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[bookmark: _Toc216692466]Introduction
In this report, the process and types of amplitude modulation will be explored. The types explored include standard amplitude modulation, DSB-SC (dual sideband suppressed carrier) and SSB-SC (single sideband suppressed carrier). It compares performance in bandwidth utilisation, power efficiency, and noise tolerance , as well as exploring the effect that modulation index has on a system.
[bookmark: _Toc216692467]Background research and literature review 	
Modulation is the process of combining a message signal, onto a carrier signal, at a different frequency. Amplitude modulation is an analog modulation method where(AM) is when a carrier () amplitude is varied in  proportion to the message signal () [1]. Standard AM is when a signal is transmitted, with upper and lower sidebands, along with the carrier signal, this is an inefficient transmission method, as the sidebands each have a wide bandwidth, as well as two thirds of the power being wasted in the carrier signal, which contains no information, this has uses in broadcasting, for example AM radio . DSB-SC, is a technique that suppresses the carrier signal, but transmits both sidebands which improves power efficiency [2], this method is most widely used in broadcasting, laboratories, and other communications links [3]. SSB-SC is a technique that suppresses the carrier signal but only transmits one sideband, either the upper (USB) or the lower (LSB) thus reducing bandwidth and conserving power further and it is mostly uses in point to point communications [3]. 
A modulation index is a number that measures how strongly the message signal can affect the carrier signal [4]. When you observe a modulation depth of less than 100%, with the carrier waves amplitude always staying higher than 0, this is referred to as under modulation and typically has a modulation index value of less than one [5].
When the modulation depth reaches 100% and the carrier waveform amplitude dips to exactly 0, without losing any part of the signal, meaning no distortion occurs, this is referred to as critical modulation [5] and has an index value of one.
When  the modulation depth exceeds 100%, and the wave envelope drops below 0, causing the waveform to switch phase by 180°, this can cause signal loss and distortion, and is called over modulation [5] with an index value of greater than one.
Current research confirms that traditional AM is wasteful of communication resources, namely, power and bandwidth [6]. It is wasteful of power, as its carrier wave is completely void of information, therefore, power used in the carrier is wasted potential message power [6]. AM and DSB-SC are both wasteful of bandwidth, as the wave sidebands are symmetrical about the carrier, each can be used to calculate the other, and thus are effectively a duplication [2] [6] [7]. Therefore, only one sideband is needed to translate the message signal [6]. 
When signals are transmitted in real world channels, the signal can be negatively affected by noise. Input Signal to noise ratio (SNRi) is the ratio of received signal power to noise power ratio at the input, whereas SNRo is the signal to noise ratio at the output of the receiver, this can be used to compare noise tolerance. The ratio of these values (P=SNRo/SNRi) is another metric that can be used to indicate the performance of a system, with values of one and over being good performance, and less than one being poor performance [8]. SNRc is the signal to noise ratio that is observed at the carrier frequency’s band, which shows how much noise has been added to the signal before demodulation
As DSB-SC uses twice the bandwidth for a signal, it also receives twice the noise, this means that the SNR (signal to noise ratio) for DSB-SC is half that of SSB-SC, for the same signal power [9]. In practice, this means that SSB-SC can be more sensitive as it has a lower noise temperature, depending on factors or environments [10].


[bookmark: _Toc216692468]Task 1)
[bookmark: _Toc216692469]Task I – AM in time and frequency domains)
Examining the AM in the time and frequency domain, using the scope and spectrum analyser.
The carrier signal can be defined as:

 or 

The message signal can be defined as:

 or 
 is the amplitude of either the carrier or the message signal, denoted by the subscript c or m.
 is the phase of the signal, again denoted by the subscript, and the  is the angular frequency.
The modulation index is also given, by using the last number of the student ID, in this case it is 6, which corresponds to a modulation index of 0.6.
For these simulations, 0.6 will be used as the base modulation index, as well as the value for under modulation, the critical modulation index value will be 1, and the over modulation value will be 1.4.
Using the formula  with m=0.6, Am and Ac can be chosen. The values chosen were Am=1.2, and Ac=2, giving .
[image: ]
[bookmark: _Toc216534486][bookmark: _Toc216534549][bookmark: _Toc216534612]Figure 1: AM modulation and demodulation circuit
Using the scope to analyse this circuit, you can observe the following waveforms, the message, carrier, modulated, and demodulated signals.
[image: ]
[bookmark: _Toc216534487][bookmark: _Toc216534550][bookmark: _Toc216534613]Figure 2: Scope output at 0.6 mod AM
The power of the modulated signal can be calculated with the equation   and given that m=0.6, the value obtained should be 2.36w, however, when measuring the power output using the spectrum analyser (see appendix 1.1 or figure 3), it can be seen that it is 2.5w. This is a small discrepancy of 5.9%, however still very close to the expected value.
[image: ]
[bookmark: _Toc216534488][bookmark: _Toc216534551][bookmark: _Toc216534614]Figure 3: AM power, Modulated and carrier trace overlap, but are at the same value

[bookmark: _Toc216692470]Task ii – Variations in modulation index)
The modulation index was changed from 0.2, 0.6, 1, and 1.4.
This allowed observation of under, critical, and over modulation
As can be seen in appendix 1.2.1, the modulated and demodulated signals change with the modulation index. With a low modulation index (less than 1), there are signs  of under modulation, where the amplitude of the modulated signal never drops below 1, and the amplitude of the demodulated signal is greatly reduced, this is evidence of under modulation. It is also see that when it is nearer to 1 the amplitude of the modulated signal reaches closer to 0 and the demodulated signal mirrors the message signal, with no lose in amplitude or distortion, this is critical modulation. It should be noted, that there is slight distortion on the modulated signal at mod index 1, as the amplitude is not in 1:2 ratio. However, when the modulation index goes above 1, parts of the modulated signal reverse phase when they go below 0 amplitude, this creates lots of distortion in the demodulated signal, which means it is highly likely that some of the information from the message signal has been lost.
This distortion can be seen below:

[image: ]
[bookmark: _Toc216534489][bookmark: _Toc216534552][bookmark: _Toc216534615]Figure 4: Distortion caused by over modulation
The changes between over, under, and critical modulation can also be seen in the power of the sidebands. When a signal is over modulated, there is excess power in the sidebands, and when it is under modulated, there is lower than expected sideband power.
Another symptom of over modulation is the addition of harmonics around the baseband, this is seen in the image below, and the rest of the spectrum analyser results can be seen in appendix 1.2.2.

[image: ]
[bookmark: _Toc216534490][bookmark: _Toc216534553][bookmark: _Toc216534616]Figure 5: Vrms when mod index is 1.4 - carrier signal trace and modulated trace are over each other but equal
[bookmark: _Toc216692471]Task b – Comparison of message and demodulated signal in AM) 
For this task Am=1 Ac=2 and m=0.5[image: ]
[bookmark: _Toc216534491][bookmark: _Toc216534554][bookmark: _Toc216534617]Figure 6: message signal and demodulated signal
As can be seen in the graph above, the demodulated signal is very similar to the message in amplitude, and does not contain any distortion. However, it does have a slight delay in the time axis. This is likely delay introduced by the envelope detector and the filters.
[bookmark: _Toc216692472]Task 2 – DSB-SC)
[bookmark: _Toc216692473]Task a – DSBSC with a balanced modulator)
This task was to implement a DSB-SC modulation system using a balanced modulator, and then demodulate it to retrieve the original signal, using a modulation index of 0.5, with Am=1 and Ac=2.
[image: ]
[bookmark: _Toc216534492][bookmark: _Toc216534555][bookmark: _Toc216534618]Figure 7:DSB-SC balanced modulator
[image: ]
[bookmark: _Toc216534493][bookmark: _Toc216534556][bookmark: _Toc216534619]Figure 8: DSB-SC Balanced modulator wave forms
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[bookmark: _Toc216534557][bookmark: _Toc216534620][bookmark: _Toc216534494]Figure 9: RMS with message signal
[image: ]
[bookmark: _Toc216534495][bookmark: _Toc216534558][bookmark: _Toc216534621]Figure 10: RMS with demodulated signal
These graphs, along with those in appendix 2.1.1, show that the message signal and the demodulated signal are identical, and contain no distortion, only a small lag in time, which can be attributed to the filtering.
The theoretical power can be calculated with the equation  , with Ac=2 and Am=1, this gives a power of 1W. By adding all the power of the demodulated signal in figure 37, you can see the power totals 0.972W, very close to the theoretical power.

[bookmark: _Toc216692474]Task b – Introduction of AWGN) 
[image: ]
[bookmark: _Toc216534496][bookmark: _Toc216534559][bookmark: _Toc216534622]Figure 11: DSBSC with noise
[image: ]
[bookmark: _Toc216534497][bookmark: _Toc216534560][bookmark: _Toc216534623]Figure 12: DSBSC waveforms with noise
Comparing this figure to figure 8, it is clear to see that the demodulated signal has large amounts of distortion when the noise is added.
By analysing the graphs in appendix 2.2.1 and it can be clearly shown that when noise is added, the demodulated signal is distorted and information is lost, for example, in the power measurement on the spectrum analyser, the message signal bands each have a power of 0.249W, whereas the demodulated signal has 0.224W. The same is true for power density, message has a value of 0.0498W/Hz, whereas the demodulated signal has 0.0447W/Hz. Finally, the RMS value for the message signal is 0.4991Vrms, and demodulated is 0.4727Vrms. 
This is in stark contrast to the figures in appendix 2.1.1, where there is no noise injection, the message and demodulated signal does not differ at all.
All of this can result in a loss of signal integrity and information, which could cause the original message to be lost.

[bookmark: _Toc216692475]Task 3 - SSBSC) 
[image: ]
[bookmark: _Toc216534498][bookmark: _Toc216534561][bookmark: _Toc216534624]Figure 13: SSBSC circuit

[bookmark: _Toc216692476]Task a – Phase discriminator method)
[image: ]
[bookmark: _Toc216534499][bookmark: _Toc216534562][bookmark: _Toc216534625]Figure 14: SSBSC phase discriminator wave forms
The power, power density, and Vrms values for SSBSC with no added noise can be seen in appendix 3.1.1. 
As can be seen from the waveform diagrams, the demodulated signal is the same as the message signal, meaning that the waveform has been modulated and demodulated properly, there is a slight difference in phase, however this can be attributed to the lowpass filter creating some delay.
The power density measurements also show that the message signal and demodulated signal have nearly the same value, of 0.05W/Hz, the slight drop in value can be attributed to the filtering and demodulation process.
The power of the message signal can be seen to be 0.2491W, with the demodulated signal dropping slightly below that, at around 0.244W. Again, this could be due to the low pass filter reducing the power slightly. The same is true for the Vrms of the demodulated signal. The message signal is at 0.4991Vrms, and the demodulated signal can be seen to be just below that, around 0.4934Vrms.
The measured power of the SSBSC demodulated signal is 0.4982, when compared to the theoretical power (W) this is close to the expected value. It is also almost half of the DSBSC power, which is expected also. 
[bookmark: _Toc216692477]Task b – introduction of AWGN)
To add noise into the system, both switches are enabled, this adds the AWGN channel (additive white gaussian noise) to the system, mimicking noise.
[image: ]
[bookmark: _Toc216534500][bookmark: _Toc216534563][bookmark: _Toc216534626]Figure 15: SSBSC with AWGN channel
By looking at the demodulated channel in the scope, you can clearly see distortion in the waveform. It is seen most noticeably in the peaks and troughs of the waveform. 
Results from the spectrum analyser can be seen in appendix 3.2.1.
When analysing the power density, it is clear to see that the SSBSC demodulated signal drops when noise is added. When there is noise, the demodulated signal sits at 0.0417W/Hz, whereas when noise is removed, it rises to 0.0486W/Hz, which is significantly closer to the message signals 0.0498W/Hz.
A change can also be seen in the power of the demodulated signal. When no noise is added to the system, the demodulated signal sits at 0.244W, whereas the signal with noise sits at 0.2121W. This is a large drop from the no noise system, which is much closer to the 0.2491W message signal. 
The Vrms of the two systems also differs, with the Vrms of the no noise signal sitting at 0.4934, and the noise added signal at 0.4554. This is again, a much larger drop from the message signals 0.4991 Vrms value.

These graphs clearly show that when noise is added to the SSBSC system, it impacts the integrity of the demodulated signal, by reducing the power, power density, Vrms values, and by introducing distortion into the wave form.

[bookmark: _Toc216692478]Task 4 – comparison of systems and analysis)
This task compares the performance of AM, DSBSC and SSBSC. All systems, bar AM, have been simulated both with and without noise. To add noise to the AM system, the following simulation circuit was used. Screenshots can be seen in appendix 2.2.1/2, 3.2.1/2 and 4.1.1/2.
[image: ]
[bookmark: _Toc216534501][bookmark: _Toc216534564][bookmark: _Toc216534627]Figure 16: AM with noise
The same AWGN noise channel was used across each simulation, the settings can be seen in the image below.
[image: A screenshot of a computer
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[bookmark: _Toc216534502][bookmark: _Toc216534565][bookmark: _Toc216534628]Figure 17: AWGN values

The power of the AM can be calculated using   , this gives 2.25W. DSBSCs power had been calculated to be 1W, and SSBSC as 0.5W (all without noise).
By looking at the power density for AM(figure 58 ), DSBSC(figure 41/42), and SSBSC(figure 51) it is clear to see that most of AM’s power is concentrated in the carrier, with relatively low power in the side bands, showing most is wasted in the carrier. DSBSC has significantly more power in the sidebands, as it suppresses the carrier and puts more power into the sidebands, but still uses less power overall than AM . SSBSC shows significantly less power transmitted than other methods, while still having roughly the same power in the demodulated output, showing that it is the most efficient method.
As for bandwidth efficiency, both AM and DSBSC are expected to have a bandwidth of  whereas SSBSC has  [8] [11].  This can be seen by looking at the spectrum analyser and identifying the range of frequencies occupied. With AM and
 DSBSC it can be observed that the carrier (in AM) and sidebands, range from ±100Hz and ±110Hz/±90Hz, giving a range of 20Hz. SSBSC only has one sideband, and only occupies 10Hz of bandwidth. This aligns with the expected results, that SSBSC has a better bandwidth efficiency. 
The noise tolerance for each system can be seen in the SNR power values (AM-figure 62, DSBSC – figure 45, SSBSC – figure 55). Each system was injected with AWGN of the same value (seen in figure 16). To see the noise performance, SNRo can be used, as it is measured after demodulation. By analysing the figures mentioned, it can be seen that AM has the lowest SNRo, followed by a nearly identical figure for DSBSC and SSBSC . SSBSC has the best noise tolerance, this is because it has a lower bandwidth, meaning less noise enters the receiver. This can be further backed up by looking at the waveforms produced by the scope. By looking at the demodulated signal from each system, we can observe that AM had the worst noise tolerance, this is because its demodulated waveform was the most distorted. DSBSC and SSBSC were again very similar in levels of distortion, further cementing what was seen in the SNRo values.




[bookmark: _Toc216692479]Conclusion and recommendations 

To conclude this comparison, it is clear to see that SSBSC performed the best in terms of bandwidth efficiency, power utilisation, and noise tolerance. However, there are situations where other the modulation techniques would be used. For example, AM would be chosen in situations that require low simplicity, and where power and bandwidth are not limited, for example in simple short range communications, like aircraft pilot communication . DSBSC would be used in a scenario where power efficiency is needed, but there is available bandwidth, it is also less complex than SSBSC, and would be used in point to point coms systems. SSBSC would be used where there is limited bandwidth, where power efficiency is critical, and high noise performance is needed, an example of this would be long distance HF communication. 
It would be recommended to conduct further work to validate these findings, for example moving from simulations and test these transmission methods across free space/other mediums, this would allow real world results to be found, as well as exposure to other noise sources. It is also recommended to test these analog methods against digital methods, comparing their real world performances, under different noise conditions .

 





[bookmark: _Toc216692480]Appendix
[bookmark: _Toc216692481]1.1.1– Power of AM signals at 0.6 mod index
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[bookmark: _Toc216534503][bookmark: _Toc216534566][bookmark: _Toc216534629]Figure 18:Power of AM signals at 0.6 mod index
The carrier and modulated signal are at the same value, so are hidden by each other, but are at a value of 0.9965w each. 
[bookmark: _Toc216692482]1.2.1 – Wave forms at different modulation index
[image: ]
[bookmark: _Toc216534504][bookmark: _Toc216534567][bookmark: _Toc216534630]Figure 19: wave forms at 0.2 mod index
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[bookmark: _Toc216534505][bookmark: _Toc216534568][bookmark: _Toc216534631]Figure 20: wave forms at 0.6 mod index
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[bookmark: _Toc216534506][bookmark: _Toc216534569][bookmark: _Toc216534632]Figure 21:wave forms at 1 mod index
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[bookmark: _Toc216534507][bookmark: _Toc216534570][bookmark: _Toc216534633]Figure 22:wave forms at 1.4 mod index

[bookmark: _Toc216692483]1.2.2 – Spectrum analyser results for over, under and critical modulation.
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[bookmark: _Toc216534508][bookmark: _Toc216534571][bookmark: _Toc216534634]Figure 23: Power density of mod index .2 - with carrier signal and mod signal overlapping at same value
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[bookmark: _Toc216534572][bookmark: _Toc216534635][bookmark: _Toc216534509]Figure 24: Power density of mod index .4 - with carrier signal and mod signal overlapping at same value 
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[bookmark: _Toc216534510][bookmark: _Toc216534573][bookmark: _Toc216534636]Figure 25: Power density of mod index 1 - with carrier signal and mod signal overlapping at same value
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[bookmark: _Toc216534511][bookmark: _Toc216534574][bookmark: _Toc216534637]Figure 26: Power density of mod index 1.4 - with carrier signal and mod signal overlapping at same value
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[bookmark: _Toc216534512][bookmark: _Toc216534575][bookmark: _Toc216534638]Figure 27: Power of mod index 0.2 with carrier trace and mod trace overlapping at same value
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[bookmark: _Toc216534513][bookmark: _Toc216534576][bookmark: _Toc216534639]Figure 28: Power of mod index 0.6 with carrier trace and mod trace overlapping at same value
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[bookmark: _Toc216534514][bookmark: _Toc216534577][bookmark: _Toc216534640]Figure 29: Power of mod index 1 with carrier trace and mod trace overlapping at same value
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[bookmark: _Toc216534515][bookmark: _Toc216534578][bookmark: _Toc216534641]Figure 30: Power of mod index 1.4 with carrier trace and mod trace overlapping at same value
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[bookmark: _Toc216534516][bookmark: _Toc216534579][bookmark: _Toc216534642]Figure 31: RMS when mod index is 0.2 with mod and carrier race overlapping at same value
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[bookmark: _Toc216534517][bookmark: _Toc216534580][bookmark: _Toc216534643]Figure 32: RMS when mod index is 0.6 with mod and carrier race overlapping at same value
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[bookmark: _Toc216534518][bookmark: _Toc216534581][bookmark: _Toc216534644]Figure 33: RMS when mod index is 1 with mod and carrier race overlapping at same value
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[bookmark: _Toc216534519][bookmark: _Toc216534582][bookmark: _Toc216534645]Figure 34: RMS when mod index is 1.4 with mod and carrier race overlapping at same value

[bookmark: _Toc216692484]2.1.1 – DSBSC balanced modulator 
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[bookmark: _Toc216534520][bookmark: _Toc216534583][bookmark: _Toc216534646]Figure 35: DSBSC Power density with demod signal
[image: ]
[bookmark: _Toc216534521][bookmark: _Toc216534584][bookmark: _Toc216534647]Figure 36: DSBSC Power density with message signal
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[bookmark: _Toc216534522][bookmark: _Toc216534585][bookmark: _Toc216534648]Figure 37: DSBSC Power with demod signal
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[bookmark: _Toc216534523][bookmark: _Toc216534586][bookmark: _Toc216534649]Figure 38: DSBSC Power with message signal

[bookmark: _Toc216692485]2.2.1 – DSBSC with noise
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[bookmark: _Toc216534524][bookmark: _Toc216534587][bookmark: _Toc216534650]Figure 39: Power values with demodulated signal
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[bookmark: _Toc216534525][bookmark: _Toc216534588][bookmark: _Toc216534651]Figure 40: Power values with message signal
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