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Abstract— To cope with the requirements of higher bandwidth
efficiency wavelet transform based OFDM system (WOFDM)
have been proposed in place of Fast Fourier transform based
OFDM systems because of its high spectral containment by many
researchers. This paper gives the comparative analysis to check the
performance of conventional OFDM and Wavelet based OFDM
with different channel coding techniques with different code
rate/parameters over the Rayleigh fading channel. The BER
performance of comparative analysis shows that Wavelet based
OFDM system gives better coding gain than conventional OFDM
system and with various forward error correction techniques the
performance is further enhanced.

Index Terms— BCH, BER, Coding gain, Convolutional
Codes, OFDM, RS, Wavelet based OFDM(WOFDM)

I. INTRODUCTION

O meet the current requirement of high data rate

transmission with efficient bandwidth utilization and

lower bit error rate coded OFDM is the solution. A high
data rate transmitted signal has a large bandwidth, this means
that it is subjected to frequency selective fading, which
can distort the signal significantly. One solution is to parallely
transmit the data symbols on many narrow band sub-channels
by dividing the available bandwidth for transmission. As low
data rate sub channel‘s frequency component encounter an
almost flat channel and this is achieved through OFDM
scheme.

ORTHOGONAL FREQUENCY DIVISION MULTIP-
LEXING is a FFT based multicarrier modulation (MCM)
scheme, in which higher data rate serial input symbols is
splited or converted to multiple parallel lower rate symbols,
and each is carried on separate orthogonal subcarriers,
orthogonal subcarrier refers to maintaining the  each
subcarrier’s value as zero exactly at the center frequency of
every other subcarrier. Because of the orthogonality and the
overlapping nature of subbands OFDM system does not
require intercarrier guard band, but the cyclic prefix is added
during the initial part of OFDM symbol as a guard band to
solve the problem of inter symbol interference (ISI) due to
nearby OFDM symbols [1],[2].
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Overlapping nature of sub-bands makes OFDM system

bandwidth efficient also, it's need to make sure that coherence
bandwidth of channel should be more than the bandwidth of
each subcarrier, which makes the subcarriers to experience flat

fading, hence no inter symbol interference, if the cyclic prefix
i.e. guard interval is made greater than the channel’s delay
spread, ISl can be completely avoided. Because of this
numerous advantages OFDM is employed in all domains of
wireless communications. RS and LDPC coding are used with
conventional OFDM for (Digital Video Broadcasting -
Satellite) DVB S and DVB S2, WiMAX respectively [3],[6].

OFDM has some demerits, because of the multipath fading
channel inter-symbol interference ISI occurs, and this effect
can be nullified completely with the help of cyclic prefix (CP),
but this reduces spectral efficiency. The OFDM transmitted
signal exabits high peak values in the time domain since many
components of the subcarrier gets added because of an IFFT
operation. That’s why OFDM systems well known to possess
high peak to average power ratio. In case of Time variant
channels orthogonality among subcarriers gets affected due to
doppler shift, causes carrier frequency offset [2,3,4,5].

The wavelets based OFDM systems are further enhances
spectral efficiency as appending cyclic prefix at the start of
OFDM symbol is not required, and possess very narrow side
lobes hence outperforms conventional OFDM systems.
WOFDM with coding techniques and different wavelet basis
further enhances the performance of the system. The IEEE
1901-2010 standard based on wavelet OFDM "Wavelet PHY"
includes a forward error correction techniques concatenated
Reed-Solomon and convolutional code, and also provides
option for low density parity check (LDPC) coding [6],[8],-
[16],[17].

This paper gives the comparative analysis for the
performance of coded WOFDM and coded conventional
OFDM. Forward error correction (FEC) is the process of
adding structured redundant bits to the ‘k’ message bits so as
to get ‘n” bits (where n-k bits referred as check bits), this is so
achieved that received data at the receiver can be corrected if
error is occurred during the transmission. Here performance of
WOFDM and DFT-OFDM is compared, using BCH, RS and
convolutional coding techniques, over AWGN and Rayleigh
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channel. Section Il provides an insights into the fundamentals
of conventional OFDM systems, while section Il gives
description of wavelet based OFDM system model. In section
IV the performance analysis is discussed with different
simulation results, and section V conclusions.

Il. FFT BASED OFDM SYSTEM

The OFDM signals can be generated by a bank of
traditional multiplier-filter modulators and demodulated by a
bank of traditional correlatores however, it can be generated
more efficiently by an N point IFFT and demodulated by an N
point FFT. It is because of this that OFDM has found
widespread uses in all types of communication systems. The
block diagram of FFT/DWT based OFDM transceiver with
coding shown in Fig. 1.
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Fig. 1. FFT and wavelet based OFDM system model.

OFDM transmitter after channel coding maps message bits
to QAM symbols (for simulation we used 64 QAM). These
QAM symbols then divided to parallel streams, all the ‘N’
symbols (‘N’-No.of subcarriers/IFFT length, for simulation
we used 64 subcarriers) after serial to parallel conversion
transmitted on different subcarriers. Let's For example. X, (k)
represents the i transmitted symbol on the k™ sub-carrier,
i=012 .. k=012....N—1 Due to this the
transmission time of symbols is increased to NTs , where T, is
one QAM symbol period and N is number of subcarriers,
which gives length of one OFDM symbol to Ty, (i.€., Teym =
NT,). The orthogonality between two neighboring carriers in
the spectrum is maintained as the carriers are spaced 1/T;
apart. Let @; (£ defines the i™ OFDM signal on the k™ sub-
carrier, which is given as

o o, elsewhere

In the continuous time domain the base-band and pass-band
OFDM signals can be expressed mathematically as
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The discrete time OFDM symbol can be calculated from the
continuous time base-band OFDM signal in Equation (2) by
sampling at t=iTy, +nT, and T, =T, /N and
fie = k/Tepm Jhence the related Discrete time OFDM symbol
is

i
Xf [k] g-i-: Tk f_r - ET:_'I."I’."I..:

v ans o (2)

N=-1

x;[n] = ZA’E [k]e/*™kniN  far n=10,1,..N—1 (3)
k=D

Note that equation ‘3’ is nothing but the N-point IDFT of
QAM data symbols {¥;[k]}¥=} and with the help of IFFT
(inverse fast fourier transform) algorithm we can compute it
efficiently. This fact implies that samples of the complex
envelope of an OFDM signal can be generated by IDFT, and
at receiver the X; [k] reconstructed by means of appling DFT
[3].To minimize the effect of inter symbol interference (ISI),
a guard interval (C/P) is inserted between OFDM symbols, if
the guard interval is more than the length of the channel’s
delay spread, ISI can be completely avoided [6].

I1l. WAVELET BASED OFDM SYSTEMS

In 2006 patent is filed for a new technique where wavelet
transforms is used for data symbols modulation onto a number
of subcarriers by Jain and Myers, which is referred as
orthogonal wavelet division multiplex, and this could be an
efficient option to conventional OFDM (where we uses
Fourier transforms) has been shown by Linfoot and Ibrahim
[8]. As no requirement of cyclic prefix almost 20% Bandwidth
can be saved.

A. Wavelets

To analyse the time variant signal in frequency domain,we
can use Fourier transform with proper window size to get the
accurate information if the signal is slowly varying, however
if there is fast fluctuations of the signal ,where we need to find
how frequently signal is varying (i.e. frequency domain
information) where Fourier transform is not practical to get
both time and frequency domain information simultaneously.
for example, Audio signal analysis, where both time and
frequency analysis is necessary.

Most common techniques that used for time frequency
analysis are, the short time Fourier transform, where we
moves the window over the signal which is in time domain,
but because of fixed window size problem of resolution
occurs., therefore solution is wavelet transform. or the
wavelet packet Transform. The wavelet transform represents a
time variant signal over a time by a two dimensional function
of ‘m” and ‘k’ (where k> is called shifting/translation
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parameter and ‘m’ the scaling factor of the wavelet function,

like Haar, Daubechies etc.).The CWT (continuous wavelet
transform) of a signal c(t) can be defined as [10]:

cwrwﬂ_.r_fdﬂ ¢G——Jdr . (&)

where t is the time, @(£) is referred as mother/basis wavelet
and —qa ( ) is the baby wavelet[10] which is a formed by

either dllatlon or compacting the mother wavelet. There are,
varieties of different baby wavelets for example symlet, morlet
where the Haar wavelet can be represented as ;

1, 0=t=1/2
wlt) = ]—1, 1/2=t=<1
0, otherwise

1. 0=t=1
0, otherwise

Now from the theory of wavelet the any arbitrary signal is
expressed to a summation of wavelet and scaling functions,
and which is referred as wavelet transform (WT). It is not
practical to find CWT so the discrete wavelet transform should
be used. for this, a discrete wavelet is correlated with discrete
signal [13].

Mallat S.G. [11] demonstrated the simplest way to realize
the discrete wavelet transform from continuous wavelet
transform with the help of subband filtering, where the banks
of matched high pass and low pass filters are utilized. And
observing  for a 2" point DFT, the uniform division of
bandwidth takes place, whereas for an n-level discrete wavelet
transform, the bandwidth gets logarithmically divided, here at
each level low pass filter outputs i.e. half of the spectrum are
decomposed. The bandwidth division structure comparison

between DFT and DWT is shown in Fig. 2.
Gain

And its scaling function is @(z) = {
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Fig. 2.

Complex exponentials of the Fourier transform are replaced
by means of wavelet carriers with different scaling factor ‘m’
and translations ‘k’ on the time axis for wavelet transform.
These wavelet carriers/functions are defined by the shifting
and scaling of a unique function, called " mother wavelets "
and represented by @(t}, and importantly the orthogonality
among these wavelet carriers depends on shifting/translation
‘k’ and scale index ‘m’. The orthogonality is accomplished by
generating baby wavelets for particular mother wavelet
family, according to equation,
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Perfect reconstruction property of wavelet analysis actually
helps to reconstruct the transmitted signal at receiver
accurately. In this work the ‘haar’ wavelet, is considered to
check the performance of BCH/RS/convolutional coded
wavelet OFDM with conventional OFDM over wireless
channel AWGN and Rayleigh.

B. Wavelet Packet Transform (WPT)

The MCM systems such as OFDM where uniform division
of bandwidth utilized among subcarriers, hence wavelet
transform which provides logarithmic division of the
bandwidth is not suited, however the generalization of wavelet
transform is wavelet packet transform, where the orthogonal
carriers are “wavelet packets”. |2 refers to the two times down
sampling, In case of discrete wavelet transform process, at
each level only low pass coefficients (approximation
coefficients) are further decomposed by passing it through
matched low pass filter and high pass filters, whereas in case
of a discrete wavelet packet transform, both the high pass
(detail) and low pass coefficients at each level are
decomposed. [9]. A wavelet packet transform tree structure is
shown in Fig. 3.
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Fig. 3. Implementation of DWPT

12 refers to the two times up-sampling The realization of the
Discrete Wavelet Packet Transform steps are mentioned as
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follows, The sampled time domain signal which is shown at

Levell Level 2 =Ees o Leveln

Fig. 4. Implementation of IDWPT

leftmost f(t;) in the diagram also defined as ‘root’ is
decomposed by means of convolving the signal with high pass
filter ‘h> and low pass filter ‘g’, and then down sampled by
two times. For the next level both these two outputs are again
decomposed and downsampled as previous, and hence this
continues to ‘n’ level to get the decomposed wavelet packet
coefficients defined as ‘leaves’ shown at the rightmost in fig.3.
this process of ‘n’ level DWPT decomposition generates a
binary tree like structure as shown consists of 2™ ‘high’ and
‘low” FIR filters (h and g) at level ‘m’. [9],[12].

Wavelet packet reconstruction (WPR), is also referred as
the inverse discrete wavelet packet transform (IDWPT),
similar to the DWPT the IDWPT also has tree structure flow
of operational steps shown in fig.4. this is exactly “mirror
image” of fig.3. Here the data flow is from leftmost ‘leaves’
and rightmost ‘root’, and instead of downsampling
upsampling is performed as shown in fig.4. [9],[12].

IV. SIMULATION RESULTS AND ANALYSIS
The following parameters are considered for the simulation.

Table I.
Parameter Value
M-QAM 64
No of subcarriers 64
Cyclic prefix Length 16
BCH code (15,5,7),(15,7,5)
RS code (15,5),(31,15),(31,23)
Convolutional code 1/2rate with CL=7
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From Fig. 5. We can say that, the conventional OFDM with
1/3 rate narrowsense binary BCH code i.e.(n=15,k=5,d=7) for
BER:10™ provides 1dB power improvement w.r.to without
coded OFDM. where for the same BER DWT based coded
OFDM provides 2dB power improvement over the AWGN
channel.

| == OFDMwith BCH coding
*y —E—WOFDM i
d =¥ WOFDM with BCH coding

10
0°}
10‘0 1 ! L 1 1 | ! 1 L
0 2 4 6 8 10 12 ¥ B 1B 2
Eb/No (48)
Fig. 5. BER for FFTOFDM & WOFDM over AWGN channel for (15, 5)
BCH code.

From Fig. 6. We can say that, the conventional OFDM with 8
symbol error correcting 1/2 rate RS code i.e.(n=31,k=15,t=8)
over GF(2°) and for BER:10° provides 1.5dB power
improvement w.r.to without coded OFDM, whereas for the
same BER DWT based coded OFDM provides 2.5dB power
improvement.
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Fig. 6. BER for FFTOFDM & WOFDM over AWGN channel for (31, 15) RS
code.

From Fig. 5 and Fig. 6 we can say that the 1/2 rate RS
WOFDM gives more coding gain than 1/3 rate BCH coded W
OFDM.

F{ =B OFDM without coding
| == OFOM with coding

1 == WOFDM without coding |
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M I ! ! | !

0 5 10 15 2 5 k| ¥
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| === WOFDM without coding
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Fig. 8. BER for FFTOFDM & WOFDM over Rayleigh fading channel for
(15, 5) BCH code.

Table 1. For BCH coding (ref.fig.7 and fig.8)

EbiNo (¢5)

Fig. 7. BER for FFTOFDM & WOFDM over Rayleigh fading channel for
(15, 7) BCH code.

BER | Eb/No(dB) Code Coding Ofdm

rate gain type
10° 25 1/2 7.5dB FFT
10° 22 1/2 10.5dB DWT
10° 24 1/3 8.5dB FFT
10° 20.5 1/3 12dB DWT

Table 11.For BCH and RS coding (ref.fig.5 and fig.6)
BER | Eb/No(dB) | Code | Coding gain Ofdm
rate type
10* 17 1/3 1dB FFT
10" 16 1/3 2dB DWT
10° 15 1/2 1dB FFT
10° 135 1/2 2.5dB DWT

From Fig.7. We can say that, the conventional OFDM with 1/2
rate narrowsense binary BCH code i.e.(n=15,k=7,d=5) for
BER:10°® provides 7.5dB power improvement w.r.to without
coded OFDM. where for the same BER DWT based coded
OFDM provides 10.5dB power improvement over the
Rayleigh fading channel

From Fig. 8. We can say that, the conventional OFDM with
1/3 rate narrowsense binary BCH code i.e.(n=15,k=5,d=7) for
BER: 10°® provides 8.5dB power improvement w.r.to without
coded OFDM. Where for the same BER DWT based coded
OFDM provides 12dB power improvement over the Rayleigh
fading channel.
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From Fig.9. We can say that the, conventional OFDM with 1/3
rate 5 symbol error correcting RS code i.e.(n=15,k=5,d=11)
over GF(2*) and for BER:10° provides 8.5dB power
improvement w.r.to without coded OFDM. Where for the
same BER DWT based coded OFDM provides 12.5dB power
improvement over the Rayleigh fading channel.

From Fig.10. We can say that, the conventional OFDM with 8
symbol error correcting 1/2 rate RS code i.e.(n=31,k=15,t=8)
over GF(2°) and at BER:10° provides 9.5dB power
improvement w.r.to without coded OFDM. Where for the
same BER DWT based coded OFDM provides 13dB power
improvement.
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Fig. 9. BER for FFTOFDM & WOFDM over Rayleigh fading channel for
(15, 5) RS code.

From Fig.11. We can say that, the conventional OFDM with 4
symbol error correcting RS code i.e.(n=31,k=23,t=4) over
GF(2°) and for BER:10° provides 8.5dB power improvement
w.r.to without coded OFDM, where for the same BER DWT
based coded OFDM provides 10.5dB power improvement.

[-| —8— OFDM without coding
£ —§F— OFDM with coding

'l —&— DWTOFDM without coding
[ =8 DWTCFDM with coding

10 i ! I i
0 5 10 15 20 2 30 i
Eb/Mo (dE)

Fig. 10. BER for FFTOFDM & WOFDM over Rayleigh fading channel
for (31,15) RS code over GF(2°).

Table IlI. For RS coding (ref.fig.9,fig.10 and fig.11)

BER | Eb/No(dB) | t=error | Coding | OFDM
correction | gain type
capability

10° 24 5 8.5dB FFT

10° 20 5 12.5dB | DWT
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10° 23 8 9.5dB FFT
10° 19.5 8 13dB DWT
10° 24 4 8.5dB FFT
10° 22 4 105dB | DWT
100 ' ChenanEbN MG NN IR A HEH
R B O e AL S 2| =8 OF DM without coding
¢ ieverie | == OFDM with coding
1o reer] —&—WOFDM without coding
0%k
[V
W
[11]
1[]'3, .......
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0 5 10 15 2 % 20 %

EbNo (46)

Fig. 11. BER for FFTOFDM & WOFDM over Rayleigh fading channel for
(31,23) RS Code over GF(2°).
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Fig. 12. BER for FFTOFDM and WOFDM over AWGN channel using 1/2

rate convolutional code with Viterbi decoding for CL=7.

Fig. 12. Gives performance comparison of conventional
OFDM with WOFDM over AWGN channel using 1/2 rate
convolutional code with hard and soft Viterbi decoding for
constraint length=7. From the Fig.12. We can say that 1/2 rate
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convolutional code with hard Viterbi decoding at BER:107
provides 0.1dB power improvement w.r.to uncoded OFDM,
whereas WOFDM with hard decoding gives 1dB coding gain
w.r.to uncoded conventional OFDM, and for soft decoding
performance improves to 4dB.

Fig.13. Gives performance comparison of conventional
OFDM with WOFDM over Rayleigh channel using 1/2 rate
convolutional code with soft Viterbi decoding for constraint
Length =7. From the Fig. 13. We can say that at BER: 10
WOFDM provides 5.5dB power improvement w.r.to without
coded OFDM.

1 —6— OFDM E
| —e—woFDM ]
{ —E— COFDM SOFT |
| —F— CWOFDM SOFT |3

0 5 10 15 20 x5 I *
Eb/No (dB)

Fig. 13. BER for FFTOFDM and WOFDM over Rayleigh channel using 1/2
rate convolutional code with Viterbi decoding for CL=7.

From fig.5,6 and 12 we can say that, for lower value of SNR
over AWGN channel convolutional coding gives better
performance than BCH and RS ,but for Rayleigh channel RS
outperforms than BCH and convolutional codes.

V. CONCLUSION

Wavelet based OFDM provides improved BER
performance in AWGN and Rayleigh fading channel than
FFT-OFDM also it is more bandwidth efficient than
conventional OFDM because cyclic prefix is not added for
WOFDM. In this work Haar wavelet is used for the analysis,
for other wavelets performance is different, and with error
control coding performance further enhanced, 1/2 rate RS
coding gives more coding gain than 1/3 rate BCH code, and
WOFDM with RS code outperformance than BCH and
convolutional codes for Rayleigh channel.
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