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1.Executive Summary

The aim of the assignment was to investigate analogue and digital signal processing which
are used in modem systems. To summarise, firstly a research task was carried out to further

develop and understand of Frequency Modulation and Analogue to Digital Convertors.

After that had been completed an experiment into frequency modulation was carried out. In
the experiment the effect of the message amplitude on the carrier was looked at and the effect
of the message frequency on the carrier.

Next, the ADC experiment was carried out. This experiment required us fo investigate into the
effect of changing the number of bits, why it is important to match the amplitude of the input
signal to the range of the ADC and the relationship between the the input signal frequency

and the sampling rate.

Finally, from the experiments, a results and analysis was carried out and a conclusion was
made.




Amglitude

2.Research

Frequency Modulation

Frequency Modulation or FM is a method used in telecommunications and signal processing
to encode information onto a carrier wave by varying its frequency in proportion to the
amplitude of the modulating signal. In FM, the modulating signal, sometimes referred to as the
message signal, or input signal, varies in amplitude, and this causes the carrier wave's
frequency to fluctuate. The frequency of the carrier wave varies in proportion to the modulating
signal's amplitude. The process of modulation enables the carrier wave transmission of digital

or analogue information, including voice, music, data, and video. (Heavy, 2022)

When the message frequency changes in FM, many things are affected, such as the
bandwidth. The rate at which the message frequency changes directly affect the bandwidth
needed to broadcast an FM signal. Wider bandwidth is needed for a higher rate of change to

transmit the FM signal accurately and without distortion. (Radio Academy, 2024)

The carrier frequency in FM is not directly impacted by the message amplitude. FM adjusts
the carrier signal's frequency in response to variations in the message signal's amplitude. The
carrier signal's frequency deviates more from its centre frequency as the message signal's
amplitude grows. Also, when the amplitude of the message signal decreases, the frequency
deviation of the carrier signal decreases as well. (Science Direct, 2023)

However, the effect of the message frequency on the carrier is that
it directly influences the rate at which the carrier frequency changes
in response to variations in the modulating signal. When the
message signal frequency increases, the frequency of the carrier
signal will deviate from its centre frequency in one direction. When

the message signal frequency decreases, the carrier frequency

Wl\ﬂ . deviates in the opposite direction. (Byjus, 2024)
MW=

Figure 1 FM Signal Waves

(Wikipedia, 2024)




DC

An essential device that transforms analogue signals into digital representations is called an
analogue-to-digital converter, or ADC. Essentially, an ADC transforms continuous analogue
signals into discrete digital values so that digital systems can use them for processing, storing,

or transmitting. (Electronic Tutorials, 2024 )

Sampling is the initial stage of the analogue-to-digital conversion process. Regular intervals
are used to sample the continually varying analogue signal. Sampling rate, expressed in
samples per second (SPS) or Hertz (Hz), is the pace at which samples are collected. (Arrow,
2024)

Following sampling, the analogue signal's sampled values are quantized to create discrete
digital values. In this process, the amplitude of each sample is used to provide a numerical
value. The ADC's resolution is based on the number of quantization levels. As example, an 8-
bit ADC can represent 2*4 = 16 discrete levels. (Monolithic Power, 2024)

When changing the number of bits within an ADC, for example from 4-bits to 8-bits, there will
be significant effects. The most apparent effect is the increase in resolution. An 8-bit ADC can
represent 2*8 = 256 quantization levels, whereas a 4-bit ADC can only represent 2" = 16
quantization levels. This means the 8-bit ADC can provide much finer detail and precision in
representing the analogue signal. (Monolithic Power, 2024)

With increased resolution comes improved accuracy in digitizing the analogue signal. The finer
quantization levels of an 8-bit ADC allow for more accurate representation of small variations
in the input signal. (Monolithic Power, 2024)
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Figure 2 ADC Signal Waves (Seeed Studio, 2024)




3.Planning and Reflection

The assignment which was carried out will begin by leaming all the necessary background
knowledge so that an in-depth knowledge of Frequency Modulation (FM) and Analogue to
Digital Convertors (ADC) is in place to help make the assignment easier as you will have an
understanding already. FM and ADCs are researched, and applications are looked into.
Looking into these applications gives a better understanding of how things being researched
work in real life situations. Also, the experiment tasks are great for gaining an in-depth
understanding of the different tests which are carried out in industry. Overall, the assignment
has many opportunities to gain a much better understanding of practical and industrial

applications of FM and ADC's.




4.Experiment 1 Method - Frequency Modulation

Test 1

A 10kHz sine-wave signal with an amplitude of 2V is used to frequency modulate a 455kHz
carrier with an amplitude of 375mV. As the modulator has an FM transfer characteristic of
20kHz, the maximum frequency deviation, the modulation index and the component amplitude
values using a Bessel table can all be calculated.

Maximum frequency deviation = FM transfer characteristic * amplitude
=20k *2
= 40kHz

Modulation index = dfc/fm
= 40k/10k
=4
j0=0.375* 040 =0.15V
j1=0.375*0.07 = 0.02625V
j2=0.375*0.36 = 0.135V
j3=0.375%043 =0.16125V
j4=0.375*0.28 =0.105V
j5=0.375*0.13 = 0.04875V
j6=0.375*0.05=0.01875
j7=0.375*0.02 = 0.0075V
Bandwidth:
72V =14
10kHz*14 = 140kHz
Therefore, Bandwidth = 140kHz
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Figure 6 Frequency Spectrum Using PicoScope

From the frequency spectrum above, many pieces of information can be gathered. For

example, the bandwidth can be determined. To do this the minimum frequency is taken away

from the maximum frequency:

Bandwidth = FMAX-FMIN = 535-385 = 140

10




By using the cursors within the PicoScope software, the cursors for frequency can be moved
to show the spacing between the components. This is determined by the modulating
frequency, which in this instance happens to be 10kHz and is also shown by the cursors in

the image above.

The cursors for the voltage in the image above show the difference in the peak for JO and J1.

For these results the difference was 46mV.

1"




Test 2

Figure 7 Test 2 Calculations
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Figure 11 Frequency Spectrum Test 2 Using PicoScope

From the frequency spectrum above, many pieces of information can be gathered. For
example, the bandwidth can be determined. To do this the minimum frequency is taken away

from the maximum frequency:
Bandwidth = FMAX-FMIN = 510-400 = 110

By using the cursors within the PicoScope software, the cursors for frequency can be moved
to show the spacing between the components. This is determined by the modulating
frequency, which in this instance happens to be 5kHz and is also shown by the cursors in the

image above.

The cursors for the voltage in the image above show the difference in the peak for JO and J1.

For these results the difference was 12.76mV
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5. Experiment 2 Method — Analogue to Digital Conversion

By using the feedback experimental kit which can be seen in the image below, a study needs
to be carried out so that various tests can be achieved. The sample rate of the ADC is 10,000

samples per second and the range is 6Vp-p.

[T

Figure 12 ADC Kit

Once the ADC kit is set up, the PicoScope program on the PC can be opened so that the initial
settings can implemented. The initial settings of the ADC include, adding measurements that
show the input and output frequencies and the input voltage peak to peak. The signal
generator also needs to be adjusted for zero DC offset and throughout the practical, the data
source module and the date receiver module must be set to the same number of bits.

15




Effect of Changing Input Frequency

Now that the kit is set up and all the initial settings are implemented, the testing can now begin.
The first test was to show the effect that changing the input frequency from 1kHz in 1kHz steps
until the sample rate was matched. The image below shows when the input frequency is at

1kHz, at this stage the input signal can be accurately represented with no issues.

e gt Y Meneeis koh e
|| @8 [ o] 4 [s][[a] uem s @]« 0 [s|ue0 0 8 & 08

pico

afoam - fefloc - aglefem - [a]iec - ||

Captaa Cawe | Sour

Whole trace
A Frequency 1.02 kHz 1.019k.. 1.02kHz 1.02 kHz 237.8 mHz 20 Whole trace
Peak To Peak 4.061V 4015V 4106V 4067V  221mV 20 Whole trace
B Frequency 1.034k.. 1kHz 1.034 k.. 1.022k. 16.6Hz 20 Whole trace

v | Memneres (3 @ Q| w3 vee D

e [y @ | e < 8| & - [N Rt AR e

Figure 13 Effect of Changing Input Frequency (1TkHz)
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Figure 14 Effect of Changing Input Frequency (4kHz)

16




The image above is when the input frequency is at 4kHz. At this stage it is still possible to
accurately represent the input signal without aliasing, however there is less margin before

reaching the Nyquist limit.

The image below shows the frequency at 8kHz. From this image you can see that the digital
output is close to becoming overrange as the sample range is almost matched. At 8kHz, there

will be aliasing and there will be distortion and inaccuracies in the digitized output.
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Figure 15 Effect of Changing Input Frequency (8kHz)

Once the input frequency matches sample rate, then it will be overrange and can't display the
digital output. And like at 8kHz there will be aliasing and there will be distortion and
inaccuracies in the digitized output.
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Effect of Changing Number of Bits
The next test is going to be looking at the effect of changing number of bits with an input
frequency of 100Hz and a 4Vp-p. Firstly, 4-bits will be looked at and can be seen below. The

4-bit ADC has a limited resolution, offering only 16 quantization levels because 2*4 = 16.
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Figure 17 Effect of Changing Number of Bits (4-Bit)
The image below shows the 8-bit version when the input frequency is 100Hz and there is a
4\V/p-p. By increasing the number of bits, the resolution becomes better and the accuracy of
the analogue to digital conversion gets better too from there being more quantization levels.

For an 8-bit ADC there will be 256 quantization levels.
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Figure 18 Effect of Changing Number of Bits (8-Bit)
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Effect of Changing Input Amplitude
Next, the test carried out was the effect of changing the input amplitude at 100Hz. The image

shown below is when the ADC is set to 4-bits and the input amplitude is 205mV. As you can
see the below image only has 2 levels, whereas a 4-bit ADC can have up to 16 quantization

levels because 274 = 16.
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Figure 19 Effect of Changing Input Amplitude (4-Bit 205mV)

In the image below, the input amplitude was changed until another quantization level
appeared. This was done to show that increasing the input amplitude helps to increase the

resolution.
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Figure 21 Effect of Changing Input Amplitude (4-Bit 1.339V)

Looking at the above image, it is clear to see that there are more quantization levels again

meaning that the resolution is getting better as we get closer to the range of the ADC.
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Figure 22 Effect of Changing Input Amplitude (4-Bit 6.129V)

Now that the input amplitude has matched the range of the ADC, the quantization levels have

reached their maximum at 16, this is shown in the above image.
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As the effect of changing the input amplitude has been looked at for the 4-bit ADC, it's now
time to look at the effect an 8-bit ADC will have. An 8-bit ADC can have up to 256 quantisation
levels as 28 = 256. The firstimage below shows when the 8-bit ADC has an input amplitude
of 201.9mV.
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Figure 23 Effect of Changing Input Amplitude (8-Bit 201.9mV)

The image below now shows when the range and input amplitude is matched for the 8-bit
ADC. ltis clear to see that there are many quantization levels which means that the resolution

is much better.
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Figure 24 Effect of Changing Input Amplitude (8-Bit 6.039V)
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6.Results

Frequency Modulation

From the frequency modulation task, the bandwidth was calculated at 140kHz. By using the
PicoScope software and the calculations from Task 4, a frequency spectrum was displayed,
and from the frequency spectrum the bandwidth could be measured. The bandwidth was

measured at 140khz.

Also, from Task 4, the calculated and simulated Frequency Spectrums can be compared. The
results from these show that they both follow a similar trend from the components increasing
in voltage and decreasing. However, even though it appears that they follow a similar trend,
the values of the component'’s voltages don’t seem to match up very well.

The difference in the peak for JO and J1 for the simulated results was 46mV. But for the

calculated results the difference was 123.75mV.

ADC

From the ADC task, when looking at the effect the input frequency had starting from 1kHz, it
was clear that when the input frequency was below the Nyquist frequency, which is half of the
sampling frequency, then you are able to accurately sample and represent the input signal
with no issues. However, when you exceed the Nyquist frequency then you will encounter

issues, such as aliasing.

When looking at the effect of changing the number of bits, you can see that an 8-bit ADC has
better resolution than a 4-bit ADC because it has more quantization levels. Quantization levels
are calculated by the number 2 being to the power of the number of bits. Therefore, a 4-bit

ADC will have 16 quantization levels and an 8-bit ADC will have 256 quantization levels.

The effect that changing the amplitude has on a 4-bit ADC is when there is a low peak to peak
voltage then the resolution will be very low but as you increase the voltage the resolution will
get better, and when the input amplitude matches the range the quantization level will reach
the maximum at 16 levels. This will be the same for the 8-bit ADC, the resolution will just be

even better as there will be more quantization levels.
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7.Analysis

Frequency Modulation

By having a look at the results, an analysis can be made. Firstly, by looking at the simulated
and calculated Bandwidth we can clearly see that there is no error whatsoever as the values

are the same at 140kHz.

ADC

When exceeding the Nyquist frequency, which is when the input frequency goes above half of
the sampling rate, in this case 10,000 samples/second, the ADC can produce inaccuracies
and distortion within the digitalised depiction of an analogue signal, and this is called aliasing.
Therefore, to avoid aliasing a lower input frequency is beneficial. Having the correct input
frequency is very important in the design of an ADC. There are many reasons for this because
the input frequency effects many aspects of the ADC such as aliasing, sampling rate selection,
frequency response and power consumption.

When changing the number of bits of an ADC from 4 to 8-bits, it will increase the resolution.
The resolution is the level of detail in which analogue signals are digitized, therefore a higher
resolution will allow for a much more precise representation of the analogue signals. Also,
when looking at the 8-bit ADC, it has a higher data rate per second when compared to the 4-

bit ADC because it can capture more bits of information per conversion.

The changing of input amplitude within an ADC is very important, specifically making sure the
input frequency matches the range. This is essential for being able to maximise the resolution,

preventing distortion and avoiding saturation.
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8.Conclusion

Frequency Modulation

To conclude the frequency modulation aspect of the assignment. The theoretical results
provided good answers and no anomalies are present. However, there may have been a flaw
in the practical results as the simulated frequency spectrum produced different component

voltages.

When looking at the effect that message amplitude has on the carrier, the conclusion of this
is that the amplitude of the message does not directly affect the frequency of the carrier and
is determined by the modulation index.

Also, when looking at the effect of the message frequency on the carrier, the message

frequency will directly influence the rate and magnitude of the frequency for the carrier.

ADC

By looking at the ADC portion of the assignment, it is clear to conclude that the input frequency
can cause aliasing. This happens when the input frequency is to go beyond half of the
sampling frequency which is called Nyquist frequency. Therefore, to avoid aliasing, a
frequency below half the sample rate is ideal.

To conclude changing the number of bits from 4-bits to 8-bits is that when transitioning from 4
to 8 you will notice significant improvements in the performance. For example, it will be clear
to see improvements within the resolution, accuracy, dynamic range, and data. Changing from
4 to 8-bits also comes with increased cost and complexity so you will need to investigate what

you will need based on the requirements of the application.

A conclusion was made that matching the input amplitude to the range of an ADC is important
to ensure that digital conversions of analogue signals are as accurate as possible. Additionally,
matching the input amplitude and range of an ADC is crucial for maximising resolution,

preventing distortion and avoiding saturation.
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Figure 25 Effect of Changing Input Frequency (2kHz)
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Figure 27 Effect of Changing Input Amplitude (8-Bit 772.7mV)
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Figure 28 Effect of Changing Input Amplitude (8-Bit 1.384V)
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