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[bookmark: _Toc152228992]Abstract 
The purpose of this report is to critically analyse different Radio Frequencies (RF) architectures to determine the performance of each one when transmitting with both real audio and synthetic messages. The audio messages would be tested against Additive White Gaussian Nosie (AWGN) to see which one was the most robust. The three systems designed were Amplitude Modulation (AM), Double Side Band – Supressed Carrier (DSB-SC) AM and Narrow Band Frequency Modulation (FM). When comparing DSB-SC with FM at the same SNR values it was deduced that DSB-SC performed better than FM.
[bookmark: _Toc152228993]Introduction
RF systems use the 30Hz-300GHz [1] part of the electromagnetic spectrum to convey messages such as voice. RF is used as it operates at low power and can be propagated relatively easily Over the Air (OTA). This reported focuses on the analogue techniques of AM, DSB-SC AM and FM. All the architectures were simulated in Simulink [2] as one complete modem (modulator – demodulator). Depending on the task an AWGN channel would be added between the transmitter and receiver to simulated Line of Sight (LOS) OTA conditions. 
[bookmark: _Toc152228994]Background Research
Modem architectures differ depending on the technique used to modulate/demodulate with the basic premise is that the low frequency message signal is mixed with a high frequency carrier wave of a constant frequency. Depending on the architecture the mixed wave, known as the modulated wave, consists of the carrier’s wave which amplitude, frequency or phase varies in respect to the message signal. On the demodulation side the carrier wave is removed by mixing the modulated wave with another carrier wave. The result is a message envelope which has the same frequency as the original message however still has some higher frequency components. These high frequencies are removed via a low pass filter. The result should be a message signal identical (albeit slightly delayed) to the original message.
To help control modulation the ‘Modulation Index’ is used [1]:
· Critical Modulation = 1 - critical modulation where there is no distortion or lost signal 
· Over Modulation >1 - Distorted signal 
· [bookmark: _GoBack]Under Modulation <1 - loss signal fidelity.

[image: ]
Figure 1: Critical Modulation [1]
[image: ][image: ]
Figure 2&3: Over Modulation, Under Modulation [1].

To AM can be more efficient if the carrier can be removed (DSB-SC). This is done because:
· Message signal is within the sidebands not the carrier (fc+fm & fc-fm)
· Removing carrier saves 2/3 power.
[image: ][image: ]
Figure 4&5: Normal AM modulation, DSB-SC AM modulation [1]


[bookmark: _Toc152228995]Modem Architectures
[image: ]
Figure 6: AM Modem
The first Modem was AM where a simple message wave is multiplied by the modulation index, amplitude and then the carrier. After transmission the carrier is removed and then the envelope is filtered recovering the message.
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Figure 7: DSB-SC 
In the DSB-SC the carrier is removed by inverting one message signal from the other (180 degrees out of phase). The two message signals are then multiplied by the modulation index and then by the carrier individually before the inverted modulated message signal is subtracted from the normal modulated message signal. Because the inverted wave is perceived as negative the subtraction of a negative sums the two waves removing the carrier. This is shown in the DSB-SC equation below (1). The spectrum analyser shows a missing carrier in the modulated signal (figure 17). On the demodulator the architecture is just as simple as normal AM.

[image: ] (1) [1]
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Figure 8: Narrow Band FM Modem
To get the FM modem to work in Simulink [2] a different method was adopted at the modulation whereby the message signal would be combined with the carrier wave in a more convoluted approach in order to get the instantaneous angle to satisfy the equation (2):


Initially, the message signal is multiplied with the frequency sensitivity constant (and then summed with the carrier the frequency to get the instantaneous frequency (IF, ) as found by the equation (3):

		(3) [3]
IF, in simple terms corresponds to the average frequency of a signal at any given time (t) [4]. It is important for FM as the integral of the IF is what is modulated for OTA transmission (4).

 [3]
 
This can be seen in the Simulink [2] block diagram after the creation of IF, the signal is integrated and then multiplied with the cosine as specified above (4). For Task 3b, the modulated signal would be passed through AWGN to simulate LOS conditions. 
On the receiver end the architecture is similar to that to the other two architectures the only difference being, because the transmitted signal was the integral of the IF, the derivative of the received signal must be found after demodulation/filtering. 
[bookmark: _Toc152228996]Simulated Outputs & Results
[bookmark: _Toc152228997]Task 1
Task 1(a(i)) required an examination of the AM modulated signal in both time and frequency with a carrier of 10KHz, a message 1KHz and the modulation index of 0.2).
[image: ]
Figure 9: AM 
Figure 9 shows the four signals required for AM:
1. Message.
2. Modulation index applied.
3. Above signal summed together with ‘1’ to satisfy the equation.
4. AM signal.
In reference to figure 3 is can be seen from the AM signal in figure 9 that the signal has been under modulated as the carrier does not fall to zero making the envelope less defined compared with critical modulation. Figure 10 shows a spectrum capture of the message (blue) and modulated signal (yellow). The two traces show the signals at their specific frequency with the carrier showing two side bands 1000KHz above and below the carrier frequency. This is the modulated message as shown in (fc+fm) and (fc-fm) [1].
[image: ]
Figure 10: Spectrum Analyser showing AM (yellow) and Message signal (blue)
In Task 1(a(ii)) involved changing the modulation index to see how this affected the modulated signal. The previous task showed under modulation. Figure 11 shows critical modulation where the envelope is clearly defined and does not distort the adjacent carrier by spilling into them. Figure 12 and 13 show over-modulation whereby the carriers distort one another figure 13 shows extreme distortion and compared to figure 11 it is difficult to see the true signal. Figure 12 shows less distortion.
[image: ]
Figure 11: Critical Modulation
[image: ]
Figure 12: Over Modulation, index = 2
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Figure 13: Extreme Over Modulation, index = 5
When comparing demodulated signal with the original message/ modulated signal for Task 1(b) the first apparent aspect is the delay. In figure 14 the top signal, the original message, compared with the fourth down, being the filtered signal, takes about 10ms to start oscillating a similar frequency. However, the signal has been shifted up and attenuated oscillating between 1 and 0, compared with 1 and -1, and the signal is 180 degrees out of phase. Therefore, the next two scopes show some signal processing where the amplitude is shifted down to between by 0.5 and -0.5 (5th plot down, figure 15). After this the amplitude is double by multiplying the signal by two and delayed by 1.9*pi/10000, using the transport delay block to get the bottom plot which shows a signal in phase and at the same amplitude as well as at the same frequency as the original message. This signal apart from the initial delay is almost identical to the original message (top). 
[image: ]
Figure 14
[bookmark: _Toc152228998]Task 2a
Task 2 involves implementing a DSB-SC modem architecture so to determine its performance in both frequency and time in both clean and noisy environments. As continuation from the first task real time audio will be used in 2b and 2c to analyse the performance of the modem to real life signals. Task 2a involved modulating a single frequency with a modulation index of 0.5 and analysing the results on the receiver end. 
[image: ]
Figure 15: Top-Bottom: Message signal, duplicate message signal, inverted duplicate message signal, modulation index combined with duplicate, modulated signal.
[image: ]
Figure 16: Demodulator. Top – bottom: Modulated signal, Demodulated, filtered message.
[image: ]
Figure 17: Spectrum of the modulated (yellow) and carrier (blue) centred around 0Hz

[bookmark: _Toc152228999]Task 2b   
In this task a real message was implemented into the architecture replacing the constant frequency message signal. The message signal in question was a two-tone signal which could be easily distinguishable on the oscilloscope. It was necessary to use software such as Audacity [5] to make the audio files a by 1 matrix for the simulation to run. The only difference between the two tasks was the more prominent 3rd order intermodulation [6] where the two sidebands intermodulated with one another to create products at 2f1-f2 and 2f2-f1. For example, one of the sidebands exists at 5KHz whilst the other exists at 3KHz. Applying the formula mentioned the 3rd order for this band will be at 7KHz. Which when inspecting the Spectrum Analyser another sideband at lower power can be found (-27dBm).
[image: ]
Figure 18: Original real-life message (Audacity [5]).
[image: ]
Figure 19: Top: section of the original message, bottom same section on receiver end.
[image: ]
Figure 20: Frequency domain of the transmitted signal (yellow) and carrier (blue).

[bookmark: _Toc152229000]Task 2c
For this task the modulated signal was transmitted through an AWGN channel with the SNR values of 10,0 and -10dB to understand the effects of noise has on the modulated signal and the receiver’s ability to demodulate to the original message. 
[image: ]
Figure 21: 10dB SNR frequency domain
[image: ]
Figure 22: 10dB SNR time domain.
At 10 dB SNR it can be seen the noise floor on the spectrum analyser is a lot higher at around -24dBm compared with figure 20 where there is no noise floor however the 3rd modulation starts below -21dBm and hence why it is missing in the figure 21 spectrum. The signal is still very clear on the spectrum analyser at least 15dBm above the noise floor. In the time domain it can also be seen with the second capture the signal can still be seen in the noise compared with the first capture above which shows the modulated signal with no noise induced. This is further backs-up with the message signal being retrievable and in very clear with only minor noise still there. At this SNR this architecture is still within a working range.
[image: ]
Figure 23: 0dBm SNR Frequency Domain
[image: ]
Figure 24: 0dBm SNR Time Domain
At 0dBm SNR on the spectrum analyser the noise floor has been raised to -12dBm,11 dBm more than previously. This makes sense as the noise power has increase by 10dBm so having the noise raise this amount should be expected. The signal strength is still at the same level (-6 to -3dBm) as expected however, because the noise floor has risen the signal is now less prominent but still 6dBm above the noise floor which equates to 4x the strength. On the oscilloscope compared the noiseless modulated signal the transmitted signal is now very noisy with elements of the signal hard to distinguish. However, the receiver is still able to demodulate and filter to get a clean message signal with a just little noise present.
[image: ]
Figure 25: -10dBm SNR Frequency Domain
[image: ]
Figure 26: -10 dBm SNR Time Domain
At -10dBm SNR in the frequency domain the modulated signal is now very difficult to locate as the noise floor is at -3dBm which is higher than the signal level as can be seen spectrum in figure 20 where the peak of the signal is at -4dBm. Furthermore, in the time domain (figure 26) the centre plot shows the noisy modulated signal compared to the top plot which is the clean modulated signal. When comparing the two once again the noisy signal is very hard to make out due to the noise floor being greater than signal strength at this point. However, once demodulated the message signal is still managed to be retrieved although it is much nosier compared to the previous SNR values. This will dergrade the audio quality of the retrieved message.

[bookmark: _Toc152229001]Task 3a
[image: ]
Figure 27: Transmitter from original message (top) to FM modulated signal (bottom)
[image: ]
Figure 28: FM receiver from modulation (top) back to message (bottom)
[image: Machine generated alternative text:
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Figure 29: FM Frequency Domain

[bookmark: _Toc152229002]Task 3b
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Figure 30: Section of message with original message (top) compared with the demodulated message (bottom)
[image: ]
Figure 31: FM Message to Modulation
[image: ]
Figure 32: Receiver, FM modulation to demodulated message 
[image: ]
Figure 33: Yellow: FM modulated signal, Blue: Message signal (including intermodulation [6].
[image: ]
Figure 34: Blue: demodulated but not differentiated. Yellow: Demodulated and differentiated.

[bookmark: _Toc152229003]Task 3c
Task 3c is identical to 2c the only difference being that it is FM instead of DSB-SC. The same SNR values will be used to compare and contrast with task 2c.
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Figure 35&36: 10dB SNR Frequency & Time Domain
[image: ] [image: ]
Figure 36&37: 0dB SNR Frequency & Time Domain
[image: ] [image: ]
Figure 38&39: -10dB SNR Frequency & Time Domain
Above shows all the SNRs in both time and frequency for the FM modulation. The left plots show the frequency domain of the message (blue) and the modulated (yellow). At the different noise floor levels rising from -20dBm/Hz to – 5dBm/Hz at -10dB SNR. Even at -10dBm noise the modulated wave is still visible being at 5dBm/Hz being about 10dB above the noise floor giving the impression the message signal will stay intact. However, on inspecting the time domain plot it can be deduced that the message is has completely deteriorated even at 10dB SNR. This is further backed-up when inspecting the audio output.[footnoteRef:1] [1:  When testing the FM modem at 30dB of SNR a quiet message signal could be heard. I have included this in the additional files along with the rest of the tested powers] 







[bookmark: _Toc152229004]Conclusions
In conclusion, compared with DSB-SC even at -10dB SNR a noisy original message can clearly bee seen in the time domain. Contrast this to FM where at 10 dB SNR message signal looks completely lost. However, it is worth noting that that a reason that the DSB-SC message signal looks clearer is that in AM the amplitude of the carrier varies with the message and so if there is no message there will be no amplitude in the message there is none in the modulated signal. This is not the case for FM where the amplitude remains constant and the amplitude changes. However, on inspection of the audio even the message signal is still present in the DSB-SC at -10dB SNR (although noisy) whereas in FM the message cannot be made out even at 10dB SNR. It seems that FM may be less susceptible to noise in OTA transmission but when subjugated to it, it proves less resilient that DSB-SC.
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