



Introduction
[bookmark: _GoBack]The purpose of this report is to build three types of digital modulation systems, ASK, PSK and FSK modulation systems, this will be accomplished by using MATLAB’s in-built Simulink to build models, these models will then be tested, AWGN (Additive White Gaussian Noise) will be added and the modulation systems will be tested again, also there will be error detection within the models to see how many errors occur after the AWGN is added and how those errors can be decreased, the results of the testing will be outlined within this report and all the results will be compared with each other to see their respective performances.
Background information
What is digital Modulation and Demodulation?
Digital modulation is used when an analogue carrier signal (appendix 1,[1]) needs to be altered using its three main characteristics, when these three main characteristics are changed or modulated they must then be represented as digital data that correlates with an analogue signal, the three characteristics that the analogue carrier signal is comprised of are the height or amplitude of the signal, the frequency of the signal and the phase of the carrier signal.[2]
all the digital modulation techniques that are outlined during this report will have two stages a modulator or modulation system stage which is described as “modulation is the process by which information is incorporated into an electromagnetic Wave carrier before it is transmitted to the receiver.” [3], within the context of this report this is true as a binary signal which is the information, is combined with either a single or two carrier waves and sent it to the demodulator.
The second stage is demodulation and can be described as “The demodulation process takes the received signal and recovers the information that was sent.”[4], This can be linked to this report as the signal from the modulator is sent through a demodulation section which includes a designed low pass filter and mathematical functions so it can be smoothed and recovered at the end of modulation system.
Noise within digital communications
Noise can become a substantial problem when concerning the subject of digital communications as noise is described as “any unwanted signal that tends to interfere with the required signal”[5], this could be any sort of signal that causes the loss or change of any signal, but the main noise that interferes with communication signals is thermal noise which occurs during transmitting and receiving communications signals due to electrons randomly moving around in a uniform way and is produced by any element within a communications system that has a temperature above 0°.[6]
it has also been stated “because of noise, the transmission of the signal is disturbed and errors introduced in the received signal.”[5]. This can be serious as if a signal is sent with a specific meaning and is interrupted with noise then it can be received, and the meaning could be lost and the signal would look nothing like the original signal.
For the purposes of this report noise had to be included in the Simulink models, so as the modulation systems could be compared with each other, the way this was done was by adding a AWGN (Added White Gaussian Noise) block after the modulation stage (seen in figures 5, 11 and 17). The level of SNR (signal to noise ratio) setting within the AWGN block will be explained later after the discussion of every modulation system.
MATLAB models
All models were built using MATLAB 2016a’s in-built function Simulink, below are the Simulink models of the three modulation systems: -
ASK (Amplitude Shift Keying)
Figure 1 shows the modulator section of the ASK modulation system as can be seen in the model has a carrier signal and the Bernoulli binary generator feeding into a product box. The main function of this section of the system is that the Bernoulli binary generator will output a low signal (a signal of 0) and a high signal (a signal of  1) this will change the carrier signal shown at the scope as if the product box has  an input of 0 from the binary generator the carrier signal will not be present on the scope but if the binary generator gives out a input of 1 to the product box then the amplitude of the carrier signal will always be consistently present in the scope.Figure 1-modulator section of ASK modulation system

The values that were used in the testing of the ASK modulator, the carrier signal: -
· Sample time of 1/1000 
· Frequency 2*pi*100
· Amplitude of 1
Here is the output of modulator on Simulink scope: -
Figure 2 displays an example of the scope output where the top trace is binary input from the Bernoulli binary generator and the bottom trace shows the output of the product box which is the combined carrier signal and binary value.                                 Figure 2-ASK Modulator Simulink Scope







The ASK complete modulation system: -Figure 3- The complete ASK modulation system made in Simulink

Within figure 3 the signal from the modulator is fed into another product box and combining it with another signal that is the exact equivalent of the original carrier signal which is then fed it into a low-pass filter, it is conveyed through several mathematical functions so that the outputted signal can be smoothed and finally the signal at the end of the system should be identical to the initial modulated signal.
[image: ]
Figure 4-All steps of ASK Modulation and Demodulation on Simulink scope
Displayed above in figure 4 are the input and output traces from the entire ASK modulation system, the first blue trace is the binary signal input, the second trace is the combined carrier signal and binary value output of the ASK modulator. The third trace shows the output signal of the designed low pass filter which as shows looks more like the initial binary signal with some fluctuations when the signal transitions from a 1 to a 0, lastly the fourth trace shows what the signal looks like after it has been through all the mathematical functions and has returned to what the initial signal was.
ASK modulation with noiseFigure 5- ASK modulation system with low noise on Simulink

Figure 5 shows the ASK modulation system when noise was added using a AWGN block, the bit error rate will be tested with various levels of SNR and displayed on the error rate calculation box.
The values of the amount of noise and the results of the number of errors will be shown in the results section of the report.Figure 6- ASK system with low noise (-2 dB) (scope in Simulink)

Shown in figure 6 is an example of what the scope of the ask modulation system would look like with a low amount of noise added, the first trace shows the inputted binary signal, the second box down show the resultant combination of the binary signal and initial Carrier signal.
The next trace on the top is the noise the is being added, the second trace on bottom is the output of the low-pass filter with the noise included and finally the top right trace is the final output of the demodulator.

FSK (Frequency Shift Keying)
Frequency shift keying is a digital modulation technique in which instead of having one initial carrier signal like the ASK modulation system, the system has two initial carrier signals here are the values: -Figure 7- FSK modulator in Simulink

[bookmark: _Hlk503269020]Carrier Signal 1-
Sample Time=1/1000
Amplitude= 1 
 Frequency= 2*pi*100
[bookmark: _Hlk503269184]
Carrier Signal 2-
Sample Time=1/1000
Amplitude= 1
Frequency= 2*pi*50
As can be seen in figure 7 the two carrier signals and the Bernoulli binary generator are connected to a switch where the middle part of the switch is connected to the binary generator, if the binary generator generates a high signal (a binary 1) it switches carrier signal 1 which has the higher frequency, if the binary generator gives if a low signal (a binary 0) then it switches down to the Carrier signal 2 with the lower frequency.Figure 8- FSK modulation (scope in Simulink)

Figure 8 is the scope display for the FSK modulator, where the first trace is the binary signal given by the Bernoulli binary generator and the second trace is the output of the modulator which is the combined binary signal and whichever carrier signal it was matched with.
FSK complete systemFigure 9- Complete FSK system in Simulink

Figure 9 shows how the output of the FSK modulator goes into a pair of product boxes where it couples with another two carrier signals that have the same properties as the original two carrier signals, both the product boxes feed into identical low pass filters and as in the ASK filter’s output’s it goes through various mathematical functions so that the signal can be smoothed.  Finally, after the signals have been connected back up with each other they go through the last set mathematical functions which gives the final demodulated signal.Figure 10- FSK complete system without noise (Simulink Scope)

Above in figure 10 it displays the signals at four various places within the FSK modulation system, the first trace is the input from the Bernoulli binary generator, the second trace is the signal that outputs from the modulator of the FSK. The third is the signal after it outputs from the low pass filter which has variations when transitioning from ‘0’ to ‘1’ and finally the last trace is the signal that is outputted at the end of the demodulation stage, it looks like the initial signal which is as expected.
FSK System with noiseFigure 11-FSK with Low noise added

Figure 11 shows the whole FSK modulation system when a low amount of noise is added to it, which is shown as a single error on the display at the end of the system.Figure 12- Scope of FSK with low noise (-2 dB)

Figure 12 shows an example of the FSK modulation system that has a low amount of noise added to it, the first trace on the top shows the original binary signal, the second trace down is the combined binary signal and whichever carrier signal was it was matched with, the third trace down is the low amount of noise that was sent into the low pass filter.
The top right trace shows the noisy signal after it has been through the low pass filter and the last trace on the right is the final noisy demodulated signal.
PSK (Phase Shift Keying)Figure 13-PSK modulator in Simulink

A PSK modulator is like FSK as they both have two Carrier signals feeding into a switch and being coupled with a binary signal, it differs as the PSK has a shift in phase within the Carrier signals here are the details of the two Carrier signals: -
Carrier Signal 1-
Sample Time=1/1000
Phase = 0°
Amplitude= 1 
 Frequency= 2*pi*100


Carrier Signal 2-
Sample Time=1/1000
Phase= -pi°
Amplitude= 1
Frequency= 2*pi*50
This means that when the binary generator generates a high signal (a binary 1) then it keeps its original phase, but when it generates a low signal (a binary 0) it makes the signal go out of phase by -pi.Figure 14- PSK modulator (scope from Simulink)

Figure 14 shows the inputted binary signal and the output signal of the modulator, this scope is magnified to show how the phase shifts when it changes from a high signal (1) to a Low signal (0).
PSK complete systemFigure 15-PSK Complete system in Simulink

Figure 15 shows how the Demodulator is like the ASK modulation system as the Low pass filter is fed with the modulated signal and then coupled with another signal that has the same parameters as one of the initial carrier Signals. Within this model it is the same as carrier signal 1 and therefore has a phase of 0°, as with the other demodulation section in the other system the signal is then supplied to a low pass filter and then sent through some mathematical functions so that it can be smoothed and outputted to look like the initial signal inputted.Figure 16- Complete PSK (Scope from Simulink)

Figure 16 displays the scope of the complete PSK system where the first trace is the binary signal, the second trace is the outputted modulator signal, the third trace is the signal from the low pass filter before it is smoothed, and the last trace is the final smoothed demodulated signal which looks like the original signal.
PSK with noiseFigure 17-PSK System with noise added


Figure 17 displays the PSK modulation system that has had a low amount of noise (-2 dB) added to it.Figure 18- Scope of PSK with small amount of noise added

Figure 18 shows the scope of the PSK system when a low amount of noise (-2dB) was added, the first trace is the initial binary input signal, the second trace is the binary signal that has combined with an carrier wave that is either in phase or out of phase by π°, the top middle trace is the noise that is injected into the PSK system, the middle bottom trace is the output of the low pass filter combined with the noise and the last trace is the demodulated signal that still has a small amount of noise in it.
Results
Below are tables showing the results when each system was tested three times and with three varying levels of noise and averaged, all results will come from Simulink’s error rate calculation will be shown as a decimal, also all results will be shown as percentage on the graph.


ASK error results
	[bookmark: _Hlk503199587]Tests
	No Noise
	Low Noise (-2 dB)
	Mid Noise (-6dB)
	High Noise (-10 dB)

	Test 1
	0
	0.1
	0.3
	0.7

	Test 2
	0
	0.2
	0.5
	0.4

	Test 3
	0
	0.2
	0.4
	0.5

	Average
	0
	0.16
	0.4
	0.53



FSK error Results
	[bookmark: _Hlk503199646]Tests
	No Noise
	Low Noise (-2 dB)
	Mid Noise (-6 dB)
	High Noise (-10 dB)

	Test 1
	0
	0.1
	0.4
	0.6

	Test 2
	0
	0.2
	0.4
	0.5

	Test 3
	0
	0.1
	0.5
	0.7

	Average
	0
	0.13
	0.43
	0.6



PSK Error Results
	Tests
	No Noise
	Low Noise (-2 dB) 
	Mid Noise (-6 dB)
	High Noise (-10 dB)

	Test 1
	0
	0.1
	0.3
	0.3

	Test 2
	0
	0.2
	0.2
	0.5

	Test 3
	0
	0.1
	0.3
	0.4

	Average
	0
	0.13
	0.26
	0.4



Here is the graph showing all the averages of the Error rates for the modulation systems: -Graph 1- Results of BER of the different modulation systems














Comparison of modulation systems
As can be seen in the graph above all the modulated systems act as expected when there is no noise put into the system as all three have 0 errors and therefore an error rate of 0%, the PSK and FSK perform the same as each other as they have and error rate of 13%, whereas the ASK has a rate of 16% meaning that it doesn’t perform as well as the others when injected with a small amount of noise (-2 dB).
When it comes to the medium amount of noise (-6 dB) the PSK is the best as it only has an error rate of 26%, then it is the ASK with an error rate of 40%, finally the FSK has the highest error rate with 43%, though it isn’t that much bigger than the ASK it still doesn’t perform as efficiently as the other two systems when it comes to the reduction of noise.
The best modulation system to reduce noise when a large amount (-10 dB) was added was the PSK with an error rate of 40%, the second best at reducing errors was the ASK with an error rate of 53%, lastly the most inefficient at decreasing the level of noise was the FSK as it had an error rate of 60%.
Error Correction
During the duration of testing the various modulation systems it was figured out the error correction would be close to impossible as it didn’t work when put into the Simulink models, so for this report it will be spoken about theoretically and a Simulink model of hamming forward error correction.
Forward error correction (FEC) is used within the transmission of binary data and is normally implemented by turning the binary data into a blocks of code, these blocks of code can be used to detect and sometimes correct data, this is done by making a codeword, the codeword is made of two parts, the message being sent and adding some redundancy or extra bits (parity bits). [7]
CRC (cyclic Redundancy Check) are effective algorithms used to detect errors within transmitted data, there are two main algorithms are CRC-16 and CRC-32 they are named this as the algorithm adds on a number of bits either 16 or 32 onto the transmitted data before it is sent, then at the receiving end the data is checked to see if it matches the original sent data with CRC if the data matches then the original data is said to be correctly received with no errors.[8]
Hamming code is also a good method of error detection and correction, the most know hamming code is the (7, 4) hamming code, it’s called (7, 4) as the code is made up of 3 parity bits that are combined with 4 bits of data (usually a message), this results in a codeword that is 7 bits long, the parity bits are used to identify errors at the receiver end, these parity bits are crucial as they allow for 2 bits to be detected when the message is received and 1 bit to be corrected if the message comes corrupted during the transmission .[9]
Below in figure 19 is a hamming coding system made within MATLAB’s Simulink and was supposed to be used to lower the amount of errors given from the various systems when the noise was introduced, the subsystem block is where the different modulation systems are supposed to be.Figure 19-Hamming code within Simulink

Conclusion
To conclude when all the modulation techniques were tested with no AWGN they performed correctly, when a low amount of noise was added the FSK and PSK worked slightly inefficiently as they had an error rate of 13%, while the PSK modulation technique was found to be the best at reducing the amount of errors and in turn error rate, when being tested with medium AWGN it had an error rate of 26% and high amounts of AWGN it had an error rate of 40%, whereas the FSK technique has the an error rate of 43% with medium noise and 60% with high amounts of noise meaning it was the least efficient at decreasing the errors and error rate of all the Techniques tested.
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Appendices
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Appendix 1 - 
Bit Error Rate In Modulated Systems 

ASK	
No Noise	Low Noise (-2dB)	Medium Noise (-6dB)	High Noise (-10dB)	0	16	40	53	FSK	
No Noise	Low Noise (-2dB)	Medium Noise (-6dB)	High Noise (-10dB)	0	13	43	60	PSK	
No Noise	Low Noise (-2dB)	Medium Noise (-6dB)	High Noise (-10dB)	0	13	26	40	Different Modulation Systems and Noise levels


Average Error Percentage(%)
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