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[bookmark: _Toc66379631]Introduction
In the modern world, both social and industry, there is a massive dependency on digital single processing and communication. 
This document outlines the investigation of the various types of digital modulation used in digital communication systems. Noise rates will be altered to give Bite Error Rates. These will be displayed, compared, and discussed. 
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Figure 1 - Basic Communication System Layout
[bookmark: _Toc66379634]Circuit parts
[bookmark: _Toc66379635]Random signal generator
Bernoulli Binary Block – this generates random data using a Bernoulli distribution. This block can be used to generate random data bits to simulate digital communication systems, and obtain performance metrics such as bit rate error [1]. This is also explained in [Section 2.2.5]
[bookmark: _Toc66379636]Modulator
A modulator takes the transmitted digital signal and combines it with a sine wave. Thus creating an encoded message which can be transmitted. 
[bookmark: _Toc66379637]Noisy Channel
Such as an Additive white Gaussian noise (AWGN) is a basic noise model used in information theory to mimic the effect of many random process that occur in nature [2]. This will let noise to be added or subtracted from the simulation, and allow the capability to assess how the model performs at different levels of signal to noise ratio (SNR)
[bookmark: _Toc66379638]Demodulator 
A demodulator converts the amplitude shift of ASK modulated input signal, into a digital signal [3]. The error rate comes from the demodulation, such that the amount of noise/interference in the system is quantified and then decoded incorrectly. 
[bookmark: _Ref66351065][bookmark: _Toc66379639]Bit Error Rate 
Is calculated by dividing the number of bits with error, by the number of bits sent. It is defined as the percentage of bits that have errors relative to the total number received. A high BER value is indicative of a noisy signal, which can be attributed to many factors. 
[bookmark: _Toc66379640]Digital Modulation
There are various types of Digital modulation. 
[bookmark: _Toc66379641]ASK
Amplitude Shift Keying (ASK) is a binary data form, which varies the amplitude of the signal. The carrier wave amplitude is changed between discrete levels (usually 2) in accordance with the digital data [4]. Simply put, data is represented as either a 0 r 1 – thus binary [Figure 2].
[image: ask]
[bookmark: _Ref66353668]Figure 2 - ASK Signal Plot
[bookmark: _Toc66379642]PSK
Phase Shift Keying (PSK) again, is a binary data form. But it varies the phase of the carrier wave at the beginning of the pulse. This denotes the discrete values. One value represents binary 0, while the other is binary 1 – this is 180 degrees offset.
[image: psk]
Figure 3 - PSK Signal Plot
[bookmark: _Toc66379643]QPSK
Quadrature Phase Shift Keying (QPSK) is a modulation which transmits 2 bits in 4 modulation states. Where communications such as ASK send information in the form of either a 0 or 1, QPSK sends either 00, 01, 10, or 11. 2 bit performance is possible because the carrier variations are not limited to 2 states [5]. QPSK carrier carious in terms of phase, these can be displayed in [Figure 4].
[image: https://www.allaboutcircuits.com/uploads/articles/TB_QPSK_1.JPG]
[bookmark: _Ref66367363]Figure 4 - QPSK Signal Plot
[bookmark: _Toc66379644]QAM
Quadrature Amplitude Modulation (QAM) is a modulation which varies the phase and amplitude. It can be built from a combination of ASK and PSK modulations. Each carrier is shifted in phase by 90 degrees from one another. 
[image: What is QAM: Quadrature Amplitude Modulation » Electronics Notes]
Figure 5 - QAM Signal Plot 
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Figure 6 - SIMULINK ASK Circuit
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Figure 7 - SIMULINK PSK Circuit
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Figure 8- SIMULINK QPSK Circuit
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Figure 9 - SIMULINK QAM Circuit
[bookmark: _Toc66379650]Results
SNR ratio was altered in the AWGN block to understand the effect it has on the Bit Rate Error. Increments were kept the same for consistency. Results are stated below, and will be briefly surmised. Raw data can be found within [Section 7].
For the purposes of this document, a BER of above 50%, is deemed to be a failure of communication – such that if a message was received with half of it missing, it would be impossible to comprehend. 
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[bookmark: _Ref66377977]Graph 1 - ASK BER Graph
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[bookmark: _Ref66378117]Graph 2 - PSK BER Graph
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[bookmark: _Ref66378257]Graph 3 - QPSK BER Graph
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[bookmark: _Ref66378326]Graph 4 - QAM BER Graph

[bookmark: _Ref66378507]Graph 5 - Modulator BER Comparison Graph
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[Graph 1] indicated a single failure at an SNR of -35. The trendline suggested a linear failure rate up to that of around a -40 SNR. At that point the failure rates appeared to level off – with a slight rise and fall to follow. 
[Graph 2] had a trendline similar to [Graph 1], but it levelled off to a more consistent plateau. There were 3 failed averages at: -40, -60, and -80.
[Graph 3] results were visually more inconsistent. The trendline fluxuated once the SNR was taken beyong -10. On the whole, most of the signal failed to be read after demodulation. Only 3 signals passed through the modulator and were then demodulated correctly, though their BER was quite high, at c15%, 34%, and 42% 
[Graph 4] all SNR’s tested gave a BER average of greater than 70%, except 0 SNR. This type of modulator does not seem to be suited to transmit the input signal. 
[Graph 5] is each of the Modulators average BER overlaid. It can be seen that ASK and PSK had similar error rates. Once peaked, they hung around the 40-50% range. 

[bookmark: _Toc66379656]Conclusion
For the SNR’s tested in the AWGN, ASK seems the best modulator to use, given that its average BER’s seem lowest. The testing didn’t appear to identify a better modulator between QPSK and QAM, but it is generally considered that QPSK is better than QAM when BER, power efficiency, and bandwidth efficiency are considered [6]. The occasional spikes across all of the results, would suggest that the Bernoulli block is generating random signals – this does skew the results slightly.

Testing including the above considerations would be useful in order to fortify the data that has been gathered to this point. 
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	Bit Error Rate
	 

	
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average

	SNR
	0
	0.09
	0.09
	0
	0.09
	0
	0
	0
	0
	0
	0
	2.7%

	
	-5
	0.27
	0.27
	0.27
	0.09
	0.09
	0.09
	0.09
	0.18
	0.18
	0.09
	16.2%

	
	-10
	0.27
	0.18
	0.27
	0.18
	0.09
	0.36
	0.27
	0.18
	0.18
	0.36
	23.4%

	
	-15
	0.18
	0.27
	0.18
	0.18
	0.27
	0.36
	0.45
	0.18
	0.36
	0.54
	29.7%

	
	-20
	0.54
	0.45
	0.27
	0.27
	0.54
	0.54
	0.27
	0.45
	0.36
	0.36
	40.5%

	
	-25
	0.27
	0.18
	0.36
	0.54
	0.36
	0.36
	0.45
	0.27
	0.36
	0.45
	36.0%

	
	-30
	0.54
	0.45
	0.27
	0.27
	0.54
	0.36
	0.45
	0.27
	0.54
	0.36
	40.5%

	
	-35
	0.45
	0.63
	0.36
	0.54
	0.36
	0.54
	0.54
	0.54
	0.63
	0.54
	51.3%

	
	-40
	0.45
	0.63
	0.36
	0.72
	0.36
	0.18
	0.54
	0.45
	0.81
	0.45
	49.5%

	
	-45
	0.36
	0.54
	0.36
	0.63
	0.27
	0.36
	0.63
	0.36
	0.45
	0.63
	45.9%

	
	-50
	0.63
	0.45
	0.36
	0.54
	0.54
	0.54
	0.27
	0.54
	0.45
	0.45
	47.7%

	
	-60
	0.18
	0.36
	0.63
	0.72
	0.27
	0.45
	0.63
	0.36
	0.36
	0.63
	45.9%

	
	-70
	0.45
	0.72
	0.45
	0.45
	0.54
	0.45
	0.18
	0.45
	0.54
	0.54
	47.7%

	
	-80
	0.54
	0.45
	0.54
	0.54
	0.63
	0.18
	0.36
	0.54
	0.36
	0.09
	42.3%

	
	-90
	0.54
	0.36
	0.63
	0.27
	0.54
	0.63
	0.63
	0.18
	0.27
	0.45
	45.0%

	
	-100
	0.72
	0.63
	0.18
	0.45
	0.72
	0.81
	0.54
	0.45
	0.18
	0.27
	49.5%


Table 1 - ASK BER
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	Bit Error Rate
	 

	
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average

	SNR
	0
	0.09
	0
	0
	0
	0.09
	0.09
	0
	0.09
	0.09
	0.09
	5.4%

	
	-5
	0.27
	0.27
	0.18
	0.27
	0.09
	0.09
	0.18
	0.27
	0.18
	0.27
	20.7%

	
	-10
	0.18
	0.27
	0.36
	0.27
	0.18
	0.27
	0.27
	0.09
	0.27
	0.27
	24.3%

	
	-15
	0.27
	0.18
	0.27
	0.27
	0.18
	0.09
	0.27
	0.18
	0.18
	0.36
	22.5%

	
	-20
	0.18
	0.45
	0.18
	0.45
	0.27
	0.63
	0.72
	0.36
	0.45
	0.45
	41.4%

	
	-25
	0.36
	0.45
	0.54
	0.27
	0.45
	0.54
	0.36
	0.27
	0.63
	0.18
	40.5%

	
	-30
	0.27
	0.72
	0.36
	0.72
	0.27
	0.45
	0.54
	0.36
	0.45
	0.45
	45.9%

	
	-35
	0.27
	0.45
	0.54
	0.63
	0.45
	0.54
	0.81
	0.45
	0.45
	0.36
	49.5%

	
	-40
	0.36
	0.63
	0.45
	0.45
	0.72
	0.54
	0.36
	0.54
	0.72
	0.63
	54.0%

	
	-45
	0.45
	0.45
	0.27
	0.54
	0.36
	0.72
	0.45
	0.54
	0.18
	0.36
	43.2%

	
	-50
	0.36
	0.36
	0.63
	0.36
	0.36
	0.54
	0.45
	0.54
	0.45
	0.36
	44.1%

	
	-60
	0.36
	0.63
	0.45
	0.18
	0.45
	0.36
	0.81
	0.63
	0.63
	0.54
	50.4%

	
	-70
	0.63
	0.27
	0.54
	0.45
	0.54
	0.36
	0.63
	0.27
	0.36
	0.63
	46.8%

	
	-80
	0.54
	0.45
	0.63
	0.45
	0.72
	0.36
	0.27
	0.63
	0.36
	0.72
	51.3%

	
	-90
	0.63
	0.54
	0.45
	0.36
	0.45
	0.36
	0.36
	0.54
	0.45
	0.45
	45.9%

	
	-100
	0.72
	0.18
	0.36
	0.36
	0.63
	0.63
	0.36
	0.63
	0.45
	0.27
	45.9%


Table 2 - PSK BER
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	Bit Error Rate
	 

	
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average

	SNR
	0
	0.09
	0.09
	0.18
	0.27
	0.09
	0.27
	0.18
	0.27
	0.09
	0
	15.3%

	
	-5
	0.36
	0.36
	0.45
	0.27
	0.27
	0.45
	0.27
	0.27
	0.36
	0.36
	34.2%

	
	-10
	0.63
	0.45
	0.72
	0.45
	0.54
	0.63
	0.54
	0.54
	0.45
	0.54
	54.9%

	
	-15
	0.63
	0.81
	0.72
	0.72
	0.63
	0.54
	0.45
	0.63
	0.45
	0.63
	62.1%

	
	-20
	0.54
	0.54
	0.72
	0.72
	0.63
	0.63
	0.54
	0.63
	0.54
	0.54
	60.3%

	
	-25
	0.81
	0.45
	0.63
	0.54
	0.54
	0.63
	0.72
	0.63
	0.63
	0.63
	62.1%

	
	-30
	0.9
	0.72
	0.45
	0.63
	0.81
	0.63
	0.54
	0.54
	0.63
	0.63
	64.8%

	
	-35
	0.72
	0.63
	0.63
	0.45
	0.63
	0.63
	0.54
	0.72
	0.45
	0.63
	60.3%

	
	-40
	0.81
	0.72
	0.72
	0.36
	0.54
	0.9
	0.63
	0.63
	0.54
	0.63
	64.8%

	
	-45
	0.45
	0.63
	0.63
	0.72
	0.63
	0.72
	0.81
	0.72
	0.81
	0.9
	70.2%

	
	-50
	0.72
	0.9
	0.72
	0.72
	0.9
	0.63
	0.9
	0.72
	0.9
	0.72
	78.3%

	
	-60
	0.72
	0.72
	0.72
	0.9
	0.63
	0.81
	0.63
	0.63
	0.81
	0.54
	71.1%

	
	-70
	0.72
	0.63
	0.72
	0.72
	0.63
	0.63
	0.81
	0.63
	0.63
	0.72
	68.4%

	
	-80
	0.54
	0.45
	0.54
	0.54
	0.63
	0.18
	0.36
	0.54
	0.36
	0.09
	42.3%

	
	-90
	0.72
	0.54
	0.72
	0.63
	0.54
	0.81
	0.81
	0.72
	0.72
	0.9
	71.1%

	
	-100
	0.72
	0.81
	0.81
	0.63
	0.72
	0.9
	0.72
	0.72
	0.72
	0.72
	74.7%


Table 3 - QPSK BER
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	Bit Error Rate
	 

	
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Average

	SNR
	0
	0.45
	0.45
	0.45
	0.36
	0.36
	0.36
	0.45
	0.54
	0.27
	0.45
	41.4%

	
	-5
	0.63
	0.63
	0.54
	0.63
	0.72
	0.72
	0.72
	0.81
	0.81
	0.81
	70.2%

	
	-10
	0.81
	0.9
	0.81
	0.72
	0.81
	0.81
	0.72
	0.9
	0.81
	0.91
	82.0%

	
	-15
	0.81
	1
	0.9
	0.9
	0.9
	0.9
	0.9
	1
	1
	0.81
	91.2%

	
	-20
	0.81
	0.81
	0.81
	1
	1
	0.9
	0.9
	0.9
	1
	1
	91.3%

	
	-25
	0.9
	1
	1
	0.9
	0.9
	0.9
	0.9
	1
	0.81
	0.9
	92.1%

	
	-30
	1
	0.81
	0.9
	1
	0.9
	0.9
	0.9
	0.81
	1
	1
	92.2%

	
	-35
	0.9
	0.9
	0.9
	1
	0.9
	0.81
	0.81
	0.9
	0.81
	0.9
	88.3%

	
	-40
	1
	1
	1
	0.81
	0.9
	0.9
	1
	0.81
	0.9
	0.9
	92.2%

	
	-45
	0.81
	0.9
	0.9
	1
	1
	0.9
	0.81
	0.9
	0.81
	1
	90.3%

	
	-50
	0.9
	1
	1
	0.81
	0.81
	0.9
	0.9
	0.81
	1
	0.9
	90.3%

	
	-60
	1
	0.81
	0.81
	0.81
	0.9
	0.9
	1
	0.81
	0.9
	0.81
	87.5%

	
	-70
	1
	1
	1
	0.81
	0.81
	0.9
	0.81
	0.9
	0.9
	0.9
	90.3%

	
	-80
	1
	0.81
	0.81
	0.9
	0.9
	0.81
	0.9
	0.9
	0.81
	0.81
	86.5%

	
	-90
	1
	0.9
	1
	1
	0.9
	0.9
	0.9
	0.9
	0.9
	0.9
	93.0%

	
	-100
	1
	1
	0.9
	0.81
	0.9
	1
	0.81
	0.9
	1
	0.81
	91.3%


Table 4 - QAM BER

Bit Error Rate	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	2.7000000000000003E-2	0.16200000000000001	0.23399999999999999	0.29699999999999999	0.40500000000000008	0.36	0.40500000000000008	0.51300000000000001	0.495	0.45899999999999996	0.47700000000000004	0.45899999999999996	0.47700000000000004	0.42300000000000004	0.45	0.49500000000000011	Signal to Noise Ratio (SNR)


Bit Rate Error % Average




Bit Error Rate	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	5.3999999999999992E-2	0.20700000000000002	0.24300000000000002	0.22500000000000001	0.41399999999999998	0.40499999999999997	0.45900000000000007	0.49500000000000011	0.53999999999999992	0.43200000000000005	0.441	0.504	0.46799999999999997	0.51300000000000001	0.45899999999999996	0.45899999999999996	Signal to Noise Ratio (SNR)


Bit Rate Error % Average




Bit Error Rate	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	0.153	0.34199999999999997	0.54900000000000004	0.621	0.60299999999999998	0.621	0.64800000000000002	0.60299999999999998	0.64799999999999991	0.70199999999999996	0.78300000000000003	0.71100000000000008	0.68399999999999994	0.42300000000000004	0.71099999999999997	0.74699999999999989	Signal to Noise Ratio (SNR)


Bit Rate Error % Average




Bit Error Rate	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	0.41399999999999998	0.70200000000000018	0.82000000000000006	0.91200000000000014	0.91300000000000003	0.92100000000000004	0.92200000000000004	0.88300000000000023	0.92200000000000004	0.90300000000000014	0.90300000000000014	0.87500000000000022	0.90300000000000014	0.86500000000000021	0.93	0.91300000000000003	Signal to Noise Ratio (SNR)


Bit Rate Error % Average




QAM	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	0.41399999999999998	0.70200000000000018	0.82000000000000006	0.91200000000000014	0.91300000000000003	0.92100000000000004	0.92200000000000004	0.88300000000000023	0.92200000000000004	0.90300000000000014	0.90300000000000014	0.87500000000000022	0.90300000000000014	0.86500000000000021	0.93	0.91300000000000003	QPSK	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	0.153	0.34199999999999997	0.54900000000000004	0.621	0.60299999999999998	0.621	0.64800000000000002	0.60299999999999998	0.64799999999999991	0.70199999999999996	0.78300000000000003	0.71100000000000008	0.68399999999999994	0.42300000000000004	0.71099999999999997	0.74699999999999989	PSK	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	5.3999999999999992E-2	0.20700000000000002	0.24300000000000002	0.22500000000000001	0.41399999999999998	0.40499999999999997	0.45900000000000007	0.49500000000000011	0.53999999999999992	0.43200000000000005	0.441	0.504	0.46799999999999997	0.51300000000000001	0.45899999999999996	0.45899999999999996	ASK	0	-5	-10	-15	-20	-25	-30	-35	-40	-45	-50	-60	-70	-80	-90	-100	2.7000000000000003E-2	0.16200000000000001	0.23399999999999999	0.29699999999999999	0.40500000000000008	0.36	0.40500000000000008	0.51300000000000001	0.495	0.45899999999999996	0.47700000000000004	0.45899999999999996	0.47700000000000004	0.42300000000000004	0.45	0.49500000000000011	Signal to Noise Ratio (SNR)
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