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Abstract Wavelet Packet based Multi-Carrier Modulation (WPMCM) offers an alternative
to the well-established OFDM as an efficient multicarrier modulation technique. It has the
advantage of being a generic transmission scheme whose actual characteristics can be widely
customized to fulfill several requirements and constraints of advanced communication sys-
tems. In the last decades wavelets have been favorably applied in signal and image processing
fields but only recently have they attracted the attention of the telecommunication commu-
nity. A lot of research questions remain to be addressed before the novel WPMCM can be
used in practice. One of the major concerns is the performance of WPMCM transceivers
under time synchronization errors. This is important because WPMCM symbols overlap in
the time domain. In this paper, we analyze the interference in WPMCM transmission caused
by the time synchronization errors. The expressions for Inter Carrier Interference (ICI) and
Inter Symbol Interference (ISI) in WPMCM transmission are derived and then through sim-
ulation studies, the ability of wavelet-based systems to cope with time synchronization errors
is evaluated.

Keywords Wavelet packets · Multi-carrier modulation · Time offset errors · OFDM

1 Introduction

Multicarrier modulation (MCM) techniques have gained popularity in the last few decades
due to higher bandwidth requirements, increased use of wireless systems in time-dispersive
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environments (e.g. home, office, etc.) and lower cost of digital signal processing components.
It is a spectral efficient modulation scheme which divides the incoming high rate data among
multiple carriers modulated at lower rates. By simultaneously transmitting N data symbols
into N carriers the symbol rate is reduced to the one N th of the original symbol rate, and
therefore the symbol duration is increased by N times. This leads to a transmission system
which is robust against channel dispersions/fading, impulse noise and multipath interference.

Traditionally, the Fast Fourier Transform (FFT) based Orthogonal Frequency Division
Multiplexing (OFDM) has been recognized as the most cost-effective and bandwidth effi-
cient realization of multicarrier transceivers. In the last 15 years OFDM has been widely
adopted and standardized across the world. Few of the applications and standards which use
OFDM are Digital Audio Broadcasting (DAB), Digital Video Broadcasting (DVB), WiFi
(IEEE 802.11a/g/j/n), World Wide Interoperability for Microwave Access (WiMAX—IEEE
802.16), Ultra Wide Band wireless Personal Area Network (UWB Wireless PAN—IEEE
802.15.3a) and Mobile Broadband Wireless Access (MBWA—IEEE 802.20).

Recently, wavelet transformation has emerged as a strong candidate for digital modulation
[1,2]. Wavelet Packet based Multi-Carrier Modulation (WPMCM)1 is a novel multicarrier
modulation technique and a promising alternative to the well established OFDM. WPMCM
was first proposed in [3] where the theoretical foundations were laid out for this novel orthog-
onal MCM technique and its use as an alternative to OFDM was propounded. The greatest
motivation for pursuing WPMCM systems lies in the freedom they provide to communica-
tion systems designers. Unlike the Fourier bases which are static sines/cosines, WPMCM
uses wavelets which offer flexibility and adaptation that can be tailored to satisfy an engi-
neering demand. By tailoring the design specifications, a wavelet based system that best suits
a wireless engineering requirement could be conceived.

The fundamental theories of OFDM and WPMCM have many similarities in their way of
functioning and performance, particularly, with respect to the use of orthogonal subcarriers
which overlap in the frequency domain and yet do not interfere with one another. However,
the radio front-end induced impairments such as frequency offset and/or phase noise can
cause the subcarriers to lose their mutual orthogonality and to begin interfering with one
another. The rise of interference level due to loss of orthogonality among subcarriers is a
major issue in multicarrier transmission. Therefore, the multicarrier systems with overlapping
subcarriers are much more sensitive to the frequency offset and phase noise when compared
to single carrier systems. This disadvantage of multicarrier systems sets high demands on
the quality of the analog radio parts, like oscillator stability. In case of OFDM, the effects of
frequency offset and phase noise are well documented in the literature [4–10] and a number
of synchronization techniques exist to estimate and reduce the frequency offset and phase
noise effects [11–17].

Besides errors in the form of frequency and phase misalignment, the multicarrier trans-
ceiver can also suffer from a loss of synchronization between the transmitter and receiver.
Time synchronization error occurs when the start of the multicarrier symbol is incorrectly
detected, selecting parts of the adjacent symbol while discarding some samples at the begin-
ning or end of the useful symbol. Due to time synchronization errors, infarctions such as the
Inter Symbol Interference (ISI) and Inter Carrier Interference (ICI) arise. The use of guard
intervals, like cyclic prefix in OFDM, can significantly improve the system performance in
case of timing errors. However, the use of guard interval is not feasible solution for WPMCM
systems because of time-overlapping nature of wavelet packet transform. Alike the study on

1 This paper was presented in part at the 11th International Symposium on Wireless Personal Multimedia
Communication (WPMC) 2008, Lapland, Finland and the 19th Personal, Indoor and Mobile Radio Commu-
nications (PIMRC), September 2008, Cannes, France.
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the impact of frequency offset and phase noise on the performance of the system, far more
documentation exists on the operation of OFDM under timing errors than for WPMCM. The
sensitivity of the OFDM to the time synchronization error is reported in [18–20] and various
techniques for OFDM symbol synchronization can be found in [16–23].

In this article we will address the time synchronization errors for the WPMCM transceiver,
and compare the performance of WPMCM under these errors to OFDM. Furthermore, the
performance of WPMCM transceivers employing some standard wavelets will be numeri-
cally evaluated under different conditions.

The rest of the paper is organized as follows. The system blocks of OFDM and WPMCM
transceivers are outlined in Sect.2. Time offset error is discussed in Sect.3. In Sect.4 the mod-
ulation technique used in the study is explained. In Sect.5 the results obtained by computer
simulation for time offset errors are shown. Finally, the paper is concluded in Sect.4.

2 Multicarrier Transceivers

2.1 OFDM

OFDM transmission system can be efficiently implemented using Inverse Fast Fourier Trans-
form (IFFT) at the transmitter side and FFT at the receiver side. The transmitter and receiver
blocks of an OFDM communication system are illustrated in Figs. 1 and 2, respectively.

Each OFDM symbol contains N subcarriers, a number that is determined by the size of
FFT. If an OFDM system has a symbol period of T and uses N subcarriers with intercarrier
spacing � f = 1/T , the output of the transmitter in one symbol period can be expressed as:

S(n) =
N−1∑

k=0

ake j2π kn
N , 0 ≤ n ≤ N − 1 (1)

In (1) ak represents mapped complex data symbols which are obtained from binary input
stream using one of the standard multilevel modulation techniques, such as M-QAM or
M-PSK.

If we assume ideal channel and perfect synchronization between OFDM transmitter and
receiver, the received sequence R(n) is identical to the transmitted signal, i.e. R(n) = S(n).
Under these conditions the demodulated data after FFT for the k

′
th subcarrier can be expressed
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=
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In (2) δ denotes the Kronecker delta function.

2.2 WPMCM

WPMCM is a multiplexing method that makes use of orthogonal wavelet packets waveforms
to combine a collection of parallel signals into a single composite signal. Fundamentally,
OFDM and WPMCM have many similarities as both use orthogonal waveforms as sub-
carriers and they achieve high spectral efficiency by allowing their subcarriers’ spectra to
overlap one another. The main differences between OFDM and WPMCM lie in the shape
of the subcarriers and in way they are generated. One important property of wavelet based
transformation is that the waveforms used in general are longer than the transform duration
of one symbol. This causes WPMCM symbols to overlap in time domain. Thanks to the ful-
fillment of double shift orthogonality the overlap of the symbols does not lead to ISI. Longer
waveforms allow better frequency localization of WPMCM’s subcarriers while in OFDM
the rectangular shape of DFT window generates large side lobes. Figure 3a,b illustrates the
spectra of 8 adjacent subcarriers for WPMCM and OFDM transceiver, respectively.

The other deleterious consequence of time overlap is the inability to use guard intervals in
wavelet based systems. Although adding guard intervals severely decrease spectral efficiency
in OFDM, they are effective and low complexity method to cope with dispersive channels
and time offset.

WPMCM employs the Inverse Discrete Wavelet Packet Transform (IDWPT) at the trans-
mitter side and Discrete Wavelet Packet Transform (DWPT) at the receiver side, analogous to
the IFFT and FFT used by the OFDM transceivers. The IDWPT is implemented by wavelet
packet synthesis filter bank which combines different parallel streams into a single signal.
This composite signal is afterwards decomposed at the receiver using wavelet packets analysis
filter bank or so called DWPT.
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Fig. 3 Spectrum of 8 WPMCM subcarriers (a) (Daubechies wavelet with 20 coefficients); (b) Spectrum of 8
OFDM subcarriers

Fig. 4 Wavelet packed based Transmultiplexer Left: synthesis tree, Right: analysis tree

In Fig. 4a 4-channel wavelet packed based transmultiplexer is illustrated. The upsampling
and downsampling operations by a factor 2 are represented by ↑2 and ↓2, respectively, while
filter G stands for high-pass wavelet filter and filter H is corresponding low-pass scaling
filter.

The wavelet packet analysis and synthesis trees can be efficiently constructed by itera-
tion of corresponding 2-channel filter bank. Therefore, we can calculate the wavelet packet
waveforms in a recursive manner using the following algorithm

ξ
2p
l+1(t) = √

2
∑

n

h(n)ξ
p

l (t − 2ln)

ξ
2p+1
l+1 (t) = √

2
∑

n

g(n)ξ
p

l (t − 2l n)
(3)

In (3) the wavelet packet waveforms are denoted by ξ while superscript p can be seen as
subcarrier index at a given tree depth (level l). The scaling and wavelet filter coefficients in
(3) are represented by h(n) and g(n), respectively.

Because WPMCM transceivers are realized by an iterative method we can easily change
the number of subcarriers and their bandwidth. By performing an additional iteration of
2-channel filter bank at all outputs the subcarriers number is doubled or more generally the
number of subcarriers is given by

N = 2l (4)
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The subcarriers in WPMCM transceivers are completely determined by filters H and G
and therefore by applying different set of filters we get different subcarriers which in turn
lead to different transmission system characteristics. References [3,24–28] have shown that
by merely altering the filter coefficients the WPMCM transceivers can be adjusted to operate
with different bandwidth efficiency, frequency concentration of subcarriers, sensitivity to
synchronization errors, PAPR, etc.

Filters in WPMCM cannot be arbitrarily chosen and not all scaling and wavelet filters
will fit the requirements for a communication system. First of all, the filters need to have
a Finite Impulse Response (FIR) because they allow wavelet packet transformation to be
implemented using fast recursive algorithm. Furthermore, for perfect reconstruction of the
transmitted signal the subcarriers have to be orthogonal. These can only be generated by
filters that fulfill the double shift orthogonality constraint [29]. The WPMCM’s waveforms
are mutually orthogonal if they satisfy the following condition:

〈
ξ

p
l (t), ξ i

l (t)
〉
=

∑

k

ξ
p

l (t)ξ i
l (t) = δ(p − i) (5)

In (5) the angle brackets stand for the inner product between two waveforms.
The WPMCM signal consists of compartmentalized frames which in turn contain multi-

carrier symbols obtained by summing modulated subcarriers. Since the filters used to derive
the waveforms are longer than one multicarrier symbol duration, the whole WPMCM frame
has to be processed at once. The WPMCM signal in the discrete time domain can be expressed
as:

S(n) =
∑

u

N−1∑

k=0

au,kξ
k
log2(N ) (n − uN ) (6)

In (6) k denotes the subcarrier index and u denotes the WPMCM symbol index. The
constellation symbol modulating kth subcarrier in uth WPMCM symbol is represented by
au,k .

The receiver demodulates the data by employing time reversed version of waveforms
used by the transmitter. If we assume that the WPMCM transmitter and receiver are perfectly
synchronized and that the channel is ideal, the detected data at the receiver output can be
expressed as:

âu′,k′ =
∑

n

R(n)ξ k′
log2(N )(u

′N − n) =
∑

n

∑

u

N−1∑

k=0

au,kξ
k
log2(N )(n − uN )ξ k′

log2(N )(u
′N − n)

=
∑

u

N−1∑

k=0

au,k

(
∑

n

ξ k
log2(N )(n − uN )ξ k′

log2(N )(u
′N − n)

)

=
∑

u

N−1∑

k=0

au,kδ(k − k′) = au′,k′ (7)

In Figs. 5 and 6 the transmitter and receiver blocks of a WPMCM communication system
are illustrated.
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3 Time Offset in Multicarrier Modulation

One of the major concerns of a multicarrier system is their vulnerability to timing synchroni-
zation errors, which occur when multi-carrier symbols are not perfectly aligned at the receiver.
Because of the time offset, samples outside a WPMCM or OFDM symbol get erroneously
selected, while useful samples at the beginning or at the end of that particular symbol get
discarded.

The time synchronization error is modeled by shifting the received data samples by a
time offset value tε to the left or right, depending on the sign of the tε . Time offset degrades
the performances of multicarrier transceivers by introducing inter-symbol interference (ISI)
and inter-carrier interference (ICI). WPMCM and OFDM share many similarities as both are
orthogonal multicarrier systems but in case of timing error there is a major difference that
causes different behaviors for each transmission scheme.

The actual length of the WPMCM symbols is defined by the wavelet used and in general
it is significantly longer than the OFDM symbol. This excessive length of WPMCM symbols
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Fig. 7 Timing offset away from cyclic prefix (to the right)

does not cause frame size to grow by allowing symbols to overlap one another. In case of
time offset this overlap of the symbols in WPMCM causes each symbol to interfere with
several other symbols while in OFDM each symbol only interferes with adjacent symbols.

The second important difference between the two transmission schemas is the use of the
guard interval between the symbols. OFDM uses cyclic prefix that significantly improves its
performance when time errors occur, assuming that time offset is not exceeding the size of
cyclic prefix and that the direction of time shift is towards the cyclic prefix. The WPMCM, on
the other hand, cannot benefit from such guard interval since the WPMCM symbols overlap
over one another.

3.1 Time Offset in OFDM

Adding a Cyclic prefix is an effective and low complexity method to cope with dispersive
channels and time synchronization errors in OFDM transceivers. Two distinct situations can
occur under time synchronization errors, depending on the direction of the time offset.

• Time synchronization error away from own cyclic prefix (to the right).
• Time synchronization error towards own cyclic prefix (to the left).

3.1.1 Time Offset Away From the Cyclic Prefix

Figure 7 illustrates 3 OFDM symbols (u − 1, u, u + 1) where FFT window is misaligned to
the right, i.e. away from the cyclic prefix. Each OFDM symbol consists of N data samples
and an extension of NC P samples representing cyclic prefix. The FFT window in the situation
illustrated will contain N − tε data samples ((tε + 1), (tε + 2), . . ., N ) of the considered uth
OFDM symbol, missing first tε time offset samples. Instead tε samples (1, 2, . . . , tε) of the
next (u + 1)th symbol will be erroneously selected.

An OFDM system that is affected by timing error and where samples of neighboring sym-
bol are wrongly selected experience severe degradation of the performance. The demodulated
OFDM signal after FFT can be written as:

âu′,k′ = N − tε
N

au′,k′e j2π k′
N tε

︸ ︷︷ ︸
Useful Signal

+ 1

N

N−1−tε∑

n=0

N−1∑

k=0;k �=k′
au′,ke j2π

k(n+tε)
N e− j2π k′n

N

︸ ︷︷ ︸
ICI

+ 1

N

N−1∑

n=N−tε

N−1∑

k=0

au+1,ke j2π
k(n−N+tε)

N e− j2π k′n
N

︸ ︷︷ ︸
ISI

(8)
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Fig. 8 Timing offset towards cyclic prefix (to the left)

The first component of Eq. (8) represents useful signal which is attenuated and phase
shifted by a term proportional to subcarrier index k′. The second component of (8) gives ICI
and the third component stands for ISI with next symbol.

3.1.2 Time Offset Towards the Cyclic Prefix

The other situation occurs when we have time offset towards the symbols own cyclic prefix,
i.e. to the left. Figure 8 illustrates such a scenario. In this case FFT window consists of first
N − tε samples (1, 2, . . ., (N − tε)) of the considered uth OFDM symbol and the last tε
samples of the own cyclic prefix. We assume for the convenience that tε < NC P .

The demodulated OFDM signal affected by time offset in the direction of symbol’s own
cyclic prefix is given in Eq. (9), for case when tε < NC P .

âu′,k′ = au′,k′e− j2π
k′ tε
N (9)

Thanks to the cyclic prefix the orthogonality is preserved and ISI and ICI terms have disap-
peared. The timing error towards the cyclic prefix results therefore in pure phase shift.

3.1.3 Time Offset in WPMCM

The WPMCM transceivers do not apply guard intervals and therefore the direction of time
offset is inconsequential. The demodulated signal under influence of time offset tε can be
written as:

âu′,k′ =
∑

n

R(n)ξ k′
log2(N ) (u

′N − n + tε)

=
∑

n

∑

u

N−1∑

k=0

au,kξ
k
log2(N )(n − uN )ξ k′

log2(N ) (u
′N − n + tε)

=
∑

u

N−1∑

k=0

au,k

(
∑

n

ξ k
log2(N ) (n − uN )ξ k′

log2(N ) (u
′N − n + tε)

)
(10)

In order to shorten the derivation the following notation is defined:

�
u,u′
k,k′ (tε) =

∑

n

ξ k
log2(N ) (n − uN )ξ k′

log2(N )(u
′N − n + tε) (11)

Equation (11) represents the autocorrelation and the cross-correlation of the WPMCM wave-
forms. When k = k′ the two subcarrier waveforms are time-reversed images of each other
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and Eq. (11) gives the autocorrelation sequence of the waveform k. In the other cases when
k �= k′ the two waveforms correspond to different subcarriers and (11) stands for the cross-
correlation between waveforms k and k′.

Using Eqs. (10) and (11) we can now express the output of the WPMCM receiver for the
kth subcarrier and uth WPMCM symbol as:

âu′,k′ = au′,k′�u′,u′
k′k′︸ ︷︷ ︸

UsefulSignal

+
∑

u;u �=u′
au,k′�u,u′

k′,k′

︸ ︷︷ ︸
ISI

+
∑

u

N−1∑

k=0;k �=k′
au,k�

u,u′
k,k′

︸ ︷︷ ︸
ICI

(12)

In Eq. (12) the first term stands for attenuated useful signal. The second term gives the ISI
due to symbols transmitted on the same subchannel and the third term denotes ICI measured
over the whole frame.

The received constellation points of WPMCM under time synchronization errors do not
experience linear phase rotation, opposed to OFDM where rotation of constellation points
is proportional to subcarrier index. The WPMCM signal in presence of timing error will
however be attenuated and it will suffer from ISI and ICI.

4 Modulation Scheme

The consequence of time-offset in OFDM, regardless of offset direction, is the introduction
of phase shift. The phase shift is linearly proportional to the subcarrier index and the value
of time offset. The rotation angle �t (k) due to timing error is given by:

�t (k) = 2πktε
N

(13)

Standard modulation techniques such as coherent (non-differential) Quadrature Phase Shift
keying (QPSK) perform poorly under time synchronization error because the subcarriers with
higher frequency indices experience greater phase shifts. And even a small timing offset (such
as tε = 1) results in a phase rotation of constellation symbols in order of 0 < �t (k) < 2π .
The subcarrier with the highest frequency will therefore experience a phase shift of almost
360 degrees. If this phase shift is not corrected the majority of the detected data would be
corrupted even without ICI or ISI.

The phase rotation due to timing error can be usually revised by pilot-symbol-aided chan-
nel estimation techniques or by use of differential constellation mapping. In this article we
employ differential quadrature phase shift keying (DQPSK) in order to overcome this prob-
lem. In the DQPSK scheme the data is modulated on the basis of phase difference between
two consecutive constellation symbols, thereby ensuring that adjacent subcarriers experience
a phase shift which is independent of the carrier position. The phase rotation of constellation
point k is determined by applying a phase shift of �� to the previous constellation symbol
k−1. The difference in phase shift �� is determined by the unmodulated data value assigned
to subcarrier k, in case of DQPSK phase shift can be written as:

��b = 2(b − 1)π

4
, b ∈ 1, . . . , 4 (14)

The phase difference between two consecutive DQPSK constellation symbols under timing
errors becomes:

�φk,k−1 = e
j
(
��b− 2π tε

N

)

(15)
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Fig. 9 OFDM received
constellation points with timing
error of tε = 1 and an ideal
channel; Left: QPSK, Right:
DQPSK π/4

Using DQPSK modulation in presence of timing error therefore results in a phase shift that
is depending on the value of the time offset but not anymore on the value of subcarrier index
k. The rotation angle �t (k) due to timing error becomes:

�t (k) = 2π tε
N

, differential PSK (16)

Figure 9 illustrates the rotations of constellation points for received OFDM signal using
QPSK and DQPSK modulation. We have assumed here an ideal channel and a time offset of
tε = 1 samples towards the cyclic prefix.

DQPSK modulation is a simple solution to overcome the problem of phase shift under
time synchronization errors. However, DQPSK modulation requires about 2–3 dB higher
SNR when compared to coherent QPSK to obtain the same BER performance in AWGN
channel.

5 Numerical Results for Time Offset

The performances of WPMCM and OFDM in presence of timing synchronization errors
are investigated by means of simulations. The time offset is modeled as a discrete uniform
distribution between -2 and 2 samples, i.e. tε ∈ [−2,−1, 0, 1, 2].

First of all, DQPSK modulation scheme is used instead of QPSK modulation in order to
prevent OFDM constellation points to experience to large phase shifts. Secondly, in OFDM
we use cyclic prefix of 16 samples that is placed in front of OFDM symbols, in WPMCM
we don’t use any guard interval. Due to utilization of cyclic prefix the spectral efficiency of
OFDM is decreased by 12.5% while spectral efficiency of WPMCM has remained unchanged.

The WPMCM signal consists of compartmentalized frames which in turn contain multi-
carrier symbols obtained by summing modulated subcarriers. Since the filters used to derive
the waveforms are than one multicarrier symbol period, the whole WPMCM frame has to be
processed at once.

Finally, we employ the oversampling in order to magnify the difference in performance
between various systems and wavelets. An overview of simulation parameters is given in
Table 1.

The nature and characteristics of the filters used in IDWPT and DWPT greatly influence
the WPMCM carries derived. By changing the parameters of the filter design the carrier-
characteristics can be customized to any requirement. WPMCM thus gives designers a lot of
freedom that can be used to design case-characteristic systems. Having said that the wavelet
bases cannot be arbitrarily chosen and instead have to satisfy a number of requirements.
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Table 1 Simulation setup time
synchronization error

– Does not apply

WPMCM OFDM

Number of subcarriers 128 128

Number of multicarrier symbols per frame 100 100

Modulation DQPSK DQPSK

Channel AWGN AWGN

Oversampling Factor 15 15

Guard band – –

Guard interval – CP (length: 16)

Frequency offset – –

Phase noise – –

Time offset tε = 2 tε = 2

Table 2 Wavelet specifications

– Does not apply

Name Length Wavelet zero moment

Daubechies 40 20

Symlets 40 20

Coiflet 30 10

Discrete meyer 102 –

Biorthog. (2,2) (5,3) 2 (dec.)

In general, the choices to make can be with regard to the system of representation (con-
tinuous or discrete), properties of the wavelets desired (orthogonality/biorthogonality, reg-
ularity/smoothness, frequency selectivity), the application in hand and the context of use
[30].

In this effort we primarily consider the wavelet families Daubechies and its variants,
Coiflet and Symlet. This is because these families provide orthonormal bases with com-
pact support. Table 2 gives specifications of a few standard wavelets that were used during
simulations.

Figure 10 illustrates some of the wavelet waveforms (in time and frequency domains)
used in Table2 .

5.1 Performance of WPMCM setup without Time offset

To gauge the system operation we first check its performance under optimal conditions.
Figure 11 shows the DQPSK constellation points for WPMCM setup using various wave-
lets in ideal channel conditions with no time offset. From the plot we may note that perfect
estimates of the transmitted data can be obtained at the receiver when the transmitter and
receiver ends are in time-unison.

A timing error results in a loss of time synchronization which causes a loss of orientation
of incoming data at the receiver. As a result the time domain data entering the IDFT/IDWT
block is incorrectly aligned whereby the samples of previous or next OFDM/WPMC symbol
are selected while valid samples at the beginning or at the end of the symbol in consideration
are discarded. We present the impact of time synchronization error in the sections B and C .
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Fig. 10 Wavelet packet bases as MCM carriers (a) in time domain and (b) in frequency domain (only first 4
carriers shown). The wavelets considered are Daubechies-20, Symlet-20, Coiflet-5 and Discrete Meyer. The
Daubechies-20 and Symlet-20 responses almost match and hence the responses of Symlet-20 are not visible

5.2 Performance when Time offset is modeled as Discrete Uniform Distribution

Figure 12 illustrates the bit error rates (BER) of OFDM and WPMCM transceivers over
AWGN channel for uniformly distributed timing offset of tε = 2 samples.

The OFDM system performs much better under time synchronization errors when com-
pared to the WPMCM, partly due to exploitation of cyclic prefix and cancellation of phase
rotation by DQPSK modulation scheme. The WPMCM cannot profit from these revisions
and therefore show poor performance in presence of timing error. The biorthogonal wavelet
has highest BER due to unfulfilled perfect reconstruction condition.
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Fig. 11 DQPSK constellation points for WPMCM setup using various wavelets in ideal channel conditions
with no time offset

Fig. 12 BER for WPMCM with different wavelets and OFDM under time synchronization errors (tε = 2)

In Fig. 13 the BER is shown for different values of time offset varying from −15 to 12
samples. The time offset in this simulation is modeled as one-sided uniform distribution in
order to highlight the importance of cyclic prefix for OFDM. The value of time offset is given
by tε ∈ [0, . . . , tε] for timing error to the right and by tε ∈ [−tε, . . . , 0] for the timing error
to the left. During this simulation we kept SNR constant at 10 dB.

The direction of time offset is inconsequential for WPMCM systems as can be seen at
Fig.13. The BER curves of WPMCM are almost perfect mirror images with respect to the
origin. This does not hold for OFDM, since we can see clearly that the negative timing offset
(towards the own cyclic prefix) result in much lower BER when compared to the positive
timing offsets (away from the own cyclic prefix). Due to use of cyclic prefix the misalignment
of FFT window between the boundaries of extended symbols does not cause interference.
However, when time offset exceeds the length of cyclic prefix the ICI and ISI terms reappear.
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Fig. 13 BER versus time offset (in samples) for WPMCM and OFDM in AWGN channel (SNR = 10 dB)

Fig. 14 BER for WPMCM with timing error; Left: Different number of subcarriers, Right: Different number
of symbols

5.3 Influence of number of subcarriers on the system performance

Figure 14 shows the performance of the WPMCM in presence of time synchronization error
when the number of subcarriers and symbols in the frame is altered.

The left side of Fig. 14 reveals that under timing error the performance of WPMCM
depends on the number of subcarriers. For increasing number of WPMCM subcarriers the
BER significantly decreases. We recall from the first chapter that the symbol duration of
multicarrier system is proportional to the number of subcarrier used. Therefore, larger num-
ber of subcarriers means longer symbol duration and hence smaller relative time offset with
respect to multicarrier symbol length.

The simulation results performed for different number of WPMCM symbols haven’t
shown any essential connection between BER performance and the number of symbols,
when we assume that the number of symbols in a frame is exceeding the filter’s length.
Figure 15 illustrates the influence of filter’s length and number of zero wavelet moments
in combination with timing error on the BER. Daubechies filter with 6 coefficients and 3
wavelet zero moments has slightly higher BER when compared to longer filters from the
same family. However, when length of the filters is further increased the BER curves become
closely spaced and therefore we can conclude that there is no significant relation between
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Fig. 15 BER for WPMCM using Daubechies wavelets of different lengths under influence of timing error

Fig. 16 Constellation points in the presence of timing error

the BER and filter’s length in presence of timing errors.The effect of time synchronization
error on the constellation points is depicted in the Fig. 16. In order to highlight the effect of
time synchronization error we assumed for the moment an ideal channel without any noise.

The main consequence of the time offset is the scattering of the constellation points around
reference positions due to interference. OFDM has more concentrated constellation points
than any tested WPMCM system, which indicates that the signal to interference ratio (SIR)
of OFDM is higher than SIR of WPMCM under timing errors.

Figure 17 illustrates the spreading of subcarrier energy due to time synchronization error.
The timing error in OFDM results in ISI between successive symbols and ICI. If the cyclic
prefix is used the ICI and ISI terms are cancelled for time offset towards the symbols own
cyclic prefix, i.e. time offset to the left. This can be also seen in Fig.17 where energy of the
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Fig. 17 Received subcarriers spectral energy in a frame in presence of timing error; Up: WPMCM with
Daubechies wavelet, Down: OFDM

pilot symbol is spread into the subsequent symbol (ISI) but not into the previous symbol.
Furthermore, energy of pilot subcarrier is also spread across the other subcarriers located in
the same symbol (ICI).

In case of WPMCM the energy of single pilot is spread across a number of symbols,
where subcarriers close to the pilot subcarrier contain the greatest part of interfering energy,
regardless of the symbol index.

6 Conclusion

WPMCM is relatively a young and promising communication concept. It shares most of the
characteristics of an orthogonal multi carrier system and in addition offers the advantage of
flexibility and adaptation. These properties can make it suitable for the design and develop-
ment of communication systems for the future (Cognitive Radio and 4G). However, to realize
this vision there are potential pitfalls that have to be ironed out. In this paper we presented
one of the major drawbacks of WPMCM in comparison with classical OFDM. OFDM uses
the Cyclic Prefix (CP) or Guard Intervals (GI) to improve tolerance to timing error and/or
dispersive channel. WPMCM, as a consequence of the time overlap nature of its symbols
cannot use CP or GI. Furthermore, the ISI in OFDM is normally generated due to overlap
of two consecutive symbols. However in the case of WPMCM the ISI is generated due to
a number of adjacent symbols overlapping over-one-another. Because of this, WPMCM is
very sensitive to even small timing discrepancies between transmitter and receiver, as can be
seen from simulation results shown in Sect.5. During simulations several known wavelets
including the popular Daubechies family and its variants Symlets, Coiflets as well as the
discrete Meyer and biorthogonal wavelets were applied and studied. All of these families
were found to be highly sensitive to time offset. When the characteristics, such as length
of filter, amongst the members of the same family were altered there were no perceivable
differences in the system performance.
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It is worth mentioning here that the performances of WPMCM matches well with that
of OFDM with regard to phase and frequency offset errors [37]. Furthermore, the Peak-
to-Average Power Ratio (PAPR) performance of WPMCM and OFDM are comparable [38].

7 Further Work

The wavelets used in this article are standard wavelets that were developed for applications
such as image processing or encryption, and hence may not be entirely suitable for the MCM.
Future work should consider design of wavelet and scaling filters that would minimize the
interference energy which arises as a result of timing error [31,32]. Another possible solution
is to use complex wavelets to reduce WPMCM time shift sensitivity [33]. Furthermore, a
robust synchronization scheme that can tackle relatively large timing offsets can be developed
and applied [34–36].

Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommer-
cial License which permits any noncommercial use, distribution, and reproduction in any medium, provided
the original author(s) and source are credited.
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D. Karamehmedović was born in Sarajevo, Bosnia and Herzegovi-
na in 1980. He received both the B.Sc. and M.Sc. degrees in Electrical
Engineering from the Delft University of Technology (TU Delft), The
Netherlands, in 2004 and 2009 respectively. He is founder of company
GetNET where he held manager function from 2003 till 2007. In 2009
he joined Frames Process Systems where he is working on instrumen-
tation design and development.

H. Nikookar received his Ph.D. in Electrical Engineering from Delft
University of Technology (TU Delft), The Netherlands, in 1995. He is
an Associate Professor at the International research Centre for Tele-
communications and Radar (IRCTR) of the Department of Electri-
cal Engineering, Mathematics and Computer Science of TU Delft. He
is also the leader of the Radio Advanced Technologies and Systems
(RATS) program of the IRCTR. Dr. Nikookar has conducted research
in many areas of wireless communications, including wireless chan-
nel modeling, UWB, MIMO, multicarrier transmission, Wavelet-based
OFDM and Cognitive Radio. He is a senior member of the IEEE and
the coauthor of the Book, Introduction to Ultra Wideband for Wireless
Communications, Springer, 2008.

123


	An Investigation on the Sensitivity of Wavelet Packet Modulation to Time Synchronization Error
	Abstract
	1 Introduction
	2 Multicarrier Transceivers
	2.1 OFDM
	2.2 WPMCM

	3 Time Offset in Multicarrier Modulation
	3.1 Time Offset in OFDM
	3.1.1 Time Offset Away From the Cyclic Prefix
	3.1.2 Time Offset Towards the Cyclic Prefix
	3.1.3 Time Offset in WPMCM


	4 Modulation Scheme
	5 Numerical Results for Time Offset
	5.1 Performance of WPMCM setup without Time offset
	5.2 Performance when Time offset is modeled as Discrete Uniform Distribution
	5.3 Influence of number of subcarriers on the system performance

	6 Conclusion
	7 Further Work
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


