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Abstract

This paper presents a cluster-based transform domain caiation system (TDCS) to improve
spectrum efficiency. Unlike the utilities of clusters inlaygonal frequency division multiplex (OFDM)
systems, the cluster-based TDCS framework divides enticeaupied spectrum bins intb clusters,
where each one represents a data steam independently, ievea¢htimes of spectrum efficiency
compared to that of the traditional one. Among various s&®eaf spectrum bin spacing and allocation,
the TDCS with random allocation scheme appears to be an @ealidate to significantly improve
spectrum efficiency without seriously degrading power ifficy. In multipath fading channel, the
coded TDCS with random allocation scheme achieves robug Bé&formance due to a large degree
of frequency diversity. Furthermore, our study shows that ¢maller spectrum bin spacing should be
configured for the cluster-based TDCS to achieve highertspacefficiency and more robust BER

performance.

Index Terms

Spectrum and power efficiency, transform domain commuioicaystem (TDCS), cognitive radio

. INTRODUCTION

Due to the scarcity of available spectrum, future wirelessimunication systems have to

efficiently use all available spectrum resources. The gunaktransform domain communication
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system (TDCS) has been initially studied in [1], where it siflgasynthesizes an adaptive
waveform by avoiding using spectrum bands occupied by jararoe licensed users. Unlike
orthogonal frequency division multiplexing (OFDM) and rindarrier code division multiple
access (MC-CDMA), TDCS is designed to avoid the use of oemipands by signal processing
facilities at both transmitter and receiver instead of gaiting the interference only at receiver [2].
Thus, TDCS can be used as a cognitive radio (CR) modulatadmtque for overlay opportunistic
spectrum access systems [3] [4].

The multiple access TDCS (MA-TDCS) has been first implengktige assigning each user
a unique primitive polynomial for a different.-sequencel 5], and the techniques needed for
acquisition and synchronization have also been discusgd&j. iThe authors in[7] have proposed
an efficient implementation of TDCS to enhance bit error (B€R) performance by removing
the imaginary part of noise components. For practical appbns, the problem of peak-to-
average power ratio (PAPR) has been studied to minimize ahénear distortion of high power
amplifier (HPA) [8]. However, TDCS has been used only for tbe-Fate control channel in
cognitive radio networks because of its low spectrum efficygQ]. In order to improve spectrum
efficiency, a modified TDCS model has been proposed with anatata source in the form of
embedded symbols [10]. Since it uses the high-order phaieksking (PSK) modulation, the
embedded TDCS achieves unsatisfactory spectrum and pdfi@erey due to the degraded
BER performance with reduced Euclidean distance.

In OFDM systems, the concept of clustering has been widedg éigr channel estimation [11]
or interference suppressidn [12]. However, the purposesifguclusters is not to improve spec-
trum efficiency since OFDM is essentially a digital modwdattechnique where the data stream
modulates spectrum bins directly. In this paper, we presedluster-based TDCS framework
to improve spectrum efficiency, based on the fact that it atihieves sufficient orthogonality
among different spectrum bins when the number of unoccugpetttrum bins is smaller than
the order of cyclic code shift keying (CCSK) modulation [[18jor the L-cluster TDCS, the
unoccupied spectrum bins are divided intoclusters. We will show that our proposed TDCS
achievesL times of spectrum efficiency compared to that of the tradalmne.

Similar to many communication scenarios, the cluster4#aleCS encounters the tradeoff
between spectrum and power efficiency, i.e., it achieves $pgctrum efficiency with a penalty of

BER performance as the number of clusters increases [9plVe this problem, in this paper, two



spectrum bin allocation schemes are considered, namelgathignuous and random allocation
schemes. Analytical and simulation results illustratet,tilde L-cluster TDCS with random
allocation scheme achievds times of spectrum efficiency without serious BER perfornganc
degradation, compared to the traditional one. We also fiag thfferent from the result in_[13],
the spectrum bin spacing of the cluster-based TDCS shoultbbfgured as small as possible
to achieve high spectrum efficiency and robust BER perfooaan
We use(-)" and| - | to represent the operations of conjugate and absolute .veheemodulo

operationmod (z, y) denotes the remainder ofdivided byy. The symbolsF and 7! represent
the operations of fast Fourier transform (FFT) and its iseeflFFT), respectively. Finally, the

symbol () denotes an empty set.

[I. REVIEW ON TRADITIONAL TDCSs

In TDCS, the entire spectrum band is divided infospectrum bins. A spectrum availabil-
ity vector, A = {Ag, Ai,...,Ay_1}, is used to represent the distribution of spectrum holes
as shown in Figll. Note that the value df, is set to 1 (or 0) if thek,, bin is unoccu-
pied (or occupied). Let us assume that there &re unoccupied bins inside the s@f, i.e.,
{Ak =1,ke QC} [2]. According to Fid.2, a user-specific complex pseudocendPR) phase
vector, P = {e/™ /™ . e/™~N-1} is multiplied element by element witA to produce a
spectral vectoB, i.e.,B = A -P. The fundamental modulation waveform (FMW)is achieved

by performing an IFFT operation,
b = {by, by, ....,bx_1} = AF {B}, (2)

where A\ = /N/N¢ is an energy normalization factor. With &-ary CCSK modulator, the

transmitted waveformx = {zo,x1,---,xy_1}, IS achieved by cyclically shiftingd with S
places[[9],
N_l . .
Tu = byga( sy =AY Ak e R )
k=0
For detection, the received waveform,= {ro,r,--- ,rny_1}, IS correlated with the local

reference FMW to recover input data symbols by detectingnti@aimum correlation output
[14]. To halve noise effects, the receiver extracts only ris@l part of maximum correlation
output,

S =argmax {R{F ' {F(r)- (F(b))'}}}, (3)



where¥t {-} denotes the operator obtaining the real part of a complertgua
Since each transmitted waveform carrieg, M bits, the spectrum efficiency of traditional
TDCS with bandwidthi’’ and spectrum bin spacingy;, i.e., Ay = W/N, is given by [13]

Nrpcs = AJCLZ(M) (bits/s/Hz) (4)
YW

where~ denotes the unoccupied bandwidth ratio. Accordindg to @,ttaditional TDCS should
chooseM andA; with the highest possible value to improve spectrum effiyerlowever, it is
emphasized in [13] thah ; should be configured as small as possible to achieve néisg+op-
erties for robust BER performance. Obviously, this inheteadeoff with respect ta\ ; makes

it difficult to achieve robust BER performance and high speutefficiency simultaneously.

[1l. CLUSTER-BASED TDCS

From [13], TDCS still achieves sufficient orthogonality amgodifferent spectrum bins when
the number of unoccupied spectrum bins is smaller than thekC@odulation order. Therefore,
in this paper, a cluster-based TDCS framework is proposettheeve high spectrum efficiency
by dividing the unoccupied spectrum bins into clusters.

We assume thad. unoccupied spectrum bins are equally divided ibtelusters, and each
cluster hasV¢ /L unoccupied spectrum bins. For the cluster, the unique spectrum availability
vector is defined as\! = {A}, A%, ... A\ _ 1,

1, keQf
Al = L (5)
0, ke

whereQ¢ and(); denote the sets of unoccupied and occupied spectrum birtkeidy, cluster,
respectively. To fully utilize all available spectrum resces and maintain orthogonality among
different clusters{Qf', 1 =1,2,..., L} should satisfy

U Q=0 and O QF =0. (6)
The FMW representing thg, cluster is generated by performing an IFFT operation on the

scalar product betweeA! and the PR phase vect®, i.e. 7! {A1~P}. Then, all FMWs

associated with their corresponding clusters are resgdgtinodulated by the CCSK modulation



of an orderM. The transmitted waveforme = {z¢,z1,--- ,xy_1} generated by thd.-cluster
TDCS is given by

=

L
—j2nSlk  jomkn
)\E Aledmee =0 e N (7)

=1 0

e
Il

where ) is the energy normalization factor given i (1) aftle {0,1,2,---, M — 1} denotes

the data symbol carried by thg, cluster. It is easy to expreds (7) into

=A Z (Z Al edmre 5 k> eI (8)
k=0 =
Therefore, the transmitter of cluster-based TDCS requirdg one IFFT operator, as shown in
Fig[3(a).
After passing through an additive white Gaussian noise (A)/Ghannel, the received wave-

formr = {7“0,7“1,"' ,’I“N_l} is

N-1/ L l
. —j2n Sk j2mkn
T = A E E Al eImee e N 4w, (9)
k=0 \i=1

wherew,, indicates the AWGN noise. Following the CCSK demodulatibaven in Fig.3(b), the

data symbolS! is recovered by detecting the maximum correlation output,
yl= 7 {]—"{r}~(Al-P)*}, (10)

where (A'-P) denotes the frequency-domain local reference FMW assatiafth thel,,

cluster. Utilizing the constraint ifi{6), the, element ofy' is derived as

N-1
yh=>Y" <)\}Al 2 (Z wWhe N> (Al ejmp)*> e (12)
p=0
and the demodulated data symistilis expressed as
S :argmax{%{yi}} :argmax{%{RlTjLan}}, (12)
where
—AZ(P‘“Z )R =0 N 13)
denotes the autocorrelation of thg FMW, and
N—-1 /N-1 . ,
nl = Z (Z wpe N (A;)*e_jmp> e~ ,r=01,---,N—1 (14)
p=0 n=0



denotes the noise obtained by CCSK demodulator. Consdguthig receiver of cluster-based
TDCS is shown in Fig@l3(b), where data symbols corresponttiragher clusters can be recovered
by same procedures described above.

Since the cluster-based TDCS can be considered as a grougieidual traditional TDCSs
where each one carriésg, (M) bits, the spectrum efficiency df-cluster TDCS is

LA:1 M )
netser — L7108 i) (15)
~yW

whereW, ~, andA; are defined in[(4).

By comparing[(#) and_(15), the traditional scheme can beidered as a special cask € 1)
of cluster-based TDCS. For a given CCSK modulation orgter the spectrum efficiency is
improved only by increasing the spectrum bin spaciyg However, for the cluster-based TDCS,
two variables in[(I5)L and A, are associated with the spectrum efficiemey,st... With the
concept of clustering, the cluster-based TDCS is consistel group of individual traditional
ones. This arrangement achieves the spectrum efficiendyafister TDCS to bel times of

that achieved by the traditional one.

V. SPECTRUM BIN ALLOCATION SCHEMES

Similar to many communication scenarios, the cluster-#aleCS has a tradeoff between
spectrum and power efficiency. Since the autocorrelatioanoideal FMW has a distinct peak
and low sidelobes, CCSK modulation is a form bf-ary signaling over a communication
channel [[14]. The lower sidelobes the autocorrelation s better BER performance TDCS
can achieve. However, as the number of clusfeiscreases, the number of unoccupied spectrum
bins in each cluster, i.6V./L, decreases, leading to high autocorrelation sidelobesidrcase,
BER performance is highly dependent on sidelobes, espetha first few sidelobes.

To better understand the effect of clustering, let us restigate the autocorrelation if_(13).
Without loss of generality, we may assume the data symbel! 0 for thel,;, cluster. According
to (8), (13) can be rewritten as

RL=2Y e r=01, N-1 (16)

c
pEQl



As a consequence of Cauchy-Schwarz inequality [15], for delpy 7 # 0, R} > R. means
that R}, is the autocorrelation mainlobe. Thus, the normalizedisis are expressed as

RIT L J2mpT
Ri’,norm:ﬁ:N— Z(?N 7721,"‘,]\[—1. (17)
0 © peQf

From (17), the normalized sidelobes are decided by two factbe number of clusters and
the set of unoccupied spectrum bif¥§". The largerL results in higher normalized sidelobes,
leading to degraded BER performance. For the(¥ef two spectrum bin allocation schemes
are considered for the cluster-based TDCS, namely conisnaod random allocation schemes
shown in Fid.4.

The objective of all allocation schemes is to minimize sides{R.,,,,,7 # 0} for all L

clusters. In this paper, minimizing the largest sidelobeassidered under the constraint in (6),

and the objective function becomes

Bmin = min {rrllix {Rlnmrm, T # 0}}

subject to U of =a° (18)
1=1,2,...L
N o =0
1=1,2,... L

Utilizing the Stirling approximation [16], the global searto find out the minimapb,,;, requires

a complexity of
L—1 Ne(L-1)

N¢! 1L L
L _ c L o Ne+lL
| | N = (Nc|)L (2rNg) 2 - L7 2, (29)
1=0 L L

which means that optimizing the objective function[in](18)ai NP-hard problem. As shown in
Fig[3, the value of3,,;, can also be approximately found by a finite number of MontddCar
trials without exhaustive search.

It is obvious that the cluster-based TDCS with the randorocalion scheme has a small
Buin Value, ands,,;;, gradually increases as the number of clusteiacreases. In fact, with the
continuous allocation scheme described in[Fig.4(a), th&VFdbrresponding to each cluster has
a small total bandwidth, leading to the associated autetadron having high sidelobes. With the
random allocation scheme, however, the allocated unoedwgpectrum bins of each cluster are
distributed over almost the entire bandwidth. The corradpmy FMW hence becomes a wide-

band signal, leading to low autocorrelation sidelobes.s@CSK demodulation in_(12) relies



on the FMW with impulse-like autocorrelation propertidse tluster-based TDCS with random
allocation scheme is expected to achieve better BER pedioce than that with continuous

allocation scheme.

V. NUMERICAL RESULTS

To validate the cluster-based TDCS, a scenario of spectrantiveidth 1/ = 10MHz and
v = 3/4 is considered where the occupied bands are present in tige 46-3.75 MHz and
6.25~7.5 MHz. In the simulation, we assumé equals256 and1024, and the CCSK modulation

order equalsV.

A. Performance in AWGN channel

With the continuous and random allocation schemes|[ JFigodvsithe BER performance of
cluster-based TDCS witlv' = 256. For a small number of clusterd. (= 2), the TDCS with
both allocation schemes achieves BER performance sinolahé traditional one, indicating
that the BER performance is not obviously degraded by dogldpectrum efficiency. Although
spectrum efficiency is further improved asncreases, however, the proposed TDCS suffers from
BER performance degradation. In particular, the 8-clu§®€S with random allocation scheme
achieves an 8-fold improvement in spectrum efficiency atdbst of 1dB BER degradation,
compared to the traditional scheme.

To demonstrate the impact of the number of clustérspn the system performance, FEig.7
shows spectrum and power efficiency far = 256 and 1024 in AWGN channel, i.e.,E;,/ Ny
(dB) required for BER*0~* with L = 1,2,4, 8,16, 32, 64. In accordance with analytical results
in section 1V, the TDCS with random allocation scheme outpens that with the continuous
scheme in terms of BER performance. Por= 256, the 8-cluster TDCS with random allocation
scheme achieves a 9dB gain in termsf/ N, compared to that with continuous allocation
scheme, because of the lower autocorrelation sidelobes.

Similar to the results shown in Hg.6, the cluster-based $3¥0ffers from BER degradation
when L is large. Taking an example fa¥ = 1024, the 8-cluster TDCS with random allocation
scheme require&);, /N, = 4.1dB to achieve BER¥0~*, whereas the 64-cluster TDCS requires
Ey/Ny = 6.1dB. This observation indicates that spectrum efficiencynesdased front).104 to
0.833 (bits/s/Hz) with a penalty o2dB in terms ofE, /N, to achieve BER+)~*. Therefore, for



practical scenarios, TDCS should choose a suitable value tof achieve a desirable tradeoff

between the spectrum and power efficiency requirement.

B. Performance in multipath fading channel

Let us discuss the performance of coded TDCS in multipatmfadhannel (COST207RAX6
channel in[[17]). A convolution channel code with a codinters/2 is considered. To combat
the effects from the multipath fading channel, the length cyclic prefix and a minimal mean
square error (MMSE) equalizer are simulated.

Fig[8 shows that the TDCS with both allocation schemes aekidegraded BER performance
when L increases. It is also interesting to observe that, for= 2, the TDCS with random
allocation scheme is superior to that with the continuoudsesw, in contrast to the AWGN
channel case where both allocation schemes achieve siBtRrperformance. Compared to the
continuous allocation scheme, each FMW associated witthorarallocation scheme spreads over
a wider spectrum. Therefore, the cluster-based TDCS witkdam allocation scheme achieves
better BER performance than that with continuous scheme taa larger degree of frequency
diversity in multipath fading channel [18].

Fig[9 illustrates the spectrum and power efficiency in rpalfh fading channel, where the
TDCS with random allocation scheme still achieves bettecspm and power efficiency, com-
pared to that with continuous allocation scheme. Furtheemihe cluster-based TDCS suffers
from obvious BER degradation wheh exceeds a certain threshold value. According to the
simulation results, the number of clusters should/be< 4 for N = 256 and L < 16 for
N =1024.

According to the system performances in AWGN and multipattirfg channels, we make
the following remarks.

« To achieve better spectrum and power efficiency, the chiiteed TDCS should adopt the
random allocation scheme. Since the randomly allocated &ie distributed over almost
the entire bandwidth, the generated FMW has low autocdioelsidelobes leading to the
robust BER performance. Furthermore, in multipath fadihgrmel, the proposed TDCS
with random allocation scheme achieves more robust BERopeéance due to a larger

degree of frequency diversity, compared to that with camdus allocation scheme.
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« Due to the tradeoff between spectrum and power efficieneyclinster-based TDCS cannot
unlimitedly increase spectrum efficiency. Wherexceeds the specific threshold value, such
asL =4 for N =256 andL = 16 for N = 1024, BER performance rapidly degrades. This
observation provides a quick rule of thumb for designing ¢hester-based TDCS.

« The traditional scheme can be considered as a special £asd ) of cluster-based TDCS,
where only a large value of spectrum bin spacigcan improve spectrum efficiency. Under
the constraint of a small valu& for robust BER performance, this inherent tradeoff makes
it difficult to achieve robust BER performance and high speutefficiency simultaneously.
Fortunately, with the concept of randomly clustering, thester-based TDCS with a smaller

Ay achieves higher spectrum efficiency and more robust BEFoprence.

VI. CONCLUSION

In this paper, we have proposed a cluster-based TDCS frarket@oimprove spectrum

efficiency by dividing all unoccupied spectrum bins into sters. Among various schemes of

spectrum bin spacing and allocation, analytical and sitrariaesults show the proposed TDCS

with random allocation scheme achieves higher spectrumiezifty and more robustness against

BER performance degradation, compared to that with coatis@llocation scheme. Furthermore,

different from previously reported conclusions in therftire, the cluster-based TDCS should

configure a smaller spectrum bin spacidg to achieve higher spectrum efficiency and more

robust BER performance.
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