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1. Executive summary 

Research found that there are different forms of modulation, with AM and FM being most 

commonly used to transmit data by modulating the carrier signal. If a waveform is modulated 

too much it can become over modulated and when transmitted there is a risk of some of the 

waveform being cut off. The sidebands of the frequency can be determined by the modulation 

index in conjunction with the Bessel table to find out the amplitude at each sideband frequency. 

The bandwidth can then be calculated from the outside sidebands this was later proven in the 

first practical experiment when the modulation index and frequency deviation were calculated 

and the Bessel table was used to find the sideband amplitude with the results recorded and 

the wave spectrum produced.  

The second experiment investigated ADCs and the use of 4-bit and 8-bit ADCs and how they 

affect the transmission. A 4-bit ADC has a much lower resolution and can be harder for the 

wave to be quantized. However, 8-bit will have a better resolution with 256 different levels to 

encode the waveforms’ data when it is transmitted. 8-bit is slower to transmit as a result of the 

extra data and can be excessive for smaller waveforms and the excess data can make the 

system slow.  

The validity of Nyquist Criterion was investigated that the sampling frequency has to be twice 

the input frequency. This was proven with samples being taken at different frequencies. The 

wave form was accurate and kept the square wave shape up until 5kHz. At 6kHz the output 

started to become lower with some disfigurement on the square wave then about 7kHz the 

receiver stopped receiving the frequency and the square wave was completely deformed. 
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2. Research into analogue and digital communication systems and 

techniques 

2.1 Amplitude Modulation (AM) and Frequency (FM) Modulation 

In signal and communications transmission, two types of modulation occur: Amplitude 

Modulation (AM) and Frequency Modulation (FM). They are both used to transmit data by 

modifying a carrier signal. The difference being that in FM, the carrier wave frequency is 

modified as per the transmitted data, compared to AM where the carrier wave is modified 

according to the data (BYJU'S, 2019). These differences are shown in Figure 1. 

 

Figure 1: Effects of Modulation (Kumar, 2004) 

Modulation refers to the change of a characteristic of the carrier wave (Kumar, 2004, p. 1686). 

Figure 2 shows different modulation methods.  

 

Figure 2: Modulation Types (Gupta, 2013) 

Michael Hall
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Once the signal has been modulated, it can be wirelessly transmitted to be received by a 

receiver. The process is illustrated in Figure 3. 

 

Figure 3: Modulation and Transmission Process 

2.1.1 Amplitude Modulation (AM)  

The easiest form of modulation is AM where the carrier signal’s amplitude is made to replicate 

the shape of the information-carrying signal such as a pulse signal or voice (Sobot, 2020, p. 

341). However, AM waves are subject to interference from a range of sources such as different 

motor types. (Innovation, Science and Economic Development Canada, 2010).  

The extent to which a wave is modulated by is known as the modulation factor and can be 

calculated using Equation 1. 

 

Equation 1: Modulation Factor 

For perfect modulation, the modulation factor should be 1. However, if the signal is over 

modulated it, can become distorted and parts of the transmitted message can be lost. This 

occurs when the modulation factor is greater than 1.  

The bandwidth varies depending on the signal frequency. In AM, the bandwidth is twice the 

signal frequency.  The bandwidth has a lower and upper limit and can be written as, 𝑓𝑐 − 𝑓𝑚 

and 𝑓𝑐 + 𝑓𝑚. Figure 4 shows an example of a typical amplitude modulation spectra. The 

sidebands represent the upper and lower limits of the bandwidth with the height representing 

the amplitude. The bandwidth is calculated by the difference in the sidebands (Herres, 2018)..  
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Figure 4: Typical Amplitude Modulation Spectra (Herres, 2018) 

2.1.2 Frequency Modulation (FM)  

In FM, the modulating signal changes the frequency of the carrier waveform whilst the 

amplitude stays the same, as shown in Figure 5. One method to achieve FM is to vary the 

capacitance of a resonant LC circuit in a transmitter (Plonus, 2020).  

 

Figure 5: Frequency Modulation (Elprocus, n.d.) 

The change in the carrier frequency produced by the amplitude of the modulating signal is 

frequency deviation. The change is represented by ∆f. The relationship between frequency 

deviation of the carrier and the modulated signal frequency is known as the modulation index 

(Elprocus, n.d.).  This can be calculated using the formula in Equation 2. 
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Equation 2: Modulation Index 

FM has the advantage of having a large operating range, a very high efficiency and is less 

subject to interference. Nevertheless, AM uses less bandwidth than FM and requires less 

technical receiver and transmitter circuits (Sastry, 1997). 

 

2.2 Evaluation of the Development of Digital Communication Techniques 

2.2.1 Analogue to Digital Convertors (ADCs) 

ADCs are electronic devices which convert a continuous analogue input signal such as voltage 

into discreet digital numbers (binary) so that it can be processed by micro-controllers as 

illustrated in Figure 6. Toulson and Wilmshurst state ADCs effectively “measure the input 

voltage and give a binary output number proportional to its size” (2012). Possible input signals 

include audio, light, temperature and motion.  

 

Figure 6: Schematic Diagram of ADC (Ashrit, n.d.) 

 

ADCs sample the analogue signal at a specific sampling frequency where the sample 

amplitude is maintained and held in the ‘hold’ block. The hold sample is subsequently 

quantized into a discrete value which is then converted into a discreet binary number by its 

encoder as shown in Figure 7.   
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Figure 7: Block diagram of ADC stages (Electrical Technology, n.d.) 

 

The sampling rate and quantization level (bit rate) determine the accuracy of the digital value 

that captures the original analogue signal (Electrical Technology, n.d.).  

Increasing the sampling rate increases accuracy. According to the sampling theorem, 

provided the input is sampled above the Nyquist rate i.e. twice the highest-frequency 

component of the analogue signal to be sampled, then all frequencies in the signal can be 

perfectly reconstructed (Tan & Jiang, 2019). Equation 3 shows the Nyquist Criterion where fs 

is the Nyquist frequency and fmax is the maximum frequency that appears in the signal.  

 

Equation 3: Nyquist Criterion 

Aliasing can occur if frequencies above half the Nyquist rate are sampled since they are 

incorrectly detected as lower frequencies. This can result in distortion and some of the 

frequencies in the original signal being lost in the reconstructed signal (Zawistowski & Shah, 

1992). Aliasing can be prevented by utilising low-pass filters. 

During the quantization and encoding stage, error is introduced between input voltage and 

output binary representation. The degree of error depends on the ADCs resolution. Increasing 

the resolution increases the accuracy of its output. This is illustrated in Figure 8 using a sine 

wave.  As shown, when the bit length increases, the more it represents its original analogue 

signal.   
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Figure 8: Example of Increasing Resolution (Gudino, 2018) 

2.2.2 Pulse Amplitude Modulation (PAM) Techniques 

PAM is a type of analogue to digital conversion technique where the signal wave is modulated 

during data transmission by altering the amplitudes of each pulse in a regular time sequence 

of electromagnetic pulses (ECSTUFF4U, n.d.). Essentially, the analogue signal is sampled 

either by natural sampling method or flat top sampling and is converted to a discrete-time 

continuous-amplitude signal. (Electronics Coach, n.d.). 

In PAM, the amplitude of the pulse is proportional to the amplitude of the modulating signal.  

Figure 9 is an example of a PAM signal.  

 

 

Figure 9: Pulse Amplitude Modulation Signal (EL-PRO-CUS, n.d.) 

There can be an infinite number of possible pulse amplitudes, allowing increased data 

throughput over existing networks, but it’s mostly some power of two so the final output can 

be digital.  For instance, in level-4 PAM, there are 22 discrete pulse amplitudes; in 8-PAM there 

are 23 discrete pulse amplitudes and so on (BYJU's, 2019). PAM-4 was developed due to the 
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increased need for more data to be delivered at higher data rates as it allows twice the data 

rate compared with PAM-2 (Apena, 2018).  

There are two main types of PAM:  

(1) Single Polarity- a suitable DC bias is added to the signal so all pulses are positive  

(2) Double polarity-pulses are both negative and positive.  

The circuitry and block diagram of PAM are shown in Figure 10 and Figure 11. 

 

Figure 10: The circuit diagram of PAM (BYJU's, 2019) 

 

Figure 11: Block diagram of PAM (BYJU'S, 2019) 

PAM is the simplest pulse modulation technique without the need for complex circuitry, data 

can be transmitted quickly and efficiently using conventional copper wires and PAM can also 

generate other pulse modulation signals whilst simultaneously carrying the message. 

However, very large bandwidths are required for transmission, the transmitter power varies 

and has lower power efficiency and higher noise interference compared with other typed of 

analogue modulation. Nevertheless, PAM is utilised in many applications such as ethernet 

communication, electronic drivers for LED lighting, micro-controllers for generating the control 

signals, photo-biology and digital television (EL-PRO-CUS, n.d.).   

 

2.2.3 Pulse Code Modulation (PCM) Techniques 

According to Garg (2007), PCM is a digital technique for transmitting analogue data by 

converting analogue signals into digital form using sampling and quantization. Instead of a 

pulse train, the signal is pulse code modulated to convert its analogue information into a binary 

sequence of 0s and 1s, with each digit representing the approximate amplitude of the signal 

sample at that instant. Figure 12 illustrates the PCM output corresponding to instantaneous 

values of a given sine wave (Tutorials Point, n.d.).  
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Figure 12: Comparison of a Sine Wave Input with the Corresponding Instantaneous PCM output (Tutorials Point, 

n.d.) 

A PCM system comprises: (a) transmitter section where sampling of the analogue signal, 

quantizing, and encoding occurs (b) transmission path and (c) receiver section where 

regeneration of the impaired signal, decoding and reconstruction of the quantized pulse train 

occurs (Tutorials Point, n.d.). This is shown in Figure 13.  

 

Figure 13: Basic Elements of Pulse Code Modulation System (EL-PRO-CUS, n.d.) 

 

PCM has the advantage of having higher noise immunity and transmission efficiency, it’s 

easily multiplexed and is convenient for long-distance communication. Nevertheless, 

encoding, decoding and quantizing circuitry is complex and compared with other analogue 

systems, requires a large bandwidth for transmission. In the PCM process, it’s possible to 

digitise all forms of analogue data e.g. full-motion video, music telemetry, etc . Consequently, 

it’s utilised in multiple applications including space communication, satellite transmission 

systems, telephony, CDs, computers and temperature regulation, etc (EL-PRO-CUS, n.d.).  
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2.2.4  Synchronous Digital Hierarchy (SDH) as a Digital Communication System 

SDH is a European standard used for high-speed data transmission of telecommunication and 

digital signals. It was developed to eliminate synchronisation issues associated with its 

predecessor PDH (Plesiosynchronous Digital Hierarchy) with increased data transfer rates, 

and is used world-wide. It provides a more flexible network infrastructure, which is simpler, 

based on optical fibres (Carritech, 2018). Babatunde and Mbarouk advise that “unlike PDH, 

SDH is based on repeated hierarchy of fixed length frames designed to carry isochronous 

traffic channels”  (2014, p. 679). Standardised technology is utilised where the digital 

multiplexer’s inputs or data stream are of the same rate and derived from a common clock 

source, therefore allowing exact timings. As it’s synchronous, it enables single stage 

multiplexing and de-multiplexing, thus eliminating hardware complexity. (Rumsey, 2003)   

SDH uses a basic rate of 155.52 Mbit/s, called STM-1 (Synchronous Transport Module-1). 

Higher levels increase by a factor of 4 each time to form its transport hierarchy as illustrated 

in Table 1. 

   

Table 1: SDH Hierarchy (based on multiples of 4) and Frame composition (Rumsey, 2003) 

 According to Rumsey, (2003) the STM-1 frame is transmitted at 125 µs (microseconds), 

resulting in 8,000 frames per second on the circuit and comprises payload blocks, overhead 

blocks and pointers. The STM-1 base frame is structured as follows and is presented in Figure 

14. 

 

SDH Frame Frame Composition Bit Rate (Mbit/s) 
STM-1 1xSTM1 155.52  
STM-4 4xSTM1 622.080  
STM-16 16XSTM1 2488.3 
STM-64 64xSTM1 9953.28 

 

• Length: 270 columns of bytes with 9 rows = 2430 bytes 

• Byte: 1-byte = 8 bit 

• Duration (Frame repetition time): 125 μs i.e. 8000 frame/s 

• Rate (Frame capacity): 2430 × 8 × 8000 = 155.5200 Mbit/s 

• Payload = 2349bytes × 8bits × 8000frames/sec = 150.336 Mbit/s 
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Figure 14: STM-1 Frame Structure (Manske, 2011) 

 

The key benefits of SDH due to its composition and frame structures include: use of simplified 

multiplexing and demultiplexing, synchronous networking and supports multi-point networking, 

capacity to transport existing PDH signals and broadband signals, supports multi-vendors and 

different operators, allows quick recovery from failure, easy growth to higher bit rates and 

optical fibre bandwidth can be increased without limit. It can also provide network transport 

services on LAN such as video conferencing and interactive multi-media. However, it does 

require complicated SDH equipment and as it uses OAM software it is vulnerable to computer 

viruses (ECSTUFF4U, 2021).  
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3. Experimental Method for Experiment 1- Frequency Modulation 

The experiment was set up to investigate frequency modulation using Feedback Instruments 

pack “Analogue Communications” and circuitry shown in Appendix 1.  A Pico-scope was used 

to monitor the frequencies with channel A monitoring the input frequency and channel B the 

output. The modulation generator was then set to give a square wave of 10kHz and a 2v 

amplifier. The peak-to-peak voltage and frequencies were adjusted on the generator with 

results monitored. The carrier has a frequency of 455kHz and an amplitude of 375mV. 

Consequently, the bandwidth on a spectrum analyser could be determined from the side 

frequencies and the Bessel co-efficients measured.  
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4. Testing, Results and Analysis for Experiment 1 

The maximum frequency deviation was calculated using Equation 4. 

 

Equation 4: Maximum Frequency Deviation 

From this, the modulation index (β) can be calculated using Equation 5. 

 

Equation 5: Modulation Index 

The Bessel table can then be used to work out the spectrum of the wave using the calculated 

modulation index (β) to give an indication of expected results. The full Bessel table is 

presented in Appendix 2 and when looking at (β)=4, there are 7 sidebands. The frequency 

and amplitude are shown below: 

 

Using the theoretical data, the spectrum of the wave was produced and the bandwidth 

calculated as shown in Figure 15. 
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Figure 15: Wave Spectrum Using Calculated Data 

The Pico-scope was then used to look at the wave-forms. The peak-to-peak voltage was 

adjusted to 6Vp-p, 4Vp-p and 2Vp-p. Visually, the wavelengths are getting smaller which will 

reduce the bandwidth. The wave-forms are shown in Figure 16 to Figure 18. 

 

Figure 16: Channel A 6Vp-p 
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Figure 17: Channel A 4Vp-p 

 

Figure 18: Channel A 2Vp-p 
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The side frequencies were displayed with the nodulation generator set to 20kHz and 2Vp-p. 

The spectrum was then analysed with readings taken to be compared against the theoretical 

predictions from the Bessel table. Figure 19 shows the side frequencies on the Pico-scope 

where data was collected.  

 

Figure 19: Side Frequencies 

The data comparison is presented in Table 2 and the generated graph in Figure 20.  

 

Table 2: Bessel Table Comparison of Results 
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Figure 20: Wave Spectrum Comparison Graph 

The graph in Figure 20 demonstrates that the side frequencies follow the same trend in both 

practical and theory showing the wave form takes the same shape. The frequencies of the 

side bands are different between the two. This could be down to human error on the practical 

tasks as the side band frequencies are 11kHz apart instead of 10. This error would explain 

the difference in amplitude between theory and practical. However, the difference is marginal.   
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5. Experimental Method for Experiment 2- Analogue to Digital 

Conversion 

The experiment was set up to investigate analogue to digital communication (ADC) for the 

behaviour, requirements and limitations of ADCs. The Feedback Ltd equipment was set up as 

shown in Appendix 3.  The frequency was set and adjusted accordingly and the number of 

bits was changed between 4 and 8, comparing their results. The results were monitored and 

recorded. Nyquist Criterion was then investigated by changing the input frequency while 

monitoring the output.   
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6. Testing, Results and Analysis for Experiment 2 

The input frequency was set to 100Hz at 4Vp-p with the ADC set to 8-bit before being switched 

to 4-bit. The trace from the Pico-scope is shown in Figure 21 and Figure 22. The blue trace is 

the input and the red traces the output. 

 

Figure 21: 8-bit ADC 

 

Figure 22: 4-Bit ADC 

As shown in the traces, both waveforms take the shape of the input. However, the 8-bit 

waveform is much smoother and has less jagged edges when compared to the 4-bit, meaning 
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the 8-bit ADC is a better match to the input source. A 4-bit ADC has 16 levels leading to lower 

accuracy and a lower resolution. Lower resolution will indicate the output will also be of a lower 

quality. Compared to the 8-bit ADC which has a better quantisation as it has 256 levels, which 

allows for a much better resolution, and leads to a better quality output. The downside is that 

an 8-bit ADC can hold much more data, meaning it will take longer to transmit data.  

ADCs have various range limitations, if the input signal is outside of the range, the signal risks 

not being encoded.  The range will help with the quantisation. If the range is too small it will 

have a much smaller sample of data to analyse to generate the binary number from. Likewise 

if the range matches the input signal there is more data in the waveform that can be analysed 

and converted into the binary code. 

The ADC used has a sample rate of 10,000 samples per second and a range of 5Vp-p. The 

sampling frequency must be at least twice the input frequency as per the sampling theorem. 

The sampling frequency of 10kHz was used. The input frequency was increased and the 

output waveforms changed as seen in Figure 23 to Figure 25.  

 

Figure 23: ADC 5kHz Input 
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Figure 24: ADC 6kHz Input 

 

Figure 25: ADC > 7kHz 

The validity of Nyquist is proven when comparing the output waveforms and readings. At 5kHz 

the output frequency is still matching the input and the waveform is as expected. As the 

frequency increases over the threshold of twice the input frequency the output starts to deform 

and there is a drop on the output frequency. When increased to above 7kHz the waveform is 

heavily distorted and the output frequency is lost by the receiver. Figure 25 shows the loss of 

reading of any output frequency on channel B.     
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7. Conclusion and recommendations 

AM and FM are both types of modulation that can be applied to a wave form with the main 

difference being the wave carrier is modulated in FM compared with the amplitude being 

modified in AM.  

Upon evaluating digital communications techniques, it was concluded that the accuracy of the 

ADCs can be improved by increasing the sampling rate and its resolution. It was noted that 

aliasing can occur when the Nyquist Criterion is violated. In Pulse Amplitude Modulation (PAM) 

and Pulse Code Modulation (PCM) techniques, it was determined that pulse levels in PCM 

are quantized, whereas pulses can have any value in PAM, with PAM being an analogue 

conversion technique. When looking at SDH, research showed that it allowed for high-speed 

data transmission of telecommunication and digital signals with SDH frame composition and 

data rates from STM-1 to STM-64 based on multiples of four times 155.52mbit/s to form its 

hierarchy. 

The maximum frequency deviation and modulation index can be calculated to find the 

sideband frequencies of an FM signal by using the Bessel table and the modulation index of 

the table. In the practical experiments, the theory supported the practical as each side band 

was the same frequency apart. The theory and practical results were not an exact match but 

the error was consistent so each sideband in the practical task was 11kHz apart which 

validates the theory as the amplitude followed the same trend, the discrepancy can be put-

down to the equipment used as the frequency was set with a dial and not a fixed digital display. 

However the bandwidth between practical and theory are different.  

4 and 8-bit ADCs were investigated and 8-bit was better due to its better resolution and 

quantisation. Therefore, the signal is more accurately transmitted and is of a better quality. 

The disadvantage is that it holds more data and therefore transmits slower. As determined 

from the research, error can be introduced whilst the sound is quantized and encoded. The 

better the resolution the less error occurs which supports the practical experiment of the 8-bit 

wave form being a higher quality at the receiver.  

The validity of Nyquist Criterion was proven as the output frequency started to differ once the 

input frequency went over half the sampling frequency. As proven in Figure 25, when greater 

then 7kHz for the practical experiment the output frequency signal was lost by the receiver.  
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9. Appendix 

9.1 Appendix 1 Frequency Modulation Experiment Set Up 
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9.2 Appendix 2 Bessel Table 
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9.3 Appendix 3 ADC Experiment Set Up 

Specification of ADC:    Sample rate = 10,000 samples/second and Range = 5Vp-p 
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