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Abstract - Orthogonal Frequency Division Multiplexing (OFDM) that has high performance over multipath environments 

is a multicarrier modulation scheme which is used in many wireless applications. Data transmission and reception is 

through orthogonally separated narrow-band sub-carriers. it is implemented using Discrete Fourier transform (DFT)  

and IDF T.OFDM usually adopts binary phase shift keying (BPSK),  quadrature amplitude modulation (QAM) or 

quadrature phase shift keying (QPSK)  as the modulation scheme. In this paper a MATLAB simulation for the 

comparison of a discrete wavelet transform (DWT) based OFDM with DFT based system   with differential amplitude 

phase shift keying (DAPSK) as its modulation scheme is presented. The performance in multipath fading as channel 

impairments in the presence of Additive white Gaussian noise (AWGN) was evaluated and explained in terms of bit error 

rate (BER) and peak average power ratio (PAPR). The results shows that DWT based OFDM systems are superior to a 

DFT based system with 64-DAPSK modulation. Also 64-DAPSK reduced the implementation complexity of the receiver, 

as it doesn’t need channel estimation or equalization and compensates the channel effect on the signal without the need of 

any previous knowledge of the channel. 

 

Index Terms—OFDM, DAPSK, BER, PAPR, DWT-OFDM 

________________________________________________________________________________________________________ 

I. INTRODUCTION  

Orthogonal frequency division multiplexing (OFDM) as a concept was first introduced for military applications in 1957 as a 

parallel transmission system. In 1971, S. B. Weinstein and P. M. Ebert made a huge contribution in OFDM history when they 

introduced multiplexing using discrete Fourier transform (DFT) to improve the implementation complexity. Since then OFDM 

became the interest of many research institutes as they became focused on developing OFDM based systems. But still the use of 

OFDM in commercial communication systems was limited due to the high costs associated with the requirements for 

implementation. The use of OFDM has experienced a breakthrough in the 1990s with advancements in digital signal processing 

(DSP) hardware. 

OFDM is a frequency division multiplexing (FDM) based multicarrier modulation technique .This was introduced to 

overcome the drawbacks of the single carrier modulation techniques. Basically OFDM spreads the data over narrow band 

subcarriers that are orthogonally separated to carry the data stream. As the sub-carriers are orthogonal to each other  an overlap 

between them can occur unlike in the FDM where all the sub-carriers must be completely separated. Conventionally orthogonal 

sub-carriers are practically implemented using fast Fourier transform (FFT) algorithms. The main advantages of the system are 

high bandwidth and power efficiency due to the narrowband orthogonal sub-carriers, it is robust against inter symbol interference 

(ISI) and frequency selective fading caused by multipath and sever channel impairments. Hence it is widely used in many digital 

communication applications such as digital audio broadcasting (DAB), digital video broadcasting (DVB), wireless local area 

networks (WLAN), worldwide interoperability for microwave access (WIMAX), 4G long term evolution (LTE), asymmetric 

digital subscriber line (ADSL) and very high bit rate digital subscriber line (VDSL). 

The following papers are the most relevant papers to the topic of interest that used DWT to generate the sub-carriers. Three trans-

multiplexing techniques for OFDM systems such as DFT based OFDM, DWT based OFDM and wavelet packet transformation 

(WPT) based OFDM were defined and  properties of the three transformation techniques were explained and their expected 

performance in terms of computational complexity was compared analytically[1].A comparison of   the performance of the same 

three techniques were compared using simulated results, the comparison was done in terms of BER at different signal to noise 

ratio (SNR), and comparing the results that the DWT based OFDM system is better than the other two techniques, but  didn’t 

mention the type of modulation or signal mapping they used and also didn’t mention the channel conditions they tested the system 

[6].The performance of a discrete cosine transform (DCT) based OFDM with DWT based OFDM and conventional OFDM  are 

compared in the presence of AWGN and over Saleh-Valenzuela (SV) channel model at 60 GHz. The BER at different SNR was 

calculated for the systems and for several wavelet families. The results showed that the conventional OFDM is superior over the 

SV channel model at 60Hz [7].Main focus of this work is on testing wavelet OFDM system over a multipath frequency selective 

channel and compares it to the performance of the conventional OFDM over the same channel conditions [8].Moreover, The 

performance of a WPT based OFDM and conventional OFDM adopting QPSK as the modulation scheme was evaluated over a 

Rayleigh fading channel and in the presence of AWGN. The BER of the two systems was simulated at different SNR with various 

Doppler shifts [9].Similarly; the performance of a WOFDM using WPT over an eight path frequency selective channel was 

evaluated using different models such as outdoor and indoor models. The results of the three papers were diverse in terms of the 

value of BER, but all agreed that a wavelet based OFDM system either using DWT or WPT have better performance when 
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compared to the conventional OFDM system over fading channels [10]. As the high PAPR is one of the major disadvantages of 

conventional OFDM, [11], [12] and [13] presented WOFDM systems as a solution for the PAPR problem. [11] and [13] both 

used WPT to reduce the PAPR and compare it with the conventional OFDM. [12]  used DWT based OFDM system and 

compared the results with the conventional OFDM, also the PAPR was calculated for different wavelet families. All the three 

authors concluded that the PAPR in the Wavelet based OFDM (WOFDM) systems is significantly less than in the conventional 

OFDM systems and that the Haar wavelet family results in the least PAPR.Also, A simulation was carried out on   DVB-T system 

but instead of using the conventional OFDM as the modulator WOFDM was used. The BER was calculated in the presence of 

AWGN at different SNR and for different wavelet families. The results showed a better performance in term of BER for the 

WOFDM based DVB-T system and that the haar wavelet family gives the best performance. The results were obtained in the 

presence of AWGN only which is not enough as it is impractical. The system has to be evaluated over a fading channel [14]. 

DAPSK as a concept for OFDM systems was introduced in for DVB-T application. As explained the modulation technique 

and then simulates a conventional OFDM system adopting 64-DAPSK as the modulation technique in the presence of AWGN 

and Rayleigh channel. The results were compared with similar OFDM systems but adopting 64-QAM and 64-DPSK as the 

modulation technique over the exact same channel for fair comparison. The results showed that the BER in case of the 64-

DAPSK system is better than the 64-DPSK but worse than 64-QAM, but this comparison is incomplete as the 64-DAPSK might 

be better in terms of implementation complexity as it doesn’t need channel estimation or equalization. A two dimensional 

demodulation algorithm for differential modulation in general, and applied it on DAPSK and DPSK to evaluate and compare the 

performance of the new algorithm. The authors concluded that the new algorithm offers better computational complexity that can 

reach up to 85% less[15].Extensive work on DAPSK as an OFDM modulation technique is presented in [16],the error probability 

is evaluated and the optimum ring ratio and detection thresholds are determined. In addition to a comparison between 64-QAM 

and 64-DAPSK OFDM systems over different high frequency (HF) channels. Both Systems gave approximately the same BER 

results over different channels. 

 

II. CONVENTIONAL OFDM SYSTEM 

 

The basic concept of OFDM is based on FDM which is simply an early form of OFDM. FDM divide the stream of data into N 

smaller streams and then modulates them onto N narrow-band sub-carriers, instead of using the whole frequency band like in the 

case of single carrier modulation. The sub-carriers almost experience flat fading in a frequency selective channel as they are 

narrow band. The sub-carriers are separated by guard intervals so the carriers don’t interfere with each other as shown in figure 

3.1, data can be recovered at the receiver using filters. The guard interval consumes a part of the frequency band affecting the 

bandwidth efficiency. OFDM improves the bandwidth efficiency and removes the guard intervals between sub-carriers. Sub-

carriers in OFDM overlap but don’t interfere with one another as they are orthogonal as shown in figure 1. Two signals are said to 

be orthogonal over the period T if: 
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Figure1:Concept of OFDM Signal 

 

Equation below represents the mathematical equivalence of an OFDM signal: 
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where N is the number of sub-carriers, Xk is the data symbol transmitted on the kth sub-carrier and ∆f is the spacing between the 

sub-carriers. For orthogonality ∆f must be equal to 1/2T. 

DFT and IDFT are used to generate the orthogonal sub-carriers instead of IQ modulators to make it more practical. DFT is an 

invertible transform and it form orthogonal basis. DFT and IDFT formulas are shown in equations (3) and (4) respectively. The 

similarities between equations (1) and (3) indicate that the IDFT can be used in transmitter to generate the orthogonal sub-carriers 

and the DFT can be used in the receiver as it is the inverse process. DFT and IDFT are practically implemented using the 

hardware efficient FFT and IFFT algorithms respectively. 
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The path between the transmitter and the receiver or the channel distorts the transmitted OFDM symbols causing ISI and ICI 

which affects the sub-carriers orthogonality, hence cannot be correctly demodulated at the receiver. Fig 2 shows the effect of the 

channel on one OFDM symbol and effect of the channel distortion on adjacent symbols and fig 3 shows how they can interfere 

with one another. Guard intervals where no information is sent are inserted between symbols to overcome ISI caused by the 

channel distortion as shown in fig 4. Still the ICI problem exists after adding the guard time. To get rid of ICI cyclic prefix is used 

instead of the guard intervals. For cyclic prefix the guard interval is replaced by a number of samples from the end of the OFDM 

symbol, this part added information and so it is ignored at the receiver. An OFDM signal with cyclic prefix is shown in fig 5. 

 

 
Figure 2: Effect of channel on OFDM symbol [2] 

 

 
Figure 3: Effect of channel on OFDM signal [2] 

 

 
Figure 4: OFDM signal with guard intervals [2] 

 

 
Figure 5: OFDM signal with cyclic prefix [2] 

 

The basic model of an OFDM’s transmitter and receiver are shown in fig 7 and 8 respectively. The first block is the serial 

to parallel converters that takes the stream of bits as its input and divide those bits into N blocks where N is the number of sub-

carriers required. The bits then enter the constellation mapping block, in constellation mapping the input bits are converted to a 

given constellation. Usually BPSK, QPSK or M-QAM constellations are used in conventional OFDM systems. The type of 

constellation is chosen according to the communication channel used. The output data from this block is in complex form (a+jb). 

The complex data then enters the IFFT block where they are converted from the frequency domain to the time domain and 

modulated to the orthogonal sub-carriers. The sub-carriers have a sinc waveform in the frequency domain and each sub-carrier 

has a null at the center frequency of the other sub-carriers as shown in fig 6. After the data is transformed the cyclic prefix is 

added and the data is converted back from parallel to series. The transmitted data reaches the receiver distorted due to the channel 

effects. The receiver basically inverts each process performed in the transmitter. First the received data are converted from series 
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to parallel and the cyclic prefix is eliminated. As the received data is still in time domain FFT is applied to convert it back to 

frequency domain 

Finally the data are mapped back to the original bits if possible; some bits are not mapped correctly due to the effect of the 

channel. 

 

 
Figure 6: OFDM sub-carriers 

 

 
Figure 7: Block diagram of an OFDM basic transmitter [3] 
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Figure 8: Block diagram of an OFDM basic receiver [3] 

 

III. DWT-OFDM SYSTEM 

 

Wavelet refers to a small wave with limited duration. Wavelets form the basis of DWT. Unlike sine waves which form the 

basis of the Fourier transform, the wavelets are irregular, asymmetric and have limited durations. Wavelet transform provides 

variations in time-frequency resolutions due to the variation in it basis function in terms of frequency and scale as shown in fig 9 

which is a major advantage over Fourier transform. The wavelet basis function divides the data into different frequency 

components and chooses the component that relates to its scale. It is clear from fig 9 that the wavelet basis function is divided into 

windows with variable sizes at different frequencies which causes the variation in time-frequency resolution, unlike the Fourier 

basis function that is divided into square windows of fixed sizes which doesn’t provide variation in time-frequency resolution as 

shown in fig 10 

 

 
Figure 9: Wavelet basis function [4] 

The variation in time-frequency resolution provides an infinite number of basis functions for wavelet transform but only 

one basis function for Fourier transform. 

 

 
Figure 10: Fourier basis function [4] 

 

The mathematical representation of DWT and IDWT formulas are shown in equations (5) and (6) respectively 
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where    is the wavelet kernel and is selected according to the mother wavelet chosen. To practically implement DWT only two 

filter banks are required a low pass filter and a high pass filter; which makes the implementation simple in terms of complexity. 

The description of the DWT implementation is provided in chapter four. The only difference in the block diagram between DFT-

OFDM and DWTOFDM is that the IDFT and DFT blocks in fig 7 and 8 respectively are replaced by IDWT and DWT as shown 

in fig 11 and 12 respectively. It is also clear that there is no cyclic prefix used in DWT-OFDM systems due to the overlapping 

properties of DWT; as well as that the side lobes in case of DWT contains very low data and that most of the data is carried in the 

main lobe, hence the amount of interference is very low . 

 
Figure 11: Block diagram of DWT-OFDM transmitter 

 
Figure 12: Block diagram of DWT-OFDM receiver 

 

 

IV. DIFFERENTIAL AMPLITUDE PHASE SHIFT KEYING 

In this section the mapping scheme or the modulation scheme that is used in this paper is explained. DAPSK is a multilevel 

modulation technique. DAPSK is chosen as the modulation scheme as it doesn’t require any channel estimation or equalization at 

the receiver, which improves the complexity of the receiver compared to other modulation schemes. As any differential 

modulation technique DAPSK can be represented as follows: 

 

kikiki SBS ,1,, .                                (7) 

 

where kiS ,  is the complex symbol, kiB ,  is the bit sequence to be modulated and kiS ,1  is the previous modulated complex 

symbol. In this paper 64-DAPSK was employed. DAPSK uses both amplitude and phase for modulation. For 64- DAPSK the 

number of bits per modulated symbol or in other words the number of bits used to get kiB ,  in equation 7 is six. Those six bits are 
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going to be referred to as b0, b1, b2, b3, b4 and b6. The first four bits are responsible for the phase modulation while the last two 

bits will be responsible for the amplitude part along with the previous modulated symbol as shown in equation 7. kiB ,  in equation 

7 can be represented as shown in equation 8 for 64-DAPSK 

 

 jq

ki eaB .,                              (8) 

 q = 0 ...3 

n = 0 ...15 

 =22.5 

where 
qa  represents the four possible amplitude levels and 

je  represents the sixteen possible phase states as shown from the 

constellation diagram presented in fig 13 

 

 
Figure 13: 64-DAPSK constellation diagram [5] 

 

 

V.RESULTS 

 

To evaluate the performance of the 64-DAPSK DWT-OFDM system and compare it to DFT-OFDM and DCT-OFDM 

systems, two evaluation parameters were used.  

The first parameter is the bit error rate (BER), BER refers to the number of bits in error in the received signal compared to 

the transmitted signal. BER is measured at different SNRs, it is used to investigate the robustness of the signal to the channel 

impairments. The measured BER is then plotted against the SNR that it was calculated at to show the relationship between them. 

The BER is calculated by comparing the received signal with the transmitted signal and then dividing the number of bits in error 

by the number of total bits in the signal. The second parameter is the peak to average power ratio (PAPR); PAPR is a 

measurement of the variations in the signal’s envelope. PAPR is calculated as follows: 
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where S(t) is the signal of interest. The PAPR is calculated for the transmitted and the received signal. The complementary 

cumulative distribution function (CCDF) was used to investigate the performance in terms of PAPR; the CCDF of PAPR can be 

defined as follows: 

 

              P(PAPR(dB) > PAPRth(dB))                         (10) 

 

where PAPRth is the threshold value in dB 

To evaluate the performance of the DWT-OFDM system over different channel conditions, the results of the BER 

calculation is presented. Fig 14 shows the BER at different SNRs for DWT-OFDM, DFT-OFDM and DCT-OFDM systems in the 

presence of AWGN only for the sake of comparison. 
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It is clear that in case of the presence of AWGN only the DWT-OFDM system outperforms the DFT-OFDM and DCT-

OFDM systems by 5 dB at BER of 0.0001. 

The figure also demonstrates that both DFT-OFDM and DCT-OFDM systems have similar performance. The BER was also 

observed over a Rayleigh flat fading channel in the presence of AWGN in fig 15. The DWT-OFDM outperforms both the DFT-

OFDM and the DCT-OFDM systems by about for 4 dB at BER of 0.001. Again DFT-OFDM and DCT-OFDM shows similar 

performance as each other. The performance over a Rayleigh multipath frequency selective channel in the presence of AWGN 

was also simulated. . Figure 16 shows the performance curves in terms of BER for the DWT-OFDM, DFT-OFDM and DCT-

OFDM systems over the frequency selective channel. 

It is observed that the DWT-OFDM system again outperforms both the DFT-OFDM and the DCT-OFDM systems by 3dB at 

BER of 0.001. 

 

 

 

Figure 14: Performance of BER in the presence of AWGN at different SNR 

 

 

 

 

 

 

Figure 15: Performance of BER over Rayleigh flat fading channel in the presence of AWGN 
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The performance curves of the DFT-OFDM and DCT-OFDM systems were almost the same at different SNRs. 

It is clear from that the DWT-OFDM over flat fading channel slightly outperforms the DWT-OFDM system over the 

frequency selective channel, it can be concluded  that in case of flat fading the BER reaches the target of 0.001 at a SNR of 26 dB 

and at SNR of 28 dB in case of the frequency selective channel. This demonstrates the superiority of the DWT-OFDM system 

over flat fading channel when compared to frequency selective channel by approximately 2 dB 

 

PAPR analysis for the the DWT-OFDM system is done by comparing the PAPR of the transmitted signal and the received 

signal for DWT-OFDM, DFT-OFDM and DCT-OFDM systems. In addition to demonstrating the effect of channel impairments 

at different SNR on the PAPR of the received signal. Figure (17) shows the CCDF of the PAPR for the DWT-OFDM, DFT-

OFDM and DCT-OFDM transmitted signal. Figure (18) shows the CCDF of the PAPR for the DWT-OFDM, DFT-OFDM and 

DCT-OFDM received signal.For the transmitted signal the PAPR of the DWT-OFDM system is 5 dB lesser than in the DFT-

OFDM system and 6 dB lesser that in the DCT-OFDM system. As for the received signal the PAPR of the DWT-OFDM system 

is 3 dB lesser than in the DFT-OFDM system and 3.5 dB lesser that in the DCT-OFDM system at a SNR of 10 dB. It is also clear  

that as the SNR decreases the PAPR increases. 

 
Figure 16: Performance of BER over frequency selective channel in the presence of AWGN 

 

 
 

Figure 17: Comparison of PAPR for the DWT-OFDM, DFT-OFDM and DCTOFDM transmitted signal. 
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Figure 18: Comparison of PAPR for the DWT-OFDM, DFT-OFDM and DCTOFDM  received signal at SNR of 10 dB. 

 

 

VI. DISCUSSIONS 

 

The performance of the DWT-OFDM system adopting 64-DAPSK as the modulation scheme was evaluated using BER and 

PAPR. The results for both parameters were presented above. 

The BER result shows that the DWT-OFDM system outperforms both DFTOFDM and DCT-OFDM systems over different 

channels. In the presence of AWGN the DWT-OFDM outperformed the DFT-OFDM system by 5 dB at BER of 0.0001. Over the 

flat fading channel and the frequency selective which are more practical than AWGN only the DWT-OFDM system also 

outperformed both DFT-OFDM and DCT-OFDM by 4 dB and 3dB at BER of 0.001 respectively. The reason for that is that the 

side lobes of the sub-carriers generated by DWT are much lower than those generated by DFT which makes it more immune to 

ISI. 

The BER curves also showed that over flat fading channel the DWT-OFDM system has a better performance than when 

compared to the frequency selective channel by 2 dB at BER of 0.001 dB. In addition to the improved performance the DWT 

OFDM system is more bandwidth efficient as it does not need any cyclic prefix or guard intervals when compared to DFT-OFDM 

and the DCT-OFDM systems, Since the DWT sub-carriers overlap in both frequency and time domain. The BER results over the 

flat fading channel is very close to that in the frequency selective channel as the sub-carriers are narrow-band, so each sub-carrier 

in case of the frequency selective channel experience flat fading. The results proved that DWT-OFDM are more robust to channel 

impairment than DFT-OFDM and DCT-OFDM systems. 

High PAPR is one of the main disadvantages of DFT-OFDM systems. The results show that DWT-OFDM systems have 

lower PAPR when compared to the DFTOFDM and the DCT-OFDM systems. The PAPR of the transmitted signal was lower in 

the DWT-OFDM system by 5 dB and 6 dB than in the DFT-OFDM and DCT-OFDM systems respectively. As for the received 

signal at SNR of 10 dB and after passing through a flat fading channel the DWT-OFDM gives a PAPR lower than that of the 

DFT-OFDM and the DCT-OFDM systems by 3 dB and 3.5 dB respectively. DWT based OFDM system adopting 64-DAPSK 

modulation proved that it outperformed DFT based OFDM systems in terms of BER and PAPR and that it can be a viable option 

to be considered instead of the conventional OFDM systems. 

Using the 64-DAPSK reduced the implementation complexity of the receiver, as it doesn’t need channel estimation or 

equalization. DAPSK is a differential modulation and demodulation technique that compensates the channel effect on the signal 

without the need of any previous knowledge of the channel. 

 

VII. CONCLUSION 

 

The main aim of the paper was to evaluate the performance of a DWT based OFDM system adopting 64-DAPSK as the 

modulation scheme, given that no extensive work has been carried out on this specific topic. A literature review of existing material 

that is relevant to the topic of interest as well as a background overview on conventional OFDM, DWT-OFDM and DAPSK was 

presented.  

A MATLAB simulation was carried out and different channel impairments were used. First the performance of the system was 

evaluated in the presence of AWGN only, then in the presence of AWGN and flat fading channel and finally in the presence of 

AWGN and frequency selective channel. The BER was calculated in every case and its performance curve at different SNRs was 

presented. A DFT based OFDM system with 64-DAPSK modulation was also simulated for the sake of comparison.  
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The BER results showed the superiority of the DWT-OFDM system over the DFT-OFDM system. In the presence of AWGN 

the DWT-OFDM outperformed the DFT-OFDM system by 5 dB at BER of 0.0001. Over the flat fading channel and the frequency 

selective which are more practical than AWGN only the DWT-OFDM system also outperformed the DFT-OFDM by 4 dB and 3 

dB at BER of 0.001 respectively.  

The results of the PAPR showed that DWT-OFDM systems have lower PAPR when compared to the DFT-OFDM system. 

The PAPR of the transmitted signal was lower in the DWT-OFDM system by 5 dB than in the DFT-OFDM system. As for the 

received signal at SNR of 10 dB and after passing through a flat fading channel the DWT-OFDM gives a PAPR lower than that of 

the DFT OFDM system by 3 dB. 

It was concluded that DWT-OFDM system with 64-DAPSK modulation is practical alternative to the DFT-OFDM system and 

can be considered in future wireless communication system. 
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