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ABSTRACT

In a computer network, communication is the process of transfer data from the source to destination. Understanding communication as transporting of information from source to destination. The information is transported by a communication channel or medium. The signal is the actual form of data transmission over the communication channel or medium. Experiment project developed with available hardware resource to demonstrate M-ary multilevel analogue communication system. The Binary Amplitude Shift Keying (BASK), 4 QAM (Quadrature Amplitude modulation) and 16 QAM implemented in software to test and analyse its performance. The report experiment results conclude that 16 QAM bandwidth performance are higher than BASK and 4 QAM but 16 QAM have higher possibilities of getting exposed to the noise compared to BASK and 4 QAM.
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[bookmark: _Toc38849006]INTRODUCTION

The term internet is interconnected networks. The interconnected networks form the internet, these interconnected networks are connected via wired medium or wireless medium. Network connected devices communicate transmitting data from source to destination. Data is an information which contains text, sound, video and image. The data communication structured into mechanism of OSI (Open Systems Interconnection) model and TCP/IP (Transmission Control Protocol/Internet Protocol) model. The data undergo these TCP/IP network protocol stack process to send or receive data. TCP/IP model was developed from OSI reference model and TCP/IP model are currently used network communication protocol stack, whereas OSI model used for reference purpose[1]. The report provides an overview of signal types used in communication and modulation techniques based on the signal types. An M-ary modulation scheme theory are researched and explained how M-ary modulation techniques is different from other modulation techniques. Understanding the research theory of M-ary multilevel analogue communication, a prototype developed for experiment purpose.

The prototype is developed with available hardware resources. A software implementation 16 QAM communication system is developed using Raspberry Pi 3 Model B and with the help of PCF8591 AD/DA converters to encode and decode analogue signal with binary data. The 16 QAM communication system uses a network protocol stack designed for it with the reference of OSI reference model. The 16 QAM communication system software implemented with One-time pad encryption to demonstrate security and software implemented Cyclic redundancy check (CRC) to demonstrate error detecting codecs. The 16 QAM communication implemented as message communication system using extended ASCII character encoding. The BASK and 4 QAM transmitter and receiver is implemented in software to compare with the 16 QAM communication system bandwidth performance and Bit Error Rate (BER).




[bookmark: _Toc38807848][bookmark: _Toc38809034][bookmark: _Toc38849007]AIM

· To develop a prototype to experiment and demonstrate bandwidth efficiency and BER performance of software implemented M-ary Quadrature Amplitude Modulation (M-ary QAM).



[bookmark: _Toc38807849][bookmark: _Toc38809035][bookmark: _Toc38849008]OBJECTIVIES

· The prototype developed and experimented in this project to provide a good understanding of data communication and M-ary modulation scheme for beginner students.
· To establish overview understanding of signal types and purpose modulation techniques.
· Understanding the signal types and modulation schemes, it establishes a good understanding of M-ary modulation scheme and how they are differentiated with other modulation schemes.
· To establish a good understanding of data communication, security and the network protocols.


[bookmark: _Toc38849009]STRUCTURE OF REPORT

The project is essentially in two parts. The first part, theoretical research of modulation techniques with the different type of signals and the M-ary modulation schemes. The final part, implementation of an experiment project with the theories researched in part one.

Chapter one illustrates an overview understanding of this project. The aim and objectives of the project is described in this chapter.

Chapter two review papers of different publication in M-ary QAM are studied to support and prove the outcome of this project.

Chapter Three illustrates the research methodology used in this project and how the research is carried to design and implement the project. 


Chapter four is theoretical research on signal types and modulation theory, which will provide a basic understanding of signal used in communication and the purpose of modulation techniques.

Chapter five is theoretical research of M-ary multilevel analogue communication system, which will provide understanding of M-ary modulation schemes in communication.

Chapter six is design and software implementation of a 16 QAM communication system applying the research theories of chapter four and chapter five. 

Chapter seven is evaluation, testing and result of 16 QAM communication system performance and compared with BASK and 4 QAM performance. 

Chapter eight conclusion of the project.

Chapter nine learning outcome of this project are discussed.

Chapter ten is references for the project. 
[bookmark: _Toc38807851][bookmark: _Toc38809037]






[bookmark: _Toc38849010]RESEARCH & REVIEW OF LITERATURE

Increasing in internet traffic requires high speed data transfer. Looking into technology there are several types of modulation techniques and data communication protocols used to overcome the increasing internet traffic. Research and literature review M-ary QAM performances are reviewed in this chapter.

This research paper published by MIT Publication, comparing the Bit Error Rate (BER) between QPSK and 4 QAM modulation schemes. Simulink, simulation based BER evaluation and comparison results of QPSK and 4 QAM. Performing comparison of QPSK and 4 QAM, the authors conclude that BER for QAM is 54.35% and for QPSK is 60.54% in same characteristics of channel. 4 QAM is high in comparison with QPSK[4].

This report provides QPSK and 16 QAM implementation and analysis, adding features such as filtering, symbol generation, phase and time recovery and, modulation and demodulation for QPSK and 16 QAM. Implementation and analysis done with TMS320C6713 Digital signal Processing (DSP) kit and with MATLAB® simulation. Using MATLAB simulation implementation of QPSK, aimed data rate 2 kbps and 2 kHz of frequency. In order to achieve 2 kbps, the symbol rate of 1000 symbol per second baud rate required. Therefore, the time period of each symbol should be initialised to 1 milli second to achieve 2000 bits per second.  QPSK transmit 2 bits per symbol. Binary data are converted to NRZ waveform and each bit is represented as 48 samples therefore QPSK samples would be 96. QPSK modulation/ demodulation process have I channel and Q channel whereas Q channel modulated with a sine and I channel modulated with a cosine. After QPSK modulation, the modulated waves are passed through 5 dB noise ratio AWGN channel and passing the distorted wave to demodulator. When first signal received by QPSK demodulator it performs the phase recovery to find any initial phase errors and then each bit is passed to I and Q channel. After process of I and Q channel, mixed output is passed to low pass filter to avoid any high frequency. Extraction of baseband signal from carrier is done at this stage. To improve its SNR, the baseband signals are passed through matched filter and then passed to decision device. After decision is made I and Q channel bits are linked to get transmitted bits. Implementation of 16 QAM, data rate aimed to 2 kbps and carrier frequency are 2 kHz. In order to achieve 2000 bits per second, 16 QAM (4 bits per symbol) requires symbol rate of 500 symbols per second. Therefore, the time period of each symbol should be initialised to 2 milli second to achieve 2000 bits per second. Same procedure followed to 16 QAM modulation and demodulation as QPSK, whereas in 16 QAM I channel process 2 bits at the time and at the same time Q channel process 2 bits at the time sending 4 bits per symbol. 16 QAM should detect the amplitude and phase correctly in demodulation. The data rate of QPSK and 16 QAM are aimed to 2 kbps, 16 QAM can be aimed for higher data rate by reducing the symbol period to 1 milli second instead 2 milli second. 16 QAM modulated signal are passed to AWGN noise ratio 5 dB same as QPSK AWGN noise ratio. For the purpose of comparison between QPSK and 16 QAM, AWGN noise ratio set with same value and same data rate initialised. Gardner Algorithm used for synchronization. Conclusion of this report comparison between QPSK and 16 QAM, BER of 10-5 an Eb/No of 13.5 dB for 16 QAM and 9.5 dB for QPSK are required[5].

Bit Error Rate (BER) of M-ary QAM and M-ary PSK performance are analysed with different values of Signal-to-Noise Ratio (SNR) over Rician fading channel. Observation of this paper proves that BER decrease when SNR increase for M-ary PSK and M-ary QAM over Rician fading channel, these analyses are performed in MATLAB simulation. The comparison between 16-PSK (0.19635 rad Phase Offset) and 64-PSK (0.049087 rad Phase Offset), 64-PSK have higher BER than 16-PSK over Rician Channel. For each M-ary QAM and M-ary PSK, variating SNR (Eb/No 1 to 10 dB) proves that when there is increase in signal-to-noise ratio the bit error rate decreases over Rician fading channel. The comparison between 256 QAM and 512 QAM with variation of SNR (Eb/No 1 to 10 dB) proves that the 256 QAM has less BER than 512 QAM over Rician fading channel[6].

This paper discusses about the performance of WIMAX communication system based on Orthogonal Frequency-Division Multiplexing (OFDM). The results and evaluation done using MATLAB 7.5. To evaluate the performance, BER calculation against different SNR are performed using 16 QAM and 64 QAM modulation schemes over Rayleigh fading channel, Rician fading channel and AWGN channel. AWGN channel performance is the best of Rayleigh fading channel and Rician fading channel. AWGN channel has the lowest BER with modulation scheme of 16 QAM and 64 QAM. Rayleigh fading channel performance is worse than AWGN channel and Rician fading channel. This channel is much affected to BER with the modulation scheme of 16 QAM and 64 QAM. Rician fading channel performance is better than Rayleigh fading channel and worse than AWGN channel. Rician fading channel has more BER than AWGN channel and lower BER than Rayleigh fading channel. Rician fading channel is not much affected to BER with 16 QAM and 64 QAM compared to Rayleigh fading channel[7]. 

This paper provides an overview of digital modulation techniques in wireless communication. Analysis of ASK, FSH, PSK, QAM and Hybrid Frequency and Quadrature amplitude modulation (HFQAM) using MATLAB. The probability of error and output waveforms are discussed for digital modulation. This paper proves that when M level increases the error rate of M-ary ASK, M-ary PSK, M-ary QAM and HFQAM also increases and in case of M-ary FSK it decreases. M-ary QAM bandwidth efficiency is like M-ary PSK but power efficiency is greater to M-ary PSK. High level M-ary QAM are more exposed to noise but using good error correction method and technique used for compensation of efficient channel fading to get better BER performance over AWGN channel. Immunity to noise are less in M-ary QAM but M-ary QAM gives better spectral efficiency. Immunity to noise are high in FSK but has less spectral efficiency. FSK signal are strong against different channel. Combination of FSK and QAM has high spectral efficiency and better error performance. HFQAM has the better performance than ASK, FSK, PSK and QAM in wireless communication[8]. 
 




[bookmark: _Toc38807852][bookmark: _Toc38809038][bookmark: _Toc38849011]RESEARCH METHODOLOGY

Reference to research onion, the research philosophy is chosen as positivism, the positivism depends on quantifiable observation. Deductive Research approach are chosen for this project. The deductive research begins with theory, hypothesis, observation and confirmation. When a research done the two things are focused, collected data of the experiment and the theories. The deductive research goes from theories to data. The deductive research method is simple because the task is to simplify the theories and trying to apply to the specific phenomena. The data extracted from the experiment will be proof or disproof of the theories which are applied to the research.  The research strategy is the plan of how the research goals are achieved.  This project goal can be achieved with experiment research strategy[9].   





















[bookmark: _Toc38807853][bookmark: _Toc38809039][bookmark: _Toc38849012]Signal types And MODULATION THEORY

[bookmark: _Toc38807854][bookmark: _Toc38809040][bookmark: _Toc38849013]INTRODUCTION

This chapter covers the type of modulation technique’s used in telecommunication systems. In telecommunication there are two types of signal processed, analogue signal and digital signal. These signals represent information or message. Using characteristics of signal, the signal is modified according to the information or message. The purpose of modulating the signal is to transmit signal to the longer distance. The signal generated by analogue or digital system are called baseband signal, which are low frequency or low in signal strength, which cannot travel to longer distances and signals are exposed to the noise and interference[10]. The modulated signals also have limitation in distance. In analogue modulation, the signal is amplified after certain distance and for digital modulation, they are repeated after certain distance. There is possibility for modulated signal getting exposed to the noise, but the chances are less compared to baseband signal. Analogue and digital are both different technologies, both are differentiated by the type they are processed. Analogue signal can vary its amplitude, frequency or phase. Analogue is continuous wave form that represent an analogue data like physical measurements. Digital signal is square wave form representing binary data. In digital system, the unipolar transmission is simply transmitting +1 voltage for logic 1 and +0 voltage for logic 0, and bipolar transmission + voltage for logic 1 and -voltage for logic 0. Choosing voltage for digital systems are considered in physical implementation and in available power[10]. These 1’s and 0’s are called digital binary data.  Analogue signals can be encode with binary data[11][12][2].







[bookmark: _Toc38807855][bookmark: _Toc38809041][bookmark: _Toc38849014]ANALOGUE SIGNAL

Analogue signal is positive peak or negative peak with continuous waveform, Analogue signal follows continuous curve and has no broken points for its full period. Analogue signal has can have any voltage value between two limits. 


[bookmark: _Toc38837823]Figure 1: Analogue Signal[13].
As shown in the figure 1, X axis represent the amplitude and T axis represent the time. Analogue signal varies over time with different amplitude and analogue waveform is infinite range of cycle unless two discrete points are chosen. The two discrete points can be chosen or set to X axis (Amplitude) and T axis (Time) to differentiate the signal. 


[bookmark: _Toc38837824]Figure 2: Discrete time[14].

For example, the signal timeline is 2 seconds and timeline are divided by 100 milli seconds intervals on the time axis. The amplitude axis, voltage range from 0 to 1 voltage and amplitude axis is plotted with 100 Millivolts range. The change of amplitude in the set interval of time in timeline are assumed as different analogue signal and these points are discrete points. These discrete points can be set to anywhere in the timeline with different intervals of time and different voltage range. These analogue signals are continuous waveforms, the purpose of choosing discrete points to process analogue signal into analogue data[11][15].  

In analogue signal sine wave is not only the waveform, there are few types waveforms cosine wave and sinusoidal waveform. Both sine and cosine wave made up of single frequency.



[bookmark: _Toc38837825]Figure 3: Cosine Waveform[16].

Sine wave starts with zero amplitude and zero phase, and move towards the highest positive amplitude, whereas cosine wave start with 90° phase and highest positive amplitude, and wave move down to zero amplitude as shown in figure 3. A sinusoidal waveform could start anywhere between positive maximum and negative minimum of its amplitude, and phase anywhere from 0° to 360° [11][15][17].

















[bookmark: _Toc38807856][bookmark: _Toc38809042][bookmark: _Toc38849015]DIGITAL SIGNAL

Theoretically, a digital signal is described as square waveform and complex waveform. Digital signals are discontinuous waveform having endless range of cycle.


[bookmark: _Toc38837826]Figure 4: Digital Signal[18].

Digital signal has two state which are a logic 0 and a logic 1. Taking look at the figure 4, the vertical axis voltage 0 and +5 voltage. The horizontal axis is timeline, time interval could be set depending on signal processor, in this case assuming time interval is 500 milli second between each logical state. The logic 0 is considered as 0 voltage and positive 5 voltage is considered as logic 1. Digital signal can either be 0 voltage or positive 5 voltage, it doesn’t vary between given range of voltage and digital signal are less in noise compared to analogue signal. 


[bookmark: _Toc38837827]Figure 5: Digital Signal, leading edge and trailing edge[19].
In practical a digital waveform is a continuous waveform, but it has leading edge and trailing edge. The leading edge is positive edge, which limited rise time to maximum amplitude and trailing edge is negative edge, which limited fall time to minimum amplitude. The leading-edge rise time is the time taken for the output amplitude to reach steady-state value of 90% from value 10%. The trailing edge fall time is the time taken to fall from the value of initial output amplitude 90% to the value of initial output amplitude 10%[11][20]. As shown in figure 5. 


























[bookmark: _Toc38807857][bookmark: _Toc38809043][bookmark: _Toc38849016]ANALOGUE MODULATION

4.4.1. [bookmark: _Toc38807858][bookmark: _Toc38809044][bookmark: _Toc38849017]Amplitude Modulation


[bookmark: _Toc38837828]                               Figure 6: Amplitude Modulation[21].

Amplitude modulation (AM) is the process of modifying the carrier frequency accordance with the analogue amplitude message signal. The carrier signal is much higher in frequency when compared to message signal. In amplitude modulation the amplitude of the signal varies between the range of its amplitude, frequency and phase remains constant[11][22]. AM considered as linear modulation and, frequency and phase modulation considered as non-linear modulation. Angle modulation are frequency and phase modulation, which are less in noise and interferences compared to amplitude modulation. Analysis of amplitude modulation easier than angle modulation because of its nonlinear behaviour[23]. The implementation of amplitude modulation is easy, and it very easily exposed to noise interference. The frequency spectrum is limited compared to frequency and phase modulation. Amplitude modulation has limited power in the sidebands[11].

4.4.2. [bookmark: _Toc38807859][bookmark: _Toc38809045][bookmark: _Toc38849018]Frequency Modulation

Number of wave cycle in a time is said to be frequency. The measurement of frequency in hertz (Hz), 1 Hz is considered as 1 cycle per second[11]. Frequency ranges shown in table 1.


	Frequency
	SI symbol

	1 Hz
	1 Hz

	1000 Hz
	1 kHz

	1000000 Hz
	1 MHz

	1000000000 Hz
	1 GHz


[bookmark: _Toc38814042]Table 1: Frequency Ranges[11].

 In frequency modulation (FM), the frequency of the carrier signal (carrier frequency) changes. The amplitude and phase remain constant[24][25].


[bookmark: _Toc38837829]Figure 7: Frequency Modulation[24].

Carrier frequency is varied accordance with modulating signal. The maximum peak of the modulating signal is varied in carrier frequency as increased in number of wave cycle in an interval of time and the minimum peak or no peak of modulating signal is varied in carrier frequency as a smaller number of wave cycle in an interval time, as shown in figure 7. The number of cycles increased or decreased in frequency carrier dependent on the modulating signal that varies between minimum to maximum peak range. AM signal can travel longer distance compared to FM signal[24]. FM also produce sidebands like AM, but it is different from AM. Single pair of side bands are produced for each frequency in message signal for AM. In FM, infinite numbers pair of sidebands are produced for each frequency in the message signal[25][26]. Frequency modulation has very large spectrum and the power dependent on the number of sidebands. Due to the constant output amplitude, the FM transmitter are more efficient. Disadvantage of frequency modulation is, it uses much larger bandwidth and modulator system is more complex compared with amplitude modulator system[11].
   
















4.4.3. [bookmark: _Toc38807860][bookmark: _Toc38809046][bookmark: _Toc38849019]Phase Modulation

Phase modulation is angle modulation, the carrier frequency phase varies accordance with modulating signal but the amplitude and frequency remain constant[27]. 




[bookmark: _Toc38837830]Figure 8: Phase Modulation[28].

The implementation of phase modulation technique is harder than compared with amplitude and frequency modulation technique. Phase modulation are not much affected by noise or interference. The frequency spectrum of phase modulation is very large, and power is dependent on number of sidebands. The phase modulation is not widely used in analogue system due to the complexity of the modulator circuit and signal output. It is widely used in digital system as phase shift-keying (PSK)[11].  



[bookmark: _Toc38807861][bookmark: _Toc38809047][bookmark: _Toc38849020]DIGITAL MODULATION

4.5.1. [bookmark: _Toc38807862][bookmark: _Toc38809048][bookmark: _Toc38849021]Amplitude Shift Keying (ASK)


[bookmark: _Toc38837831]Figure 9: Amplitude Shift Keying[29].

In amplitude shift keying, two different amplitude set depending on two logical state. ASK is binary modulation technique, which are called Binary Amplitude Shift Keying (BASK). For example, amplitude +5 voltage for logic 1 and amplitude +0 voltage for logic 0. Amplitude shift keying can send one bit per symbol. Hence ASK system need two symbols, representing each symbol with different voltage. Multiplying message signal (Baseband Signal) with the carrier frequency to get modulated signal. The filter is used for the purpose of shaping the message signal and filters can be used for the purpose of eliminating some signal portion to generate vestigial sideband or single sideband.


[bookmark: _Toc38837832]Figure 10: AM Waveform generation from baseband[10].

H1 (ω) filtered signal is passed to the modulator and, H2 (ω) filter is frequency-shifted and could be joined with H1 (ω). ASK waveform generation are accomplished in two ways. Baseband signal are generated and then modulated using amplitude modulation techniques. This type of technique is common in AM analogue form of communication. The second technique is performing keying operation. Turning on the oscillator for specific length of time to send binary 1 and turn off for the specific length of time to send binary 0. This method is called ON-OFF keying. This ON-OFF keying method is no longer used because it does not give effective error performance. Types of modulator in ASK are gated modulator and square-law modulator. Demodulation can be coherent or incoherent type. Maintaining the precise phase (Timing) of the modulated signal is coherent type of demodulator. Incoherent demodulator performs non-linear operation on the modulated signal to get the message signal. Incoherent modulator doesn’t maintain the phase. The coherent type is synchronous demodulator which translate modulated signal to message signal by heterodyning or by multiplying. Single-sideband demodulation can be done with synchronous demodulator. The incoherent detection is another kind of demodulation which is complex because of non-linear device are used for demodulation. Incoherent detectors are worse than coherent detectors and incoherent uses square-law technique[11][10][30][8].  


4.5.2. [bookmark: _Toc38807863][bookmark: _Toc38809049][bookmark: _Toc38849022]Frequency Shift Keying (FSK)


[bookmark: _Toc38837833]Figure 11: Frequency Shift Keying[31].

In frequency shift keying, two different frequencies are used two represent binary logic 1 or logic 0 in carrier. FSK is binary modulation technique, which are called Binary Frequency Shift Keying (BFSK). For example, the logic 1 has high frequency and logic 0 has low frequency. Unlike to analogue frequency modulation, the frequency varies between the given range of frequency at any interval of time. Frequency shift keying can send one bit per symbol. Hence FSK system need two symbols, representing each symbol with different frequencies. In digital system message signal have one of two values. The modulated waveform will also consist of one of two values (frequency) in high frequency than message signal. The frequency modulation can be done with keying system.


[bookmark: _Toc38837834]Figure 12: Keying generator (FSK)[10].

Keying generator has two oscillators and a key (Switch). Frequency band must be found in first place to assess characteristics of transmission signal. The output of the modulator can be assumed as super position of two ASK signals. One ASK signal are modulating the carrier frequency ω1 with ON-OFF keying and other ASK signal ω0 with complement of message signal. The demodulation process is in two distinct way. One is to demodulate and decode the information separately. The second way is to join the two operation and check which two FM burst in each time interval are most likely present. In FM waveform information can be obtained using general FM modulator which retrieve the message signal. The change of FM to AM in modulator with time differentiation. In coherent detection, the information in the signal is obtained from the discrete set, which are in each sampling time. Incoherent detection used when incoming signal phase is unknown and incoherent system uses envelop detectors[11][30][10][8]. 




















4.5.3. [bookmark: _Toc38807864][bookmark: _Toc38809050][bookmark: _Toc38849023]Phase Shift Keying (PSK)



[bookmark: _Toc38837835]Figure 13: Two - Phase Shift Keying[32].

In phase shift keying, the carrier frequency changes phases accordance with modulating signal. Phase change occurs when there is logical state change. In phase shift keying phase varies accordance with message signal, the amplitude and frequency remain constant. There are several types of PSK modulation are binary modulation, Two-phase (2 PSK), Four-phase (4 PSK), Eight-phase (8 PSK) and Sixteen-phase (16 PSK). 2 PSK can be called as Binary-Phase Shift Keying (BPSK) and 4 PSK can be called as Quadrature-Phase Shift Keying (QPSK)[4][11]. In 2 PSK, one of two phases are assumed in a carrier frequency. Depending on logical input, varies its phase to 180° when it is a logic zero and there is no phase change when it is a logic 1. The 2 PSK can send one bit per symbol. Hence 2 PSK system need two symbols, representing each symbol with different phase change. 


	Modulation
	Bits per Symbol
	Symbol

	Two - PSK
	1
	2

	Four – PSK
	2
	4

	Eight – PSK
	3
	8

	16QAM
	4
	16


[bookmark: _Toc38814043]Table 2: Bits Per Symbol[11].
As shown in table 2, each type of modulation has its own encoding and decoding bit or bits per symbol. Symbol is nothing but a signal, a signal is encoded with a bit or bits so that demodulator or end receiver can understand the signal and decode the binary bit or bits from that signal. Depending on implementation and physical limitation of modulator and demodulator, encoding and decoding of bits per symbol is initialised in modulation system. In PSK coherent detection need an exact understanding of absolute timing (Phase) of incoming signal in order to differentiate two types of signal. Phase changes can be identified even if absolute phase is unknown using coherent technique. The PSK modulator are same as FSK modulators. PSK also have keyed modulator type. Keyed modulator has two oscillators or one of the oscillators with delayed path and has switch which switch between the two oscillators depending on bit to be transmitted. In PSK there are two types of demodulation. One type to demodulate the waveform and decode the information from message signal. Second type, demodulation and decoding information is done as single decision-making process. Matched filters can be used to demodulate the signal if the phase is unknown. In PSK incoherent detectors cannot be used because the output would be identical whether a one or a zero being transmitted. The bandwidth of the FSK waveform is more than that of PSK waveform[11][10][30][8].














[bookmark: _Toc38849024]CONCLUSION 

This chapter provide an overview on analogue and digital signals. Modulation techniques are researched in this chapter. Each individual modulation techniques have its own physical design and implementation which cannot be covered in this research report due to report limitations. This chapter will lead to a good understanding before getting into M-ary Quadrature amplitude Modulation. 


























[bookmark: _Toc38807866][bookmark: _Toc38809052][bookmark: _Toc38849025]M-ARY Multilevel Analogue Communication

[bookmark: _Toc38807867][bookmark: _Toc38809053][bookmark: _Toc38849026]INTRODUCTION

In chapter 4, Analogue signal and digital signal has been explained. The types of modulation techniques and the purpose of modulation techniques has been discussed. This chapter 5 is researched on M-ary multilevel analogue communication. How does M-ray transmission or modulation techniques different from other modulation techniques. Analogue signals are continuous waveforms which can varies its amplitude, frequency or phase. The digital signals are discrete waveform, amplitude, frequency or phase can be used to represent binary logic 1 and logic 0 in that discrete period[11]. The analogue and digital signal have basic properties of amplitude, frequency and phase. How does both analogue and digital get differentiated. The method of processing the signal differentiate whether it is analogue or digital data. In real, analogue signal are encoded with binary logic 1 and logic 0 assuming them as digital signal. ASK, FSK and PSK are the digital modulation techniques used for sending binary values using ON-OFF Keying. The presence of the carrier wave is represented as logic 1 (ON) and absence of carrier wave represented as logic 0 (OFF) or representing each binary logic 1 and logic 0 with two different type of symbols[10]. When having two separate symbols that represent each binary logic 1 and logic 0, this type of transmission is called binary transmission. Sending one bit per symbol, when the aim of transmitting 1 bit per symbol, the ASK is called as Binary Amplitude Shift Keying (BASK), FSK is called Binary Frequency Shift Keying (BFSK) and PSK is called Binary Phase Shift Keying (BPSK). When the aim of transmitting more than two bits per symbol is called M-ary transmission, whereas M stands for multilevel of symbol. M-ary signalling is used for the purpose to increase bandwidth efficiency. M = 2n, where n is number of bits and M is total number of symbol or level. For example, Quadrature Phase Shift Keying (QPSK) transmit two bits per signal. M = 22   therefore M = 4, there are 4 different symbols are needed to represent each two bits pattern (00, 10, 01, 11)[4]. Possibility of transmitting more bits per symbol depending on limitation of signal levels (Symbols). The signal levels are limited due to the physical limitations. For example, transmitting 8 bits per symbol requires, M = 28 therefore 256 signals. Carrier is modulated using M-level signal is known as m-ary digital modulation techniques. Understanding the digital system has only two possible states. To achieve more M-levels, concept of analogue signal is used by initialising signal duration. Each analogue signal in each given duration is coded with possible binary bits. Hence, to achieve more M-levels digital to analogue / analogue to digital (AD/DA) conversation process is required. In M-ary Amplitude shift Keying, there are M different amplitude level of the carrier. In M-ary Frequency shift keying, there are M different carrier frequencies are used to represent M level (Symbols). In M-ary Phase Shift keying, there are M different Phase angle are used to represent M level (Symbols) in carrier. In M-ary Quadrature Amplitude Modulation, the combination M-ary ASK and M-ary PSK represent more M levels (Symbols). Using M-ary QAM more M levels can be achieved compared to other M-ary modulation schemes[10][33][34]. 





















[bookmark: _Toc38807868][bookmark: _Toc38809054][bookmark: _Toc38849027]M-ARY QUADRATURE AMPLITUDE MODULATION (MQAM)

The Transmitted signal of MQAM are encoded with information bits in both amplitude and phase[4]. The spectral efficiency is more in MQAM because of two degrees of freedom (Amplitude and Phase). Higher data rates are achieved for the MQAM modulation with larger constellations but having larger constellation reduce the spacing between each constellation points resulting in more susceptible to noise, hardware implementation and fading of signal[35][33][5]. Linear amplifiers is need to transmitted M-ary QAM signals which are more in power consumption[6].

[bookmark: _Toc38837836]     Figure 14: 4 QAM and 16 QAM Constellation[4].

In figure 14, 4 QAM and 16 QAM constellation diagram are shown. The distance between each constellation points in 4 QAM greater in spacing compared to 16 QAM. 16 QAM has higher data transfer rate because 16 QAM transmit 4 bits per symbol. Due to the close spacing between each constellation points in 16 QAM are more susceptible to noise compared to 4 QAM. 4 QAM have low data rate compared to 16 QAM because 4 QAM transmit 2 bits per symbols. The spacing between each constellation points are chosen depending on voltage (amplitude) and phase (time) limitations. These amplitude and phase limitation due to the physical (hardware) implementation of the transmitter and receiver considering spectral efficiency and power efficiency. 

	Bits
	Voltage Level (Signal)

	0 0
	+ 1

	1 0
	+ 2

	0 1
	+ 3

	1 1
	+ 4


[bookmark: _Toc38814044]Table 3: 4 QAM Signal Encoding.

For example, the transmitter and receiver have voltage level limited to +4 voltage. In case of 4 QAM, the required symbol is 4. Assigning each symbol with the different amplitude level available and spacing +1 voltage between each symbol as shown in the Figure 15. 


[bookmark: _Toc38837837]Figure 15: 16 QAM Signal Encoding.

When considering 16 QAM, it requires 16 symbols. Assigning each symbol with the different amplitude level available and spacing + 0.25 voltage between each signal as shown in the table 4. Due to the less spacing between each signal (4 QAM + 1 voltage, 16 QAM + 0.25 voltage), there are high possibilities of signal getting exposed to noise and high bit rate error for 16 QAM compared to 4 QAM. The transmitted amplitude is not accurate most of the time when it is received to the end receiver due to noise exposure. When M level increases the spacing between each signal decreases[33][5]. Table 3 and table 4 are example tables, encoding of signal is implemented depending on transmitter and receiver hardware implementation.

QAM principles are used to design PSK modulator, the constant amplitude in the carrier signal of PSK differentiate QAM not considering as PSK modulator. QAM modulation techniques are widely used in digital telecommunication system. For example, 1024-QAM (10 bits per symbol) and 4096-QAM (12 bits per symbol) modulation are used for Home plug AV2 500-Mbit power line ethernet devices[4][36] and Very-high-bit-rate digital subscriber line 2 (VDSL2) via twisted pair cable achieving up to 15 bits per symbol[37][4]. Setting suitable constellation size in QAM can achieve high spectral efficiency. MQAM is limited because of noise level.  The possibilities of reducing bit error rate in higher level modulation techniques like 32 QAM, 128 QAM, 256 QAM or more M level QAM needs a higher Signal-to-noise ratio (SNR) by increasing signal energy (amplitude). When there is high amplitude available in hardware implementation of modulator and demodulator the spacing between each constellation points are increased reducing noise level and bit error rate. When signal energy is increased power efficiency decreased. When considering signal transmission a balanced spectral efficiency and power efficiency must be considered[4][5]. 

The phase of the received signal should match the phase of transmitted signal in MQAM, therefore MQAM requires coherent demodulation technique. Each constellation points in MQAM have different amplitude levels, so that the amplitude and phase must be correctly detected by the demodulator[5]. The phase recovery technique are more cost and complexity in the receiver. It is difficult to obtain a coherent phase reference if the channel fading is quick. Due to cost and complexity, differential demodulation techniques are used instead of coherent demodulation. In differential demodulation, receiver do not require coherent phase reference. Differential demodulation have general principle, current symbol are referred to the previous symbol as phase reference[33]. M-ary QAM mathematical representation,  
[38].
Where signal amplitude is defined as Ak and phase signal is defined as θl. M1 is defined as possible amplitude level of the carrier and M2 is defined as possible phase level of the carrier. The carrier frequency is defined as fc. log2(M1M2) bits per symbol is defined as the result of simulated transmission combination of both amplitude and phase. Analysing constellation diagram of M-ary QAM, it is graphical representation of each symbol state. In-phase component are represented in x-axis and the Quadrature component are represented in y-axis[38].
 [38].
Each message point in constellation can pe represented as,
[38].

Where xI is defined as In-phase component and xQ is defined as Quadrature component.  The representation of component xI and xQ as shown below,
[38].
The d can be said as Eb if the bit energy is defined as Eb and 2d is Euclidean distance between 2 adjacent signal points.
[38].
In case of squre consttelation for M-ary QAM it is expressed as,
[38].
M-ary QAM performance measurement is done with Bit Error Rate (BER). BER specifies the number error bits in transmission from source to destination[6]. Basic mathematical calculation of BER expressed as,
[38][39].
Transmission medium, transmission speed, signal-to-noise ratio (SNR) and bandwidth are the several factore that affects the BER performance. Probability of error (POE) is another way of determining the BER.
[38].
Where error function is defined as erf and Eb is defined as bit energy. Noise power spectral density is defined as No.  BER or POE is used to measure the performance in any modulation techniques. In electrical system unwanted electrical signals are referred to noise. In communication, noise can be defined as unwanted interference or energy. Due to the noise in communication system it may produce mathematical error when analysing the signal. 
Additive White Gaussian Noise (AWGN) are the common types of noise which are add over the channel in communication system. The mathematical representation of AWGN,
[38].
Whereas “z” is random signal, “n” is random noise and “a” is direct current signal. The distributed probability function for Gaussian noise are
[38].
Whereas σ2 is variation of n.  In constellation, received symbols are deviated when there is a noise variance are higher and there are higher possiblities of demodulating the incorrect symbol. There are phase noise also be considered in M-ary QAM, phase noise is phase of the carrier is affected by noise. Angular displacement are made to the carrier signal when there is phase noise in communication channel. Phase noise are related with oscillators and constellation points in MQAM oscillate when phase nosie is generated. Phase noise can be statistically defined as

[38].
Phase Noise Level Density (PNLD), nosie intensity level is defined as  I and noise reference intensity level is refered as  I0 = 10-12 [38]. In a wave the power of carrier signal to the power of noise signal ratio is defined as signal-to-noise ratio (SNR). SNR can be also represented as µ0/2µ. 
[6].
















[bookmark: _Toc38849028]CONCLUSION

M-ary communication is transmitting more than 2 bits per symbol. M-ary schemes can be applied to any modulation scheme defining them as M-ary ASK, M-ary FSK, M-ary PSK and M-ary QAM. In M-ary transmission, the required signal level (M level) are dependent on number of bits transmitted per symbol, M = 2n. Due one degree of freedom M-ary ASK, M-ary PSK, M-ary FSK have very limited M levels and in M-ary QAM more M level can be achieved combining amplitude and phase (Two degree of freedom) and M-ary QAM are widely used in digital communication. When more M level are achieved in QAM, transmission rate increases but are exposed to the noise as M level increases. Digital systems binary state can only be logic 1 or logic 0 (High voltage or Low Voltage), when considering digital system only logic 1 or logic 0 can be transmitted at 1 bit per symbol in digital communication. For the case of transmitting more bits per signal in digital communication, digital communication (QAM considered) uses analogue signals differentiating different level of amplitude and phase over an initialised signal time, each bit’s pattern is mapped with each of variating analogue signals. In this chapter, a basic understanding of M-ary communication and comparison of different M level of QAM are explained and supporting review papers of performance and analysis of M-ary QAM are reviewed in literature review, Chapter 2.












[bookmark: _Toc38807870][bookmark: _Toc38809056][bookmark: _Toc38849029]design and IMPLEMENTATION

[bookmark: _Toc38849030]INTRODUCTION

Understanding M-ary multilevel analogue communication system, a prototype of Local Area Network (LAN)[1] implemented using raspberry pi 3 model B. Software implementation of 16 QAM communication system in Raspberry pi 3 model B[40][41], which can send or receive messages. Four raspberry pi 3 model B are used in this project, 1 raspberry pi 3 model B implemented as switch which can maintain MAC addresses table and send ARP (Address Resolution Protocol)[42] request if there is a change of host. Switch is intelligent to forward data to the port where destination is host is connected. Three raspberry pi 3 model B implemented as host creating a star network topology. The 16 QAM communication system can send or receive 1245 characters in one message. If the message is more than 1245 characters, a new message should be created.

In real, 16 QAM are implemented on hardware specially designed circuits[30][1]. When implementing 16 QAM using software, the performance of software implementation is not comparable with hardware implementation. The hardware implementation can perform far better in spectral efficiency and SNR. Software implementation of 16 QAM communication system developed for demonstrating M-ary QAM and data communication protocols. This implementation provides the basic understanding of data communication protocols and M-ary QAM used for communication. The prototype programmed using C programming language[43]. To keep the implementation simple and understandable, simple algorithms are developed using while loops[43], for loops[43], if else statements[43] and array[43], these are C programming language basics. Raspberry pi 3 model B used for this implementation are limited and additional hardware of Analogue to digital/Digital to analogue (AD/DA) converters required to implement M-ary QAM system. Raspberry pi 3 model B is small computer which are prebuilt of TCP/IP[44] communication protocol stack. In this implementation the prebuilt TCP/IP communication protocol stack are not being used. 
Using the concept of OSI (open systems interconnection) reference model[45], a software implementation of communication protocol stack has been programmed using C programming language for the 16 QAM communication system. An overview of OSI reference model layers. There seven layers in OSI reference model, each layer have their own protocols which perform different task. Understanding OSI reference model, will lead to deeper understanding of network communication protocols. 


[bookmark: _Toc38837838]                                    Figure 16: OSI reference model[46].

OSI reference model are considered as the theoretical model and TCP/IP used as functional model[47][1]. 
    







[bookmark: _Toc38849031]DESIGN

[bookmark: _Toc38807873][bookmark: _Toc38809059][bookmark: _Toc38849032]Star Network Topology of 16 QAM communication system

[bookmark: _Toc38837839]   Figure 17: Star Network Topology of 16 QAM communication system.

The star network topology of 16 QAM communication system, as shown in Figure 16. The raspberry Pi 3 model B GPIO pins can only read voltage 3v3 (High) or 0v (low)[48]. Implementing 16 QAM requires 16 signals, each signal that need to be mapped with each 4 bits binary patterns. The 16 signals are achieved using PCF8591[49] 8-bit AD/DA converter. Each port in switch and port in hosts requires PCF8591 AD/DA converters. RJ9 connectors are connected to each PCF8591.
For communication the between each device there are four wires are required for transmitter, receiver, ground + and ground -. RJ9 has 4 position and 4 conductor which will suit the need of this implementation, therefore RJ9 straight through cable are used to connect between communication devices.  The 16 QAM communication system designed as messaging application.  Each host have unique 8 bits software implemented Mac address. The communication between each device are encrypted using 8 bits encryption key and each host have their unique encryption key.  The link encryption also implemented using unique 8 bits encryption key which will encrypt the source and destination address. When switch receives the frame, it decrypts the source and destination address to find its destination if the destination is valid then switch send the encrypted frame to its destination. Switch cannot decrypt the data field because the decryption keys are different for data and can only be decrypted at destination. CRC is implemented to check if the transmitted frame received error free. Network protocol stack has been designed to mutually agree the communication protocols between the sender and receiver. The 16 QAM communication system are full-duplex transmission which can transmit and receive at the same time. To reduce corrupted traffic in communication system, CRC process is performed in switch. Switch will retransmit the signal to the destination if the received frame is error free. Switch will discard the frame if received frame are error.

[bookmark: _Toc38807874][bookmark: _Toc38809060][bookmark: _Toc38849033]16 QAM communication system network protocol stack

Reference with OSI reference model a network protocol stack has been designed for the 16 QAM communication system.




[bookmark: _Toc38837840]Figure 18: 16 QAM communication system network protocol stack.
The design of the 16 QAM communication system protocol stack has 4 layers, user interaction layer, presentation layer, datalink layer and physical layer. The 16 QAM communication system are not implemented with application layer, session layer, transport layer and network layer which are out of scope for this project.

User Interaction Layer:   The user interaction layer is designed as a messaging application, which can input or output printable text of Extended American Standard Code for Information Interchange (ASCII). User input and output are handled in Linux console (Terminal). Port number initialisation is not required as this layer only provide one network application service which are directed to Linux console by default, End user application is consider as Linux console. Comparing with application layer in OSI reference model which provide more network application services to different End user applications. 

Presentation Layer: This layer provides two functionalities, character encoding/decoding and encryption/decryption. The user input from user interaction layer are encoded text to binary using Extended ASCII character encoding or decoded back to text from binary. Text are represented with Extended ASCII code in early telecommunication devices and in early computers. Extended ASCII code represent each character by 8 bits. Extended ASCII can represent 0 to 255 characters including control characters, therefore 28  = 256 [47]. There modern character encoding like Unicode Transformation Format 16-bit (UTF-16), in which 16 bits are required to represent a character and 216 = 65536, therefore 0 to 65535 characters can be represented using UTF-16 [50]. This layer can encrypt binary data or decrypt binary data. One-time pad is implemented in this presentation layer for secure the communication. Data bits are performed XOR (exclusive OR) operation with a key of random bit’s string to get the ciphertext[1].






Data Link Layer: Data link layer forms the frame adding start bit, end bits, source address, destination address and error control.


[bookmark: _Toc38837841]         Figure 19: Frame.

The frame is limited to 10000 bits, it cannot send more than 10000 bits in a frame, a new message should be created if the frame bits exceeds. A message is not broken into several frames, it sends the whole message in one frame. This framing design only supports extended ASCII code. Start bits are reserved with 8 bits, which indicate the start of the frame. The start bits are 00000010, in ASCII code 00000010 bits are control character which are “Start of Text”. When the receiver identifies the start bits, at the end of transmission the frame is processed to output the message. If start bits are not identified by the receiver, then the frame is ignored. Source address and destination address are MAC address of sender and receiver which are 8 bits each, in theory it can have up to 28 = 256 addresses. Considering ASCII (8 bits) implementation and limited host in star network topology, 8 bits are reserved for each source and destination address. The data field in the frame is reserved with 9960 bits, in theory it can fit 1245 characters. Error control which check the transmitted frame are received in the end receiver without an error. The error control is field is reserved with 8 bits and implemented with CRC (Cyclic Redundancy Check). The CRC checksum is appended to 8 bits error control field. At the end receiver, if the start bits and end bits are identified then it performs CRC calculation. If the CRC calculations are correct the, then the received frame is error free or it discard the frame assuming as error in transmission. The stop bits field are reserved with 8 bits, which indicate the end of the frame. The stop bits are 00000100, in ASCII code 00000100 bits are control character which are “End of Transmission”. The frame size and flow control are not implemented in this framing design. If the receiver identifies the start bits and stop bits, and when CRC calculation are correct the received frame length is assumed as correct. Flow control is speed of transmission between sender and receiver. Flow control are initialised in 16 QAM communication system with a default value. ARP request frame are 8 bits in size and ARP request frame doesn’t have start bits and stop bits. The ARP request bits are 00000101, in ASCII code 00000101 bits are control character which are “Enquiry”. When the switch sends out the ARP request, the host receives frame and check the first 8 bits. If the first 8 bits contain start bits, then the host assume that the frame received is data frame or the first 8 bits are ARP request bits then it assumes received frame is an ARP request. If the received frame is ARP request, then the host sends the ARP reply adding its MAC address to the ARP reply frame.




[bookmark: _Toc38837842]       Figure 20: ARP Request Frame.


[bookmark: _Toc38837843]      Figure 21: ARP Reply Frame.


When the switch receives the ARP reply frame, it checks the first 8 bits to determine whether it is data frame or ARP reply frame. If it is a data frame, switch process to frame and send it to destination host. If the received frame is ARP reply, then its added to switch MAC address table. ARP reply frame doesn’t have start bits and stop bits. 

Physical Layer: The physical layer is responsible for encoding binary data to electrical signal or decoding electrical signal back to binary data. The physical layer is implemented with 16 QAM in software. According to bits pattern’s the signal varies its amplitude and phase. The transmission medium used for 16 QAM communication system are copper wire. Major drawback of implementing 16 QAM in software, it cannot listen while talking and Collison detection is harder to implement in software. Due this drawback switch and each host are designed with the sperate application for transmitter and receiver to minimise the collision.

[bookmark: _Toc38807875][bookmark: _Toc38809061][bookmark: _Toc38849034]The Network Protocol Stack Process

The process of network protocol stack as shown in Figure 21. When user input text, input text is passed to the presentation layer for converting the text to binary data. The converted binary data are passed in the presentation layer for encryption. First encryption process encrypts the source and destination addresses. After the encryption process is done for source and destination address the process of encrypting data is performed in the presentation layer.  Encrypted binary data are passed to the data link layer for computing CRC. After computation CRC process is performed the frame is passed to physical layer for converting the frame of binary data to electrical signals (mapping of binary data to signals). when the frame of binary data is encoded to signal, it is passed in the physical layer for signal transmission. The signal is transmitted via copper medium.


[bookmark: _Toc38837844]Figure 22: Network Protocol Stack Process.

When the signal is received at destination host, the physical layer processes the signal converting the received signal to binary data (At this level the binary data are encrypted). The frame of binary data is passed to data link layer for recomputing the CRC process. If the CRC validation is correct, then the binary data is passed to presentation layer for decryption process. It decrypts the source and destination address first and then the remaining binary data are decrypted. The decrypted binary data are passed in the presentation layer for converting binary data to text. After character decoding the text are passed to the user interaction layer for output of text.

[bookmark: _Toc38807876][bookmark: _Toc38809062][bookmark: _Toc38849035]Switch Process

Switch operates at the layer 2 in designed network protocol stack. In the network protocol stack the data and address encryption/decryption are performed at the presentation layer. In switch decryption of source and destination address are processed at the data link layer. The design of switch process is shown in Figure 22.


[bookmark: _Toc38837845][bookmark: _Hlk37937555]Figure 23: Switch Process.
Switch receives the signals at the physical layer. Received signals are processed with the signal decoding. The decoded signals are passed to data link layer, data link layer makes a copy of the received frame. Frame copy at data link layer recompute the CRC. If the received frame is error free, then source and destination addresses are decrypted from frame copy. The decision of MAC address validation and port select process are done out of the layers. After the address decryption, switch validate the MAC address table whether the destination host is available. If the destination host address is present in switch MAC address table. It selects the port in which the destination host is connect. After the port selection the original received frame are encoded to signal at the physical layer and then the physical layer transmits the signal to destination host. Making a frame copy will reduce the additional process in switch. when processing original frame at the data link layer recomputing CRC and decryption, it needs to compute new CRC and encrypt the source and destination address in frame again when sending the frame to the destination. If the frame copy is processed and it is error free, switch will discard the frame copy and sends the original frame to the destination. Original frame remains encrypted and CRC values are not changed. Both original frame and frame copy are discarded when the frame is error.














[bookmark: _Toc38807877][bookmark: _Toc38809063][bookmark: _Toc38849036]Design of 16 QAM transmitter


[bookmark: _Toc38837846]                         Figure 24: Flow Chart design of Transmitter.

Start of transmitter application, the transmitter waits for the signal to be transmitted. If there is transmission ready, then the transmitter begins the transmission. At end of the signal transmission, a termination signal is sent out to the receiver to stop with receiving signal and to process signal. After sending termination signal the transmission ends and it goes back to the waiting state for a new transmission.

The PCF8591 AD/DA converters output voltage range from 0V to 3V3. To achieve 16 QAM transmitter M = 24, M = 16. Four bits are transmitted per symbols, requiring 16 different signals. QAM is combination of amplitude and phase, therefore 4 different amplitudes and 4 different phases are required. Due to hardware limitation of output voltage, 3.3V, 2.5V, 2.0V and 1.5V are chosen as amplitude. The spacing between each amplitude are 0.50V except for the space between 2.5V to 3.3V. The space between 2.5V and 3.3V are 0.80V which are higher than the other voltage spacing. Considering the receiver side, the highest voltage of 3.3V are transmitted it is received at end receiver dropping the voltage nearer to the other initialised voltage. which will lead to signal corruption when decoding the signal. The 3.3V, 2.5V, 2.0V and 1.5V are assumed as leading amplitude, each leading amplitude are initialised with symbol period of 500 milliseconds (ms). The phase voltage is initialised to 0.78V with three different symbol period of 500 ms, 1000 ms and 1500 ms. Combination of leading amplitudes and phase amplitude with three different symbol periods achieving the 16 symbols. The combination of leading amplitudes and phase symbol period variation are shown in figure 23.


[bookmark: _Toc38837847]   Figure 25: 16 Symbols.

The phase amplitude is initialised due to complexity in the receiver design. The receiver must identify the transmitted signal by checking each of the symbols start point and end point. The leading amplitude is assumed as starting point of a symbol and the end of phase amplitude is assumed as end point of a symbol. When initialising a voltage with the different phases, start point and end point of a symbol is not identified by the receiver. For example,   

Signal 1: 3.3V 500ms (1 1 0 1)
Signal 2: 3.3V 1000ms (1 0 0 1)
Signal 3: 3.3V 1500ms (0 1 0 1)
Signal4: 3.3V 2000ms (0 0 0 1)

Transmitter transmit signal 1 and signal 2, the receiver will assume the transmitted signal as signal 3 due to the continuous 3.3V voltage for 1500ms. If the signal with same amplitude are repeated with different phase time which will the corrupted signal.

These analogue signals are mapped to the binary bit’s patterns which are called signal encoding. The 16 QAM transmit 4 bits per signal. Each 4 bits patterns are mapped to the signals, as shown in Figure 24.


[bookmark: _Toc38837848]        Figure 26: Signal Encoding.

[bookmark: _Toc38807878][bookmark: _Toc38809064][bookmark: _Toc38849037]Design of 16 QAM Receiver  


[bookmark: _Toc38837849] 	Figure 27: Flow Chart design of Receiver.

Start of the receiver application it waits for the incoming signal. If there is an incoming signal, the receiver will receive the signal. In signal receiving process the receiver checks if there is a termination signal is received. If termination signal is received, the receiver will stop receiving signal and process with the signal. At the end of the transmission, the receive goes back to the waiting state to receive a new incoming transmission.

The receiver processes the signal by decoding the analogue signal back to binary data. Due to the noise present in the transmission medium, the amplitude of the signal fluctuates while receiving the signal. To overcome voltage fluctuation in the receiver. The receiver is initialised with amplitude range, as shown in Figure 27.


[bookmark: _Toc38837850]Figure 28: Range of signals

If the amplitude of the signal wave falls in any of these amplitude range will be processed in the receiver as leading amplitudes, phase amplitude, termination signal or idle transmission medium. For example, if the transmitter transmits 3.3V, at the receiver the amplitude range between 2.72V to 3.3V will be processed as 3.3V leading amplitude.

The PCF8591 is 8-bit AD/DA converter 28 = 256, the value range 0 to 255. The value 0 represent the 0V and value 255 represent the highest voltage. As this implementation use 3V3 as reference voltage, the value 255 represent the voltage of 3V3. The Analogue to digital/Digital to analogue conversion values (0 – 255) can be converted to Voltage using the formula, Value X 3300/255/1000.  Converted value range to voltage range of receiver implementation are shown in Figure 27.

The complexity in receiver, it is harder to capture the phase signal. The clock synchronisation between the transmitter and receiver must be implemented. As this is software implementation with the limited hardware, the clock synchronisation is not implemented. Instead the time interval of transmitter and the receiver are initialised to 500ms, as shown in Figure 28.


[bookmark: _Toc38837851]Figure 29: Time Interval of Transmitter and Receiver.

With the time interval initialised in transmitter and receiver, each of the symbol period is calculated. Each symbol has different symbol periods. The leading amplitude symbol period is initialised to 500ms and the phase is differentiated by initialising an amplitude with three different symbol period of 500ms, 1000ms and 1500ms. 


[bookmark: _Toc38837852]Figure 30: Symbol Period.

As shown in figure 29, the leading amplitude symbol period (t0 to t1 = 500ms) followed by phase amplitude symbol period (t1 to t3) 1000ms. The combination of leading amplitude symbol period and phase amplitude symbol period to form a period of a symbol. According to the figure 29, the period of a symbol is 1500ms. The period of a symbol may change depending on leading amplitude followed by phase amplitude with time variation. The four possible period of a symbol is shown in the figure 30.


[bookmark: _Toc38837853]          Figure 31: Symbol Period.

The four possible period of symbol are calculated by the receiver, but the receiver needs to differentiate between 16 symbols. 


[bookmark: _Toc38837854] Figure 32: Symbol differentiation (digital representation of analogue signal).


The receiver identifies the symbol by start of point the leading amplitude and endpoint of the phase amplitude or if leading amplitude are not followed by phase amplitude, then leading amplitude end will be assumed as endpoint of symbol (Figure 31:  t6 to t7). In figure 31, there are four symbols received. Each symbol has different symbol period. 

Symbol 1: 2.5V symbol period 1000ms (t0 to t2).
Symbol 2: 3.3V symbol period 2000ms (t2 to t6).
                            Symbol 3: 1.5V symbol period 500ms (t6 to t7).
Symbol 4: 2.0V symbol period 1000ms (t7 to t9).

Theoretical example, the transmission period is 4.5 seconds. Four symbols are received in 4.5 seconds. Each symbol is encoded with 4 bits, 4 symbols X 4 bits = 16 bits received in 4.5 seconds. The calculation may differ with different symbol periods. Capturing the signal in receiver are possible by calculating the receiver interval time with symbol period.

The theory of capturing the signal at receiver are explained above. The theory is applied, and the receiver is programmed in C programming language. The idea are explained below how receiver is handled in programming.

 The leading amplitudes are initialised with integer number. If a leading amplitude is received without a phase amplitude, the integer number remain as the same number initialised. The integer value representing leading amplitudes, as shown in Figure 32. 

[bookmark: _Toc38837855]Figure 33: Integer number represent leading amplitude.

When leading amplitude are followed by the phase amplitude of given time. The leading amplitude integer number are added repeatedly until the next leading amplitude (symbol) take over. The integer number representing the leading amplitude with phase amplitude are shown in Figure 33.


[bookmark: _Toc38837856]Figure 34: Integer number represent leading amplitude with phase amplitude.


[bookmark: _Toc38837857]Figure 35: Mapped bits pattern to Integer number.


As this is software implementation each integer number are mapped to binary bits, as shown in Figure 34. When signal is received it is converted to one the integer number in Figure 33 and receiver extract the binary bits according to the integer number.





























[bookmark: _Toc38807879][bookmark: _Toc38809065][bookmark: _Toc38849038]IMPLEMENTATION

[bookmark: _Toc38807880][bookmark: _Toc38809066][bookmark: _Toc38849039][bookmark: _Hlk38044302]Hardware implementation

The 16 QAM communication system implemented using raspberry Pi 3 model B, PCF8591 AD/DA converter and Arceli AMS1117 voltage regulator. 


[bookmark: _Toc38837858]Figure 36: PCF8591 AD/DA converter.

PCF8591 AD/DA converter converts analogue to digital/ Digital to analogue signals. PCF8591 module pins are AOUT (Analogue Output Pin), AIN0 (Analogue Input Pin), AIN1 (Analogue Input Pin), AIN2 (Analogue Input Pin) and AIN3 (Analogue Input Pin). AOUT pin are used for transmitter and AIN0 pin are used for Receiver. The PCF8591 converter can be connected to raspberry Pi using I2C bus communication, SDA (Serial Data) and SCL (Serial Clock)[49].


[bookmark: _Toc38837859]Figure 37: Raspberry Pi 3 Model B.

Raspberry Pi 3 Model B are small single board computers using operating system called Raspbian OS which are Unix/Linux OS family[40][41]. Raspberry Pi 3 Model B has 40 GPIO pins as shown in Figure 34. The purpose of using Raspberry Pi in this project, high level programming language can be used to program GPIO pins.


[bookmark: _Toc38837860]Figure 38: GPIO Pinout Diagram.



[bookmark: _Toc38837861][bookmark: _Hlk38131377]Figure 39: ARCELI AMS1117 Voltage Regulators.


The AMS1117 voltage regulator is capable converting input voltage 5V to output voltage 3.3V[51].  

Host Implementation


[bookmark: _Toc38837862]Figure 40: Host Hardware Implementation.

The host hardware implantation, the I2C bus slave address for PCF8591 are 0X48. The I2C bus are internal communication between raspberry Pi and PCF8591. As host implementation has one port, it requires one PCF8591 converters. As shown in Figure 36, note: due to the white background figure GROUND + wiring colour has been changed to grey, in real implementation the GROUND + wiring colour are in white. The sender Raspberry Pi and receiver Raspberry pi are implemented with PCF8591 AD/DA converter. When the PCF8591 GROUND connected with same Raspberry Pi GROUND. The voltage sends or received between both communicating devices will lead to voltage fluctuation, this voltage fluctuation considered as major impact. To overcome this issue the communicating Raspberry Pi PCF8591 GROUND connected to each of it opposite Raspberry Pi GROUND. There may be a voltage fluctuation after opposite grounding due to the noise, it is not a major impact to the communication system. Due to the opposite GROUNDING, the GROUND from Raspberry Pi are defined as GROUND +, wire colour coded with grey and GROUND to PCF8591 are defined as GROUND –, wire colour coded with black. The PCF8591 AOUT pin are used as analogue voltage output (Transmitter TX) wire colour coded with yellow and AIN0 are used as analogue input voltage (Receiver RX) wire colour coded with blue.
	PCF8591
	Raspberry Pi 3 Model B

	VCC
	3V3 POWER

	GND (Opposite grounding)
	-

	SDA
	SDA (GPIO 2)

	SCL
	SCL (GPIO 3)


[bookmark: _Toc38814045]Table 5: Pin Map between Raspberry Pi and PCF8591.



























Switch Implementation


[bookmark: _Toc38837863]Figure 41: Switch Hardware Implementation.

Switch implementation require one Raspberry Pi and three PCF8591 AD/DA converters. Each PCF8591 AD/DA converters are considered as ports in switch. Eight PCF8591 AD/DA converters can be connect to the same I2C bus interface. Each PCF8591 AD/DA converters address can be changed in I2C bus by selecting three hardware address pins.  

Port one: PCF8591 I2C Bus Address 0X48
Port Two: PCF8591 I2C Bus Address 0X4b
Port three: PCF8591 I2C Bus Address 0X4f 

These three I2C bus Address are hardware address of PCF8591 AD/DA converters. Each PCF8591 GROUND are connected to opposite grounding and VCC are connected to separate 3V3 power pins. In Raspberry Pi 3 Model B, 3V3 power pins are limited to two. Requiring additional 3V3 power pin, an ARCELI AMS1117 voltage regulator are used to convert 5V (VIN) to 3V3 which is connected to VCC of PCF8591 AD/DA converters. PCF8591 AD/DA converters share the same SDA (GPIO 2) and SCL (GPIO 3) to connect to the I2C bus interface.


[bookmark: _Toc38837864]Figure 42: Host to Switch
The switch pin terminals are rearranged in switch to use RJ9 straight through cable for host to switch communication, as shown in Figure 38. In 16 QAM communication system, two signal GROUND wires, transmitter wire and receiver wire, these four wires are carried from one communication device to other communicating device. The purpose of using RJ9 cable, RJ9 cable has 4 Position and 4 Conductor which suits this project implementation.


[bookmark: _Toc38837865]Figure 43: Host to Host.

The host pin terminals are not rearranged in host, the host to host communication requires RJ9 crossover cable, as shown in figure 39.



[bookmark: _Toc38807881][bookmark: _Toc38809067][bookmark: _Toc38849040]Software implementation

Framing

Framing data are implemented in C programming language and are organised using Array. To form framing structure a character array is required, and character array hold one character per index, as shown in Figure 40. For the purpose of explanation, array is filled with example data with the frame size of 6 bytes and data array indexes are initialised to 1 byte (24 to 31). 


[bookmark: _Toc38837866]Figure 44: Empty Frame (Array).

The framing structure array indexes reservation for 16 QAM communication system, as shown in Figure 41. Data array indexes (24 to 9982) may vary depending on data input by the user.


[bookmark: _Toc38837867]Figure 45: Array Reservation.
Begin of the application, character array is initialised to null characters and added with start bit (Array Index: 0 to 7) and end bit (Array Index: 40 to 47), as shown in Figure 42. 


[bookmark: _Toc38837868]Figure 46: Initialising Start and Stop bit to array.

User input are encoded to binary and initialised to the array (Array Index: 24 to 31), as shown in Figure 43.
 

[bookmark: _Toc38837869]Figure 47: Data initialisation to array.

Source address (Array Index: 8 to 15) and destination address (Array Index: 16 to 23) are encoded to binary and initialised to array, as shown in Figure 44.


[bookmark: _Toc38837870]Figure 48: Source and destination initialised to array.

CRC computation process are performed leaving out the start and stop bit. After CRC computation process the CRC bits (Array Index: 32 to 39) are initialised to array, as shown in Figure 45.


[bookmark: _Toc38837871]Figure 49: CRC bits initialised to array.

Array Index calculation note: Array index starts with 0 and, user input characters length may vary depending on user input. User Input characters are converted to bits.

Start of Data Index = (8 bits) Start Bit + (8 bits) Source Address + (8 bits) Destination address, the Start of Data Index are 24. 

Start of CRC Index = Start of Data Index (24) + (user input characters (1-byte X 8)), the Start of CRC Index are 32. 
int sizeOfFrame = (3 + inputValue) * 8;

Start of End Bit = Start of CRC Index (32) + 8, the Start of End Bit are 40.





















Transmitter

The bits in frame array is encoded to signal and transmitted. Understanding the 16 QAM transmit 4 bits per symbol, the frame array is divided in to blocks each block containing four bits, as shown in Figure 46. 


[bookmark: _Toc38837872]Figure 50: Frame.

The block of frame array is made using for loops,
int a, b, c, d.
a is the main for loop which travel to every 4th index of the frame array. a lead the position b, c, and d, when “a” index position is 0, b = a + 1 (0 + 1) index position of b will be 1, c = b + 1 (1 + 1) index position of c will be 2, d = c + 1 (2 + 1) index position of d will be 3. a point at the index 0, b point at the index 1, c point at the index 2 and d point at the index 3 in the first block. when a goes to the next 4th index of frame array (next block), a index position will be 4, b = a + 1 (4 + 1) index position of b will be 5, c = b + 1 (5 + 1) index position of c will be 6, d = c + 1 (6 + 1) index position of d will be 7. This procedure repeats until the end of the frame array. As shown in Figure 48.


[bookmark: _Toc38837873] Figure 51: Array Location a, b, c, d.


[bookmark: _Toc38837874]Figure 52: Signal Bits Pattern.


[bookmark: _Toc38837875]Figure 53: The signals

The block of frame array bits is compared with the signal bits patterns using if else statement. Matched signal bits pattern signal is transmitted accordingly until the end of frame array block. The transmitted signals in order are shown in Figure 50. 


[bookmark: _Toc38837876]Figure 54: Transmitted Signals.
Receiver


[bookmark: _Toc38837877]Figure 55: Signal Calculation.

The receiver design explained in this report with values converted to voltages, but the implantation processes with the PCF8591 AD/DA values. For reference purpose the converted voltage range are shown in Figure 55. 

[bookmark: _Toc38837878]Figure 56: Converted Value range to Voltage range.

The PCF8591 values are initialised as variable int value. Using if else statement the range are assigned. The integer number variable is int phase which is initialised to 0 when the transmission medium is idle. When a leading amplitude received the int phase hold the integer number assigned to each leading amplitude. If any phase amplitude with time variation is followed a leading amplitude int phase = phase + phase, which add up the current integer number with the current integer number repeatedly until the next leading amplitude. For example, assuming leading amplitude as 3.3V the integer number of 3.3V is 2. If the receiver receives 3.3V for 500ms, the int phase = 2, int phase holds the integer and check if any phase amplitude is received following the leading amplitude of 3.3V. If phase amplitude is received for 500ms then receiver applies the formula int phase = phase (2) + phase (2), int phase = 4. The receiver checks again if the phase amplitude is still following the leading amplitude, if yes, the phase amplitude time will be 1000ms. Then the receiver applies the formula again int phase = phase (4) + phase (4), int phase = 8. The receiver checks again if the phase amplitude is still following the leading amplitude, if yes, the phase amplitude time will be 1500ms. Then the receiver applies the formula again int phase = phase (8) + phase (8), int phase = 16. 

The integer number of int phase will be reset to 0 for the next symbol and int phase hold the integer number of that symbol. This process repeats until the receiving signal is completed. The int phase integer number are stored accordingly in array of SignalIn. 
The int min variable resets the index location of SignalIn array, as the phase amplitude of a symbol on going, the integer number are computed with the formula and inserted to SignalIn array. The SignalIn array counter int count increment the counter as it receives each integer number. For example, symbol of 3.3V 500ms with phase amplitude 1500ms, integer number is 16. Each computation result is stored in SignalIn array, this will lead to extracting unwanted bits when decoding the signal. Considering this as first symbol of the signal, the integer number 16 should be in index position array instead index position 3. 


The Int min increment the counter at each 500ms of phase amplitude. As the result, 
Int count = 3
Int min = 3
Int count (3) – int min (3),
There for int count = 0


The unwanted computation is removed from SignalIn array storing the exact symbol integer number. The int min counter resets at each new symbol. The SignalIn array is compared using if else statement with integer number bit map to decode the signal back to binary bits. The Mapped bits pattern to Integer number are shown in Figure 34.







Extended ASCII character Encoding/Decoding Algorithm

The printable characters of extended ASCII are used to encode characters, for each character a character array is created and initialised with their binary value, as shown in Figure 56. 


[bookmark: _Toc38837879]Figure 57: Array initialised with binary value.
[bookmark: _Hlk38354938]When user input characters, input characters are compared with each character array using if else statement. According to user input the binary values of each characters are loaded into char BinaryData array.

The decoding procedure is similar as encoding but multiple for loops are used to point at the index of BinaryData array. when decoded signals are loaded into BinaryData array in the receiver.


[bookmark: _Toc38837880]Figure 58: Received BinaryData Array.

The frame of BinaryData array is divided in to blocks each block containing 8 bits, as shown in Figure 57. The decoding process needs 8 for loops, int i, j, n, k, l, m, o, p. The int I, is the main for loop which travel to every 8th index of BinaryData array. Each for loop are index positioned one after one until the end of a block, 
i = every 8th index (starting index of a block),
j = i + 1 (the next index of i),
[bookmark: _Hlk38356947]n = j + 1 (the next index of j)
k = n + 1 (the next index of n)
l = k + 1 (the next index of k)
m = l + 1 (the next index of l)
o = m + 1 (the next index of m)
p = o + 1 (the next index of o)


[bookmark: _Toc38837881]Figure 59: Index position of For loops.

Following each 8th index location of for loop I, the other for loop j, n, k, l, m, o, p will be changing the index location dynamically, as shown in Figure 58.

[bookmark: _Toc38837882]Figure 60: Compare BinaryData Array with Character binary values.

Inside these for loops, if else statement is used to compare BinaryData array with extended ASCII binary values for each character to out the message, as shown in Figure 59.















One-time pad Encryption/Decryption Algorithm

The One-time pad encryption/ decryption process performed with binary data, using a key converter to binary. The binary data are computed XOR operation with the key to encrypt or decrypt the data[1]. In this implementation encryption/decryption keys are 8 bits therefore theoretically 28 = 256 key bits pattern could use to hack the data. The 8-bit keys are not secure for communication, 8-bit keys are implemented in this project only for demonstration purpose.


[bookmark: _Toc38837883]Figure 61: XOR table.


[bookmark: _Toc38837884]Figure 62: One-time pad programmed in C.
The BinaryData frame array are divided into block each block consist of 8 bits. The for loop i travels to every 8th index of BinaryData array dividing it as a block. The for loop int j, running the loop increment from 0 to 7. The j loop is initialised to run from 0 to 7 due to size initialised to encryption key (8-bit). When i loop travels to every 8th index of BinaryData array at each 8th index of i loop, j loop runs incrementing its index from 0 to 7, as shown in Figure 62. BinaryData[i+j] is dividing the BinaryData array in to blocks.

At each block of BinaryData array, the EncryptionDataKey[j] is computed with XOR operation using if else statement. Encrypted data are stored in the EncryptedData array.


[bookmark: _Toc38837885]Figure 63: Encryption/Decryption Process.











Cyclic redundancy check (CRC) Algorithm

Cyclic redundancy check (CRC) is error detecting codes algorithm, CRC is known as polynomial code. Long division method computation is done performing XOR operation, the long division remainder bits are checksum bits. The computed checksum bits are added to the sender frame, at the receiver the frame is recomputed with CRC operation. The process of re-computation at the receiver, the received frame is re-computed with the long division method performing XOR operation. The received frame is identified as error frame when there is a remainder in long division re-computation. The divisor must be agreed between the sender and the receiver. To compute the CRC checksum, the binary data must be longer than the binary divisor. The length of divisor bits must be one bit more than the length of checksum bits. When CRC wants to achieve 8 bits checksum, the divisor must be initialised to 9 bits[1]. In this implementation CRC is programmed using C programming language. The CRC checksum is 8 bits in length, the divisor agreed between sender and the receiver are “100011101”.

When performing CRC checksum, the frame cannot be reconstructed in this implementation, the frame will be modified performing long division XOR operation leaving just the checksum bits in the frame. To avoid the original frame being modified, a copy of a frame is made. The frame copy is computed with CRC and the checksum bits are appended to the original frame.


[bookmark: _Toc38837886]Figure 64: CRC XOR Computation

The copied frame is stored in CopyBinaryData array and the divisor bits are stored in the dividend array. According to the length of divisor (9 bits), the bits are taken from CopyBinaryData array for XOR operation. The computed XOR results are appended to the back to the same index of CopyBinaryData array, code is shown in Figure 63. 


[bookmark: _Toc38837887]Figure 65: Process of removing leading zeros.

XOR performed bits are checked for any leading zeros. If there is any leading zeros present. The leading zeros are removed, and the rest of the bits are copied to swapData array. The bits from swapData array are copied back to the CopyBinaryData array, code is shown in Figure 64. This process is repeated until the end of CopyBinaryData array using while loop.







[bookmark: _Toc38837888]Figure 66: Termination process

[bookmark: _Hlk38446699]The while loop must be terminated when checksum length is achieved to 8 bits. The CopyBinaryData array are determined with the array size. If the array size is equal to 8 or less than 8 will terminate the while loop. There is issue with the checksum result at this point. The leading zeros of checksum bits (remainder bits) are removed due to the process in Figure 64. This issue was fixed creating a new array check. The check array size are 8 bits and initialised with “0” to all index. Understanding the checksum is 8 bits, the remainder less than 8 bits of size are calculated to determine remaining bits size need to make the size of 8 bits. The int total hold the calculated remaining bits to make the size of 8 bits for checksum. As the check array are initialised to “0” the int total point at the index check array. The CopyBinaryData array are copied to check array from the index value of int total, code is shown in Figure 65. 







[bookmark: _Toc38837889]Figure 67: CRC Algorithm Programmed in C.
Host

In host implementation, the transmitter and receiver application are programmed separately, as shown in Figure 67. Software implementation cannot listen while taking. The ARP reply is also programmed in separate application.



[bookmark: _Toc38837890]Figure 68: Host Application.

The 16 QAM communication system topology has three host, each host are assigned with 8-bit MAC address. The MAC address is physical address of network interface which are implemented in hardware of each network interface card. As this is the software implemented design, the MAC address is assumed as logical network address. 



[bookmark: _Toc38837891]Figure 69: Host Addresses.


[bookmark: _Toc38837892]Figure 70: Host Transmitter Application process.







[bookmark: _Toc38837893]Figure 71: Host Receiver application process.
Switch

Switch application is designed for each port, the hardware implementation of switch has three ports. Each port is created with separate ARP request application, as shown in Figure 69. 


[bookmark: _Toc38837894]Figure 72: Switch Application.

Each port is capable of listen first, process and talk. When a port application in a process or in a talk, it can’t listen to any signal from the host that is connect to the port. The other major problem with this switch implementation, two host cannot send a message to one host at a same time, but each individual host can send or receive data at the same time. Collisions could be detected using CSMA/CD[1], but CSMA/CD are implemented at the hardware, it is harder to implement CSMA/CD using software. 

When a switch receives a message from any host it checks the destination address by opening each MAC address text files one by one to check if the destination address is found. If destination address is found in any of the port MAC address text file, it selects the port as destination port. The process of each port application is shown in Figure 70.


[bookmark: _Toc38837895]Figure 73: Switch port application process.
The ARP request, each port have separate text file to store the MAC address of connected host in switch.


[bookmark: _Toc38837896]Figure 74: Port ARP reply process

As previously explained, each port in switch (PCF8591 AD/DA converters) ground is connected to opposite host ground. The PCF8591 AD/DA conversion value (0 to 255) will go to “-1” when the ground is unplugged for the port (PCF8591 AD/DA converters) in switch. The ARP request application in switch will listen for the value of “-1”. When “-1” value is identified by the ARP request application, switch consider as the host is removed from the port and it deletes the MAC address present in the port text file and deletes the ADDRESS array in ARP request application. Switch waits for the host to be connect to the port. If any host are connected to the port. Switch ARP request application check for the medium is idle (value 0 to 23), if the medium is idle and ADDRESS array is NULL it sends out a ARP request, when ARP reply is received from the host it stores the host MAC address to the port text file. The process of ARP request is shown in Figure 71.



[bookmark: _Toc38837897]Figure 75: Implemented 16 QAM communication System.














[bookmark: _Toc38849041]CONCLUSION

The design and implementation of transmitter, receiver, CRC algorithm, One-time pad encryption/decryption algorithm, ARP request/reply concept, Datalink layer framing and ASCII encoding/decoding for switch and host of 16 QAM communication system are detailed in this chapter. The 16 QAM communication system is designed as messaging system. The drawback of 16 QAM communication system, it cannot detect or avoid Collison. This drawback can be rectified by implementing access method like token passing to 16 QAM communication system. As the time concerned of this project, token passing[47] is not implemented to this project. Each PCF8591 AD/DA converters VCC and ground are connected to separate 3V3 and ground pins in Raspberry Pi in order to avoid any unwanted noise. All application in switch and host must be running in order to fulfil the full functionality of 16 QAM communication system. The PCF8591 AD/DA C programming library are developed by WiringPi[52].

Compiling the C program in Raspberry Pi Terminal:

gcc -wall -o “FILENAME” “FILENAME.c” -lwiringPi
sudo ./FILENAME













[bookmark: _Toc38807883][bookmark: _Toc38809069][bookmark: _Toc38849042]EVALUATION, TESTING AND RESULTS

For the testing purpose, Host-A are considered as transmitter and in Switch Port One are considered as receiver. The transmitter and receiver are implemented in software, the performance of software implementation cannot be compared with real hardware implementation. 

The comparison among the software implemented BASK, 4 QAM and 16 QAM results are provided in this chapter. The BASK, 4QAM and 16QAM, time interval and symbol period are changed to 1ms (millisecond), 5ms, 10ms, 50ms, 100ms, 200ms and 500ms to check the bandwidth efficiency and Bit Error Rate (BER). The test is conducted without adding any external noise in the channel. The transmission time are calculated by manually programming the timer in receiver application. To calculate the approximate received time, the transmitter and receiver application must be started at the same time. 

All test is conducted transmitting the same random bits. The test result may differ with different random bits due to the time interval and symbol period initialised to transmitter and receiver as explained in chapter design and implementation. The time taken to transmit measured in seconds.


[bookmark: _Toc38837898]Figure 76: BASK analogue signal.


[bookmark: _Toc38837899]Figure 77: 4 QAM analogue signal



[bookmark: _Toc38837900]Figure 78: 16 QAM analogue signal

The signal is captured using manual procedure, the signal data are exported to LibreOffice[53] spreadsheet to produce this  X Y (Scatter) with smooth line chart.





BASK, 4 QAM and 16 QAM Time Interval 500ms

Test conducted initialising time interval to 500ms. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.


[bookmark: _Toc38837901]Figure 79: BASK Transmission Time.


[bookmark: _Toc38837902]Figure 80: 4 QAM transmission Time.


[bookmark: _Toc38837903]Figure 81: 16 QAM transmission time.


[bookmark: _Toc38837904]Figure 82: Bandwidth & BER comparison.

The 16 QAM performs better than BASK and 4 QAM having approximate bandwidth of 2.55 bps with no BER. 






BASK, 4 QAM and 16 QAM Time Interval 200ms

Test conducted initialising time interval to 200ms. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.


[bookmark: _Toc38837905]Figure 83: BASK transmission time.


[bookmark: _Toc38837906]Figure 84: 4 QAM transmission time.


[bookmark: _Toc38837907]Figure 85: 16 QAM transmission time.


[bookmark: _Toc38837908]Figure 86: Bandwidth & BER comparison.
The 16 QAM performs better than BASK and 4 QAM having approximate bandwidth of 6.36 bps with no BER.







[bookmark: _Hlk38774587]BASK, 4 QAM and 16 QAM Time Interval 100ms

Test conducted initialising time interval to 100ms. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.


[bookmark: _Toc38837909]Figure 87: BASK Transmission Time.


[bookmark: _Toc38837910]Figure 88: 4 QAM Transmission time.


[bookmark: _Toc38837911]Figure 89: 16 QAM Transmission Time.


[bookmark: _Toc38837912]Figure 90: Bandwidth & BER comparison.
The 16 QAM performs better than BASK and 4 QAM having approximate bandwidth of 7.69 bps with no BER.









BASK, 4 QAM and 16 QAM Time Interval 50ms

Test conducted initialising time interval to 50ms. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.


[bookmark: _Toc38837913]Figure 91: BASK Transmission Time.


[bookmark: _Toc38837914]Figure 92: 4 QAM Transmission time.


[bookmark: _Toc38837915]Figure 93: 16 QAM Transmission Time.


[bookmark: _Toc38837916]Figure 94: Bandwidth & BER comparison.

The 16 QAM performs better than BASK and 4 QAM having approximate bandwidth of 24.06 bps with no BER.







BASK, 4 QAM and 16 QAM Time Interval 10ms

Test conducted initialising time interval to 10ms, the possibility of exposed to noise will be high when reducing the time interval. Three tests are conducted to get approximate results. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.

[bookmark: _Toc38837917]Figure 95: BASK Transmission Time.


[bookmark: _Toc38837918]Figure 96: 4 QAM Transmission time.


[bookmark: _Toc38837919]Figure 97: 16 QAM Transmission Time.



[bookmark: _Toc38837920]Figure 98: Bandwidth & BER comparison.

BASK has less error rate compared to 4 QAM and 16 QAM. When considering bandwidth 16 QAM performs better than BASK and 4 QAM with approximate bandwidth of 96.20 bps. 






























BASK, 4 QAM and 16 QAM Time Interval 5ms

Test conducted initialising time interval to 5ms, the possibility of exposed to noise will be high when reducing the time interval. Three tests are conducted to get approximate results. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.


[bookmark: _Toc38837921]Figure 99: BASK Transmission Time.


[bookmark: _Toc38837922]Figure 100: 4 QAM Transmission time.


[bookmark: _Toc38837923]Figure 101: 16 QAM Transmission Time.

[bookmark: _Toc38837924]Figure 102: Bandwidth & BER comparison.

BASK has less error rate compared to 4 QAM and 16 QAM. According to previous test results 16 QAM bandwidth performance are better BASK and 4 QAM, at this point 16 QAM should be performing better than BASK and 4 QAM. The low bandwidth of 16 QAM in this test is assumed as error in 16 QAM transmitter or receiver.



























BASK, 4 QAM and 16 QAM Time Interval 1ms

Test conducted initialising time interval to 1ms, the possibility of exposed to noise will be high when reducing the time interval. Three tests are conducted to get approximate results. Symbol period may differ depending on leading amplitude and phase amplitude of 4 QAM and 16 QAM. Transmitted bits size are 96 bits.


[bookmark: _Toc38837925]Figure 103: BASK Transmission Time.


[bookmark: _Toc38837926]Figure 104: 4 QAM Transmission time.


[bookmark: _Toc38837927]Figure 105: 16 QAM Transmission Time.


[bookmark: _Toc38837928]Figure 106: Bandwidth & BER comparison.
Looking at the different test results of BASK, 4 QAM and 16 QAM with initialised time interval to 1ms. 16 QAM are highly exposed to noise compared to BASK and 4 QAM.


[bookmark: _Toc38837929]Figure 107: 16 QAM Bandwidth Performance.
To prove 16 QAM bandwidth efficiency the test has be conducted until the full transmitted bits are received, 96 bits are transmitted in 0.14 seconds, the approximate bandwidth efficiency of 16 QAM are 685 bits per second.  The BER is 0.23958 approximately.

The BER calculation are done manually by calculating the number of bits not received out of transmitted bits. If transmitted bits size is received correctly with error bits in them, it is assumed as error free. 

BER = Number of bits not received / number of transmitted bits.

This way of calculation performed due to the unavailability of equipment’s. The evaluation, testing and results could not be provided accurately without a proper equipment’s. The available equipment’s in UWTSD couldn’t be accessed because of university closure due to the COVID-19 Pandemic situation.
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[bookmark: _GoBack]As research conducted in M-ary multilevel analogue communication system, experiment project was developed with software to demonstrate M-ary multilevel analogue communication system naming the experiment project as 16 QAM communication system. The bandwidth efficiency and BER of BASK, 4 QAM and 16 QAM are compared. The report provides design and implementation of 16 QAM communication system. The developed BASK and 4 QAM design and implementation are not included in this report due to the limitation of report. The BASK and 4 QAM implemented using the concept of 16 QAM implementation but the voltage spacing are different from 16 QAM. The BASK and 4 QAM C programming code are provided.

The result evaluated comparing software implemented BASK, 4 QAM and 16 QAM. The 16 QAM has better bandwidth performance and higher bit error rate compared to BASK and 4 QAM. As 16 QAM transmitted 4 bits per symbol the bandwidth efficiency is higher and due to the short spacing between each symbol in 16 QAM, it has higher possibilities of getting exposed to noise as a result 16 QAM will have higher BER than BASK and 4 QAM. The software implemented BASK, 4 QAM and 16 QAM comparison and test results proves the theory and reviewed papers in chapter 2.
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The good overall understanding of how data communication works and its security. This project can be taken to next level by implementing access method in communication system to avoid collision. This project provided with lots of knowledge and understanding of datalink layer and as a next level the 16 QAM communication system can be implemented with network layer and RSA encryption/decryption algorithm. 

How devices in network communicate to each other? The answer to the question was fulfilled by doing the project. This project was very challenging and to understand few electronic concepts but at the end of the project  provide with lots of understanding of data communication and its mechanism. This project may help the beginner students to understand the data communication and its mechanism in practical.

When designing and implementing switch, the PCF8591 AD/DA converters are connected to the I2C bus interface. PCF8591 have 3 hardware address pins, in theory 8 PCF8591 can connected with same I2C bus interface. As switch requires 3 PCF8591 converters to achieve three ports. The PCF8591 module used in the project doesn’t have hardware address pin change, all PCF8591 module are assigned with default hardware address of “0x48”. To overcome this hardware addressing issue of PCF8591. The PCF8591 hardware address pin A0, A1 and A2 are broken manually to get three different hardware addresses to differentiate PCF8591 connected to I2C bus interface in switch.    

The switch has three ports, all the three port in switch must be connected to each host to send or receive data and to send or receive ARP request. When one or two host is connected to the switch, the switch cannot talk (AOUT) to the connected host unless the switch third port PCF8591 AD/DA converters are connected to the host ground. As each PCF8591 AD/DA converters in switch are connected to the host ground (opposite grounding). This issue due to the all PCF8591 AD/DA converters are connected in I2C bus interface, in shared SDA and SCL pins in Switch. A ground of PCF8591 AD/DA converters are not connected when sharing the SDA and SCL pins in switch it distracts the other connected PCF8591 AD/DA converters. This issue cannot be fixed unless designing a new hardware for 16 QAM communication system. To get full functionality of 16 QAM communication system, all three ports in switch must be connected to each host. Due to this issue, in case of port swap the ARP request application will be stuck at sending ARP request. To overcome this issue after swapping host in switch ports, the ARP request application must be restarted to function as normal.
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