely to end up with over 50% error rate very quickly. 
[bookmark: _Toc66437004]Conclusion
Overall, the Simulink testing was successful and agrees with the statements found during the research stage. 
QPSK can send more data than both ASK and PSK but is heavily affected by noise and will even struggle to achieve an error rate below 30% with no noise at all. QPSK has the advantage of sending additional data, but the drawn back of the symbols being close together in phase means the receiver will have a difficult time reading this data. 
ASK is a simple system than is affected by noise but not to the extend that QPSK is. Starting with only 5% error rate with no noise, ASK has a steady increase in error rate as the noise increases and becomes very predictable. ASK is perfect for cheaper systems that will have little to no noise and moderate error rates are acceptable. 
PSK is the best performer when it comes to noise to error rate. Before -6dB it remains almost unaffected by the noise with an error rate of 5% or less. After this point, the error rate climbs similarly to ASK. PSK cannot send more than 1 data bit per symbol like QPSK but it is far more likely that the data send is correct. 
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ANNEX 1 

Table 2 - ASK Results
	Noise (SNR)
	Error Rate
	

	
	Run 1 
	Run 2
	Run 3
	Run 4
	Run 5
	Average
	SD

	-50
	0.4909
	0.4858
	0.5023
	0.5004
	0.5026
	50%
	0.00681

	-40
	0.5027
	0.5012
	0.4808
	0.4828
	0.4993
	49%
	0.009521

	-30
	0.4798
	0.4823
	0.4883
	0.4718
	0.4503
	47%
	0.013208

	-20
	0.4333
	0.4253
	0.4278
	0.4413
	0.4518
	44%
	0.009661

	-10
	0.2814
	0.2839
	0.2764
	0.2799
	0.2884
	28%
	0.004017

	-8
	0.2424
	0.2274
	0.2424
	0.2269
	0.2454
	24%
	0.008037

	-6
	0.1839
	0.1874
	0.1994
	0.1894
	0.1784
	19%
	0.00694

	-4
	0.1344
	0.1374
	0.1434
	0.1239
	0.1239
	13%
	0.007672

	-2
	0.0769
	0.0714
	0.0849
	0.0859
	0.0734
	8%
	0.005911

	0
	0.0424
	0.0394
	0.0449
	0.0374
	0.0414
	4%
	0.002561




Table 3 - PSK Results
	Noise (SNR)
	Error Rate
	

	
	Run 1 
	Run 2
	Run 3
	Run 4
	Run 5
	Average
	SD

	-50
	0.4948
	0.4873
	0.4913
	0.4993
	0.5157
	50%
	0.00984

	-40
	0.4973
	0.5052
	0.4883
	0.4958
	0.4753
	49%
	0.010086

	-30
	0.4498
	0.4438
	0.4498
	0.4413
	0.4678
	45%
	0.009271

	-20
	0.3928
	0.3528
	0.3738
	0.3483
	0.3568
	36%
	0.016402

	-10
	0.1224
	0.1379
	0.1289
	0.1424
	0.1364
	13%
	0.007089

	-8
	0.0729
	0.0774
	0.0834
	0.0819
	0.0829
	8%
	0.004007

	-6
	0.0394
	0.0389
	0.0389
	0.0434
	0.0419
	4%
	0.001828

	-4
	0.0139
	0.0199
	0.0154
	0.01459
	0.01349
	2%
	0.002315

	-2
	0
	0.003
	0.003
	0.004
	0.005
	0%
	0.001673

	0
	0
	0
	0.009
	0
	0.004
	0%
	0.003555



Table 4 - QPSK Results
	Noise (SNR)
	Error Rate
	

	
	Run 1 
	Run 2
	Run 3
	Run 4
	Run 5
	Average
	SD

	-50
	0.7504
	0.753
	0.7642
	0.749
	0.7532
	75%
	0.00536

	-40
	0.7486
	0.7523
	0.7489
	0.7498
	0.7543
	75%
	0.002189

	-30
	0.7391
	0.7401
	0.7431
	0.745
	0.7432
	74%
	0.002173

	-20
	0.7186
	0.7076
	0.7181
	0.7001
	0.6937
	71%
	0.009805

	-10
	0.5982
	0.6192
	0.6127
	0.6157
	0.6312
	62%
	0.010652

	-8
	0.5867
	0.5689
	0.583
	0.5793
	0.5867
	58%
	0.006607

	-6
	0.5332
	0.5447
	0.5477
	0.5224
	0.5433
	54%
	0.009307

	-4
	0.4763
	0.4663
	0.4708
	0.4832
	0.4652
	47%
	0.006685

	-2
	0.4018
	0.3894
	0.4013
	0.3943
	0.4028
	40%
	0.005215

	0
	0.2844
	0.2499
	0.2929
	0.2909
	0.2834
	28%
	0.015631



Data Modulation Noise Comparison
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