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[bookmark: _Toc187009836][bookmark: _Toc167783790]Introduction
This report details the comparison of analogue modulation techniques and how the presence of Additive White Gaussian Noise (AWGN) effects the performance of Single-Sideband Suppressed-Carrier (SSB-SC) and Double-Sideband Suppressed-Carrier (DSB-SC) systems. This has been conducted by modelling and simulating these modulation techniques using MathWorks MATLAB Simulink R2023b Version 23.2.0. [1]
[bookmark: _Toc187009837]Background Research & Literature Review
In this report, the following analogue techniques have been investigated using data collected from models developed using MATLAB Simulink:
AM
Amplitude Modulation (AM) is an analogue modulation technique where the message signal is multiplied by the desired carrier signal, varying the amplitude of the transmitter signal. This encodes the data into the signal so it can be transmitted over different mediums. [2]
DSB-SC
Double-Sideband Suppressed-Carrier (DSB-SC) is an Amplitude Modulation technique where data is transmitted using two sidebands that are symmetrical, while the carrier signal does not appear in the transmission. [3]
SSB-SC
Single-Sideband Suppressed-Carrier (SSB-SC) is a an Amplitude Modulation technique where data is transmitted using only one sideband, with the carrier signal not appearing in the received transmission. [4]
Literature Review
Experimentation surrounding the performance of AM, SSB-SC and DSB-SC can be found documented in existing literature and research. For example, in March 2017 by students of St. Vincent Pallotti College and Engineering and Technology Nagpur India, whom used MathWorks Simulink and their own source code to design and simulate models for DSB-SC and analyse the effect of introducing AWGN to the model, on the simulation results. [5] Similar research projects have also been conducted by students of the Maharaja Agrasen Institute of Technology and Delhi Technological University, all in which utilise Matlab Simulink. [6]
[bookmark: _Toc187009838]Circuit Design
MATLAB Simulink was used to design models for the simulation of AM, DSB-SC and SSB-SC individually, while enabling the introduction of AWGN to the system and vary variables such as modulation index. For each simulation conducted a time period of 50 seconds was used.
AM Model
Figure 1 shows the block diagram model produced to simulate AM using MATLAB Simulink R2023b.
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[bookmark: _Ref186838801][bookmark: _Toc187009817]Figure 1 – AM Simulink Block Diagram
DSB-SC Model
Figure 2 shows the block diagram model produced to simulate DSB-SC using MATLAB Simulink R2023b.
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[bookmark: _Ref186917744][bookmark: _Toc187009818]Figure 2 - DSB-SC Simulink Block Diagram
SSB-SC Model
Figure 3 shows the block diagram model produced to simulate SSB-SC using MATLAB Simulink R2023b.
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[bookmark: _Ref186919131][bookmark: _Toc187009819]Figure 3 - SSB-SC Simulink Block Diagram
[bookmark: _Toc187009839]Transmitter & Receiver Architectures
[bookmark: _Toc187009840]Examining the AM Signal
In order to examine the AM signal, the angular frequency of the carrier signal (ωc) was set as ‘2π(100)’ and the angular frequency of the message signal (ωm) was set as ‘2π(10)’. This task required the use of the Modulation Index table stated in the assignment description. As the last digit of my student identification number is ‘0’, a Modulation Index of 1 was used, therefore being Critical Modulated for this experiment.
Figure 4 shows the AM model in the Time Domain, using a oscilloscope.
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[bookmark: _Ref186840566][bookmark: _Toc187009820]Figure 4 – AM in the Time Domain
Figure 5 shows the AM Model in the Frequency Domain using a spectrum analyser. 
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[bookmark: _Ref186843890][bookmark: _Toc187009821]Figure 5 – AM in the Frequency Domain
Figure 4 shows that Modulated Carrier signal has a peak amplitude of 3.975, with its peak to peak value being 7.161; this was determined with by using the signal statistics tool. Figure 5 shows the Carrier signal is transmitted alongside the Lower Sideband (LSB) and Upper Sideband (USB) of the AM signal. This varies from DSB-SC and SSB-SC as the carried signal is not suppressed. The sidebands of the AM signal were observed to be lower in power than the Carrier signal, with both the LSB and USB having power of 23.979 dBm at 90 Hz and 110 Hz respectively. The spectrum analysers shows the Carrier power to be 30 dBm. From this we can also determine that there is a Total signal bandwidth of 20 Hz. Another observation is that the Demodulated signal produced has a power of 30.038 dBm, a value of 0.038 dBm greater than the carrier transmitted. This model is less representative of AM in the real world conditions due to lack of noise. This model could be more realistic with the addition of AWGN. 
[bookmark: _Toc187009841]Varying Modulation Index for the AM Signal
By viewing the AM signal in the Time Domain, we can observe the effect of Modulation Index on the modulated carrier. Figure 6 shows the formula used to calculate modulation index for AM signals. Under-Modulation is where the Carrier Signals amplitude is greater than Message Signal amplitude, giving a Modulation Index less than 1. Critical Modulation is where these are equal, having a Modulation Index of 1. Over-Modulation is where the Message Signal amplitude is greater than the Carrier Signal amplitude, giving a Modulation Index greater than 1. [7]
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[bookmark: _Ref186848107][bookmark: _Toc187009822]Figure 6 – Modulation Index Formula [8]
Table 1 shows statistics for the AM signal across an array of Modulation Index values.
[bookmark: _Ref186849241][image: ]
[bookmark: _Ref186922139][bookmark: _Toc187009830]Table 1 – Signal Statistics of the AM Signals
Table 1 shows that when the AM signal is Over-Modulated (across Modulation Index values 1.2 to 1.6) the amplitude of the signal is increased to a point in which signals become distorted; providing a poor/degraded signal quality. Therefore utilising power less efficiently. In comparison, when the AM signal is Under-Modulated (Modulation Index of 0.4 to 0.8) the amplitude of the signal reduces, indicating lower transmission output and quality. This could result in worse signal to noise ratios, with the transmission easily overcome by unwanted noise. Critical Modulation is said to be the optimal modulation level, as it provides the clearest transmissions, not causing distorting being more efficient than Under-Modulation. This was difficult to observe from the small dataset collected. [9]
[bookmark: _Toc187009842]Comparison of Modulated and Demodulated AM Signal
When observing the Modulated and Demodulated AM signal, we can see that the carrier signal, LSB and USB signals are present, while only the baseband message signal is present for the Demodulated signal. The modulated signal consists of a carrier signal that is varied in proportion to the message signal. Figure 5 shows that’s the Demodulated AM signal is a lower frequency than the Modulated signals, being 10 Hz, while the Modulated signal has power distributed across the Upper Sideband at 110 Hz, the Lower Sideband at 90 Hz and the non supressed carrier signal at 100 Hz. Therefore the Modulated signal require more bandwidth than the Demodulated signal.
[bookmark: _Toc187009843]Implementation of the DSB-SC Modulator
Figure 7 shows the implementation of the DSB-SC modulator using the Balanced Modulator technique and the demodulated signal. This is shown in the Time Domain using an oscilloscope, where Modulation Index has been set to 0.5.
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[bookmark: _Ref186918486][bookmark: _Toc187009823]Figure 7 – DSB-SC in the Time Domain
Figure 8 shows the implementation of the DSB-SC modulator and the demodulated signal in the Frequency Domain using a Spectrum Analyser, where Modulation Index has been set to 0.5.
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[bookmark: _Ref186919696][bookmark: _Toc187009824]Figure 8 – DSB-SC in the Frequency Domain
[bookmark: _Toc187009844]Effect of AWGN on the DSB-SC Signal
Figure 9 shows that random noise has been introduced to the DSB-SC model using a AWGN block.
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[bookmark: _Ref186981666][bookmark: _Toc187009825]Figure 9 – DSB-SC Simulink Block Diagram with AWGN
Random noise was introduced to the DSB-SC model by adjusting the AWGN. Signal to Noise Ratio (SNR) levels of 0 dB, -10 dB, -20 dB and -30 dB respectively. As the noise power surpasses that of the wanted signal, the signal becomes distorted. This can be visually observed from Table 2. This can be compared to Figure 8 where the original transmitter signal is not distorted. 
[image: A screenshot of a computer screen

Description automatically generated]
[bookmark: _Ref186986675][bookmark: _Toc187009831]Table 2 – Oscilloscope showing the Distorted DSB-SC Signal in the Time Domain
The AWGN distorts the sidebands, resulting in a varied amplitude in the demodulated signal. This is shown by the increase in maximum amplitude as noise increases. When SNR is - 30 dB the maximum amplitude of the DSB-SC signal is 13.58 compared to, 5.33 at -20 dB and 2.657 at -10 dB.
As the carrier signal is suppressed this makes it more challenging for the receiver to synchronise the local oscillator with the transmitted signal. As coherent detection is required (having the receiver synchronised with the transmitter in both frequency and phase) this makes it harder to recover the original transmitted message, introducing errors therefore resulting in a higher Bit Error Rate (BER). 
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[bookmark: _Ref186992302][bookmark: _Toc187009832]Table 3 - Power Density of Demodulated DSB-SC Signal in the Frequency Domain
Table 3 shows the Distorted DSB-SC signals Power Density. These are comparative to the Power Density value of 22.96 dBm/Hz when there is no noise. Power Density decreases as AWGN increases until the SNR of -20 dB. 
[bookmark: _Toc187009845]Implementation of the SSB-SC Modulator
Figure 10 shows the implementation of the SSB-SC modulator using the Phase Discriminator technique and the demodulated signal. This is shown in the Time Domain using an oscilloscope, where Modulation Index has been set to 0.5.
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[bookmark: _Ref186921522][bookmark: _Toc187009826]Figure 10 - SSB-SC in the Time Domain
Figure 11 shows the implementation of the SSB-SC modulator and the demodulated signal in the Frequency Domain using a spectrum analyser, where Modulation Index has been set to 0.5
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[bookmark: _Ref186922035][bookmark: _Toc187009827]Figure 11 – SSB-SC in the Frequency Domain
[bookmark: _Toc187009846]Effect of AWGN on the SSB-SC Signal
Figure 12 shows that random noise has been introduced to the SSB-SC model using a AWGN block. 
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[bookmark: _Ref186981693][bookmark: _Toc187009828]Figure 12 – SSB-SC Simulink Block Diagram with AWGN
Random noise was introduced to the SSB-SC model by adjusting the AWGN. Signal to Noise Ratio (SNR) levels of 0 dB, -10 dB, -20 dB and -30 dB respectively. As the noise power surpasses that of the wanted signal, the signal becomes distorted. This can be visually observed from Table 4. This can be compared to Figure 10 where the original transmitter signal is not distorted. 
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[bookmark: _Ref186988658][bookmark: _Toc187009833]Table 4 – Oscilloscope showing the Distorted SSB-SC Signal in the Time Domain
The absence of the carrier in SSB-SC makes the signal more susceptible to noise. This noise makes can cause frequency and phase variations, causing demodulation to become more difficult. Therefore the AWGN distorts the signal, resulting in a varied amplitude in the demodulated signal. This is shown by the increase in minimum and maximum amplitude as noise increases. When SNR is -30 dB the maximum amplitude of the signal is 12.4 compared to 4.873 at -20 dB, and 3.007 at -10 dB.
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[bookmark: _Ref186992205][bookmark: _Toc187009834]Table 5 – Power Density of Demodulated SSB-SC Signal in the Frequency Domain
Table 5 shows the Distorted SSB-SC signals Power Density. These are comparative to the Power Density value of 22.96 dBm/Hz when there is no noise. This shows that as AWGN noise increases the power density of the signal decreases, with the signal becoming less efficient as it is distorted. However at an SNR of -30 dB Power Density increased. 
[bookmark: _Toc187009847]Simulated Outputs & Results
[bookmark: _Toc182297775][bookmark: _Toc187009848]Simulation Results
Figure 13 shows Power Density as AWGN is increased for the simulated AM, DSB-SC and SSB-SC models. This was determined in the frequency domain using the spectrum analyser, when modulation index is set to 0.5
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[bookmark: _Ref187000994][bookmark: _Toc187009829]Figure 13 – Power Density Measurement for AM, DSB-SC and SSB-SC Systems
Table 6 shows the Bandwidth of the AM, DSB-SC and SSB-SC signals simulated.
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[bookmark: _Ref187001203][bookmark: _Toc187009835]Table 6 – Bandwidth Measurements for AM, DSB-SC, and SSB-SC Systems
[bookmark: _Toc187009849]Analysis of Results	
Table 6 shows us that AM and DSB-SC require double the bandwidth of SSB-SC signals. This suggests that SSB-SC provides greater bandwidth/spectral efficiency than DSB-SC and AM as it allows for information to be transferred with 50% less bandwidth use. However, it has not determine whether DSB-SC has greater bandwidth efficiency than AM.
Figure 13 shows that SSB-SC has higher power density than DSB-SC for all tested values of AWGN, accept for when SNR was -25 dB. Therefore this shows that SSB-SC has a higher total power output, therefore resulting in increased signal strength, and indicates higher performance. This is also an indication of higher efficiency in power utilisation. Figure 13 also shows AM to have higher power density than the SSB-SC system, however there is less certainty in this data due to the high variance in results produced by the AM simulation.
When comparing Table 2 and Table 4, we observe that the SSB-SC system is more resilient to noise than the DSB-SC system. As AWGN IS increased the DSB-SC system experiences greater distortion than the SSB-SC system. Therefore SSB-SC is preferable for use in environments where noise is high. The AM system is the most susceptible to noise experiencing distortion when SNR is at -5 dB and lower.
Therefore SSB-SC has the highest performance in terms of bandwidth efficiency, power utilisation and noise resistance; being closely followed by the DSB-SC. AM offers the poorest performance. 
[bookmark: _Toc187009850]Conclusion
In this experiment, it has been determined that the SSB-SC has higher bandwidth efficiency than DSB-SC and AM. It also has a higher efficiency in power utilisation than DSB-SC. The SSB-SC system is the most resistant to noise; and DSB-SC is more resistant to noise than AM. As the level of AWGN increases DSB-SC and SSB-SC signals experience increased distortion, resulting in degraded signal quality.

[bookmark: _Toc187009851]Recommendations for Future Work
This experiment could be further improved by conducting more test serials at increased resolution to obtain larger datasets for the AM, SSB-SC and DSB-SC systems. This would reduce uncertainty in the data collected and enable a more detailed comparison of system performance. Scripting could be used to automate Simulink for more time efficient analysis of data.
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