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1.	Abstract
An investigation into designs and properties of digital modulation techniques, their operation within a range of noise levels and the ability of FEC techniques to mitigate noise corruption
2.	Introduction
[bookmark: _GoBack]This paper will critically compare the performances of different digital keying techniques namely Amplitude Shift Keying (ASK), Frequency Shift Keying (FSK) and Phase Shift Keying (PSK). These keying techniques will be simulated using the MATLAB Simulink software package, and their performance measured and compared both with and without the presence of Additive Gaussian White Noise (AWGN). The performance of the different keying techniques will again be compared after the data has been altered by use of different Forward Error Correction (FEC).
3. Theory
3.1	Simulink
Simulink is an emulation package used within the MATLAB software. Among other possibilities, it allows block level emulation of communications systems. It is used in this paper as the emulation software[1].
3.2	Amplitude Shift Keying
ASK is one a form of digital modulation, it is analogous to analogue amplitude modulation. In this instance it is implemented as simplistic on-off keying (OOK) where the sinusoid is in effect enabled by arrival of a logic one data bit and likewise disabled by the arrival of a logic zero data bit[2].
3.3 	Frequency Shift Keying
FSK is an improvement of the ASK modulation technique, in such that it allows the production of a sinusoidal output for both logic one and logic zero data bits, this change should improve the discrimination of the receiver, however it also necessitates a more complicated demodulation system[3].
3.4	Phase Shift Keying
PSK is a further improved system of digital modulation over the FSK system. Wherein instead of the arrival of a logics one or zero data bits altering the frequency of the sinusoidal output, instead it can alter the phase of the sinusoid. In this implementation, Binary Phase Shift Keying (BPSK) shall be used, this involves only two phase conditions, allowing the transmission of one of a possible two binary conditions. This is the simplest implementation of phase shift keying and not very common, Quadrature Phase Shift Keying (QPSK) is one of the most common, which, as its name suggests, involves a total of four phase conditions allowing the transmission of one of four possible binary conditions[4].
3.5	Additive White Gaussian Noise
AWGN is used within information theory to model noise in a communications system[5]. In this case the model is used to simulate the noise added to the channel during transmission through a medium[6]. 
3.6	Forward Error Correction
Forward Error Correction is used to improve the quality of data transmission[7] by using specific coding techniques to identify and correct data errors picked up during transmission. In this paper we shall be using Hamming Code and the CRC-16 version of Cyclic Redundancy Checking.








4.	Method	
4.1	ASK
A model of ASK digital modulation has been simulated in the Simulink emulation software and is shown below in Figure 1.
[image: ]
Figure 1 Simulation of Amplitude Shift Keying
The circuit can be seen in effect to be two halves. The modulation section is the creation of the ASK signal, it is produced by the product of sinusoid with the data signal source. The demodulation section is the same method in reverse, the product of the received signal and a new sinusoid demodulates the signal. The remainder of the demodulation section is pure signal processing to return the noisy signal to its original state.
In this model a hypothetical nine input oscilloscope has been used to sample the process, the samples taken are shown below in Figure 2. [image: ]

Figure 2 Samples of ASK process
Trace A in Figure 2 shows the output of the Bernoulli generator. The Bernoulli generator produces random data bits with a defined probability, in this case 0.5, which equates to an equal probability of a logic’1’ or logic ‘0’ being produced[8]. This generator is emulating the data source.
Trace B shows the product of the Bernoulli generator combined with a 100 Hz sinusoid. This is an example of simple on off keying, where the carrier is simply turned on and off, this simplifies the receivers task, such that the receiver must simply discriminate when the carrier is either on or off[9].
Trace C shows the modulated ASK signal after being subjected to AWGN, in this example a significant amount of noise was added though not enough to interfere with the recovery of the origonal signal.
Trace D shows the result of the first stages of modulation, the first stage is the most important, heterodyning the received signal with a duplicate of the origonal sinusoid to produce the lower frequency data signal plus high frequency noise. This noise can be mostly removed with the low pass filter. 
With the noise mostly removed the signal can be recognised visually, to allow it to be discriminated logically we need the signal to be effectivly bipolar, therefore we carry out a mathematical ‘add’ function of a negative value to create trace E, before logically senseing its value to create trace F.
Further mathmatical functions are carried out to return the signal to its origonal state, shown in figure H. It can be seen to be identical to the origonal transmitted signal shown in figure I.
A range of signal levels were subsequently passed through the system to ascertain the performance of this ASK implementation.



4.2	FSK
A model of FSK digital modulation has been simulated in the Simulink emulation software and is shown below in Figure 3.[image: ]
Figure 3 Simulation of Frequency Shift Keying
The circuit used is essentially very similar to the ASK circuit used previously, where it is in effect two ASK circuits working in parallel. The modulation is a logical switch that selects one of two sinusoids based on the data input. The demodulation section is also the equivalent of two ASK circuits, each demodulating one of the sinusoids before being combined mathematically.
Using the same methodology as used in the ASK simulation to obtain signal examples through the circuit, as shown in Figure 4.
Figure 4 Samples of FSK process[image: ]

The traces shown in Figure 4 show the FSK process in similar fashion to those in Figure 2. Due to scaling the FSK modulated signal in Trace B is not clear, the FSK signal can be seen clearly in Figure 5. It should be noted that Traces D &E show a ringing anomaly known as the Gibbs Phenomenon, this is defined by Rim et al [10] as the cause of information distortion  by the ringing overshoot at a change of state.
[image: ]
Figure 5 FSK Samples showing frequency changes
A range of signal levels were subsequently passed through the system to ascertain the performance of this FSK implementation.
4.3	Phase Shift Keying
A model of PSK digital modulation has been simulated in the Simulink emulation software and is shown below in Figure 6. This model uses only 2 phases to modulate the signal and is therefore referred to as Bipolar Phase Shift Keying (BPSK).
[image: ]
Figure 6 Simulation of Phase Shift Keying
As before the PSK circuit used is a development of the previously used circuits. The modulation is provided by a logical switch selecting from two antiphase sinusoids based on data input. The demodulation section is only different from the ASK circuit in the replacement of the two sinusoid frequencies with two antiphase sinusoids of the same frequency. 
Using the same methodology as used in previous simulations to obtain signal examples through the circuit, as shown in Figure 7.
[image: ]
Figure 7 Samples of PSK process
Due to scaling the FSK modulated signal in Trace B is not clear, the FSK signal can be seen clearly in Figure 8. Traces D again shows the evidence of Gibbs Phenomenon ringing.

[image: ]
Figure 8 PSK Samples showing phase change
A range of signal levels were subsequently passed through the system to ascertain the performance of this BPSK implementation.
4.4 AWGN 
Additive White Gaussian noise is a mode from information theory that is added to the modulated data signal as it transfers through a medium[5]. Gaussian noise is a normal distribution in probability theory that defines variation from the norm. In the case of Gaussian noise it means that the likelihood of large noise transition are less than smaller transitions and that the noise itself will be wideband in nature[11]. The AWGN signal block was used to vary the noise signal to assess the performance of each circuit. The noise injected was measured using its Signal to Noise Ratio (SNR). SNR is an expression of wanted signal power to unwanted noise power, as it is a ratio it is dimensionless[12]. In this instance, the power of the AWGN subjected to the signal is expressed logarithmically in decibels (dB) with reference to 1 Watt of signal power, giving the relationship the expression dBW.
4.5	FEC
Forward Error Correction is a method of reducing errors in a received data stream, Haykin [13] explains FEC as the mathematical expansion of transmitted code to allow the inclusion of redundant code that will allow the receiving station to detect and correct errors picked up during transmission.
Two methods of FEC have been used to show the advantages of FEC in these circuit examples. Unfortunately, it proves problematic in the extreme to incorporate FEC in the circuits used to this point. Therefore, it was found to be prudent to use analogous Simulink blocks to test the theory of FEC advantages. 
4.5.1	Hamming Code
Hamming Code is an error detection and correction code, in this implementation a (7,4) code is used such that for every 4 bits of data there would be 3 parity bits added to create the 7 it word. Hamming code in the (7,4) implementation can correct any single bit error or detecting two error bits. The parity bits are calculated such that each parity bit will be created from 3 of the 4 data bits.
Owunwanne [14] explains Hamming distance as the minimum number of edits that would be required to alter one data block into another, and is used to define the minimum number of errors that a system will not detect.
e.g. The data block 10110001 can be changed to 10110101 by changing a single bit. Therefore, its hamming distance is 1.
In terms of FEC the Hamming Distance can be used to define the ability of a code to correct errors.
4.5.2	CRC
Parker [15], explains the Cyclic Redundancy Check as a method for producing an error check code using Exclusive-OR (XOR) Logic gates in a method similar to a parity check though greatly expanded for larger data block sizes. CRC can be used over a range of data block sizes, the larger the block then the larger the polynomial required. The CRC checksum is calculated from the repeated use of the polynomial XOR’d with the data, this checksum is then appended to the original data and transmitted as a single codeword. The same polynomial is used at the decoding end the check for errors. Detected errors would normally incite a resend request. The number of errors that can be detected by CRC depend of the hamming distance[16].
In this case CRC-16 was the code used, which uses the polynomial x16+x15+x2+1, (1100000000000011)[17].
4.6	ASK with FEC
To test the capabilities of FEC techniques with ASK the circuit shown in Figure 9 was designed. Again due to the difficulties encountered with Simulink and alternative was used, in this case Pulse Amplitude Modulation (PAM) was used, PAM is a completely different modulation technique, it is used in analogue modulation, however since it produces pulses where their size with respect to zero volts is critical, it may provide a resonable analogy.
[image: ]
Figure 9. ASK alternative and FEC.
The results of this test can be seen in Table 1.
4.5.2	FSK with FEC
To test the capabilities of FEC techniques with FSK the circuit shown in Figure 10 was designed. Due to Simulink difficulties 4-FSK Modulators were used, these provide a waveform similar to the DTMF (Dual Tone Multiple Frequency) technique used in telephone dialling, (as seen in Figure 11) and could provide a reasonable anaolgy.
[image: ]
Figure 10. FSK alternative and FEC.
[image: ]
Figure 11 4-FSK waveforms
The results of this test can be seen in Table 1.
3.5.2	PSK
 To test the capabilities of FEC techniques with PSK the circuit shown in      Figure 10 was designed. Due to Simulink difficulties BPSK Baseband Modulators were used, this is the least similar of the three replacement circuits despite the similarities of name.
[image: ]
Figure 12 BPSK alternative with FEC.
The results of this test can be seen in Table 1.




4.	Results
4.1	ASK / FSK / PSK
The results from Table 1 have been plotted and shown in Figure 12. These results show a distinct divergence of the three modulation techniques. The ASK shows the greatest reaction to the change in SNR, whereas BPSK shows the least. This would appear to be an approximate 2-3 dB advantage that is gained using BPSK over ASK, with a distinctly less though still notable advantage when using FSK.

Figure 13 SNR v BER of Digital Modulation Techniques
4.2	Digital Modulation with FEC
4.2.1	ASK
Due to issues with Sinulink, to asses the advantages of FEC with Digital Modulation techniques we must first do a comparison of the ASK model with the replacement that will be used for FEC. The previous test was repeated using the PAM simulink block, the results can be found in Table 1 and due to the found results the testing range was extended to -60dB as found in Table 2, all results are plotted below in Figure 14. It can be seen that both models have the same profile though offset by 30dB. This 30dB offset could be adjusted for using signal or noise power but in this case will only be noted.

Figure 14 Comparison of ASK v PAM 
4.2.2	FSK
The results of the comparison of the FSK model with the replacement that will be used for FEC can be found in Table 1 and are plotted below in Figure 15.  The replacement 4-FSK circuit has a different profile to the assignment FSK design, the 4-FSK module has approximately a 12dB improvement though with a far steeper degradation, this will probably be due to the better engineered design of using multiple frequencies.  

Figure 15 Comparison of FSK v 4FSK



4.2.3 PSK
The results of the comparison of the PSK model with the replacement that will be used for FEC can be found in Table 1 and are plotted below in Figure 16. The BPSK replacement circuit has a similar profile to the assignment design although with a 5 -10 dB advantage. This difference will only be noted.

Figure 16 Comparison of PSK v PSK Baseband Block
4.3	ASK with FEC
The comparison of FEC and Non-FEC modulation with an ASK replacement can be seen in Table 1 and is shown below in Figure 17. It can be seen Non-FEC becomes susceptible to noise before the FEC techniques, any advantage is lost after 5dB and neither Hamming nor CRC shows a clear lead due to variations.

Figure 17 Comparison of FEC and Non-FEC ASK Techniques 
4.4	FSK with FEC
The comparison of FEC and Non-FEC modulation with an FSK replacement can be seen in Table 1 and is shown below in Figure 18. It can be seen Non-FEC becomes susceptible to noise 6-8 dB before the Hamming technique, after that any advantage is lost. CRC begins to fail at -14dB, the same point as the Hamming Code, though the CRC has a more graceful degradation.

Figure 18 Comparison of FEC and Non-FEC FSK Techniques
4.5	PSK with FEC
The comparison of FEC and Non-FEC modulation with an PSK replacement can be seen in Table 1 and is shown below in Figure 19. It can be seen Non-FEC becomes susceptible to noise 1-2 dB before the FEC, this pattern remains throughout the degradation curve. Neither of the two FEC techniques shows a distinct advantage initially, thought CRC again shows a better degradation.

Figure 19 Comparison of FEC and Non-FEC PSK Techniques















5.	Conclusions
5.1	Digital Modulation Methods
The ASK circuit designed works well and shows no errors until the noise reaches parity with the signal strength. Due to its simplicity of design the ASK model makes for inexpensive hardware, especially at the receiver. This simplicity also allows the ASK design to be adapted for a wide range of applications from Morse Code to fibre optic. Its simplicity also means the ASK is susceptible to noise, as its decoding strategy is dependent on detecting the amplitude of the signal, noise masking this amplitude will produce errors. The FSK circuit also works well, its constant amplitude allows it to be reasonably immune to noise transitions. Due to the multiple frequency operation it will require a higher bandwidth medium to carry it, this will only increase as more frequencies are added to the strategy. This more complicated hardware implementation will increase costs. The BPSK technique performed the best in this test, despite variances in the profile, at no point did BPSK perform worse than FSK and in general showed a 2+ dB advantage. BPSK also uses a single frequency, albeit with phase transitions, therefore its bandwidth use is efficient and offers the option to increase the phase discrimination to increase the data rate. However, this implementation and others have complex hardware that increases costs.

5.2	Forward Error Correction
The Hamming 	and CRC methods of FEC used here both show an improvement over any Non-FEC modulation Technique. The 7,4 implementation of Hamming Code carries overheads of around 43%, these overheads limit the amount of useful data that can be transmitted, this cost however is mitigated by the codes Hamming distance of 3, allowing it to detect up to 2 errors and correct a single error without any retransmission. The CRC-16 code used in this case has a hamming distance of 8, however it carries an overhead burden of 57% but can only detect errors and then request a retransmission, in certain circumstances CRC can correct errors, though this is not always the case. It must also be said that the 16-bit CRC used in this test is overkill for such a small dataset and a much smaller CRC would have been more appropriate. The appropriate level of CRC to use could have been better defined by use of the Shannon Limit which defines the efficiency of FEC for given noise levels in a medium.
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7.0	Annexes
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Table 1 BER at various SNR
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Table 2 BER at various SNR for ASK Extended

BER Vs SNR of Digital Modulation Methods
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BER v SNR of FSK Models

Modular	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	8.0000000000000004E-4	5.9999999999999995E-4	8.9999999999999998E-4	5.0000000000000001E-4	1E-3	6.9999999999999999E-4	5.9999999999999995E-4	8.9999999999999998E-4	5.9999999999999995E-4	8.0000000000000004E-4	8.9999999999999998E-4	1E-3	8.0000000000000004E-4	1.1999999999999999E-3	8.9999999999999998E-4	1.2999999999999999E-3	1.6999999999999999E-3	1.1000000000000001E-3	8.9999999999999998E-4	1.2999999999999999E-3	2E-3	1.9E-3	2.3999999999999998E-3	2.5000000000000001E-3	4.0000000000000001E-3	4.8999999999999998E-3	6.7999999999999996E-3	8.8999999999999999E-3	1.37E-2	1.9300000000000001E-2	3.2899999999999999E-2	4.6300000000000001E-2	6.2799999999999995E-2	8.43E-2	0.1013	0.1263	0.15279999999999999	0.1779	0.19969999999999999	0.218	0.2359	0.25190000000000001	0.26819999999999999	0.28439999999999999	0.29980000000000001	0.3135	0.3236	0.33300000000000002	0.34549999999999997	0.35560000000000003	0.3629	0.36870000000000003	0.37559999999999999	0.38159999999999999	0.38669999999999999	0.39200000000000002	0.39589999999999997	0.4	0.40310000000000001	0.40689999999999998	0.4088	Block	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0.02	0.02	0.02	0.02	0.1201	0.1201	0.1401	0.18010000000000001	0.2601	0.28010000000000002	0.34010000000000001	0.36009999999999998	0.38009999999999999	0.42009999999999997	0.46010000000000001	0.52010000000000001	0.56010000000000004	0.62009999999999998	0.66	0.66	0.66	0.68	Signal to Noise Ratio (dB)
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BER v SNR of BPSK Models

Modular	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	6.4989999999999996E-3	6.7999999999999996E-3	5.7999999999999996E-3	7.1999999999999998E-3	6.4999999999999997E-3	7.1999999999999998E-3	7.0000000000000001E-3	6.4999999999999997E-3	4.7000000000000002E-3	7.6E-3	7.1000000000000004E-3	5.4000000000000003E-3	6.1999999999999998E-3	5.8999999999999999E-3	6.3E-3	3.3E-3	6.8999999999999999E-3	7.0000000000000001E-3	7.7000000000000002E-3	7.3000000000000001E-3	6.6E-3	5.8999999999999999E-3	6.8999999999999999E-3	8.8999999999999999E-3	7.6E-3	7.9000000000000008E-3	8.8000000000000005E-3	8.6999999999999994E-3	1.29E-2	2.1499999999999998E-2	1.55E-2	1.6400000000000001E-2	5.91E-2	6.3799999999999996E-2	8.1799999999999998E-2	9.1700000000000004E-2	7.2800000000000004E-2	0.12130000000000001	0.1726	0.13539999999999999	0.15010000000000001	0.21179999999999999	0.20180000000000001	0.2019	0.24060000000000001	0.2863	0.30599999999999999	0.30320000000000003	0.32519999999999999	0.33029999999999998	0.32950000000000002	0.39200000000000002	0.38719999999999999	0.38950000000000001	0.4199	0.4158	0.41349999999999998	0.43070000000000003	0.45119999999999999	0.42309999999999998	0.39739999999999998	Block	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	2.0000000000000001E-4	4.0000000000000002E-4	2.2000000000000001E-3	5.8999999999999999E-3	1.21E-2	2.2100000000000002E-2	3.56E-2	5.4199999999999998E-2	7.5499999999999998E-2	9.9099999999999994E-2	0.127	0.15240000000000001	0.1822	0.21010000000000001	0.23749999999999999	0.26290000000000002	0.28449999999999998	0.28449999999999998	0.32650000000000001	0.34329999999999999	0.35649999999999998	0.37140000000000001	0.38529999999999998	0.3972	0.40810000000000002	0.41860000000000003	0.42649999999999999	0.43419999999999997	0.44030000000000002	0.44719999999999999	0.45279999999999998	0.45700000000000002	0.46179999999999999	0.46579999999999999	0.46899999999999997	0.47270000000000001	0.47499999999999998	0.47749999999999998	0.47899999999999998	Signal to noise Ratio (dB)
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BER v SNR of FEC for ASK

Non-FEC	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	-31	-32	-33	-34	-35	-36	-37	-38	-39	-40	-41	-42	-43	-44	-45	-46	-47	-48	-49	-50	-51	-52	-53	-54	-55	-56	-57	-58	-59	-60	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	2.0000000000000001E-4	1.4E-3	2.7000000000000001E-3	7.7000000000000002E-3	1.6400000000000001E-2	2.7900000000000001E-2	4.5499999999999999E-2	6.4399999999999999E-2	8.5599999999999996E-2	0.1076	0.13270000000000001	0.16009999999999999	0.18959999999999999	0.21779999999999999	0.24429999999999999	0.26960000000000001	0.29399999999999998	0.31509999999999999	0.33379999999999999	0.35099999999999998	0.36899999999999999	0.38329999999999997	0.39439999999999997	0.40989999999999999	0.42059999999999997	0.42959999999999998	0.43640000000000001	0.44429999999999997	0.4491	0.45400000000000001	0.45839999999999997	0.46300000000000002	0.46700000000000003	0.47010000000000002	0.4743	Hamming	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	-31	-32	-33	-34	-35	-36	-37	-38	-39	-40	-41	-42	-43	-44	-45	-46	-47	-48	-49	-50	-51	-52	-53	-54	-55	-56	-57	-58	-59	-60	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	4.0099999999999997E-2	4.0099999999999997E-2	4.0099999999999997E-2	0.10009999999999999	0.1401	0.16009999999999999	0.1701	0.23019999999999999	0.26019999999999999	0.25019999999999998	0.2802	0.29020000000000001	0.32019999999999998	0.35020000000000001	0.38019999999999998	0.36020000000000002	0.39019999999999999	0.39019999999999999	0.42020000000000002	0.45019999999999999	0.45019999999999999	0.44019999999999998	0.44019999999999998	0.49	0.51	0.51	0.51	0.51	0.53	CRC	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	-31	-32	-33	-34	-35	-36	-37	-38	-39	-40	-41	-42	-43	-44	-45	-46	-47	-48	-49	-50	-51	-52	-53	-54	-55	-56	-57	-58	-59	-60	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1.01E-2	3.0099999999999998E-2	4.0099999999999997E-2	6.0100000000000001E-2	0.1101	0.1401	0.18010000000000001	0.19009999999999999	0.2301	0.2601	0.27010000000000001	0.30009999999999998	0.3201	0.3301	0.3301	0.34010000000000001	0.35010000000000002	0.35010000000000002	0.35010000000000002	0.35010000000000002	0.37009999999999998	0.37009999999999998	0.38009999999999999	0.38009999999999999	0.38009999999999999	0.3901	0.3901	0.3901	0.3901	0.40010000000000001	Signal to Noise Ration (dB)
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BER v SNR of FEC for FSK

Non-FEC	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0.02	0.02	0.02	0.02	0.1201	0.1201	0.1401	0.18010000000000001	0.2601	0.28010000000000002	0.34010000000000001	0.36009999999999998	0.38009999999999999	0.42009999999999997	0.46010000000000001	0.52010000000000001	0.56010000000000004	0.62009999999999998	0.66	0.66	0.66	0.68	Hamming	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	8.0100000000000005E-2	0.19989999999999999	0.21990000000000001	0.25990000000000002	0.3599	0.3599	0.3599	0.4199	0.4199	0.39989999999999998	0.39989999999999998	0.4199	0.4199	0.4199	0.39989999999999998	0.4199	0.43990000000000001	CRC	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	2.01E-2	4.0099999999999997E-2	8.0100000000000005E-2	0.16009999999999999	0.18010000000000001	0.22009999999999999	0.26	0.32	0.32	0.3	0.3	0.32	0.34	0.34	0.32	0.32	0.3	Signal to Noise Ratio (dB)
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BER v SNR of FEC for PSK

Non-FEC	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	2.0000000000000001E-4	4.0000000000000002E-4	2.2000000000000001E-3	5.8999999999999999E-3	1.21E-2	2.2100000000000002E-2	3.56E-2	5.4199999999999998E-2	7.5499999999999998E-2	9.9099999999999994E-2	0.127	0.15240000000000001	0.1822	0.21010000000000001	0.23749999999999999	0.26290000000000002	0.28449999999999998	0.28449999999999998	0.32650000000000001	0.34329999999999999	0.35649999999999998	0.37140000000000001	0.38529999999999998	0.3972	0.40810000000000002	0.41860000000000003	0.42649999999999999	0.43419999999999997	0.44030000000000002	0.44719999999999999	0.45279999999999998	0.45700000000000002	0.46179999999999999	0.46579999999999999	0.46899999999999997	0.47270000000000001	0.47499999999999998	0.47749999999999998	0.47899999999999998	Hamming	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1.01E-2	1.01E-2	3.0099999999999998E-2	6.0100000000000001E-2	6.0100000000000001E-2	0.1201	0.1401	0.18010000000000001	0.22009999999999999	0.24010000000000001	0.25009999999999999	0.25009999999999999	0.31009999999999999	0.3301	0.34010000000000001	0.34010000000000001	0.3301	0.3301	0.3301	0.3301	0.3301	0.3301	0.34010000000000001	0.34010000000000001	0.34010000000000001	0.36009999999999998	0.36009999999999998	0.37009999999999998	0.37009999999999998	0.37009999999999998	0.37009999999999998	0.41010000000000002	0.41010000000000002	CRC	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	0	-1	-2	-3	-4	-5	-6	-7	-8	-9	-10	-11	-12	-13	-14	-15	-16	-17	-18	-19	-20	-21	-22	-23	-24	-25	-26	-27	-28	-29	-30	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1E-4	1.01E-2	2.01E-2	4.0099999999999997E-2	4.0099999999999997E-2	6.0100000000000001E-2	8.0100000000000005E-2	0.11020000000000001	0.1202	0.13020000000000001	0.14019999999999999	0.19	0.21	0.21	0.25	0.28000000000000003	0.31	0.31	0.33	0.33	0.34	0.36	0.36	0.36	0.38	0.39	0.41	0.42	0.42	0.42	0.42	0.42	0.42	0.43	0.43	Signal to Noise Ratio (dB)
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SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER SNR BER

30 0.0004 30 0 30 0.0001 30 0.0001 30 0.0008 30 0.0000 30 0.0001 30 0.0001 30 0.0065 30 0.0000 30 0.0001 30 0.0001

29 0.0002 29 0 29 0.0001 29 0.0001 29 0.0006 29 0.0000 29 0.0001 29 0.0001 29 0.0068 29 0.0000 29 0.0001 29 0.0001

28 0.0003 28 0 28 0.0001 28 0.0001 28 0.0009 28 0.0000 28 0.0001 28 0.0001 28 0.0058 28 0.0000 28 0.0001 28 0.0001

27 0.0006 27 0 27 0.0001 27 0.0001 27 0.0005 27 0.0000 27 0.0001 27 0.0001 27 0.0072 27 0.0000 27 0.0001 27 0.0001

26 0.0004 26 0 26 0.0001 26 0.0001 26 0.001 26 0.0000 26 0.0001 26 0.0001 26 0.0065 26 0.0000 26 0.0001 26 0.0001

25 0.0005 25 0 25 0.0001 25 0.0001 25 0.0007 25 0.0000 25 0.0001 25 0.0001 25 0.0072 25 0.0000 25 0.0001 25 0.0001

24 0.0003 24 0 24 0.0001 24 0.0001 24 0.0006 24 0.0000 24 0.0001 24 0.0001 24 0.007 24 0.0000 24 0.0001 24 0.0001

23 0.0002 23 0 23 0.0001 23 0.0001 23 0.0009 23 0.0000 23 0.0001 23 0.0001 23 0.0065 23 0.0000 23 0.0001 23 0.0001

22 0.0005 22 0 22 0.0001 22 0.0001 22 0.0006 22 0.0000 22 0.0001 22 0.0001 22 0.0047 22 0.0000 22 0.0001 22 0.0001

21 0.0004 21 0 21 0.0001 21 0.0001 21 0.0008 21 0.0000 21 0.0001 21 0.0001 21 0.0076 21 0.0000 21 0.0001 21 0.0001

20 0.0004 20 0 20 0.0001 20 0.0001 20 0.0009 20 0.0000 20 0.0001 20 0.0001 20 0.0071 20 0.0000 20 0.0001 20 0.0001

19 0.0002 19 0 19 0.0001 19 0.0001 19 0.001 19 0.0000 19 0.0001 19 0.0001 19 0.0054 19 0.0000 19 0.0001 19 0.0001

18 0.0006 18 0 18 0.0001 18 0.0001 18 0.0008 18 0.0000 18 0.0001 18 0.0001 18 0.0062 18 0.0000 18 0.0001 18 0.0001

17 0.0002 17 0 17 0.0001 17 0.0001 17 0.0012 17 0.0000 17 0.0001 17 0.0001 17 0.0059 17 0.0000 17 0.0001 17 0.0001

16 0.0005 16 0 16 0.0001 16 0.0001 16 0.0009 16 0.0000 16 0.0001 16 0.0001 16 0.0063 16 0.0000 16 0.0001 16 0.0001

15 0.0007 15 0 15 0.0001 15 0.0001 15 0.0013 15 0.0000 15 0.0001 15 0.0001 15 0.0033 15 0.0000 15 0.0001 15 0.0001

14 0.0005 14 0 14 0.0001 14 0.0001 14 0.0017 14 0.0000 14 0.0001 14 0.0001 14 0.0069 14 0.0000 14 0.0001 14 0.0001

13 0.0007 13 0 13 0.0001 13 0.0001 13 0.0011 13 0.0000 13 0.0001 13 0.0001 13 0.007 13 0.0000 13 0.0001 13 0.0001

12 0.0009 12 0 12 0.0001 12 0.0001 12 0.0009 12 0.0000 12 0.0001 12 0.0001 12 0.0077 12 0.0000 12 0.0001 12 0.0001

11 0.001 11 0 11 0.0001 11 0.0001 11 0.0013 11 0.0000 11 0.0001 11 0.0001 11 0.0073 11 0.0000 11 0.0001 11 0.0001

10 0.0008 10 0 10 0.0001 10 0.0001 10 0.002 10 0.0000 10 0.0001 10 0.0001 10 0.0066 10 0.0000 10 0.0001 10 0.0001

9 0.0015 9 0 9 0.0001 9 0.0001 9 0.0019 9 0.0000 9 0.0001 9 0.0001 9 0.0059 9 0.0000 9 0.0001 9 0.0001

8 0.0011 8 0 8 0.0001 8 0.0001 8 0.0024 8 0.0000 8 0.0001 8 0.0001 8 0.0069 8 0.0002 8 0.0001 8 0.0001

7 0.0011 7 0 7 0.0001 7 0.0001 7 0.0025 7 0.0000 7 0.0001 7 0.0001 7 0.0089 7 0.0004 7 0.0001 7 0.0001

6 0.0023 6 0 6 0.0001 6 0.0001 6 0.004 6 0.0000 6 0.0001 6 0.0001 6 0.0076 6 0.0022 6 0.0001 6 0.0001

5 0.0027 5 0 5 0.0001 5 0.0001 5 0.0049 5 0.0000 5 0.0001 5 0.0001 5 0.0079 5 0.0059 5 0.0001 5 0.0001

4 0.0069 4 0 4 0.0001 4 0.0001 4 0.0068 4 0.0000 4 0.0001 4 0.0001 4 0.0088 4 0.0121 4 0.0001 4 0.0001

3 0.0063 3 0 3 0.0001 3 0.0001 3 0.0089 3 0.0000 3 0.0001 3 0.0001 3 0.0087 3 0.0221 3 0.0001 3 0.0101

2 0.014 2 0 2 0.0001 2 0.0001 2 0.0137 2 0.0000 2 0.0001 2 0.0001 2 0.0129 2 0.0356 2 0.0101 2 0.0201

1 0.022 1 0 1 0.0001 1 0.0001 1 0.0193 1 0.0000 1 0.0001 1 0.0001 1 0.0215 1 0.0542 1 0.0101 1 0.0401

0 0.0443 0 0 0 0.0001 0 0.0001 0 0.0329 0 0.0000 0 0.0001 0 0.0001 0 0.0155 0 0.0755 0 0.0301 0 0.0401

-1 0.0571 -1 0 -1 0.0001 -1 0.0001 -1 0.0463 -1 0.0000 -1 0.0001 -1 0.0001 -1 0.0164 -1 0.0991 -1 0.0601 -1 0.0601

-2 0.0775 -2 0 -2 0.0001 -2 0.0001 -2 0.0628 -2 0.0000 -2 0.0001 -2 0.0001 -2 0.0591 -2 0.1270 -2 0.0601 -2 0.0801

-3 0.0916 -3 0 -3 0.0001 -3 0.0001 -3 0.0843 -3 0.0000 -3 0.0001 -3 0.0001 -3 0.0638 -3 0.1524 -3 0.1201 -3 0.1102

-4 0.1205 -4 0 -4 0.0001 -4 0.0001 -4 0.1013 -4 0.0000 -4 0.0001 -4 0.0001 -4 0.0818 -4 0.1822 -4 0.1401 -4 0.1202

-5 0.15 -5 0 -5 0.0001 -5 0.0001 -5 0.1263 -5 0.0000 -5 0.0001 -5 0.0001 -5 0.0917 -5 0.2101 -5 0.1801 -5 0.1302

-6 0.1658 -6 0 -6 0.0001 -6 0.0001 -6 0.1528 -6 0.0000 -6 0.0001 -6 0.0001 -6 0.0728 -6 0.2375 -6 0.2201 -6 0.1402

-7 0.2073 -7 0 -7 0.0001 -7 0.0001 -7 0.1779 -7 0.0000 -7 0.0001 -7 0.0001 -7 0.1213 -7 0.2629 -7 0.2401 -7 0.19

-8 0.2208 -8 0 -8 0.0001 -8 0.0001 -8 0.1997 -8 0.0000 -8 0.0001 -8 0.0001 -8 0.1726 -8 0.2845 -8 0.2501 -8 0.21

-9 0.267 -9 0 -9 0.0001 -9 0.0001 -9 0.218 -9 0.0200 -9 0.0001 -9 0.0001 -9 0.1354 -9 0.2845 -9 0.2501 -9 0.21

-10 0.2861 -10 0 -10 0.0001 -10 0.0001 -10 0.2359 -10 0.0200 -10 0.0001 -10 0.0001 -10 0.1501 -10 0.3265 -10 0.3101 -10 0.25

-11 0.3007 -11 0 -11 0.0001 -11 0.0001 -11 0.2519 -11 0.0200 -11 0.0001 -11 0.0001 -11 0.2118 -11 0.3433 -11 0.3301 -11 0.28

-12 0.3056 -12 0 -12 0.0001 -12 0.0001 -12 0.2682 -12 0.0200 -12 0.0001 -12 0.0001 -12 0.2018 -12 0.3565 -12 0.3401 -12 0.31

-13 0.3116 -13 0 -13 0.0001 -13 0.0001 -13 0.2844 -13 0.1201 -13 0.0001 -13 0.0001 -13 0.2019 -13 0.3714 -13 0.3401 -13 0.31

-14 0.3407 -14 0 -14 0.0001 -14 0.0001 -14 0.2998 -14 0.1201 -14 0.0801 -14 0.0201 -14 0.2406 -14 0.3853 -14 0.3301 -14 0.33

-15 0.3571 -15 0 -15 0.0001 -15 0.0001 -15 0.3135 -15 0.1401 -15 0.1999 -15 0.0401 -15 0.2863 -15 0.3972 -15 0.3301 -15 0.33

-16 0.3778 -16 0 -16 0.0001 -16 0.0001 -16 0.3236 -16 0.1801 -16 0.2199 -16 0.0801 -16 0.306 -16 0.4081 -16 0.3301 -16 0.34

-17 0.3889 -17 0 -17 0.0001 -17 0.0001 -17 0.333 -17 0.2601 -17 0.2599 -17 0.1601 -17 0.3032 -17 0.4186 -17 0.3301 -17 0.36

-18 0.4021 -18 0 -18 0.0001 -18 0.0001 -18 0.3455 -18 0.2801 -18 0.3599 -18 0.1801 -18 0.3252 -18 0.4265 -18 0.3301 -18 0.36

-19 0.4114 -19 0 -19 0.0001 -19 0.0001 -19 0.3556 -19 0.3401 -19 0.3599 -19 0.2201 -19 0.3303 -19 0.4342 -19 0.3301 -19 0.36

-20 0.4173 -20 0 -20 0.0001 -20 0.0001 -20 0.3629 -20 0.3601 -20 0.3599 -20 0.26 -20 0.3295 -20 0.4403 -20 0.3401 -20 0.38

-21 0.4119 -21 0 -21 0.0001 -21 0.0001 -21 0.3687 -21 0.3801 -21 0.4199 -21 0.32 -21 0.392 -21 0.4472 -21 0.3401 -21 0.39

-22 0.4075 -22 0 -22 0.0001 -22 0.0001 -22 0.3756 -22 0.4201 -22 0.4199 -22 0.32 -22 0.3872 -22 0.4528 -22 0.3401 -22 0.41

-23 0.4457 -23 0 -23 0.0001 -23 0.0001 -23 0.3816 -23 0.4601 -23 0.3999 -23 0.3 -23 0.3895 -23 0.4570 -23 0.3601 -23 0.42

-24 0.4384 -24 0 -24 0.0001 -24 0.0001 -24 0.3867 -24 0.5201 -24 0.3999 -24 0.3 -24 0.4199 -24 0.4618 -24 0.3601 -24 0.42

-25 0.4388 -25 0 -25 0.0001 -25 0.0001 -25 0.392 -25 0.5601 -25 0.4199 -25 0.32 -25 0.4158 -25 0.4658 -25 0.3701 -25 0.42

-26 0.4603 -26 0.0002 -26 0.0001 -26 0.0001 -26 0.3959 -26 0.6201 -26 0.4199 -26 0.34 -26 0.4135 -26 0.4690 -26 0.3701 -26 0.42

-27 0.4617 -27 0.0014 -27 0.0001 -27 0.0001 -27 0.4 -27 0.6600 -27 0.4199 -27 0.34 -27 0.4307 -27 0.4727 -27 0.3701 -27 0.42

-28 0.4633 -28 0.0027 -28 0.0001 -28 0.0001 -28 0.4031 -28 0.6600 -28 0.3999 -28 0.32 -28 0.4512 -28 0.4750 -28 0.3701 -28 0.42

-29 0.4565 -29 0.0077 -29 0.0001 -29 0.0001 -29 0.4069 -29 0.6600 -29 0.4199 -29 0.32 -29 0.4231 -29 0.4775 -29 0.4101 -29 0.43

-30 0.4709 -30 0.0164 -30 0.0001 -30 0.0001 -30 0.4088 -30 0.6800 -30 0.4399 -30 0.3 -30 0.3974 -30 0.4790 -30 0.4101 -30 0.43

CRC Normal Block Hamming CRC

ASK FSK BPSK

Normal Block Hamming CRC Normal Block Hamming


image15.emf
SNR BER SNR BER SNR BER SNR BER

-31 0.4659 -31 0.0279 -31 0.0001 -31 0.0101

-32 0.4691 -32 0.0455 -32 0.0401 -32 0.0301

-33 0.4681 -33 0.0644 -33 0.0401 -33 0.0401

-34 0.4743 -34 0.0856 -34 0.0401 -34 0.0601

-35 0.4836 -35 0.1076 -35 0.1001 -35 0.1101

-36 0.4865 -36 0.1327 -36 0.1401 -36 0.1401

-37 0.4868 -37 0.1601 -37 0.1601 -37 0.1801

-38 0.4955 -38 0.1896 -38 0.1701 -38 0.1901

-39 0.4762 -39 0.2178 -39 0.2302 -39 0.2301

-40 0.4849 -40 0.2443 -40 0.2602 -40 0.2601

-41 0.4723 -41 0.2696 -41 0.2502 -41 0.2701

-42 0.477 -42 0.294 -42 0.2802 -42 0.3001

-43 0.4856 -43 0.3151 -43 0.2902 -43 0.3201

-44 0.5007 -44 0.3338 -44 0.3202 -44 0.3301

-45 0.5039 -45 0.351 -45 0.3502 -45 0.3301

-46 0.51 -46 0.369 -46 0.3802 -46 0.3401

-47 0.51 -47 0.3833 -47 0.3602 -47 0.3501

-48 0.51 -48 0.3944 -48 0.3902 -48 0.3501

-49 0.51 -49 0.4099 -49 0.3902 -49 0.3501

-50 0.51 -50 0.4206 -50 0.4202 -50 0.3501

-51 0.51 -51 0.4296 -51 0.4502 -51 0.3701

-52 0.51 -52 0.4364 -52 0.4502 -52 0.3701

-53 0.51 -53 0.4443 -53 0.4402 -53 0.3801

-54 0.51 -54 0.4491 -54 0.4402 -54 0.3801

-55 0.51 -55 0.454 -55 0.49 -55 0.3801

-56 0.51 -56 0.4584 -56 0.51 -56 0.3901

-57 0.51 -57 0.463 -57 0.51 -57 0.3901

-58 0.51 -58 0.467 -58 0.51 -58 0.3901

-59 0.51 -59 0.4701 -59 0.51 -59 0.3901

-60 0.51 -60 0.4743 -60 0.53 -60 0.4001

ASK Cont'

Normal Block Hamming CRC
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