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[bookmark: _Toc149866146]Abstract

This work involved creating the modulation/demodulation models of ASK, PSK, QPSK and QAM in MATLAB Simulink [1]. Which were then tested against additive white gaussian signal to noise ratio ranging from 10 dB to -25 dB between the demodulation and modulation to see the effectiveness of each modulation method. Each simulation was run 10 times per noise level and then the average error rate from the model was calculated and plotted on a graph against that associated noise level. The standard deviation between the results are also plotted as error bars. From the results it shows that ASK performed the best when introducing -25 dB of noise into the model however, the standard deviation for ASK was greater than PSK meaning that the data was more spread out and therefore future tests need larger samples to ensure it accurately represents that [2].
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1 – Introduction

ASK, PSK, QPSK and QAM are all modulation techniques for transmitting digital data. ASK and PSK is capable of transmitting a single bit per second by changing the amplitude of the signal depending on whether a 0 or 1 bit is being transmitted. Common use cases for ASK/PSK are low frequency RF applications and Wireless LANDs, RFID and Bluetooth.
QPSK is capable of transmitting 2 bits per transmission this is because QPSK has 4 possible phases that it can be. This means that each of the 4 symbols can be mapped to every possible value for a 2-bit binary number meaning that it can send twice the amount of data as ASK and PSK at once. Common use cases for QPSK include satellite transmission and cellular networks.
Lastly, QAM is capable of transmitting 4 bits per transmission this is because QAM combines different phase shifts and different amplitudes so that it can map out 16 possible symbols on a constellation diagram. This allows 16-QAM to send 4 bits of data at once. Common use cases for QAM is within most high-speed data transmission such as cellular networks.
This report will be looking at these 4 different modulation methods and will be testing it against additive white gaussian noise. The bit error rate will then be captured across 10 samples for each level of noise and then the average error rate will be taken. This data will then be presented as a graph and discussed in the report.




[bookmark: _Toc149866148]2 – MATLAB Simulation Models
[bookmark: _Toc149866149]2.1 – ASK
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[bookmark: _Toc150984152]Figure 1 - ASK Simulation Model
The model shown above is simulating amplitude-shift keying or ASK modulation [1]. This is where the amplitude of the transmitted wave is at its highest value when the input binary value is 1 and the transmitted wave is at its lowest value when the input binary value is 0 [3]. The carrier wave for this simulation is set to a frequency of 2 Hz (2*pi*2 in Simulink) with a sample rate of 1/1000. The model works by passing a single binary value every sample frame which is then multiplied by the sine carrier wave using a product block. This means that when a zero is passed to the product block the transmitted wave will be at its lowest value and when a 1 is passed the amplitude will be at its highest value. [4]
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[bookmark: _Toc150984153]Figure 2- ASK Filter Settings
The transmitted wave is then passed through an additive gaussian noise block which will apply average noise across the signal. The signal is then multiplied by the carrier wave again and passed through a filter which will display the original binary signal sent out with added noise. Shown above is the filter settings for this model. To smooth out the signal it is then passed through a switch with a threshold of 0.25 which means that when the signal is greater than that it will pass the constant 1 and if less than it will pass 0. [4]
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[bookmark: _Toc150984154]Figure 3 - ASK Scope Output
The measurements shown above in figure 3 show the modulation process of the signal. The first wave shows the input bit stream. The second graph shows the sine wave. The third graph shows the output of the multiplied signals. The forth signal shows the transmitted wave after noise has been and the carrier wave have been applied to the signal. The fifth graph shows the signal after being passed through a filter removing all the unwanted noise. The sixth graph shows the signal after being passed through a switch to square it off.







[bookmark: _Toc149866150]2.2 – PSK
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[bookmark: _Toc150984155]Figure 4 - PSK Simulation Model
[bookmark: _Hlk149900870]The model shown above is simulating phase-shift keying or PSK modulation [1]. This is where the phase of the transmitted wave is at 0 degrees when the input binary value is 1 and the transmitted wave is 180 degrees when the input binary value is 0. The carrier wave for this simulation is set to a frequency of 2 Hz (2*pi*2 in Simulink) with a sample rate of 1/100 and it has two carrier waves one with a phase of 0 and one with a phase of 180 [5]. The model works by passing a single binary value every sample frame which is then passed through a switch with a threshold of 0.5. If the binary output is 1 the carrier wave with the phase of 0 degrees will be passed through whereas if the binary output is 0 the carrier wave with the phase of 180 degrees will be passed through.
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[bookmark: _Toc150984156]Figure 5 - PSK Filter Design
The transmitted wave is then passed through an additive gaussian noise block which will apply average noise across the signal. The signal is then multiplied separately by each individual carrier wave again and then subtracted form one and another. It is then passed through a filter which will display a signal ranging from 1 to -1 with added noise. Shown above is the filter settings for this model. To smooth out the signal it is then passed through a switch with a threshold of 0 which means that when the signal is greater than 0 it will pass the constant 1 and if less than 0 it will pass 0.
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[bookmark: _Toc150984157]Figure 6 - PSK Scope Output
The measurements shown above show the modulation process of the signal. The first wave shows the input bit stream. The second graph shows the combination of the sine and cosine wave when the bit stream changes values. The third graph shows the transmitted signal after being exposed to noise. The forth signal shows the transmitted wave after each being multiplied by their individual carrier waves and subtracted from each other to produce a signal to ranges from 1 to -1. The fifth graph shows the signal after being passed through a low pass filter removing all the unwanted noise. The sixth graph shows the signal after being passed through a switch with a threshold of 0 so that it becomes the original bit stream again.
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[bookmark: _Toc150984158]Figure 7 - QPSK Simulation Model
The model shown above is simulating quadrature phase-shift keying or QPSK modulation [1]. This modulation type has a 2-bit rate per second as it is sending two separate data value on two carrier waves with a difference of 90 degrees phase. This results in 4 different types of carrier phase shifts when the two separate carrier waves are added together. These can be 0, 90, 180 or 270 degrees [6]. The carrier wave for this simulation is set to a frequency of 2 Hz (2*pi*2 in Simulink) with a sample rate of 1/100 and it has two carrier waves one with a phase of 0 and one with a phase of 90 degrees. The model works by passing a single binary every sample frame which are then passed through a demux which will split the two data bits into individual streams. This binary number is then passed through a subtraction block with 0.5 and then a signum block which will output either a 1 or -1. This value is then multiplied by the carrier wave of 0 and 90 degrees separately and then added together to produce the 4 different possible phase shifts of the carrier.
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[bookmark: _Toc150984159]Figure 8 - QPSK Filter Design
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[bookmark: _Toc150984160]Figure 9 - QPSK Scope Output
The green coloured graphs show the output of the QPSK modulation and you can see the 4 different changes in phase as well as the effect of noise on the signal shown below it.
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[bookmark: _Toc150984161]Figure 10 - QAM Simulation Model
The model shown above is simulating QAM modulation [1]. This modulation type has a 4-bit rate per second as it is sending 4 data values on two carrier waves with a difference of 90 degrees phase. This results in 8 different types of carrier phase shifts when the two separate carrier waves are added together. In addition to that it also has 2 different amplitudes which results in a total of 16 different symbols meaning it can send 4 bits of data per transmission.
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[bookmark: _Toc150984162]Figure 11 - QAM Filter Design
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[bookmark: _Toc150984163]Figure 12 - QAM Scope Outputs
The left window shows the modulation process of the I signal and the left shows the Q signal. The first two graphs show the incoming bit stream for each component. The green graphs show the two separate bit streams encoded into the I and Q signals. The values vary from positive to negative and from 0.5 to 1. The two red graphs show the I, Q and carrier signal combined and the one below is showing it with noise. The green shows it after filtering out the carrier signal.
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[bookmark: _Toc150984164]Figure 13 - QAM Constellation Diagram

This shows the before and after constellation diagrams from the noise added to the system.
[bookmark: _Toc149866153]3 – Results
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[bookmark: _Toc149866155]3.1.1 – Table
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[bookmark: _Toc150984165]Figure 14 - ASK Table of Results
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[bookmark: _Toc150984166]Figure 15 - Graph Showing ASK Average Error Rate




[bookmark: _Toc149866157]Observations

The data shows that ASK starts introducing errors at -10 dB and starts to reach a 20% error rate at -18 dB. At the maximum SNR level of -25 dB ASK achieves an error rate of 34.7%. Compared to the other modulation methods it manages to retain a 0 zero error rate at worse noise conditions. However, the standard deviation for the sample of data is higher which means that in order to achieve more reliable results more samples should be taken to help justify the claim that ASK performs better.
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[bookmark: _Toc150984167]Figure 16 - PSK Table of Results
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[bookmark: _Toc150984168]Figure 17 - Graph Showing PSK Average Error Rate


[bookmark: _Toc149866161]Observations

The data shows that PSK starts introducing errors at 0 dB and starts to reach a 27% error rate at -18 dB. At the maximum SNR level of -25 dB PSK achieves an error rate of 36%.
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[bookmark: _Toc150984169]Figure 18 - QPSK Table Of Results
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[bookmark: _Toc150984170]Figure 19 - Graph Showing QPSK Average Error



[bookmark: _Toc149866165]Observations

The data shows that QPSK starts introducing errors at -5 dB and starts to reach a 26% error rate at -18 dB. At the maximum SNR level of -25 dB QPSK achieves an error rate of 38%.
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[bookmark: _Toc150984171]Figure 20 - QAM Table of Results
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[bookmark: _Toc150984172]Figure 21 - Graph Showing QAM Average Error Rate



[bookmark: _Toc149866169]Observations

The data shows that QAM starts introducing errors at 5 dB and starts to reach a 41% error rate at -18 dB. At the maximum SNR level of -25 dB QAM achieves an error rate of 47%.


[bookmark: _Toc149866170]Discussion

From the results we can see that ASK modulation performed the best when applying AWGN into the model as it had an average error rate of 0.347 in the worst conditions and it didn’t have any errors until the SNR was put to -10dB which compared to PSK had a difference of -5 dB. This was followed closely by PSK with an average error rate of 0.3619 then QPSK with 0.3862 and finally the worst was QAM with 0.4691.
The results also show that ASK had the highest standard deviation, at the worst signal to noise conditions, out of all the models. This meant that the samples collected had the largest spread from the mean which indicates that on occasion it still performed as bad as PSK but without a larger data set it is difficult to identify which model actually performs better. This happens because the models are simulated by adding average noise to the signal and without a large enough sample/ small standard deviation you can’t say for certain which model performs best.
The expected results were that PSK would perform the best as the phase is less susceptible to noise compared to amplitude modulation. And that QPSK and QAM would perform the worst because they not only transmit more data per second but also use far more complicated methods to modulate the data which involve both amplitude and phase shifting.
The reason ASK and PSK performed better on the average bit error rate is because they are only transmitting 1 bit per second where as QPSK is transmitting 2 bits and QAM is transmitting 4 bits. This means that both QPSK and QAM are more susceptible to more errors as they are transmitting more data at the same rate as the other models meaning that more errors occur.
Compared to PSK and ASK where it can only be 2 symbols, QPSK and QAM have 4 and 16 symbols respectively. When these symbols are plotted on a constellation diagram you can see that the more symbols you have the tighter the groupings need to be for it successfully demodulate the data which further increases the chances of errors occurring. 
[bookmark: _GoBack]When you start introducing noise not only will the amplitude be affected but so will the phase. Both these values will directly affect where the points are plotted on the constellation diagram and therefore will cause the groupings to cross the boundaries causing errors. Meaning that the more advanced systems that have multiple different symbols which are in close proximity to each other are susceptible to higher rates of error because any minor changes in phase or amplitude from the additive noise will drastically change where that data is perceived on the constellation diagram.


[bookmark: _Toc149866171]Conclusion

In conclusion, the results from the simulations show that ASK performed the best when introducing AWGN to the signal. The results show that not only did it achieve the lowest bit error rate compared to all the other modulation methods at -25 dB but it also didn’t produce any bit errors until reaching -10 dB where as the other modulation methods, at best, produced errors at -5dB. This meant that ASK not only produced the least amount of errors at the worst noise conditions but it was the most resilient to noise as well. The next best modulation method was PSK then QPSK and the worst was QAM due to its high error rate at fairly low levels of noise.
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Average Error Rate of QAM Modulation Against Noise
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image14.emf
ASK  Stop Time  1000  Bits Per Second  1    


image15.emf
Noise Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 AER Standard Deviation

10 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

-5 0 0 0 0 0 0 0 0 0 0 0 0

-6 0 0 0 0 0 0 0 0 0 0 0 0

-8 0 0 0 0 0 0 0 0 0 0 0 0

-10 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.017 0.004830459

-15 0.09 0.11 0.1 0.12 0.1 0.11 0.12 0.1 0.11 0.12 0.108 0.010327956

-16 0.13 0.15 0.14 0.15 0.12 0.13 0.13 0.14 0.14 0.12 0.135 0.010801234

-17 0.19 0.15 0.18 0.16 0.16 0.16 0.15 0.16 0.16 0.16 0.163 0.012516656

-18 0.21 0.19 0.2 0.2 0.21 0.2 0.19 0.21 0.18 0.21 0.2 0.010540926

-19 0.23 0.19 0.25 0.24 0.22 0.22 0.21 0.24 0.21 0.2 0.221 0.019119507

-20 0.24 0.26 0.25 0.22 0.23 0.26 0.27 0.25 0.27 0.23 0.248 0.017511901

-21 0.28 0.24 0.28 0.24 0.28 0.27 0.26 0.24 0.27 0.27 0.263 0.017029386

-22 0.29 0.28 0.3 0.29 0.28 0.27 0.28 0.26 0.32 0.3 0.287 0.017029386

-23 0.31 0.3 0.31 0.31 0.33 0.31 0.31 0.32 0.31 0.31 0.312 0.007888106

-24 0.31 0.34 0.32 0.32 0.31 0.28 0.33 0.32 0.33 0.33 0.319 0.0166333

-25 0.34 0.34 0.36 0.32 0.34 0.33 0.36 0.37 0.37 0.34 0.347 0.017029386


image16.emf
P SK  Stop Time  1000  Bits Per Second  1    


image17.emf
Noise Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 AER Standard Deviation

10 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0.0009 0 0.0009 0 0 0 0 0.0002 0.000379473

-5 0.0009 0.0009 0 0 0 0.0009 0 0 0 0 0.0003 0.000434741

-6 0.0009 0.0019 0.0009 0.0009 0.0009 0 0.0009 0.0019 0.0009 0.0009 0.001 0.000546606

-8 0.0029 0.0069 0.0029 0.0059 0.01199 0.0019 0.0059 0.0079 0.0039 0.0089 0.0059 0.003146202

-10 0.0249 0.01798 0.0179 0.0269 0.0219 0.0219 0.0239 0.0249 0.0259 0.02797 0.0234 0.003468254

-15 0.1339 0.1419 0.1319 0.1229 0.1269 0.1239 0.1069 0.1349 0.1379 0.1329 0.1294 0.009902301

-16 0.1588 0.1578 0.1538 0.1638 0.1558 0.1528 0.1678 0.1449 0.1499 0.1598 0.1565 0.006653621

-17 0.1978 0.2108 0.1838 0.1958 0.2098 0.1648 0.2038 0.1738 0.1598 0.1708 0.1871 0.018979814

-18 0.2098 0.2138 0.2008 0.1918 0.2338 0.2238 0.1928 0.2208 0.1988 0.2068 0.2093 0.013866426

-19 0.2527 0.2378 0.2228 0.2328 0.2188 0.2468 0.2318 0.2268 0.2318 0.2517 0.2354 0.011745713

-20 0.2757 0.2607 0.2767 0.2627 0.2807 0.2687 0.2587 0.2567 0.2428 0.2707 0.2654 0.011389903

-21 0.2927 0.2987 0.3257 0.2617 0.2877 0.3017 0.2857 0.3087 0.2827 0.3027 0.2948 0.01716877

-22 0.3007 0.2747 0.3047 0.2897 0.2987 0.2947 0.3137 0.2957 0.3207 0.3337 0.3027 0.016653328

-23 0.3397 0.3147 0.3037 0.3337 0.3187 0.3407 0.3217 0.3556 0.3067 0.3127 0.3248 0.016900786

-24 0.3267 0.3526 0.3357 0.3337 0.3437 0.3666 0.3566 0.3666 0.3526 0.3596 0.3494 0.01394427

-25 0.3686 0.3526 0.3646 0.3696 0.3646 0.3506 0.3596 0.3676 0.3756 0.3457 0.3619 0.009550154
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QPSK  Stop Time  1000  Bits Per Second  2    


image19.emf
Noise Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 AER Standard Deviation

10 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

-5 0.003 0.005 0.004 0.004 0.001 0.004 0.005 0.005 0.002 0.006 0.0039 0.001523884

-6 0.005 0.003 0.005 0.006 0.011 0.005 0.007 0.005 0.007 0.011 0.0065 0.002635231

-8 0.025 0.025 0.028 0.0331 0.0321 0.027 0.022 0.025 0.0261 0.0191 0.0262 0.00419873

-10 0.0631 0.0561 0.0732 0.0631 0.0682 0.0652 0.0591 0.0531 0.0531 0.0491 0.0603 0.007577019

-15 0.1795 0.2026 0.1755 0.1645 0.1836 0.1936 0.2136 0.2136 0.1936 0.2106 0.1931 0.017128342

-16 0.2377 0.2106 0.2026 0.2237 0.2177 0.2297 0.2377 0.2327 0.2297 0.2317 0.2254 0.011707528

-17 0.2367 0.2327 0.2518 0.2688 0.2528 0.2608 0.2518 0.2417 0.2658 0.2477 0.2511 0.011893808

-18 0.2487 0.2688 0.2618 0.2417 0.2688 0.2648 0.2728 0.2688 0.2658 0.2548 0.2617 0.010096622

-19 0.2909 0.2839 0.326 0.2758 0.2798 0.2758 0.3029 0.2849 0.2788 0.2818 0.2881 0.015594885

-20 0.3069 0.3079 0.3059 0.3089 0.317 0.2909 0.32 0.324 0.3099 0.3119 0.3103 0.009094449

-21 0.347 0.322 0.335 0.3591 0.34 0.344 0.348 0.342 0.3099 0.3631 0.341 0.015903281

-22 0.337 0.3591 0.3521 0.3561 0.349 0.334 0.344 0.33 0.349 0.3109 0.3421 0.014511666

-23 0.3701 0.3721 0.3541 0.341 0.3611 0.3912 0.3842 0.347 0.3701 0.3691 0.366 0.01562882

-24 0.3852 0.4102 0.3751 0.3892 0.3882 0.3922 0.3741 0.3691 0.3701 0.3821 0.3836 0.012444655

-25 0.3862 0.3962 0.3711 0.3912 0.3781 0.3842 0.3982 0.3852 0.4112 0.3601 0.3862 0.014429218
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Q AM  Stop Time  1000  Bits Per Second  4    


image21.emf
Noise Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 AER Standard Deviation

10 0 0 0 0 0 0 0 0 0 0 0 0

5 0.0082 0.0064 0.0055 0.0062 0.0054 0.0049 0.0059 0.0057 0.0055 0.0037 0.0057 0.001146201

0 0.0517 0.0499 0.0512 0.0529 0.0467 0.0532 0.0535 0.0497 0.0537 0.0572 0.052 0.00284685

-5 0.1479 0.1406 0.1469 0.1459 0.1409 0.1454 0.1361 0.1401 0.1489 0.1546 0.1447 0.00536471

-6 0.1531 0.1651 0.1606 0.1533 0.1703 0.1696 0.1653 0.1618 0.1561 0.1613 0.1617 0.006129392

-7 0.2033 0.1921 0.1906 0.1961 0.1861 0.2003 0.1846 0.1973 0.1828 0.1871 0.192 0.007005244

-8 0.2055 0.2105 0.2085 0.2255 0.2005 0.2275 0.2135 0.2138 0.2208 0.2093 0.2135 0.008679503

-9 0.24 0.2328 0.2305 0.2522 0.2433 0.245 0.2438 0.2428 0.255 0.2388 0.2424 0.007579035

-10 0.2787 0.2652 0.265 0.272 0.2667 0.276 0.2657 0.2777 0.28 0.2695 0.2717 0.00601318

-15 0.3611 0.3761 0.3749 0.3744 0.3774 0.3616 0.3779 0.3781 0.3684 0.3926 0.3743 0.009103266

-16 0.3966 0.3771 0.3976 0.4058 0.4008 0.4071 0.4106 0.4048 0.3851 0.4001 0.3986 0.010344639

-17 0.4061 0.4116 0.4231 0.4141 0.4038 0.3986 0.3984 0.4036 0.4121 0.3926 0.4064 0.008991848

-18 0.4156 0.4126 0.4181 0.4133 0.4346 0.4178 0.4131 0.4138 0.4153 0.4328 0.4187 0.008135655

-19 0.4068 0.4216 0.4203 0.4178 0.4248 0.4431 0.4238 0.4113 0.4228 0.4316 0.4224 0.010076314

-20 0.4431 0.4266 0.4223 0.4306 0.4393 0.4221 0.443 0.4283 0.4293 0.4473 0.4332 0.009199209

-21 0.4461 0.4308 0.4431 0.4378 0.4483 0.4183 0.4341 0.4563 0.4451 0.4343 0.4394 0.010706779

-22 0.4433 0.4665 0.4548 0.4471 0.4406 0.455 0.4368 0.4463 0.469 0.4648 0.4524 0.01140836

-23 0.4483 0.4615 0.4595 0.4675 0.4713 0.4318 0.4675 0.4545 0.4618 0.4688 0.4593 0.011926278

-24 0.4568 0.4743 0.4533 0.4441 0.462 0.4555 0.4438 0.4808 0.4573 0.4705 0.4598 0.012243111

-25 0.4655 0.461 0.4878 0.4763 0.4675 0.4515 0.4613 0.4915 0.4678 0.4608 0.4691 0.012585706
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