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1. [bookmark: _Toc67383686]Introduction
The author has been tasked with assessing the reliability of digital modulation techniques in the presence of Additive White Gaussian Noise. Models of the techniques to be analysed, namely ASK (Amplitude Shift Keying), PSK (Phase Shift Keying) and QPSK (Quadrature Phase Shift Keying), will be created using Simulink. An Additive White Gaussian Noise channel is added, and a bit error rate calculation performed. This bit error rate will then be plotted against the Signal to Noise Ratio. This report then discusses the relative performance of each modulation technique and draws conclusions based upon the failure point of each system.


2. [bookmark: _Toc67383687]Background Information
Digital modulation is the process of encoding a data signal into the amplitude, phase, or frequency of a transmitted signal [1]. There are many methods of digital modulation that are used in today’s modern communications systems. These systems are Amplitude Shift Keying (ASK), Phase Shift Keying (PSK), Quadrature Phase Shift Keying (QPSK), and Quadrature Amplitude Modulation (QAM). All of these will be explored in more detail in the following section
2.1. [bookmark: _Toc67383688]Amplitude Shift Keying (ASK)
ASK is when the incoming data stream switches the carrier signal between two amplitude levels [2]. When the incoming data stream has a logic 0, the carrier wave is switched to the lower amplitude signal and when there is a logic 1, the carrier wave is switched to the larger amplitude [3]. The easiest method of ASK to implement is “On-Off Keying” where either a burst of the carrier wave is transmitted on a logic 1 or nothing is transmitted when there is a logic 0 [3]. This method can be seen in Figure 1 below The Channels on the scope are as follows, Signal 1: Binary input, Signal 2: Carrier wave, Signal 3: Modulated signal.[image: Diagram

Description automatically generated with low confidence]
Figure 1 - Scope from Matlab Simulation of ASK









2.2. [bookmark: _Toc67383689]Phase Shift Keying (PSK)
Phase shift keying has many variations but the easiest version to implement is Binary Phase Shift Keying [4]. An incoming data stream switches the carrier wave between two waves of equal amplitude but in antiphase with each other [5]. When a logic 1 is transmitted, the carrier wave with a phase of 0 will be transmitted and when a logic 0 is transmitted, the carrier wave phase will change by /2 radians. An example of BPSK can be seen in figure 2 below. The Scope Channels are as follows, Signal 1: Incoming Data Stream, Signal 2: Carrier Wave with Phase 0, Signal 3: Carrier Wave with Phase 180 degrees, Signal 4: Modulated Signal.
[image: A picture containing text, keyboard, electronics, computer

Description automatically generated]
Figure 2 - Scope from a Matlab simulation of PSK

2.3. [bookmark: _Toc67383690]Quadrature Phase Shift Keying (QPSK)
[image: PSK modulation and its types PSK modulation and its types PSK (Phase-Shift  Keying) – a digital modulation process also known as phase-shift keying.  Keying means that the modulation process consists in switching periodical  signal parameters, in this case ...]QPSK is another form of PSK [6]. The difference between them is that QPSK can send two bits of digital information in the same time that PSK can send one [6]. It utilizes two carrier waves of the same frequency and amplitude. However, one carrier wave has a phase of 0 radians and the second has a phase of π/2 radians. This can be visualized on a constellation diagram shown in Figure 3 [7]. A constellation diagram is a 2-D representation of a modulated signal that maps samples of that signal to scattered points on a complex plane [8]. 
Figure 3 - Constellation Diagram for QPSK


The Signal modulation can be seen in Figure 4 below.
[image: ]Figure 4 - Scope from a Matlab simulation of QPSK

2.4. [bookmark: _Toc67383691]Quadrature Amplitude Modulation (QAM)
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18

[image: The best constellation diagram for 8-QAM signal. | Download Scientific  Diagram]QAM is the most used form of digital modulation [9]. QAM can range from 4-QAM up to 256-QAM with the number designating the number of states that the modulated signal can assume [9]. It is likely, using the idea of a constellation diagram, that QAM will be more vulnerable to noise because the distance between the points is much reduced. In this report, QAM will not be modelled due to 4-QAM being identical to QPSK [9]. The benefit of QAM is that it allows significantly more information to be transmitted than the equivalent ASK and PSK methods. The constellation diagram for 8-QAM is shown below in Figure 5 [10]. Figure 5 - Constellation Diagram for 8-QAM


3. [bookmark: _Toc67383692]Simulation Models
For this experiment, the Independent variable is the Signal to Noise Ratio (SNR) which for all modulation methods discussed in this report will be changed between 10dB and -80dB. The Dependent variable will be the bit error rate which is a measure of the amount of information lost through noise implications and the Control Variables will be the filter design, the carrier wave frequency, and the sample frequency of the carrier wave. 

For each SNR level, the bit error rate shall be calculated across 2000 samples and will be repeated 5 times. This ensures the mean is accurate and it reduces the percentage uncertainty in the data gathered.




3.1. [bookmark: _Toc67383693]ASK (Amplitude Shift Keying)
3.1.1. [bookmark: _Toc67383694]Model Diagram
[image: Diagram

Description automatically generated]
Figure 6 - Matlab Model of ASK
3.1.2. [bookmark: _Toc67383695]Description
ASK is the simplest form of modulation to implement. The left of figure 6 is the modulator. A Binary signal is inputted straight into a switch. As the binary signal switches between a logic 0 and a logic 1, the switch changes between the two carrier signals. One carrier signal is a sinusoidal wave form of amplitude 1 and phase 0 radians. The second carrier signal is of amplitude 0. This modulated signal is then passed through an Additive White Gaussian Noise (AWGN) channel. This simulates open space or transmission lines in a communications system. The noisy signal is then multiplied by a copy of the carrier wave to add constructively and destructively. This is filtered by a low pass filter removing the original carrier wave. This output is then passed through a second switch with a threshold set to half way between the peaks and troughs of the filtered signal which was around 0.22 for these models. When the received signal goes above an amplitude of 0.22, it is converted to a logic 1 and when it drops back below 0.22, it will be a logic 0. This returns the original binary signal. Due to the filtering process, the recreated signal will be delayed. This needs to be accounted for when performing the bit error rate calculation which can be seen going in to the “Tx” channel on the error rate calculator. 
3.2. [bookmark: _Toc67383696]PSK (Phase Shift Keying)
3.2.1. [bookmark: _Toc67383697]Model Diagram
[image: Diagram

Description automatically generated]
Figure 7 - Matlab Model of PSK
3.2.2. [bookmark: _Toc67383698]Description
PSK modulators and demodulators run on very similar principles to ASK. However, instead of having a change in amplitude, the switch goes between two carrier waves of the same frequency and amplitude but in antiphase with each other. The rest of the process is identical to ASK. The bit error rate is then calculated and recorded in the same manner.
3.3. [bookmark: _Toc67383699]QPSK (Quadrature Phase Shift Keying)
3.3.1. [bookmark: _Toc67383700]Model Diagram
[image: Diagram

Description automatically generated]
Figure 8 - Matlab Model of QPSK
3.3.2. [bookmark: _Toc67383701]Description
The QPSK Model has a binary input signal that going through a deserializer. This converts the serial data into parallel data that goes through a de-multiplexer. This splits the parallel data into the In-Phase and Quadrature bit streams. These bit streams must to go between an amplitude of +1 and -1 hence the multiplication by 2 and subtraction of 1. The In-phase channel is multiplied by the carrier wave of phase 0 radians and the Quadrature channel is multiplied by the same carrier wave but π/2 radians out of phase. These two waves are summed to give the modulated QPSK signal and passed the AWGN Channel.
This signal enters the demodulation process and is split back into the In-phase and Quadrature channels. The same carrier waves are then added destructively and constructively again and are then filtered. They are each passed through a switch to convert them to parallel binary data. This parallel data is then multiplexed (added vectorially) and converted back into a serial data stream. The need to pass it through a serializer and deserializer, causes a delay on the output data of four samples. This needs to be taken into account when the bit error rate is calculated.

4. ResultsFigure 9 - Graph of Signal to Noise Ratio against Bit Error Rate



5. [bookmark: _Toc67383703]Discussion
Failure for these simulations is deemed as the point when 50% of information is lost. It would be difficult to regain the information lost at this level, especially as an acceptable bit error rate in industry is between 10-13 and 10-9 [11]. It can be seen from Figure 8 that ASK was reached failure earlier than both PSK and QPSK. All three modulation methods are very effective when the SNR is positive. However, from 0dB to -80dB ASK was consistently more vulnerable to noise. This is likely because the demodulator is looking for variations in amplitude. As the switch in the demodulator has a threshold amplitude, if the filtered signal still has fluctuations, it might end up sending the noise as a bit of information not sent on the original data stream.
Whilst PSK and QPSK are very similar, QPSK fails before PSK. This can be seen when we look at the constellation diagrams for both PSK and QPSK. In QPSK, 4 symbols are being transmitted in the same spectrum as 2 in PSK. This reduces the spectral space between the expected transmitted points. In the real world, the actual samples will lie within an area surround the expected points. If the distance between the points is reduced, you are more likely to have points overlapping causing bit errors.
The implications of noise can be reduced by Increasing the transmitter power or decreasing the bandwidth [12].
It can also be seen that as you increase the number of symbols being transmitted, for example in 32-QAM, you are reducing the distance between the points even further, likely making it more susceptible to noise.


6. [bookmark: _Toc67383704]Conclusion
ASK is the most likely to cause bit errors in the presence of noise and reaches failure at an SNR of roughly -45dB whereas both PSK and QPSK fail at roughly -60dB. QPSK is also more liable to bit error rates in the presence of noise than PSK however, you can transmit twice as much information with QPSK than with PSK. The more symbols you transmit, the more liable the system will likely be to bit errors due to noise. 
6.1. [bookmark: _Toc67383705]Recommendations for Further Study
Further study could be done on other modulation methods, such as 8-QAM, 16-QAM, or other higher order modulation methods to assess their performance. Methods of reducing the impact of noise or how to correct received errors could also be studied. This could give an indication to the impact of noise in real world transmission scenarios.


[bookmark: _Toc67383706]Appendix A
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Table 1 - ASK Raw Data
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Description automatically generated with medium confidence]
Table 2 - PSK Raw Data
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Table 3 - QPSK Raw Data
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ASK.

Bit Error Rate

SNR (dB) Test1 Test 2 Test 3 Test4 Test5 Mean Percentage | Standard Deviation
Samples | Errors |Error Rate | Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate | Samples | Errors |Error Rate]

10 2001 0 0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 0 0

5 2001 0 0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 0 0

0 2001 1 0.0004998 | 2001 0 0 2001 0 0 2001 1 0.0004998 | 2001 0 0 0.00019992|  0.02 0.000273752
-5 2001 59 0.02049 | 2001 58 | 0.02899 | 2001 63 | 0.03148 | 2001 57 0.02849 | 2001 63 | 0.03148 | 0.029986 3.00 0.001408911
-10 2001 285 01424 | 2001 273 0.1364 | 2001 312 0.1559 | 2001 288 0.1439 2001 201 0.1454 | 0.1448 14.48 0.007083431
-15 2001 575 0.2874 | 2001 593 0.2964 | 2001 560 0.2799 | 2001 566 0.2829 2001 560 0.2799 | 0.2853 28.53 0.006922788
-20 2001 733 0.3663 2001 732 0.3658 | 2001 770 0.3848 | 2001 733 0.3663 2001 731 0.3653 | 0.3697 36.97 0.008451331
-25 2001 839 0.4193 2001 865 04323 | 2001 854 | 0.4268 | 2001 861 0.4303 2001 862 04308 | 0.4279 42.79 0.005212965
-30 2001 924 0.4618 2001 877 0.4384 | 2001 921 0.4603 | 2001 939 0.4693 2001 938 | 0.4688 | 0.45972 45.97 0.012583998
-35 2001 940 0.4698 2001 935 04673 | 2001 967 04833 | 2001 989 0.4943 2001 959 04793 | 0.4788 47.88 0.010885771
-40 2001 970 0.4848 2001 986 04928 | 2001 988 04938 | 2001 978 0.4888 2001 988 | 0.4938 | 0.4908 49.08 0.003937004
-45 2001 967 0.4833 2001 1040 [ 05197 | 2001 1031 [ 05152 | 2001 984 0.4918 2001 1007 | 05032 | 0.50264 50.26 0.015335025
-50 2001 1037 0.5182 2001 939 04603 | 2001 986 04928 | 2001 1000 | 0.4998 2001 994 | 0.4968 | 0.49538 49.54 0.017529461
-55 2001 984 0.4918 2001 995 04973 | 2001 975 04873 | 2001 994 0.4968 2001 1007 | 0.5032 | 0.49528 49.53 0.006018887
-60 2001 971 0.4853 2001 1011 [ 05052 | 2001 953 04763 | 2001 985 0.4923 2001 985 0.4923 | 0.49028 49.03 0.010618474
-65 2001 967 0.4833 2001 1025 | 05122 | 2001 1014 [ 05067 | 2001 965 0.4823 2001 959 0.4793 | 0.49276 49.28 0.015429776
-70 2001 1001 0.5002 2001 1000 [ 0.4998 | 2001 1030 [ 05147 | 2001 943 0.4713 2001 1031 [ 05152 | 0.50024 50.02 0.017822822
-75 2001 1019 0.5002 2001 992 0.4958 | 2001 978 0.4888 | 2001 1026 0.5127 2001 1010 [ 05047 | 0.50224 50.22 0.009823594
-80 2001 1000 0.4998 2001 1018 | 0.5087 | 2001 1027 | 0.5132 [ 2001 1006 0.5027 2001 1021 | 0.5102 | 0.50692 50.69 0.005519692
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PSK.

Bit Error Rate

SNR (dB) Test1 Test2 Test3 Test4, Test5 Mean | Percentage
Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate|

10 2001 0 0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 0 0
5 2001 0 0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 0 0

0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 0 0
5 2001 0 0 2001 0 0 2001 0 0 2001 0 0 2001 0 0 0 0
-10 2001 36 | 001799 | 2001 33 | 0.01649 | 2001 31 | 001549 | 2001 33 | 0.01649 | 2001 31 | 0.01549 | 0.01639 164
-15 2001 240 | 01199 | 2001 222 | 01109 | 2001 215 | 01074 | 2001 239 | 01194 | 2001 220 | 01144 | 01144 | 1144
-20 2001 495 | 02474 | 2001 524 | 02619 | 2001 526 | 0.2629 | 2001 526 | 0.2629 | 2001 509 | 02544 | 02579 | 2579
-25 2001 707 | 03533 | 2001 734 | 03668 | 2001 730 | 03648 | 2001 741 | 03703 | 2001 716 | 03578 | 03626 | 36.26
-30 2001 837 | 0.4183 | 2001 832 | 04158 | 2001 876 | 0.4378 | 2001 808 | 0.4038 | 2001 844 | 04218 | 04195 | 41.95
-35 2001 923 | 04613 | 2001 895 | 0.4473 | 2001 922 | 0.4608 | 2001 911 | 04553 | 2001 900 | 04498 | 04549 | 4549
-40 2001 942 | 04708 | 2001 985 | 0.4923 | 2001 933 | 04663 | 2001 953 | 04763 | 2001 999 | 0.4993 [ 0.481 48.10
-45 2001 964 | 0.4818 | 2001 992 | 0.4958 | 2001 993 | 0.4963 | 2001 952 | 04758 | 2001 988 | 04938 | 04887 | 4887
-50 2001 1005 | 05022 | 2001 980 | 0.4898 | 2001 977 | 0.4883 | 2001 988 | 0.4938 | 2001 993 | 04963 | 0.49408 | 49.41
-55 2001 955 | 0.4773 | 2001 1014 | 05067 | 2001 1007 | 05032 | 2001 1020 | 05097 | 2001 99 | 0.4978 | 0.49894 | 49.89
-60 2001 993 | 0.4963 | 2001 1004 | 05017 | 2001 1012 | 05057 | 2001 1022 | 05107 | 2001 978 | 0.4888 | 0.50064 | 50.06
-65 2001 991 | 0.4953 | 2001 995 | 0.4973 | 2001 980 | 0.4898 | 2001 971 | 04853 | 2001 973 | 04863 | 04908 | 49.08
-70 2001 969 | 0.4843 | 2001 1022 | 05107 | 2001 1031 | 05152 | 2001 966 | 0.4828 | 2001 1022 | 05107 | 0.50074 | 50.07
-75 2001 969 | 0.4843 | 2001 986 | 0.4928 | 2001 994 | 0.4968 | 2001 1003 | 05012 | 2001 1028 | 05137 | 0.49776 | 49.78
-80 2001 988 | 0.4938 | 2001 985 | 0.4923 | 2001 1008 | 0.5037 | 2001 989 | 0.4943 | 2001 985 | 0.4923 | 0.49528 | 49.53
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QpPsk

Bit Error Rate

SNR (dB) Test1 Test2 Test3 Test4, Test5 Mean | Percentage
Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate| Samples | Errors |Error Rate|

10 1997 0 0 1997 0 0 1997 0 0 1997 0 0 1997 0 0 0 0

5 1997 0 0 1997 0 0 1997 0 0 1997 0 0 1997 0 0 0 0

0 1997 0 0 1997 0 0 1997 0 0 1997 0 0 1997 0 0 0 0

5 1997 0 0 1997 0 0 1997 0 0 1997 0 0 1997 0 0 0 0

-10 1997 29 | 0.01452 | 1997 35 | 001753 | 1997 36 | 0.01803 | 1997 36 | 001803 | 1997 36 | 0.01803 [0.017228] 1.72
-15 1997 226 | 01132 | 1997 265 | 01327 | 1997 241 | 01207 | 1997 245 | 01227 | 1997 230 | 01152 | 01209 | 12.09
-20 1997 495 | 02479 | 1997 492 | 02464 | 1997 516 | 0.2584 | 1997 496 | 0.2484 | 1997 499 | 0.2499 | 0.2502 | 25.02
-25 1997 732 | 03665 | 1997 738 | 0369 | 1997 708 | 03545 | 1997 709 0355 | 1997 709 0355 | 036012 | 36.01
-30 1997 847 | 04241 | 1997 883 | 04422 | 1997 878 | 04397 | 1997 861 | 04311 | 1997 850 | 0.4301 | 0.43344 | 4334
-35 1997 918 | 04597 | 1997 891 | 0.4462 | 1997 937 | 04692 | 1997 901 | 04512 | 1997 874 | 04377 | 04528 | 4528
-40 1997 903 | 04522 | 1997 962 | 04817 | 1997 999 | 05003 | 1997 957 | 04792 | 1997 941 | 04712 | 047692 | 47.69
-a5 1997 969 | 0.4852 | 1997 959 | 0.4802 | 1997 1045 | 05233 | 1997 944 | 04727 | 1997 915 | 04582 | 048392 | 4839
-50 1997 984 | 04927 | 1997 992 | 0.4967 | 1997 962 | 04817 | 1997 995 | 0.4982 | 1997 975 | 04882 | 04915 | 49.15
-55 1997 956 | 0.4787 | 1997 1000 | 0.5008 | 1997 997 | 0.4992 | 1997 1019 | 05103 | 1997 964 | 04827 | 049434 | 49.43
-60 1997 985 | 04932 | 1997 975 | 0.4882 | 1997 974 | 04877 | 1997 1018 | 05098 | 1997 961 | 04812 | 049202 | 49.20
-65 1997 988 | 0.4947 | 1997 1010 | 05058 | 1997 989 | 04952 | 1997 1071 | 05363 | 1997 991 | 0.4962 | 0.50564 | 50.56
-70 1997 1011 | 05063 | 1997 1008 | 0.5048 | 1997 1045 | 05233 | 1997 1009 | 05053 | 1997 959 | 0.4802 | 0.50398 | 50.40
-75 1997 992 | 0.4967 | 1997 985 | 04932 | 1997 1016 | 0.5088 | 1997 1025 | 05133 | 1997 1012 | 0.5068 | 0.50376 | 50.38
-80 1997 1009 | 05053 | 1997 976 | 0.4887 | 1997 1001 | 05013 | 1997 992 | 0.4967 | 1997 1061 | 0.5313 | 0.50466 | 50.47
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