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[bookmark: _Toc59145096]Abstract
Digital Signal Processing relies upon modulation to combine a transmission with a carrier sine wave. This modulation can be done in one of numerous different ways by varying one or a combination of the amplitude, phase and frequency of the carrier signal. Four different modulations were simulated in Simulink in Matlab by Mathworks. A random noise generator was used to add noise to the systems and explore how the bit error rates of the signals were affected.
Due to the nature of white noise, modulations that reply on a change in the amplitude of the signal are more susceptible and will reach a critical fail rate quicker than modulations done with phase or frequency shifting. Amplitude shifting, however continues to be used as it is a cheap and easy to implement modulation technique.
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[bookmark: _Toc59145099]Introduction
Digital Signals processing (DSP) is the manipulation of signals. These signals could have originated as an analogue signal, such as audio or speech, and been converted into a digital format. Simple DSP processes can be equated to simple mathematical operators such as adding and subtracting signals from one another or constant values. Subtraction operators could be used to remove a baseline offset from a signal. The simple mathematical operators can be combined to create increasingly complicated processes.
Following the introduction of computers in the 1960 and 1970s, DSP was primarily used in four areas; defence radar research, oil exploration, space exploration or medical imaging [1]. It was then brought into the commercial sector following the expansion of personal computing in the 1980s. A significant area of DPS is in communications; the processing and transmitting of information. The outline of a typical process for transmitting information can be seen in Figure 1.
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[bookmark: _Ref59133438][bookmark: _Toc59145115][bookmark: _Ref59133418]Figure 1 Block Diagram of a Typical Communications System [2]
To transmit data, it needs to be source encoded which compresses the information, it can then be encrypted for added security before being channel encoded which performs error detection and corrections. The modulator converts the digital input into a signal that can be transported through the transmission channel. On the receiving end, these processes are reversed to regain the original digital inputs and output them to a user.
To study the differences in different modulation techniques, the systems can be modelled in simulation programs such as Simulink in Matlab by Mathworks [3]. Using simulations of models allows the user to design the most efficient modulation system for their communication channel and investigate potential issues. Different modulation techniques will have different characteristics such as; a susceptibility to noise, bandwidth and power requirements and complexity.
In this work four different techniques were modelled in Simulink; an amplitude shift key (AKS), a phase shift key (PSK), a quadrature phase shift key (QPSK) and a quadrature amplification modulation (QAM). Using Simulink it was possible to add noise into the system and increase it to study the effect on the bit error rate of the channel.


[bookmark: _Toc59145100]Background Information
[bookmark: _Toc59145101]Modulation
There are a wide variety of modulators all of which mix a signal, usually a binary sequence, with a carrier signal, usually a sinusoidal wave. The basic methods of modulation, change the amplitude, frequency or phase of the carrier wave and are known as amplitude shift keying (ASK), frequency shift keying (FSK) and phase shift keying (PSK). More complex methods of modulation combine some combination of amplitude, phase and frequency shift keying. 
Amplitude shift keying changes the amplitude of the carrier wave between two distinct values, dependant on whether the transmitting binary signal is a 1 or a 0. Phase shift keying. It is often used for transmission of data through fibre optic channels [4]. Similarly, phase shift keying changes between different phases and the frequency shifting changes between different frequencies; for a binary signal the frequency changes between 2 values, for non-binary signals more frequencies can be used.
More complex modulations systems can be built by combining ASK, PSK and FSK. For example, quadrature amplitude modulation (QAM) combines amplitude and phase shift keying. The same frequency can be used to carry multiple signals by setting different amplitude levels for each signal. This doesn’t increase the required bandwidth but improves the efficiency of the channel, allowing it to carry more data in the same bandwidth. Likewise, quadrature phase shift keying is the combination of two binary phase shift keys.
Quadrature modulators can transmit more information per bit, this can means transferring more data or reducing the bandwidth of the system to carry the same amount of data which can reduce the costs of implementation and transmission [5].
[bookmark: _Toc59145102]Bit Error Rate
The bit error rate (BER) is the error percentage that occurs for the number of bits present in a transmission [6]. It is dependant upon factors such as the random noise in the system, increasing the noise will increase the bit error rate and reduce the fidelity of the transmission.
[bookmark: _Toc59145103]Noise
Random noise is generated within real communications channels and so needs to be included in simulations for the best results. Noise can be generated by an almost limitless number of sources from electromagnetic interference which can come from cross talk from other channels or electromagnetic wave sources in the vicinity. Random noise can also be generated by user mistakes in the generation of the carrier and transmission signals. The levels of noise in a system are generally reduced as much as reasonably possible but can never be fully removed. At some point there is a reducing return to the cost and effort of trying to reduce the noise in the system. 
[bookmark: _Toc59145104]Signal to Noise Ratio (SNR)
The signal to noise ratio (SNR) is a method of determining the level of noise within a system and its likely effect upon the communication channel. It can be written as a percentage or using decibels (dB). Different modulators will be have different maximum SNR values before critical failure occurs and the signal cannot be reproduced at the sink.  
[bookmark: _Toc59145105]Filtering
When the noise in a system can’t be reduced any further before transmission, it can be filtered afterwards. There are a host of filters available depending upon the type of noise that needs to be removed. For example, in data collection, noise from main cables can be picked up on the transmission channels. This occurs at a specific frequency which is generally much lower than the frequency of the transmission signal and so a high band pass filter can be applied to filter out all the signals below a set threshold. 

[bookmark: _Toc59145106]Simulation Models
[bookmark: _Toc59145107]Amplitude Shift Keying (ASK)
An Amplitude shift key modulation was designed in Simulink in Matlab by Mathworks [3]. It consists of a Bernoulli Binary random generator to produce the signal and a sine wave for the carrier. The AWGN provides an adjustable amount of random noise into the system to study the bit error rate reported by the error rate calculation algorithm.
[image: ]
[bookmark: _Toc59145116]Figure 2 Simulink Model for ASK

[bookmark: _Toc59145108]Phase Shift Keying (PSK)
A Phase shift key modulation was designed in Simulink in Matlab by Mathworks [3]. It consists of a Bernoulli Binary random generator to produce the signal and a sine wave for the carrier. The AWGN provides an adjustable amount of random noise into the system to study the bit error rate reported by the error rate calculation algorithm.
[image: ]
[bookmark: _Toc59145117]Figure 3 Simulink Model for PSK

[bookmark: _Toc59145109]Quadrature Phase Shift Keying (QPSK)
A Quadrature Phase shift key modulation was designed in Simulink in Matlab by Mathworks [3] using the algorithms already available within Simulink for QPSK. It consists of a Bernoulli Binary random generator to produce the signal and a sine wave for the carrier. The AWGN provides an adjustable amount of random noise into the system to study the bit error rate reported by the error rate calculation algorithm. An oscilloscope, not shown, acts as the sink and provides an output of the signal to the user.
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[bookmark: _Toc59145118]Figure 4 Simulink Model for QPSK

[bookmark: _Toc59145110]Quadratic Amplification Modulation (QAM)
A Quadrature Amplification modulation was designed in Simulink in Matlab by Mathworks [3] using the algorithms already available within Simulink for QAM. It consists of a Bernoulli Binary random generator to produce the signal and a sine wave for the carrier. The AWGN provides an adjustable amount of random noise into the system to study the bit error rate reported by the error rate calculation algorithm. An oscilloscope, not shown, acts as the sink and provides an output of the signal to the user.
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[bookmark: _Toc59145119]Figure 5 Simulink Model for QAM

[bookmark: _Toc59145111]Results
The Signal to noise ratio (SNR) in each of the simulated models was varied over a range from 0 to -100dB and the results on the error bit rate were recorded. The results of these simulations can be seen in Table 1.
[bookmark: _Ref59133850][bookmark: _Toc59145121]Table 1 Effect of the signal to noise ratio (SNR) on the bit error rate of different simulated models
	Bit Error Rate
	ASK Signal to Noise Ratio
	PSK Signal to Noise Ratio
	QPSK Signal to Noise Ratio
	QAM Signal to Noise Ratio

	10
	0
	0
	0
	0

	0
	0
	0
	0.1818
	0.5758

	-10
	0.1818
	0.5455
	0.6364
	0.7879

	-20
	0.2727
	0.4545
	0.5455
	0.7879

	-30
	0.3636
	0.8182
	0.6061
	0.8485

	-40
	0.4545
	0.5455
	0.6061
	0.8485

	-50
	0.5554
	0.8182
	0.6061
	0.8485

	-60
	0.6364
	0.7273
	0.6667
	0.8788

	-70
	0.723
	0.6364
	0.6364
	0.8788

	-80
	0.8182
	0.6364
	0.6061
	0.8485

	-90
	0.8182
	0.4545
	0.6061
	0.8788

	-100
	0.8182
	0.6364
	0.5758
	0.8788



To better compare the different models, the results of the effect of varying the snr on the error but rate was graphed as can be seen in Figure 6.


[bookmark: _Ref59133904][bookmark: _Toc59145120]Figure 6 Graph of the effect of increasing the signal to noise ratio (SNR) on the bit error rate
The results show that the QAM and QPSK models held a steady bit error rate for longer than ASK or PSK which showed sharper gradients with increasing SNR.


[bookmark: _Toc59145112]Discussion
The amplitude shift keying method showed the sharpest effect on the bit error rate from changing the signal to noise ratio. This is unsurprising as random noise is often random amplitude spikes and so it will have the greatest effect on amplitude-based modulation systems [6]. Phase and frequency shift keys are easier to filter for a known signal and less susceptible to random amplitude fluctuations. This susceptibility to random noise means that during transmission, the amplitude-based modulated signals will need a higher power to improve the signal to noise ratio and ensure that a usable signal is transmitted and can be demodulated correctly by the reciever. Whereas, phase and frequency-based modulations can use less power to achieve the same signal to noise ratio and therefore would be more power efficient. Phase and frequency-based modulators are better systems to use when transmitting through a noisy environment than ASK or QAM.
Where amplitude-based modulators need to be used, error correction systems can be employed to improve the bit error rate such as the application of filters.
As well as being concerned with the error bit rate, different modulation techniques have different complexities and bit transmission rates. An amplitude-based system may have a higher bit rate but it is simple and cheap to implement. 
A Quadrature modulation method, such as QAM, can transmit multiple bits per symbol increasing the bit transmission rate compared to the basic ASK, PSK or FSK modulations. This make for more efficient transmissions.



[bookmark: _Toc59145113]Conclusion
Increasing the level of noise relative to the signal, reducing the signal to noise ratio, increases the bit error rate for all modulation techniques. However, the phase shift key and quadrature phase shift key modulation techniques were more resilient to the introduction of noise into the system. Amplitude based modulation techniques, such as ASK and QAM, are more susceptible to random noise as random noise produces changes in the amplitude of the signal. The signal to noise ratio of amplitude-based modulation techniques can be improved by increasing the power of the transmission.
Amplitude-based modulation techniques are still widely used and desirable as they are cheap and simple to implement and run.
Where amplitude-based modulation techniques need to be used, other processes can be included to reduce the bit error rate such as filtering and error correction techniques.
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