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Reducing mutual interference

he growing demand on wireless communication
systems to provide high data rates has brought
with it the need for a flexible and efficient use of
the spectrum resource, which is a scarce commodi-
ty. The regional spectrum allocation policy coun-
teracts the free mobility of radio communication equipment.
The vast majority of the available spectral resources have
already been licensed, so it appears that there is little or no
room to add any new services, unless some of the existing
licenses are discontinued. Furthermore, recent studies and
measurements have shown that vast portions of the licensed
spectra are rarely used due to the inflexible spectrum regula-
tions. The whole idea behind cognitive radio (CR) use is that it
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should prompt effective spectrum use, since intelligence and
learning processes aid the radio system to access the spectrum
effectively. The CR system has learning and understanding
capabilities so that the stated goals may be achieved. In this
article, we shall limit the scope of cognition to reduce mutual
interference between CR-based rental (unlicensed) users (RUs)
and licensed users (LUs) and in providing coexistence between
them. It is expected that the rental users will be allowed to
transmit and receive data over portions of spectra when pri-
mary (i.e., licensed) users are inactive. In this article, we will
introduce the modulation strategies employed to realize a
coexistence between the CR-based rental system and the
licensed system. This is done in such a way that the RUs are
invisible to the LUs. We consider the rental user accesses the
unoccupied LU band in overlay fashion.
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INTRODUCTION

CR, as defined in [1], is an intelligent wireless communication
system that is aware of its surrounding environment and uses
that understanding by building to learn from the environment
and adapt its internal states to variations in incoming radio fre-
quency (RF) stimuli by changing its operating parameters in
such a way that highly reliable communication and efficient uti-
lization of the radio system can be achieved. The key words in
this definition are awareness, intelligence, learning, adaptivity,
reliability, and efficiency. Mitola in [2] developed the notion that
CR signifies a radio that employs model-based reasoning to
achieve a specified level of competence in radio related
domains. This includes supervised and unsupervised learning,
and it is assumed to be implemented by software radio or soft-
ware defined radio architecture.

In [2], spectrum pooling is addressed as a mechanism where
the current spectrum owners allow portions of their spectrum
to be utilized by RUs which apply the CR system in their trans-
mission for certain periods. This mechanism is applied to con-
sider the actual spectrum occupancy condition where the
allocated spectrum is not occupied most of the time. In fact,
some portions of the spectrum are rarely used [3]. The spec-
trum owners, who are known as the LUs, are ordinary mobile
terminals and their associated base stations. They do not pos-
sess much intelligence. The RUs, on the other hand, should
possess the intelligence to sense the spectrum and use whatev-
er resources are available when they need them. At the same
time, the RUs should renounce the spectrum when an LU
begins transmission. The RU access should be done in such a
way that the neighboring LUs will not be aware of its existence.
This can be accomplished by assuring that the neighboring LUs
will not be interrupted or interfered with as the RU accesses the
spectrum hole adjacent to the LU’s band. This stipulation can
be technically interpreted as in overlay opportunistic RU (CR)
access mode where part of the RU spectrum which is located on
the neighboring occupied LU band should be shaped to be low
as possible so that it will not significantly interrupt the LU
transmission as well as reducing mutual interference between
the RU and LU, hence reliable communications can be accom-
plished. This shaping can be interpreted as a sidelobe suppres-
sion technique. In this article, the techniques used to fulfill the
coexistence between LU and RU in opportunistic spectrum
access and to also achieve the CR objectives are described. We
shall review the multicarrier and single carrier approach using
either the Fourier or wavelet basis function as the CR modula-
tion technique.

MULTICARRIER CR SYSTEM

Orthogonal frequency division multiplexing (OFDM) is well
known as a spectrally efficient modulation mode due to its
overlapped carrier spectrum which still remain orthogonal to
each other, and it gives a higher bit rate compared to the single
carrier transmission. Recently research interest has been devel-
oped in replacing the static sines/cosines basis function in
OFDM with wavelet bases due to its flexibility and adaptability

which can be tailored to satisfy the engineering demand. The
next subsections will describe how these two multicarrier mod-
ulation techniques can be applied in cognitive radio systems.

OFDM-BASED CR SYSTEM
OFDM has recently been introduced as a strong multicarrier
modulation scheme candidate to be applied in CR [4], [5]. The
rationale is that any CR system needs to sense the spectrum and
that involves some sort of spectral analysis. Fast Fourier trans-
form (FFT) can be used for spectral analysis while at the same
time acting as an OFDM demodulator. It has therefore been
suggested that OFDM should be seen as the proper candidate
for multicarrier-based CR systems. OFDM also has the capabil-
ity to notch the parts of its carriers which are coincidentally
within the region of the LU’s band. Such OFDM flexibility sim-
plifies the application of CR dynamic spectrum access. The
OFDM carriers notching technique is introduced in [4] and [5]
and it is called spectrum pooling. The shortcomings of the
OFDM root back to the large side lobes of the frequency response
of filters that characterize the channel associated with each subcarrier.
The large sidelobes result in significant interference between the sub-
carriers originating from different RUs and between LUs and RUs.

The sidelobes of the Fourier-based OFDM can be observed
from its power spectral density (PSD),
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where Ngpr is the number of FFT points, 7y, is the useful signal
duration, g (¢) is the window function, and « is the roll off fac-
tor of the window, while 7, pm, and Sy, are the respective fre-
quency, allocated power and the symbol from quadrature
amplitude modulation (QAM) or phase shift keying (PSK) map-
ping on the subcarrier m. It is shown in (1) that parameters
such as allocated power (p,,), symbol amplitude (S,,) and win-
dow (g (%)) can be set to resolve the sidelobes problem.

SIDELOBE SUPPRESSION BY WINDOWING

AND CARRIERS DEACTIVATION

In [4], the extension of each OFDM block with long cyclic prefix
and suffix samples and the application of some windowing to
reduce the sidelobes of the subcarrier channels is proposed.
Obviously, this solution occurs at the expense of bandwidth loss
because excessive time has to be allocated to cyclic extensions
which otherwise could be used for data transmission.
Furthermore in [4], the interference reduction method is extended
by deactivating subcarriers located adjacent to the LU’s band
which provides a kind of shield to the LUs. One commonly used
window is the raised cosine window [4]. The other available
forms are Bartlett [6], better than raised cosine (BTRC) [7], and
flipped inverse hyperbolic secant (farchsech) [8] windows. Of
these windows, it is the farchsech window that provides the
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[FIG1] (a) A window design that influences the transmitted
signal and (b) a window design that does not influence the
transmitted signal [11].

lowest sidelobes. The window is designed according to (2), shown
at the bottom of the page, where y = 2In(v/3 4+ 2)/(@Ty), « is
the roll-off factor, and 7y, is the useful OFDM symbol interval
(without guard interval). The shape of the window in the region
of T,(1+a)/2 < |t| < Tu,(1 + «)/2 determines how rapidly the
OFDM spectrum falls to zero. The PSD will hit zero on the fre-
quencies in the interval of 1/7;,.

According to [9], the duration of the OFDM signal should be
2T, in order to complete a total 2Nppr samples to preserve the
orthogonality, and zeros are added in the region outside the win-
dow g (). If the duration of the OFDM signal is only 7, (1+ «)
then the window will affect the transmitted signal, and as a con-
sequence an error floor will be formed. Figure 1(a) shows an
example of a Bartlett window with an OFDM signal 7, (1+ «)
duration which affects the transmitted signal. In an effort to
avoid the error floor, the applied window must not influence the
signal during its effective period [10]. To fulfill this requirement
the window forms are expanded, so that new 7;, becomes 27y,
and « is restricted in the range of 0 <a < (1 — T/ T)/2,
where Ty is the guard interval duration. The orthogonality is
preserved since the PSD hits zeros in the 1/(27;,) interval at the

expense of the longer duration of the OFDM signal (27;, (o + 1)).
The solution is that the window is truncated to fit the 27, OFDM
duration, as depicted in Figure 1(b) [11]. The orthogonality is
preserved by applying the rectangular receiver filter with 7,
duration, that is implemented by DFT [10]. In this way there is
more freedom to shape the window in the 7,(1 + «) < |{| < Ty
region as long as its PSD on the symbol boundaries remains low,
e.g., Gaussian window or half sine window [12].

By referring to (1), the deactivating carriers adjacent to the
licensed band will provide flexible guard bands that will make
the PSD sidelobes of the RUs’ OFDM signal on the licensed band
lower. In OFDM, bits errors are typically concentrated in a set of
severely faded subcarriers. This is due to the channel propagation
condition. For this reason, it is possible that the quality of serv-
ice may not be maintained. Meanwhile, the carriers resource is
limited due to the deactivation of the RU carriers. Furthermore,
the long OFDM symbol duration due to the windowing reduces
the OFDM transmission bit rate. Having adaptive OFDM in CR is
thus a solution. The heavily faded and noisy subcarriers are
excluded from transmission to improve the overall bit error rate
(BER) of the system, and the loss of throughput is counteracted
by applying higher order modulation modes to the subcarriers
which have better signal to noise ratios (SNR) or BER. The com-
bination of adaptive bit loading and spectrum pooling has been
evaluated in [11]. The window was designed in accordance with
Figure 1(b). The results show how adaptive bit loading algo-
rithms can outperform the ordinary OFDM.

Recently, (in [13]) the overlapped OFDM symbol transmis-
sion with long symbol duration (known as offset OFDM) has
been introduced to counteract the throughput loss. The scheme
is described in Figure 2. The delay between one OFDM symbol
and another is designed in such a way that no intersymbol inter-
ference occurs, which means that the next OFDM symbol
should start after the end of the useful data part of the previous
OFDM symbol. If zeros are inserted at the prefix and suffix
points [outside the 7 and 7 area as depicted in Figure 1(b)],
the useful data of the next OFDM symbol should start after the
last useful data of the previous OFDM symbol.

SIDELOBE SUPPRESSION BY

CANCELLATION CARRIERS INSERTION

In [14], instead of having deactivated carriers adjacent to the
LU band, these carriers are used to cancel out the sidelobes
on the LU band. Figure 3 provides a simple example of how
the cancellation carriers work. The spectrum is derived from
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[FIG2] Overlapped OFDM symbol with zero ISI: (a) reflects the technique applied at the transmitter point while (b) is applied at the

receiver point.

nine subcarriers (including the cancellation carriers) and
uses a rectangular window which produces a spectrum from
the sum of the sinc functions. One cancellation carrier is
located on the left edge of the RU band adjacent to the LU
band and another one is on the right edge. They are signed
by the dark vertical arrows. If we take a look at the OFDM
spectrum with carriers deactivation (one carrier on the left
and one carrier on the right edge) denoted by the solid curve,
we can see that the maximum sidelobe occurs at the frequen-
cy point half of carrier spacing from the deactivated carrier
which, in Figure 3 is indicated by the coordinate position
(X:—4.5,Y:-0.1564). The cancellation carriers can be weighted
in such a way that the sum of their spectrums will nullify the
OFDM spectrum on that particular coordinate position (e.g.,
by having a cancellation carrier spectrum coordinate
(Xe1 = X = —4.5,Y, =0.1477, Y2 = 0.0087)). The same
technique is also applied for the side-

lobes reduction on the right side. The

trum amplitude. By selecting the appropriate weight for each of
the carriers the desired low sidelobes can be obtained. The side-
lobe reduction by means of carriers weighting is attained at the
expense of the BER versus SNR degradation [15], since the
weighting will give unequal amounts of transmission power on
each of the OFDM carriers. The weighting method was original-
ly used in [16] to counteract the high peak to average power
ratio (PAPR) problem in OFDM.

SIDELOBE SUPPRESSION BY MULTIPLE CHOICE SEQUENCE

In [17] a multiple choice sequence is introduced, where the multi-
ple choice sequence abiding by the symbol constellation approach,
the interleaving approach and the phase approach are discussed.
The symbol constellation approach is applied by mapping the sym-
bol Sy, in (1) into S;, (/) which is still derived from one of the CS
symbols after the QAM or PSK mapping that was previously used to

resulting spectrum derived from

using the cancellation carriers tech-
nique is depicted by the dashed lines.
The sidelobe is lower than the side-
lobe of the OFDM with the deactivat-
ed carriers.

The cancellation carriers can be
combined with windowing [14].
Different windows provide different
sidelobe levels. Combining a window
that gives very low sidelobes (e.g., the
farchsech window) with the cancella-
tion carriers technique will lead to a
very significant sidelobe (interference)
reduction in the LU band.

SIDELOBE SUPPRESSION

BY SUBARRIER WEIGHTING
Subcarrier weighting is introduced in
[15]. The weighting can be seen as
varying the allocation power p, on
each carrier m which, obviously,
according to (1) will affect the spec-

Amplitude (X(f))

1.2

- - Original OFDM Without Deact. and Sidelobes Canc. Carriers
— OFDM with Deactivated Carriers

— OFDM with Sidelobes Cancellation Carriers

— Left Cancellation Carrier Spectrum

---+ Right Cancellation Carrier Spectrum

Y: - 0.1564

-2 0
Normalized Frequency fTs

[FIG3] The OFDM spectrum amplitude with the effect of the deactivated carriers or
cancellation carriers.
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produce S,,. CS is the constellation size of the QAM or PSK map-
ping. The index / ranges from/ =1, 2, ..., L, where L is the num-
ber of possible alternative values. This means that the symbol Sy,
can be mapped into L possible symbols. By putting the Nppr sym-
bols of S;, (1) into (1), and observing from all L possible PSDs, the
one with the lowest sidelobe is then chosen for transmission. An
example of simple mapping from Sy, into S, (/) is given in [18].
The CS points of QAM or PSK are numbered as 0,1,... ,CS — 1,
hence the symbol S,, is assigned to the number
I, €{0,1,...,CS —1}) according to its point position. The
Sy, (1) will be the symbol value on the new number 7, (/) that is
derived from the addition of the assigned number 7,,, with the ran-
dom number Dy, (/) that has L different possible values [17]

I (1) = Im + D (D). (&)

By transmitting the informa-
tion about the set index informa-
tion /, the receiver can decode the
received signal and reconstruct
the original S, symbol. By means
of the interleaving approach, the

THE LONGER THE FILTER LENGTH,
THE GREATER THE DEGREE OF
FREEDOM WILL BE FOR THE DESIGN
OF THE FREQUENCY SELECTIVITY

SIDELOBE SUPPRESSION BY

ADAPTIVE SYMBOL TRANSITION

The most recent OFDM sidelobes suppression technique is
introduced in [18]. Time-domain symbol transition is insert-
ed between two OFDM symbol, and the symbol transition
value is obtained in such a way that the signal spectrum or
the Fourier transform of the two consecutive time domain
OFDM symbol (including the symbol transition) will have
low sidelobes. The objective is to minimize the spectrum
resulting from two consecutive time domain OFDM symbol
without the symbol transition added by the spectrum con-
tributed from the symbol transition on the LU band [18]. The
symbol transition will not introduce any intersimbol interfer-
ence (ISI) but the transmission duration becomes longer,
which means that the bit rate is reduced.

Of these methods in suppress-
ing the OFDM sidelobes, the CR
system could employ a combina-
tion of the introduced techniques
(e.g., windowing + cancellation
carriers + adaptive bit loading)
according to its target service

Nrpr S symbols are interleaved AND THE REGULARITY ORDER (e.g., higher bit rate, low BER,
by L different interleaver rules, OF THE WAVELET FILTERS. and considerable complexity) to
obtain efficient spectrum access
and reliable communications.
S/ =11()S, (4)

where IT(/) is the permutation matrix that will do the interleav-
ing. The matrix IT(/) has L different possible matrix values. The
permutation matrix IT(/) will be available at the transmitter and
the receiver. Among L different possible OFDM spectrum using
set of symbols S’ (7), the one with the lowest sidelobes is chosen
for transmission. The receiver will use the deinterleaver permu-
tation matrix M!(/) to recover the transmitted data upon
receiving the side information index /.

In the phase approach, each phase of symbol S,, is shifted by
random phase 6, (/) with L different possible values. The phase
shifted symbol S;,,(/) becomes [17]

S, (1) = Spel ), (5)

where 6,(7) is in the range of between 0-2s. In the vector nota-
tion, the phase shifted signal S’(/) is derived from point to point
multiplication between the original signal S and the complex
number vector derived from /%), As in the constellation and
interleaver approach, in the phase approach, among L possible
sets of vector 8(/), the one that produces the lowest sidelobes is
chosen and applied to the symbol vector S. The index information
[ is transmitted so that the receiver can reconstruct the symbol
vector S. Apart from the random shift, random amplitude shift
can also be applied, but in such cases the BER performance will
be affected. Another approach is to only apply the multiple choice
sequence technique to the carriers adjacent to the LU band, since
these carriers affect the sidelobes magnitude most [17].

WAVELET PACKET-BASED CR SYSTEM

In multicarrier wavelet packet modulation (MC-WPM), the
Fourier transform used in OFDM is replaced by the orthonormal
wavelet packet bases. The wavelet packet bases and their dual
bases are obtained from perfect reconstruction two-band finite-
impulse response (FIR) filter bank solution using multistage
tree-structured paraunitary filter banks derived by cascading
two-channel filter banks [19], [20]. The wavelet transform pro-
vides higher sidelobes suppression when compared to the rec-
tangular window sidelobes in regular OFDM [21]. In [22], the
Daubechies and Haar wavelet-based multicarrier transmission
over Rayleigh fading channel were evaluated. Their performanc-
es in terms of intersymbol interference (ISI) and intercarrier
interference (ICI) have been compared with the Fourier-based
OFDM using rectangular window. The wavelet-based multicarri-
er provides significant ICI power reduction and slight ISI power
reduction compared to OFDM.

WAVELET PACKET FILTERBANKS

The wavelet packet subcarriers (to be used at the transmitter
end) are generated through a multichannel filterbank consist-
ing of two cascaded channel filterbanks in which the synthesis
filters (H’ and G') are applied. The process known as the syn-
thesis procedure consists of binary interpolation (upsampling)
by two, filtering and recombination at each level. To demon-
strate the generation of the wavelet packet bases process, we
shall consider here a cascaded level-three tree structure of the
type shown in Figure 4(a). Such an arrangement can give rise
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to eight wavelet packet bases. In general, a level-J tree has to be
constructed to generate M bases or subcarrier waveforms. The
structure in Figure 4(a) can be simplified by applying the noble
identities procedure that will produce multirate systems. Each
of the carrier will be upsampled by M and will experience only
one tap filtering. The filter is the equivalent filter resulting
from the convolution of the combination between low pass
and high pass filters according to the branch line of the tree
[23]. The high pass filter H'(z) with length L’ can be
obtained from the low pass filter G'(2) by means of the
G'(z) = —z~ L'~V (—z71) equation

[24]. The coexistence with the LUs is

actualized by shaping its transmission

family of maximum frequency selective filter banks derived
from a modified Remez exchange algorithm [24]. It provides a
degree of freedom to shape its sidelobes by varying its regulari-
ty order, transition bandwidth, and filter length. From the fil-
ter with length L/, the Remez algorithm will produce L’
equations, L'/2 of which will be dedicated for the paraunitary
condition, K equations for the regularity order and left
L' /2 — K for frequency selectivity. The longer the filter length,
the greater the degree of freedom will be for the design of the
frequency selectivity and the regularity order of the filters. The

waveform and by adaptively activating or @ L H |
deactivating subcarriers in such a way as (s —’
to utilize the unoccupied time-frequen- @ ‘@ 5 -
cy gaps of the LU. The idea is to dynami- IE 1 _‘
cally notch the transmission signal so L= _ﬁ@__
that it has no or very little time-frequen- IE &l
cy components competing with the LU. —
In that way, the CR can seamlessly blend @ E
with the LU operation. L | H —
The wavelet packet duals (to be used 2 G| —
at the receiver end) are also obtained E — [ @_'
from multichannel filter bank analysis, @ E
though the processes are reversed. The _"—'
duals are obtained from the analysis fil- @ E

ters (H and G ) through the analysis pro-
cedure which consists of filtering,
decimation (downsampling) by two and
decomposition at each stage. Figure 4(b)
illustrates the generation of eight
wavelet packet duals from a level-three
tree cascaded filter bank. The dual filters
are derived from paraunitary condition
P(z) + P(—z) = 2, where the product
filter P(z) = H(z)H(z™Y), [24] and
H(z"!) = H'(2). In the time domain
the analysis filters are the complex con-
jugate time reversed versions of the syn-
thesis filters (A'(n) = A*(—n) and
g'(n) = g*(—n)).

The wavelet basis function in the
application of MC-WPM systems should
fulfill some fundamental properties.
These properties include the time and
band limitation, the orthogonality
between the bases and their duals for
perfect reconstruction, and the orthog-
onality between the bases for the
unique demodulation of each basis
function. Of the available wavelets such
as: Coifflets, Daubechies, Haar, and
Symlets, the most suitable wavelet that
fulfils the required properties is the

G 2:1]

H 2H1R)S
G |-> 2:1)

G 21,

[FIG4] Generation of wavelets. (a) A level-3 tree gives eight wavelet packet bases for the
transmitter and (b) their duals for the receiver. The up arrows represent interpolation by
two, the down arrows represent decimation by two. H' and G’ denote the frequency
responses of the low and high pass reconstruction filters, while H and G denote the
frequency responses of the low- and high-pass decomposition filters, respectively.
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smaller the transition bandwidth, the more frequency selective
the filter will be.

Regularity corresponds to the smoothness and sidelobes of
the signal. As the regularity order increases, so the sidelobes
of the signal become lower and smoother. There will be trade off
between CR performance and sidelobe reduction. The sidelobe
can be depleted by increasing the regularity order with the cost
of low filter frequency selectivity that will deteriorate the CR
performance. More details on the analytical aspect of this sub-
ject can be found in [24]. The performance of MC-WPM with
Remez exchange algorithm as CR system is evaluated in [25]
and is compared with the Fourier-based MC-OFDM CR system
in the presence of the LU signal in the additive white Gaussian
noise (AWGN) channel. The results show that within certain
Remez parameter values, MC-WPM outperforms the Fourier-
based MC-OFDM.

INTERPOLATED TREE ORTHOGONAL

MULTIPLEXING (ITOM)

In the MC-WPM technique, the filter banks perform the dual
role of shaping the spectrum and also interpolating in time
series. A more intelligent method is to separate the two
processes in order to gain a greater control over the charac-

Shaping Filters

teristics of the carriers. This method, called the ITOM
method, was introduced in [13]. The spectral shaping is per-
formed in a bank of shaping filters external to the wavelet
packet tree structure. The procedure is depicted in Figure 5,
where we can see that up-sampled shaping filters precede the
input ports of the wavelet packet tree structure.

The prototype baseband spectral shape is preserved dur-
ing the interpolation and aliasing operations. Notching over
the desired spectral interval is achieved by vacating one or
more of the input branches. In principal, the ITOM method
will deliver the spectra formed by the input shaping filters to
specific center frequencies by sequentially forming aliased
spectral replicas by up sampling and selective half-band filtering
the desired replica [13].

SINGLE CARRIER CR SYSTEM

Single-carrier transmission for opportunistic spectrum access
has recently being initiated. Upon receiving the spectrum occu-
pancy information, the time-domain signal can be shaped in a
way that part of the spectrum will not distort the legacy system
signal. Single carrier transmission using Fourier and wavelet
transformation signal shaping techniques will be discussed will
be discussed in the next sections.

Interpolating Filter Tree

La.
| 1
=1 I wirom [ 2T w
» of » H ¥
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[FIG5] Modulator of ITOM interpolated tree structure [13] where wirowm is the ITOM shaping filters.
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TRANSFORM DOMAIN COMMUNICATIONS SYSTEM
Transform domain communications system (TDCS) is a single
carrier modulation that was initially introduced in [26]. TDCS
fundamentally synthesizes a smart adaptive waveform to avoid
interference at the transmitter, while the conventional technique
tries to mitigate the interference at the receiver. Basically the
spectral of interference signal or the LU’s signal currently occupy-
ing the spectrum are scanned. Once they are indentified through
some form of threshold detection, a clean spectrum information
A= {4, A, ..., Axrrr ) will be
formed by the spectrum magni-
tude module, where amplitudes of
interfering frequency compo-
nents exceeding a threshold are
set at zero, while the others are
set at one. The multivalued
complex pseudorandom phase
vector (¢/?) is multiplied ele-
ment by element with A to pro-
duce the spectral vector B. After IFFT operation, a
time-domain basis function b(¢) is derived, which is subse-
quently stored and modulated by using pulse amplitude mod-
ulation (PAM), pulse position modulation (PPM), or cyclic
code shift keying (CCSK). In CCSK, the bits are represented
by the cyclic shifted pulse in time.

This zeros insertion impact can be described from the TDCS
power spectral density (PSD)

1) 2 2
1 Mo ) (o) ) ,
PSD(f) = | —— Z Ame—jze,,, / p(t)e—jQTI(f—fm) dt
Nerr =, .
—(4e)

(6)

where Ty, is the useful signal duration, p(#) is the window
function, « is the roll off factor of the window, and 6, the
phase on subband m produced by the random phase module.
The random phase can be derived from one of the 27 phase
shifts which are evenly spaced around a unit circle, while 7 is
the number of bits representing a complex point if a linear
feedback shift registers is used to choose it. The primitive poly-
nomial of the linear feedback shift registers can be configured
for multiple access features so that each access has its own
random phase sequence. The random phase generator should
be designed in such a way that the resulting time domain basis
function b(f) has correlation properties similar to those of
sampled noise. If p(¢) is a rectangular window and « is zero,
the area within the integral can be replaced by
Tusinc((f — f) Ty). Zero amplitude at the carrier m will
make the PSD on that carrier position zero, and due to the
orthogonality among carriers the power contributions from
the other carriers are also zero. In this way the TDCS can be
used as CR modulation technique in overlay opportunistic
spectrum access, since part of its spectrum on the LU band will

TDCS FUNDAMENTALLY SYNTHESIZES
A SMART ADAPTIVE WAVEFORM
TO AVOID INTERFERENCE AT THE

TRANSMITTER.

not significantly impact the LU transmission. Equation (6) is
almost similar to (1), only the power pm and symbol ampli-
tude S, in (6) are replaced by the spectrum information A,,
and the random phase 6,,.

TDCS gives a greater degree of freedom in choosing the
window p(f) to lower the sidelobes of its spectrum. Unlike
OFDM, the spectrum sidelobes of the window for TDCS do not
have to be zero on the frequency spacing interval (in OFDM
this is described as the orthogonality between carriers), as long
as its sidelobes are very small.
Since data detection at the
receiver is performed by correlat-
ing the received signal with the
reference signal, the designed
nonorthogonal spectrum e.g., by
applying half sine window or
Gaussian window to the trans-
mitted signal will not affect data
detection. Decorrelation for sym-
bol demapping is simplified in [27] by choosing the index
(position) of the maximum of absolute value of inverse Fourier
transform of the product of the conjugate received signal and
reference signal in frequency domain.

Recently, the modified the TDCS model is proposed by
adding another bits source as a form of embedded symbol
and by multiplying the frequency domain TDCS basis func-
tion with the embedded symbol [28]. The purpose is to
increase the TDCS bit rate. This extra bits source can also be
used to transmit CR side information. Assigning extra bits to
the embedded symbol denotes allocating extra power to the
TDCS basis function (increased SNR per symbol) that will
lead to the data detection enhancement of the legacy data
source (from PAM, PPM, or CCSK detection). The TDCS with
extra embedded symbol transmitter and receiver schemes are
depicted in Figure 6.

Due to the extra embedded symbol, the TDCS PSD would
become

1 .
PSD(f) = ‘N—Sefe

FFT
2
1 Tu
Nrpr—1 . (o3 i .
Z Ame*/9m / p(t)eijH(fffm) dt i
m=0

—(+a)

()

where S and ¢ are the embedded symbol magnitude and
phase. In order not to alter the PSD amplitude, the value of S
should be one, therefore PSK is considered as the suitable embedded
symbol modulation mode.

WAVELET DOMAIN COMMUNICATIONS SYSTEM

Another family of TDCS is the wavelet domain communications
system (WDCS) [29], [30] where the Fourier transform opera-
tion in TDCS is replaced by wavelet transformation. The wavelet
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transform is used in this scheme
to identify and establish an inter-
ference-free spectrum. It was ini-
tially performed to overcome the
deficiencies of the TDCS in esti-
mating the characteristics of non
stationary interference, and the
inefficiency of the Fourier-based spectral estimator causing
spreading of the interference energy into adjacent spectral
regions thus resulting in performance degradation [29]. In [30]
the traditional wavelet transform is extended by introducing the
wavelet packet decomposition technique to WDCS with the
intention of increasing the transform adaptation over a larger

| Spectrum
| ID

!

OFDM’'S MAIN DRAWBACK IS THAT
ITS HIGH SIDELOBES WILL INTERFERE
WITH THE NEIGHBORING LUs BAND.

class of interfering signals, to
obtain finer high-frequency reso-
lution, and more accurate electro-
magnetic spectral estimates.
Through the use of adaptive
thresholds and notches, subbands
in the packet-based WDCS trans-
form that contain the interference are effectively cancelled.

A WDCS time domain basis function &(#) is obtained by per-
forming an inverse wavelet transfom of the multiplication (point
to point) between the spectrum occupancy vector A and the ran-
dom phase ¢/?. The wavelet basis functions which are earlier
applied in MC-WPM such as Coifflets, Daubechies, Haar,
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[FIG6] (a) Transmitter and (b) receiver architecture of TDCS with extra embedded symbol featuring channel estimation module.
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Symlets, or Remez filter can also
be used in WDCS. The time
domain basis function b(¢) is
later modulated with the data
using PAM, PPM, or CCSK modu-
lation and then transmitted. The
WDCS transmission block is pre-
sented in Figure 7.

At the receiver the detection
is preceded by correlating the
received signal with the reference signal in time domain. The
receiver structure of WDCS is virtually the same as the TDCS,
only the FFT and IFFT modules are replaced by respective dis-
crete wavelet transform (DWT) and inverse discrete wavelet
transform (IDWT).

SUMMARY

By relying on the accurate information from the spectrum
sensing module about spectrum occupancy, a CR system can
shape its signal in such a way that it coexists with the neigh-
boring LUs and tries to achieve reliable communications
while accessing the spectrum opportunistically. Of the sever-
al modulation techniques, it is the OFDM that is considered
to be a strong candidate due to its spectrum access flexibility
by notching its carriers on the position of LU’s band. OFDM’s
main drawback is that its high sidelobes will interfere with
the neighboring LU’s band. Techniques such as windowing,
adjacent carriers deactivation, cancellation carriers, multiple
choice sequence, and a combination of all these techniques
as the solutions used to mitigate the sidelobes problem have
been overviewed. While windowing technique is a known
application for sidelobes suppression, these techniques dis-
cussed in this article are novel for the CR. Bit-rate loss due to
windowing can be compensated by the application of adaptive
bit loading, where more bits are transmitted on the carriers
with good SNR and fewer bits are transmitted on the carriers
with bad SNR, while the target rate still can be obtained.
Moreover, the OFDM symbols can be

overlapped with the deliberate design

RECENT STUDIES AND
MEASUREMENTS HAVE SHOWN THAT
VAST PORTIONS OF THE LICENSED
SPECTRA ARE RARELY USED DUE TO
THE INFLEXIBLE SPECTRUM
REGULATIONS.

the desired CR spectrum can
be designed.

Single carrier modulation for
a CR system, known as TDCS,
has been studied. The technique
requires the spectrum occupan-
cy information and relies for its
data detection on the correlation
properties of the generated ran-
dom sequence used to construct
its waveform. By utilizing the spectrum occupancy informa-
tion and the random sequence, the TDCS can shape its signal
to share the spectrum with the LUs. The shaping is employed
by notching its energy in the band occupied by the LU. The
combination with windowing will even shape its spectrum
better. Since the data detection at the receiver is applied by
cross-correlating the received signal with the reference signal,
subcarrier unorthogonality will not severely affect the TDCS
data detection. This condition indicates a huge degree of free-
dom when it comes to choose the window shape to lower the
TDCS spectrum sidelobes. The data bits are aided to the signal
by PAM, PPM, or CCSK modulation. Like OFDM, TDCS also
requires an IFFT module to create its time domain signal.
TDCS possesses lower bit rate compared to OFDM. As an
effort to increase the TDCS bit rate, we have introduced addi-
tional data source to the TDCS as a form of embedded symbol
by multiplying the frequency domain TDCS basis function
with the embedded symbol. As embedding extra symbol to the
TDCS basis function refers to adding extra energy to the
TDCS symbol, the cross-correlation property of the TDCS
symbol will be enhanced. As the outcome, the data BER from
the legacy bit source (PAM, PPM, or CCSK) will be improved.

The Fourier transform in TDCS can be replaced by the
wavelet transform that invokes the WDCS as another single
carrier modulation technique for CR system. The data detec-
tion in WDCS is implemented by correlating the received
WDCS signal with the time domain reference signal.

of overlap position that will prevent
the inter symbol interference.
The Fourier transform in OFDM can

Spectrum ID

be replaced by taking the wavelet packet-

and Spectrum
Magnitude
(Wavelet

based transform as an alternative tech- Transform

nique. References have shown that the Estimation and
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shaping its signal spectrum. By configur-
ing the filter length, transition band-
width, and regularity order of the filter,

[FIG7] WDCS transmitter blocks [29].
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