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The following experiment aims to test the performance of three modulation techniques in the presence of Additive White Gaussian Noise (AWGN). The modulation techniques used are: Amplitude Shift Keying (ASK), Phase Shift Keying (PSK), and Quadrature Phase Shift Keying (QPSK). 
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Digital modulation involves varying a signal’s amplitude, phase, or frequency, to make it more transmittable. There are three basic types of digital modulation; ASK, Frequency Shift Keying (FSK), and PSK. Each encoding process can affect the bandwidth of the signal, as well as its robustness to channel impairments such as flat-fading and inter-symbol interference [1]. 
Modulation gives the following advantages: 
· Reduces the radio signal antenna height.
· Prevents the mixing of different signals. By having different signals with different carrier waves, these signals will have a different frequency range. This allows them to be easily separated and interpreted at the final destination.
· Increasing the range of the signal by increasing the frequency and thereby reducing attenuation.
· It allows multiplexing. This is when the same channel is used to transmit various signals at the same time [2]. 

Unfortunately, each modulation technique has the potential to be disrupted by random variations in voltage and current known as noise. These disruptions can cause errors in the transmitted data, impacting the system as a whole [3]. Consequently, it is important that modulation techniques are extensively tested via simulations to ensure they are built to resist most of its effects. The experiment below aims at testing such modulation techniques in the presence of AWGN, to understand how each method is affected. 
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As mentioned above, random variations in voltage and current, as well as shot noise and black body radiation are responsible for adding unwanted noise into circuits. AWGN aims to simulate these processes by adding noise to the modulated signal [4] 
This distortion occurs due to the AWGN bandwidth being significantly higher than that of the received signal. The higher the variance of this noise, the higher the deviation of received symbols from transmitted symbols, therefore the higher the bit error rate [5]. 
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[bookmark: _Toc67602828]Figure 1- ASK Modulator
Figure 1 shows the simulated ASK modulator. The Bernoulli Binary Generator generates the random binary numbers shown in figure 2 (i). The logic 1 is represented by a high amplitude, and 0 represents a low amplitude. A sine wave with amplitude 1 is added as the carrier wave, shown in (ii), to enable the signal to travel long distances. 
A binary signal amplitude higher than 0.5 (binary 1) opens the switch, allowing the carrier wave to pass. Inputs lower than this close the switch, preventing the signal being transmitted (binary 0). This creates the output signal shown in figure 2 (iii) [6].
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[bookmark: _Toc67602829]Figure 2- Diagram showing the different waves involved in ASK modulation [6]
To demodulate the signal shown in figure 2(iii), it is multiplied by a copy of the original carrier wave (ii), as shown in figure 3. The result is then low pass filtered to supress any high frequencies. This eliminates most of the distortion or noise from the signal. This output is passed through a switch to clean up the signal. If the input amplitude is greater than 0.15, 1 is transmitted, if lower, 0 is transmitted. The resulting signal is shown in figure 2 (i). 
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[bookmark: _Toc67602831]Figure 4- PSK modulator
As above, the random binary numbers are created via the generator shown in figure 4. The sine wave carrier signal is duplicated, with one being multiplied by -1 to invert it. This is then fed into the same switch as the original sine wave, so there is a delay of half a wavelength between the two. Binary amplitudes higher than 0.5 (binary 1) opens the switch, causing the original sine wave to emit. Amplitudes lower than this (binary 0), close the switch, causing the phase shifted sine wave to transmit. This creates the effect shown in figure 5. 
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[bookmark: _Toc67602832]Figure 5- Diagram of PSK modulation [7]
The demodulation of the PSK wave is identical to ASK. The modulated signal gets multiplied by the original sine wave. If this modulated signal were an anti-phase sine wave, once multiplied, it would create a negative sine wave, signifying a binary 0, as shown in figure 6 (i). If the modulated signal were in phase, once multiplied, it would transmit a positive sine wave signifying binary 1. The low pass filter then averages out these sine waves, creating the wave shown in figure 6 (ii). The final switch then turns this wave into binary. Any amplitude above 0.05 signifies a binary 1, and any below signifies a 0, as shown in figure 6 (iii). 
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[bookmark: _Toc67602833]Figure 6- Diagram displaying PSK demodulation waves at different stages
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[bookmark: _Toc67602834]Figure 7- QPSK modulator
Unlike the techniques above, QPSK transmits two bits per symbol by combining two PSK signals. Figure 7 shows the binary data being converted from serial data to vector data via a deserializer. This allows the demultiplexer to split up the incoming binary signal, sharing the data between the two pathways. The binary data is multiplied by 2 to give amplitudes 0 and 2. Next, 1 is subtracted from both values to give amplitudes -1 and 1. These are then multiplied by one of two sine carrier waves, giving I and Q components. These waves are 90° out of phase with each other, as shown by figure 8 (ii) and (iii). These waves are then added together to create the QPSK output shown in 8 (iv), showing the four different phases of wave. Depending on how in/out of phase the two carrier waves were relates to the binary they represent. 
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[bookmark: _Toc67602835]Figure 8- Diagram displaying QPSK waves at different stages during modulation [8].

The original sine waves are both replicated in the demodulator as shown in figure 8 (ii) (iii) and multiplied by the received signal. These are then low pass filtered to reduce any noise outputs. The data then travels through a switch with threshold zero. Values above 0 are outputted as binary 1, and those below, binary 0. The signals are then multiplexed together to join the 2 inputs together as one data stream in its original order. It is then serialised to recover the original bit-stream as shown in 8 (i). 
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Simulations were completed for each modulation method, starting with a SNR of 0dB, then decreasing this ratio by 5dB increments until system failure occurred. System failure was defined as when the bit error rate (BER) reached 0.5, resulting in half data loss. For each noise level, the simulation was repeated 5 times, and a mean calculated. The standard deviation was also calculated and presented in the form of error bars. 
The control variables for these simulations were: 
· The frequency of the source data (1Hz). 
· The frequency of the carrier wave (100Hz). This was more than five times the source data rate, as specified.
· The run time of the simulations was kept at 100 seconds. 
· The sample rate of data (1/10000). This was greater than double the signal bandwidth, as stated by the Nyquist Criterion.
· The filter parameters were the same across each technique, to ensure an equal amount of filtering.  

The bit error rate was calculated using the equation:
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As demonstrated in figure 9, as the signal to noise ratio (SNR) decreases, the bit error rate (BER) increases for all three channels. 

[bookmark: _Toc67602836]Figure 9- Graph showing Signal to Noise Ratio against Bit Error Rate for all three techniques
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Overall, all three systems performed well, reaching SNR values of up to -60dB before breakdown. This was due to a high ratio between the frequency of the carrier wave and the frequency of the original data. This large frequency difference allows the carrier signal to be transmitted large distances with little distortion, as under real world conditions they are travelling too fast to be obstructed and distorted by the Earth’s atmosphere [6].  
ASK has the fastest system failure due to noise mostly impacting the signal amplitude. As this modulation technique relies on signals of a certain amplitude relating to binary, this change in amplitude can cause the signals to be misinterpreted, therefore causing bit errors. 
Figure 9 shows both PSK and QPSK having similar results for each SNR, with PSK having a higher end result. This is because QPSK is effectively two PSK systems in parallel. As the BER of the QPSK signal is taken as the mean of the BER of these two parallel systems, it should therefore result in the same BER as a singular PSK system. As a result, QPSK and PSK theoretically have the same bit error rates [9]. 
This can also be demonstrated when looking at the constellation diagrams for each modulation technique. As demonstrated by figure 10, for a set frequency, the distances between each point are equal for both PSK and QPSK. In the QPSK diagram, there is a difference of one bit between adjacent graph quadrants (grey code). Errors can occur due to the noise moving the location of the signal in the graph. This could cause the signal to move to either of its neighbouring quadrants. As these quadrants only have a difference of one bit compared to the intended binary signal, there is only one single bit error. This is the same number of errors that would occur in a PSK circuit, if noise caused the signal to go into the incorrect quadrant. Therefore, both techniques are predicted to have the same number of bit errors [10]. 
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[bookmark: _Toc67602837]Figure 10- Constellation Diagrams for BPSK and QPSK [11]

Figure 9 demonstrates QPSK and PSK having a different BER. This is due to the randomness of AWGN. This unpredictability is demonstrated by the large error bars shown in this figure. To reduce this variance, a greater number of experiments for each signal to noise ratio should be conducted to obtain a greater volume of data, and thus a more accurate mean value. Increasing the run time would increase the number of bits going through the circuit, and as a result give a more accurate representation of each modulators performance over time. A higher sample rate can give a better representation of the modulated signal, as it reduces the amount of data lost between samples. 
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This experiment demonstrates both PSK and QPSK have a similar BER, with PSK reaching the highest SNR before system breakdown. Despite this, QPSK is still frequently used due to its higher bandwidth efficiency, as it transmits double the number of bits that PSK does in a set time. Both modulation techniques have a better noise immunity compared to ASK and feature a more efficient transmission of radio frequency signal. As a result, they are used more extensively in applications such as Bluetooth, Wi-Fi, and telemetry operations. They are also used in satellite communications and can reach rates of a few bits per second to several hundred megabits per second [2] [12]. 

Unfortunately, ASK’s high noise susceptibility and low bit rate transmission demonstrated by this experiment makes it unsuitable for these higher speed tasks. However, its easy generation and detection methods result in simple circuit designs, making it ideal for older telephone modems and optical fibre transmissions [6]. 

All three modulation techniques could be improved by increasing the run time, sample rate, and repeating the number of runs for each SNR. 
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(i) = Digital bit sequence
(ii) = Carrier wave
(iii) = ASK modulated wave
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