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Abstract: - Orthogonal Frequency Division Multiplexing (OFDM) has been widely adopted in many 

applications due to its good spectral performance and low sensitivity to impulse noise and multipath channels. 

It has been widely adopted and standardized in many applications today. It is well known in OFDM that a 

cyclic prefix (CP) is appended to each symbol in order to mitigate the effect of Inter-Symbol-Interference (ISI). 

However, this reduces the spectral efficiency. A perfect reconstruction using wavelet packet transmultiplexer in 

OFDM transceiver counters the degrading effect of ISI, and also conserves bandwidth. In comparison to FFT-

OFDM, Wavelet Packet Modulation (WPM) offers much lower side lobes in the transmitted signal, which 

reduces inter carrier interference (ICI) and narrowband interference (NBI). WPM improves spectral efficiency 

due to the exclusion of CP. Nevertheless, it requires an efficient equalization technique to counter the ISI and 

ICI. Wavelet based OFDM has been suggested to improve BER performance of transceiver in wireless 

communication. In this paper, a study of wavelet packet transform modulation WPT-OFDM scheme is 

conducted, and the performance comparison is made against the traditional FFT-OFDM over various fading 

channels. The analysis is done using various number of modulation QAM constellation points. Specifically, the 

analysis is on the effect of QAM constellation points in AWGN channel, flat fading channel and frequency 

selective fading channels. Simulation results using QAM Modulation points (8 to 64 Point), and the BER best 

performance of WPT- OFDM system is when the QAM Modulation parameter (QAM = 8) in all channels. 
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1. Introduction 
Multi carrier modulation (MCM) is very efficient 

transmission technique for wireless communication 

system. The modulation technique works by 

simultaneously transmitting N data symbols through 

N carriers, thus reducing the symbol rate to one N
th
 

of the original symbol rate. Also it increases the 

symbol duration by N times. The technique offers 

more robust against intersymbol interference (ISI) 

caused by channel dispersions and multipath 

interference. In additions, the MC system divides 

the original frequency band into several narrow 

bands, thus making the system less sensitivity to 

wide-band impulse noise and fast channel fades as 

compared to the single carrier modulation 

technique. 

Orthogonal Frequency Division Multiplexing 

(OFDM) employs MCM technique, and received 

considerable attention due to the need for high speed 

data transmission. Orthogonal subcarriers allow 

their spectrums to overlap which achieves the high 

spectral efficiency. As long as the subcarriers 

preserve their orthogonality, adjacent subcarriers do 

not interfere with each other. Nowadays, OFDM has 

been accepted as the standard in several wired line 

and wireless applications such as the European 

Digital Audio Broadcasting (DAB), Digital Video 

Broadcasting (DVB) and WiMAX (IEEE 802.16) 

[1].  

The Wavelet based OFDM or in particular the 

Wavelet Packet Modulation (WPM) is an alternate 

approach to the conventional OFDM scheme that 

exploits the self and mutual orthogonality properties 

of wavelet packet basis functions.  Unlike the 

traditional FFT-OFDM which divides the whole 

bandwidth into several orthogonal and overlapping 

subbands of equal bandwidths, WPM uses discrete 

wavelet packets transform to multiplex the 
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transmission. In this technique, the data are assigned 

to the wavelet subbands of having different time and 

frequency resolutions. Thus, this makes the WPM 

based OFDM very flexible. 

Furthermore, it has been shown in [2] that using 

WPM is more robust to narrowband interference 

and multipath propagation loss than FFT-OFDM. In 

that work, it has also shown that the signals are 

more spectrally efficient than the conventional FFT-

OFDM signals. 

There are some significant differences between 

these two systems. FFT-OFDM signals only overlap 

in the frequency domain, while the WPM-OFDM 

signals overlap in both, time and frequency 

domains. Due to time overlap in WPM-OFDM 

system, this allows the system to exclude the use of 

CP codes or any kind of guard interval (GI) that is 

commonly used in FFT-OFDM system. In FFT-

OFDM the CP codes are used to overcome ISI 

caused by dispersive channel.  

There have been many works done in wavelet based 

OFDM systems. The work in [3] presents the 

performance comparisons of DFT-OFDM and 

DWT-OFDM on three different channel models 

using BPSK modulation scheme. While [2] presents 

the performance comparison of conventional DFT 

with Discrete Wavelet Packet Transform (DWPT) in 

an OFDM transceiver. The performance comparison 

of DFT-OFDM and wavelet packet based OFDM 

(WOFDM) using arbitrary FIR channel with 

different types of wavelet packets is presented in 

[4]. The work in [5] investigates the bit error rate 

(BER) performances of OFDM and WPM systems 

in the presence of carrier frequency offset and phase 

noise. 

In [6] performance comparison of OFDM and WPM 

for several multipath wireless channels is presented. 

They propose a novel application of zero-forcing 

(ZF) and minimum mean square error (MMSE) 

algorithms as time-domain channel equalization 

techniques for WPM systems. In [7] the BER 

performance of conventional DFT - OFDM system 

is compared with discrete wavelet transform 

(DWT)-OFDM system and discrete cosine 

transform (DCT)-OFDM system in an AWGN 

environment.  

Meanwhile, the use of Quadrature Amplitude 

Modulation (QAM) modulation in OFDM system 

scheme has become very popular since it offers 

wider range of envelope fluctuation as explains in 

[8]. Besides, it provides higher spectral efficiency 

due to the usage of amplitude and phase modulation 

which effectively increase the channel capacity [9]. 

This paper investigates the impact of the number of 

QAM constellation points over FFT-OFDM and 

WPT-OFDM in AWGN channel, Flat Fading 

channel and Selective Fading channel. The analysis 

is done for various numbers of modulations QAM 

constellation points (8 to 64), and simulated over 

these channels. Simulation results show that the best 

BER performance exhibits by the WPT-OFDM 

system, when the number of modulation QAM is 8 

for all channels.  

The rest the paper is organized as follows; section 2 

presents the FFT-OFDM system model, section 3 

presents the Discrete Wavelet Packets Transform 

(DWPT), section 4 presents the DWPT-OFDM 

system model. Section 5 presents the channel 

estimation for OFDM systems and section 6, and 7 

presents the simulation results and conclusions 

respectively. 

                     

2. FFT-OFDM System Model 
The simulation model of FFT-OFDM is shown in 

Figure 1 which is obtained from [10, 11]. The input 

data stream is first mapped into the QAM 

modulation scheme according to the QAM 

constellation mapping. Then the complex number 

output is converted from serial to parallel into N-

points IFFT to generate the OFDM symbols.  

The output data from IFFT is now converted from 

parallel to serial and a cyclic prefix is added to the 

data. The data are sent via wireless channel after 

being converted to frame structure (serial data 

stream). The frame structure consists of the 

modulated data and the pilot signal which is used 

for channel estimation and compensation. The 

channel consists of a multipath fading (flat fading 

channel or frequency selective fading channel) with 

AWGN.  

At the receiver the reverse operations of the 

encoding processes are employed. The cyclic prefix 

is removed and a serial to parallel conversion is 

done for the signal. A FFT with N points is used to 

convert the signal from time to frequency domain. 

Then the effective channel is compensated after the 

OFDM demodulation, the signal demapper is used 

to recover the transmitted signal. 

 

3.Discrete Wavelet Packets Transform 

(DWPT) 
Wavelet packets transform has been first 

introduced for data compression due to it 

functions are localized in both time and 

frequency domains. The construction of a 
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wavelet packets basis starts from a pair of 

quadrature mirror filters (QMF), g1 and g0, 

satisfying the following conditions [12, 13]; 

∑
∞

−∞=

=
n

ng 2)(1
                                      (1) 

 ∑
∞

−∞=

=−
n

kkngng )(2)2()( 11 δ                   (2)    

 )1()1()( 10 −−−= nLgng n                  (3) 

 

The sequence of functions )(xnϕ , called wavelet 

packets, are recursively defined by the QMF g1(n) 

and g0(n) as [12, 13];  

 

 ∑
∈

−=
zk

nn kxkgx )2()()( 12 ϕϕ               (4) 

∑
∈

+ −=
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nn kxkgx )2()()( 012 ϕϕ
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The first two functions of this sequence )(0 xϕ  and 

)(1 xϕ  are exactly the scaling function and its 

corresponding wavelet function from a 

multiresolution analysis. Since the two functions 

)(2 xnϕ  and )(12 xn+ϕ  are generated from the same 

function )(xnϕ , they are called the “children” 

functions of the “parent” )(xnϕ . The two operators, 

also known as filtering-down sampling processes 

using the QMF g1(n) and g0(n), are defined as [12, 

13]:  
 

{ } ∑
∈

−=
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These two operators are used to decompose 

(analyze) any discrete function x(n) on the space 

l
2
(Z) into two orthogonal subspaces l

2
(2Z). In each 

step two coefficient vectors has a length half of the 

input vector are produced. Thus, the total data 

length remains unchanged. The process continues 

and stops at any desired step. The output coefficient 

vectors become scalars for the deepest 

decomposition level. This decomposition process is 

named as Discrete Wavelet Packet Transform 

(DWPT). The transformed coefficient vectors are 

orthogonal and the original signal x(n) can be 

recovered from the coefficient vectors by the 

inverse transform. This process is defined as a series 

of up-sampling-filtering using the reversed filters g1 

(-n) and g0 (-n). The wavelet packets function set 

defined in Eq. (4) and Eq. (5) can also be 

constructed using the Inverse DWPT (IDWPT) with 

the dual operators of Eq. (6) and (7) are defined as 

[12, 13];  

 

{ } ∑
∈

− −=
zk

kngkxnxG )2()()2( 1

1

1
              (8)   

{ } ∑
∈

− −=
zk

kngkxnxG )2()()2( 0

1

0

            

(9)     

             

The process of constructing a wavelet packet 

function set can be more clearly seen via the 

wavelet packet construction tree shown in Figure 2. 

Each wavelet packet function is constructed starting 

from a leaf of this binary tree with an impulse δ(n) 

going up node by node until reaching the root of the 

tree. The operator from one node to an upper layer 

node is one of the above operators G1
-1
 and G0

-1
 

depending on the left/right direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

4. DWPT-OFDM System Model 
Figure 3 shows the transmitter part of DWPT-

OFDM. The data symbols are converted from serial 

to parallel of block data for N OFDM subcarriers. 

Thus, decreases the symbol rate by a factor of N that 

is equal to the number of sub-carriers. 

These symbols are modulated to different 

subcarriers through an IDWPT block. This 

modulation/mapping is equivalent to the Inverse 

Discrete Fourier Transform block in the 

conventional sinusoid waveform based multicarrier 

system. The inverse wavelet packet construction 

tree for two levels is shown in Figure 4. 
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Figure 2: Wavelet packet construction tree [12]. 
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5. Channel Estimation  
At the receiver, the transmitted signals are received 

from the multipath fading channel. After removing 

the guard interval, performing DFT and channel 

estimation, the demodulated signal of the k th sub-

carrier can be represented as [14] [15]: 
 

( ) ( ) ( ) ( ) 10 −≤≤+= NkkWkHkXkY                (10) 

Where N is the number of sub-carriers, H(k) and 

W(k) represent the frequency transfer function of the 

channel and additive white Gaussian noise (AWGN) 

with zero mean and variance of  σ 2

w
 . Then the 

binary information data is obtained back in “signal 

demapper” block as shown in Figure 3 given as [14] 

[15]. 
 

( ) ( )
( )

1,.....,1,0 −== Nk
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e
e                 (11) 

 

5.1 LS and MMSE Estimators 
In this section we study the performance of the 

some channel estimation methods. We consider the 

popular least squares (LS) and minimum mean-

square-error (MMSE) techniques which require less 

knowledge of the channel statistics. 

For convenience, Eq. (10) can be written in matrix 

notation given as [16]; 
 

WXFhY +=                                                     (12) 

 

Where  

( )XXXdiagX N 110 ,,, −= …                                        (13) 
 

Let F be the DFT-matrix given as [16]; 
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If the time domain channel vector h is Gaussian and 

uncorrelated with the channel noise, the frequency 

domain MMSE (Minimum Mean Square 

Estimation) estimation for h is given by [16]: 
 

YRRFhFH YYhyMMSEMMSE
1ˆˆ −==                        (15) 

 

Where, 

( ) XFRhYER
HH

hh
H

hy ==                                     (16) 

 

( ) IXFXFRYYER ww
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H

YY σ2+==                            (17) 
 

The term Rhy and R
yy

 are the cross covariance matrix 

between h and Y and the auto-covariance matrix of 

Y respectively. The term σ 2
w  

represents the noise 

variance. The Least Square (LS) estimator is 

represented by [16]: 
  

YXFQFhFH
HH

LSLSLS
== ˆˆ                               (18) 

 

Where,  

( ) 1−
= XFXFQ HH

LS
,                                            (19) 

 

 Then the LS estimator becomes: 
 

YXHLS
1ˆ −=                                                (20) 

 

5.2 Simplified Estimators 
The MMSE estimator requires the calculation of an 

N x N matrix. The term MMSE Q implies a high 

complexity of MMSE design whenever N is large.  
 

A simplified linear MMSE estimator with pilot 

signals is denoted as [17]:  

H
SNR

RRH LShhLMMSE hh ˆˆ

1







+=

−β
                   (22) 

Where, ( ){ } σ 22
/ np kXESNR =                           (23)  

( ){ } ( ){ }kXEkXE pp
22

/1=β  is the average signal-to noise 

ratio and a constant depending on the signal 

constellation. 

  

5.3 Channel Estimation of OFDM Systems 
This section presents the FFT-OFDM system that 

employs channel estimation technique (MMSE and 

LS) algorithms. Since the radio channel is frequency 

Figure 4: Inverse wavelet packet construction 

tree for two levels [12]. 
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selective and time varying for wide band mobile 

communication systems, a dynamic estimation of 

channel is necessary for OFDM signals [18]. In 

order to estimate the channel transfer function, the 

inverse of the channel transfer function is applied to 

every OFDM frame. This compensates the channel 

effects very much like equalization technique. There 

are two types of channel estimations used i.e. block 

type and comb-type pilot channel estimation 

techniques. 
 

A. Block-Type Pilot Channel Estimation 

In block-type channel estimation technique is 

performed by inserting pilot carriers in all sub-

carriers of OFDM symbols. OFDM channel 

estimation pilots are transmitted periodically. The 

Block-type pilot channel estimation technique has 

been developed under the assumption of slow fading 

channels [19], as shown in Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The estimation of the channel can be performed by 

using either LS or MMSE algorithms [19]. For LS, 

the estimated channel frequency response is given 

by: 

YXH e ⋅= −1
                                                   (24) 

where X and Y denote the input data to IFFT block 

at the transmitter and the output data of FFT block 

at the receiver respectively. 

The estimated channel frequency response (He) is 

used to find the estimated transmitted signal ( )kX e : 
 

( ) ( ) ( ) 1,,1,0,/ −== NkkHkYkX ee …                  (25) 
 

When the channel is in slow fading, the channel 

estimation inside the block can be updated using the 

decision feed back equalizer at each sub-carrier 

[18]. 
 

B. Comb-Type Pilot Channel Estimation 

The comb-type pilot channel estimation has been 

introduced whenever the channel changes fast, even 

in one OFDM block. This is done in order to satisfy 

the need for channel equalization. This technique 

estimates the channel at pilot frequency and 

interpolates the channel for the block of data as 

shown in Figure 6 [19]. 

The Np pilot signals are uniformly inserted into X(k) 

according to the following equation [19]; 
  





−=

=
=+=

1.,,.........1,.inf

0),(
)()(

Lldata

lmX
lmLXkX

p
             (26)                                        

Where the term L stands for the number of 

carriers/NP and Xp(m) represents the m
th
 pilot carrier. 

The term HP (k) is the channel frequency response at 

the pilot sub-carriers. 

The channel estimation at pilot sub-carriers based 

on LS estimation is given by; 
 

1,,1,0,
)(

)(
)( −== Nk

kX

kY
kH p

P

P
e …                 (27) 

 

The terms YP(k) and XP(k) are the received and  

transmitted signals at k
th
 pilot sub-carrier 

respectively. 

  

 

 

 

 

 

 

 

 

 

 

 

 
                

 

 

 

In this simulation the number of sub-carriers Nc= 

64, a cyclic prefix L = 4 have been chosen. The 

transmitted OFDM symbols are inserted with the 

pilot carriers. 

The performance of the 64-subcarrier OFDM 

system the uses LS and MMSE algorithms are 

compared and the results are shown in Figure 7 

based on the parameter of Mean square error 

(MSE).  In this figure, the approximation effect is 

Figure 5: Block-type pilot Arrangement for 

OFDM Channel Estimations [19] 

T
im
e 

Carriers 

T
im
e 

Carriers 

Figure 6: Comb-type pilot Arrangement 

for OFDM Channel Estimations [19] 
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small as compared to the channel noise for low 

SNR, while it becomes dominant for larger SNR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The performance comparison of the LS and the 

MMSE channel estimators for a 64 subcarrier 

OFDM system based on the parameter of Symbol 

Error Rate (SER) as shows in Figure 8 . The SER 

curves presented are based on the mean-square 

errors (MSE) of the channel estimations. 

For the calculation of SER, we have used the 

formulae presented in [20]. These formulae find the 

symbol error rate of the 64-QAM system given a 

noisy estimate of the channel. We consider in the 

decision-directed estimation without any error 

propagation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SER versus the average SNR is plotted for the 

proposed block-type pilot channel estimation 

schemes over a slow fading channel, DFT size N = 

64, and a cyclic prefix L = 4. In this figure, The 

MMSE estimator yields the best performance from 

LS. 

 

6 Simulation Results  
 

6.1 FFT and DWPT based OFDM 
In this section simulation results are presented 

which show the performance comparison of DWPT-

OFDM and FFT-OFDM in terms of BER in various 

wireless channels. The both FFT-OFDM and 

DWPT-OFDM systems are developed, analyzed, 

and simulated in Matlab version 7. The performance 

results of the system in AWGN channel, Flat Fading 

channel and Selective Fading channel are obtained 

using the OFDM parameters as listed in Table 1. 

The bit rate used in this simulation is 5 Mbps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. BER Performance in FFT-OFDM at the 

AWGN Channel 

The comparison is made of the FFT-OFDM 

between the QAM points of 8, 16, 32 and 64 over 

the AWGN channel. Simulation results are shown in 

Figure 9. The performance gain is wide between the 

systems that use 8 QAM points to the system with 

64 points for higher SNR values. Higher 

performance gains are also observed when the SNR 

increases. 

 

 

 

 

 

 

 

Table (1) Simulation Parameters 

Parameter OFDM WPM 

Data Rate 5Mbps 5Mbps 

Modulation QAM QAM 

No. of sub-carriers 32 32 

No. of bits per 

Symbol 

32 32 

No. of FFT points 64 - 

Wavelet - Haar 

Channel Model 

AWGN 

Flat fading +AWGN 

Frequency selective fading 

+AWGN 

Figure 7: SNR V/S MSE for an OFDM 

System with MMSE/LS Estimator  
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with MMSE/LS Estimator  
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B. BER Performance in DWPT-OFDM in 

AWGN Channel 

Figure 10 shows results for the WPT-OFDM system 

that uses QAM points of 8, 16, 32 and 64 over 

AWGN channel.  The performance gain is wide 

between the systems that use 8 QAM points to the 

system with 64 points for higher SNR values.  

Higher performance gains are also observed when 

the SNR increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

C. BER Performance between FFT-OFDM and 

DWPT-OFDM in AWGN channel.      

The BER performance of the DWPT-OFDM system 

using QAM 8 constellation mapping points over 

AWGN channel is shown in Figure 11. The 

performance is better than the FFT-OFDM system 

at same QAM point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

D.  BER Performance between FFT-OFDM and 

DWPT-OFDM in Flat Fading channel.      

Figure 12 shows the BER performance of the 

DWPT-OFDM system using QAM 8 constellation 

mapping points over Flat Fading channel. From this 

figure it clearly shown that the performance of 

DWPT-OFDM is better than the FFT-OFDM 

system at same QAM point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

E.  BER Performance between FFT-OFDM and 

DWPT-OFDM (Selective Fading channel)        
Figure 13, shows the performance comparison 

between the two systems under frequency selective 

fading channel. The BER performance has been 

obtained using QAM 8 constellation mapping 

points.  This figure clearly shown that the DWPT-

Figure 12: BER performance between FFT-

OFDM&DWPT-OFDM in Flat Fading channel 
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Figure 10: BER performance of DWPT-

OFDM in AWGN channel 
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Figure 9: BER performance of FFT-OFDM 

in AWGN channel 
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Figure 11: BER performance between 

FFT-OFDM & DWPT-OFDM in AWGN 
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OFDM system performance is better than the FFT-

OFDM system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the Figures (11, 12 and 13) show the better 

performances of DWPT-OFDM as compared to 

FFT-OFDM system. FFT-OFDM exploits simple 

CP that greatly improves performance, but the 

performance will decrease when having 

synchronization error or due dispersive channel. The 

WPM as a consequence of the time overlap nature 

of its symbols cannot use CP or GI.  

From figure 11 and figure 13, the DWPT-OFDM 

system always out performs FFT-OFDM system. 

This is due to the fact the FFT-based OFDM system 

uses a rectangular pulse shaping technique to 

replace the FFT-OFDM type of sinusoidal carrier 

that exhibits high side lobes. The high side-lobes in 

the transmitted signal increases OFDM system's 

sensitivity to ICI and introduce a Narrow-Band 

Interference (NBI). The WPM-based OFDM system 

provides better spectral shaping than FFT-based 

OFDM scheme. It offers much lower side lobes in 

the transmitted signal, which reduces ICI and NBI.   

 

7 Conclusions  
We present the performance analysis of DWPT-

OFDM as alternative for FFT-OFDM in various 

fading channels.  The results in terms of BER show 

that DWPT-OFDM system is superior to the 

traditional FFT-OFDM. 

 The performance of FFT-OFDM and DWPT-

OFDM is also affected by the number of QAM 

points. Performance comparison in term of BER for 

both WPM and FFT OFDM systems over AWGN 

channel, Flat Fading channel and Selective Fading 

channel is carried out. In doing so various QAM 

points are used. The performance gain is wide 

between the systems that use 8 QAM points to the 

system with 64 points for higher SNR values.  

Higher performance gains are also observed when 

the SNR increases. Also in the DWPT-OFDM 

system, the BER performance at 8 point better than 

from 64 point. WPM and FFT modulation for 

OFDM system have nearly the same complexity 

according to the number of carriers. However, 

wavelets allow more flexibility in the system design. 

The performance results indicate that WPM is a 

viable alternative to OFDM but at the cost of higher 

complexity of equalization. Although, FFT-OFDM 

offers a low complexity structure than DWPT-

OFDM, however, the use of CP reduces its spectral 

efficiency and wastes transmit power. 
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Figure 1: Block diagram of OFDM-FFT [10]. 
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