INTERNATIONAL JOURNAL OF COMMUNICATION SYSTEMS
Int. J. Commun. Syst. 2013; 26:1485-1499
Published online 12 March 2012 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/dac.2326

A novel multicarrier CDMA transmission scheme for cognitive
radios with sidelobe suppression

Morteza Rajabzadeh* ™ and Hossein Khoshbin

Electrical Engineering Department, Ferdowsi University of Mashhad, Mashhad, Iran

SUMMARY

Noncontiguous multicarrier code division multiple access (MC-CDMA) is an effective multiple access
method for cognitive radio systems that can deploy the noncontiguous vacant parts of a certain spectrum
shared with the users of a primary system. However, the large spectral sidelobes of the Fourier transform
based implementation of the MC-CDMA interfere with the adjacent primary transmission. In this paper, a
novel complex signature sequence set is proposed for synchronous downlink MC-CDMA based cognitive
radio networks to suppress the sidelobes. To do so, the minimization of the sidelobes power is developed as
an eigen-optimization problem that is optimally solved by using the eigenvalue decomposition method. The
optimal complex signature sequences are chosen as the eigenvectors attained by the eigenvalue decomposi-
tion of a symmetric matrix that is dependent of the spectral characteristics of the primary users. Simulation
results show that by a slight decrease in the maximum number of active users compared with full load,
the sidelobes can be considerably suppressed. The effect of cyclic prefix length, the bandwidth of the pri-
mary system and the number of active users on the sidelobe suppression performance is analyzed through
numerical simulations. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The increasing demand for high data rate wireless applications drives the efforts for more efficient
usage of the finite natural radio spectrum resource. It is envisioned that this problem can be resolved
through the utilization of cognitive radios (CRs) whose basic idea [1] covers many characteris-
tics converting them to smart autonomous radios. Current requirements of wireless transmission
and implementation challenges have highlighted some of these capabilities. Among them are the
efficient secondary spectrum access and the shift from autonomous CR functioning to structured
networking architectures, which is implied by IEEE 802.22 standard [2] and proposed in many
works such as [3—5]. Multicarrier techniques such as OFDM and multicarrier code division multi-
ple access (MC-CDMA) [6] are considered as promising candidates [7—10] for achieving the wide
variety of CR application requirements, especially efficient secondary spectrum access.

In this paper, we have focused on developing a suitable MC-CDMA based transmission scheme
for the cognitive radio networks. In the literature, two different transmission modes are proposed
for the MC-CDMA based secondary networks: underlay [7, 11] and overlay [7, 8, 12, 13]. We have
considered the overlay mode where the secondary MC-CDMA network is allowed to use a certain
bandwidth shared with the users of a primary system such that minimum interference is made on pri-
mary users (PUs). Therefore, the secondary MC-CDMA must cease transmission on the subcarriers
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located inside the PUs band and only deploy the remaining subcarriers. In this system, two impor-
tant challenges arise. First, this system requires a set of signature sequences (i.e., spreading codes)
that exist with any optional length because the number of remained data bearing subcarriers located
in the allowed part of the spectrum can be any integer value. The deployment of orthogonal com-
plex carrier interferometry (CI) signature sequences is the most important solution proposed for this
purpose [7,12, 13]. The second challenge is the intrinsic drawback of the Fourier based multicarrier
techniques: power leakage because of the spectral sidelobes of the Fourier based MC implemen-
tation. Although the secondary transmitter deactivates the subcarriers located inside the band of
the primary users, the spectral sidelobes of the adjacent data bearing subcarriers interfere with the
transmission of the PUs. Deployment of sidelobe suppression techniques [14, 15] and migration to
filterbank-based multicarrier system [16] are two dominant proposed solutions. The focal point of
this paper is the former one. Several sidelobe suppression techniques are proposed in the litera-
ture for OFDM-based CR transmission. Deploying raised cosine window in time-domain slightly
decreases the sidelobes with low complexity [17], but the OFDM symbol is lengthened. Therefore,
it requires more cyclic prefix (CP) length and so the system throughput is decreased. In adaptive
symbol transition (AST) [18] method, the OFDM symbol is extended by a data sequence designed
based on the transmitted OFDM symbol. The AST method results in better sidelobe suppression
performance compared with time-domain windowing. However, it suffers from the OFDM symbol
lengthening. In subcarrier weighting (SW) approach [19], the data bearing subcarriers are weighted
by a set of real-valued coefficients. There is no need for guardband tones in this approach. The
weakness of SW is the degraded BER performance. The data tones can be precoded by orthogonal
precoding vectors suggested for discrete Fourier transform (DFT)-based [20] and analog [21, 22]
OFDM implementations. In the cancellation carrier (CC) [23,24] and active interference cancella-
tion (AIC) [15,25] methods, the data symbols transmitted on the tones adjacent to the band occupied
by the PUs are designed to suppress the interfering sidelobes. These methods provide good pro-
tection level to primary systems, but their main drawback is that the AIC (or CC) data must be
calculated for each OFDM symbol separately. Hence, these methods are computationally expen-
sive. Moreover, a remarkable part of the power in each OFDM symbol must be spent on the AIC (or
CC) tones to provide moderate notches in the PU band.

The sidelobe suppression techniques mentioned above require that some sort of extra process-
ing be added to the OFDM symbols. Although these methods are also applicable to MC-CDMA, we
propose a novel sidelobe suppression scheme exclusively for MC-CDMA that provides an outstand-
ing spectral notch in the PU band. In contrast to the available sidelobe suppression methods, this
scheme deploys an inherent attribute of the MC-CDMA, the signature sequences, without the need
for any extra redundancy or processing. For this purpose, the effect of the signature sequences on
the frequency spectrum of the downlink MC-CDMA transmission has been analyzed and the leaked
interfering sidelobes power on the PU band is introduced as the cost function to be minimized. This
minimization is shown to be convertible to an eigen-optimization that is easily solved by eigenvalue
decomposition (EVD) tool. The signature sequences are calculated as the eigenvectors correspond-
ing to the smallest eigenvalues achieved by the eigenvalue decomposition of a symmetric matrix
that is formed based on the spectral position of the primary users.

Simulation results show that by supporting less number of users with respect to the full load, the
spectral sidelobes are remarkably suppressed, and reach almost zero. The decrement in maximum
number of active users is very small and can be traded off for the required amount of the sidelobe
suppression. Unlike the AIC , SW and AST methods that require recalculating the parameter used
for sidelobe suppression (including the AIC tones, the coefficients, the mapping and the extended
data) at each transmitted symbol, there is no need to recalculate the signature sequences for each
transmitted MC-CDMA symbol, and the sequences are valid until the next spectral repositioning
of the PUs. In addition, the problem of the sequences length being arbitrary is resolved by the
proposed complex signature sequences. These complex sequences have the crucial orthogonality
condition required for the MC-CDMA multiple access technique.

The paper is organized as follows. After introduction, downlink MC-CDMA system model is
introduced considering both the DFT-based and analog implementation and its power spectrum is
determined in Section 2. The eigen-optimization problem is developed in Section 3. Moreover, the
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signature sequences are designed to solve this problem. Performance evaluations and comparisons
are considered in Section 4 by computer simulations. The paper is concluded in Section 5.

2. SYSTEM MODEL

We consider the downlink transmission of an unlicensed secondary system in a bandwidth that is
shared with some licensed PUs. The secondary base station (BS) deploys MC-CDMA transmis-
sion/multiple access scheme to send data to K active secondary users by L subcarriers. Suppose
that the data bits of the kth user are modulated with the rate Fy = 1/T,. We denote the modulated
data symbol at time slot n by dj (n)that is spread by an L x 1 signature sequence, ¢i. After adding
the spread data vectors of all users, the L x 1 frequency domain data vector is formed as

K
x(n) = Y exdi(n) = Cd(n), (1)

k=1
where d(n) = [dy(n),d2(n), ...,dx1)]T is the K x 1 vector containing the independent and iden-
tically distributed (i.i.d.) data symbols of different users. The matrix C = [c1,¢p,...,ck] is the

L x Ksignature sequence matrix of all active users, which is designed in the next section such that
the sidelobes of the MC-CDMA frequency spectrum are minimized. The frequency domain data
vector, x(n) = [xo(n),x1(n),...xz—1(n)]7, is passed to the OFDM modulator. Considering the
addition of cyclic prefix, the complex envelope of the time domain MC-CDMA symbol has the
form [22]
oo L-—1 ;
bty=Y_ > xme’ T Dgrp(t —aT), )
n=-00 [=0

where T' = T¢;, + T5 is the length of an MC-CDMA symbol, T, is the duration of cyclic prefix and
Ty is the length of the frequency domain data symbols such that Fy = 1/ Ty is the subcarrier spacing
in the frequency domain. Also, grp(?) is the time domain pulse shaping filter that is assumed to be
a rectangular pulse of length 7" for ¢ € [T, T5). By considering the nth MC-CDMA frame, the
Fourier transform of b(¢) becomes

L—1
BW(f) =Y ximai(f), 3)
=0
where
ai(f) = Te T TSine (nT(f —1/Ty)). (4)

In (4), the cardinal Sinc is defined as Sinc(x) = sin(x)/x. It can be seen that the Fourier transform
of the analog transmission is the sum of phase shifted Sinc functions. The power spectral density
(PSD) of (2) is given as

P = {[BO[ ] ©

In practice, MC transmission/reception is implemented in the discrete domain by inverse DFT
(IDFT) and DFT modules. By deploying IDFT and CP insertion at the BS , the resultant discrete
time domain samples constitute a block of length M = L + v as follows:

L—1

1 .

ym(n)zﬁle(n)eﬂ”(m_”)%, m=0,1,....,.M —1, 6)
=0

where v is the CP length. The derivation of (6) is given in Appendix A. The time domain samples
in (6) can be represented in an M x 1 vector y™ = [yo(n), y1(n), ..., yasr—1(n)]7 as follows:

y™ = FEDx(n). (7
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where Frjs is a discrete Fourier matrix with the (I, m)th entry[F];,, = (1/+/L)e™/27m/L
and D = diag(l,e /27V/L  ¢=72mv(L=D/Ly js an [ x L diagonal matrix that models the
CP addition.

By concatenating the MC-CDMA frames using parallel-to-serial conversion, the time domain
data stream,

ai = ym(n), (8)
is obtained where we have i = nM + m. Before frequency up-conversion, the baseband discrete
time domain data stream, a;, is passed through the analog-to-digital converter equipped with an
interpolation filter g;(¢). The resultant analog signal is expressed as

oo
sy= Y aigi(t—iTo), ©)
i=—00
where Ty denotes the sampling interval that is set as To = 1/ LA f for the subcarrier spacing of A f.
Compared with analog MC transmission, we have Ty = T,/ L [26]. The frame-based representation
of s(t) is
oo M-1
s@)= Y > ymmegt — (M + m)To). (10)
n=—00 m=0
Because MC-CDMA system is generally implemented by DFT modules, the sidelobe suppres-
sion techniques must be developed based on the spectral behavior of DFT based MC-CDMA as
well. The power spectral density of analog baseband s(¢) in (10) is given by [26]

1 2
Pi(j@) = 161G E [(Y“”(jsz)\ ] (11)
where
M—1 . 1 M-1 /L—-1 . ; .
YOG =) ymme /™0 = — 3~ (sz(n)eﬂ’“m—m) e /Mo (12)
m=0 ﬁm=0 =0

This is in fact the sum of the spectrum of individual L subcarriers. Note that ¥ ™ (j Q) is a
periodic function with period 277/ Ty because x; (1) is a discrete signal. The interpolation filter, gi(¢),
must be defined to be a lowpass filter with the cut-off frequency 7/ Ty. Hence, in the DFT-based
MC transmission, the out-of-band spectral leakage is directly controlled by the spectral roll-off of
gi1(t). It is clear that frequency spectrum of gi(¢) in the pass-band must be as flat as possible to not
have any deteriorating effect on the in-band spectrum of ¥ ™ (; Q).

In our presumed CR scenario, the primary users transmit within the MC-CDMA spectrum (i.e.,
in the in-band). Therefore, we concentrate on the in-band spectrum of MC-CDMA that is char-
acterized by E [| Y™ (iQ) \2] The in-band spectrum of L subcarriers lie in the frequency band of
[=(/Ty), (/ Tp)]. Hence, without loss of generality, we describe the continuous in-band spectrum
of [—(7t/ Ty), (7r/ Ty)] by the equivalent band of [0, L — 1] for ease of presentation of our sidelobe
suppressing method. On the other hand, we upsample this band by a factor N; to have a good spec-
tral resolution (as in [15]). Therefore, the spectral spacing between two adjacent subcarriers (A f)
is represented by Ny samples. After upsampling, relation (12) can be rewritten as

M-1 _ ,
YW =" yu(n)e /NI,y =0,1,...,NL—1. (13)

m=0

The spectral samples, Yy(”), can be expressed in the vector form Yy(”) = eyy(”) where e, is an
1xM vector with the mth entry e~/ 27"(/NsL) The spectral samples are accumulated in an Ny L x 1

vector Y = [Yo(n), Yl("), o Yjﬁ,r?L_l]T as follows:
Y™ = Ey™, (14)
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where the NiL x M upsampled Fourier matrix, E, is formed as E = [eg ,e{,...,eITvg L—I]T'

Substituting (1) and (7) in (14), the upsampled spectrum of the DFT based MC-CDMA
system becomes

Y™ = EFZDCd(n). (15)

In the next section, the signature sequence set for the proposed overlay based MC-CDMA
cognitive radio network is proposed.

3. SIGNATURE SEQUENCE DESIGN

Assume that one PU deploys part of the in-band spectrum of the CR coinciding with subcarriers
whose indices are in the set Ipy = {@1, 41 + 1,..., L2}, so the number of tones within the PU
band is Npy = 2 — i1 + 1. On each side of the primary transmission, A subcarriers are consid-
ered as guard bands. The secondary base station should minimize the leaked power to the part of its
band covering the subcarriers indexed as Ipy.gg = {1 —A,..., 1, 01+ 1,..., o, .., 2 + A},
which we call PU-GB band. Because there are Ngg = 2A guard band subcarriers, the number of the
remaining subcarriers used for data transmission is Np = L — (Npy + Ngg). Clearly, the number of
active users for the system to be fully loaded is Kr;, = Np (FL denotes full load).

The MC-CDMA based cognitive radio must use the vacant parts of the available spectrum while
not interfering on the band used by the primary system. The first solution for this goal is to deacti-
vate the subcarriers located at the primary band. However, the spectral sidelobes of the adjacent data
bearing subcarriers decay slowly. In this paper, it is proposed to design the signature sequence set
of the active users such that the leaked power to the primary band because of the spectral sidelobes
is suppressed.

The leaked power to the PU-GB band is denoted by the power of the spectral samples at this
band. Let us denote the subset of indices of the upsampled spectrum within the PU and the guard
band as FSI? ={Ns(u1 —A), Ng(u1 —A)+ 1,..., Ng(uu2 + A) — 1, Ns(t2 + A)}, which consists of
N;&GB = Ng(p2 — 1) + Ng(21) + 1 samples. A new matrix, Er, is formed that is a submatrix of E
containing those rows of E whose indices are in the set I'52. Clearly, the size of Er is Npggg X M.
Therefore, the spectral samples of the secondary transmission located at the PU and guard bands
can be shown in the vector form as follows:

Y = Ery™ = ErF¥DCd(n). (16)

Because the data vector d(n) is composed of random processes, the spectral samples in (16) are
also random processes. Thus, the average leaked power to the PU-GB band can be obtained as

Preaked = E I:HYgl)

j = E | [ErF7 D3] (17)

Our problem is to determine the signature sequence set of the active users such that the leaked
power to the PU-GB band is minimized. Thus, we formulate the problem at hand as the following
constrained optimization problem:

min Pieged = min £ | [ErF7DCA(n) 3] subject to C#C = I, (18)
where I ¢ is the Kx K identity matrix. Note that the applied constraint makes the signature sequences
orthogonal.

To solve the optimization problem in (18), we rewrite Peakeq as

Preaed = E [dH (n)CHDHAFEH ErFH DCd(n)] . (19)

The above relation is in the form Pigeq = E [bH (n)b(n)] where b(n) = ErFEDCd(n) is an
N;B’GB x 1 vector. It is easy to investigate that b¥ (n)b(n) = tr{b(n)b* (n)} where tr{.} is the linear
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trace operator [27], SO Pjeakeq Can be rephrased as
Pieaed = E [tr {EFFHDCd(n)dH (n)CHDHAFEH }] . (20)
The linear trace and expectation operators can be commuted as follows:
Preaked =t {E [EFFH DCd(n)d? (n)CHDHFEH ]}
—tr {EFFH DCE [d(n)d” ()] CHDH FEY } Q1)
—tr {EFFH pCCHDAFEH } .

In the above relation, note that the data symbols of different users are i.i.d. such that
E[d(n)d* (n)] = Ig. Applying the fact that tr {TU} = tr {UT} to (21), the constrained optimization
problem in (18) is converted to

min Piegkeq = Min tr {CHAC) subject to CH C =Ig, (22)

where
A =DHFEHErFID (23)

is a symmetric L x L matrix. The above minimization problem is an eigen-optimization. The opti-
mal solution is obtained by using one of the results of the Courant-Fisher minimax theorem [28]:
For a given symmetric matrix such as A of dimension L x L and an arbitrary unitary matrix C of
dimension L x K (K < L), the trace of Cf AC reaches to its minimum (respectively maximum)
when C is an orthogonal basis of the eigenspace of A associated with the algebraically smallest
(resp. largest) eigenvalues. In particular, it is achieved for the eigenbasis itself. If eigenvalues are
labeled increasingly and uy,...,ug are L X 1 eigenvectors associated with the first K eigenvalues
01,...,0g and U =[uy,uy,...,ug] with UHU = I then,

{ min r{CTAC} = r{UTAU} =681 + 6, +... + 6k o

subject to CHC =1Ig.

This solution states that the minimized leaked power becomes the sum of the K smallest eigenval-
ues of A. As a result, the minimized leaked power to the PU-GB band is a function of the distribution
of eigenvalues of the matrix A and the number of active users. This dependency will be discussed
in the simulation results section.

3.1. Discussions

The proposed scheme is applicable in the scenarios where a secondary BS is allowed to use the
vacant parts of a frequency band while the users of a primary system have the license of using this
band. For this purpose, multicarrier transmission techniques have shown to be good candidates. The
secondary BS should deploy a multiple access scheme to send the data to different users. The multi-
carrier code division multiple access is a good solution providing both the multicarrier transmission
and multiple access functionalities. Besides, the secondary BS can minimize the leaked transmitted
power to the adjacent bands used by the primary users by utilizing the proposed signature sequences.

The design of the signature sequences can be summarized as follows. Upon obtaining the infor-
mation of the parts of the spectral band used by the primary system, the secondary base station builds
the matrix Er so that the leaked power to spectral band of the PU and the assigned guard interval
can be calculated. Then, the symmetric matrix A = DH FEIH EFFH D is formed. The minimization
in (24) requires solving a standard eigenvalue problem after which the eigenvectors corresponding
to K smallest eigenvectors are allocated as the signature sequences of K active users. In (24), the
optimal C is not unique, because any system C that is an orthonormal basis of the eigenspace asso-
ciated with the first K eigenvalues will be optimal. In this manner, the eigen problem is only solved

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Commun. Syst. 2013; 26:1485-1499
DOI: 10.1002/dac



A NOVEL MC-CDMA TRANSMISSION SCHEME FOR COGNITIVE RADIOS 1491

at the BS and the signature sequences are sent to the users by a signaling channel. Hence, there is
no computational burden on the secondary users.

The calculation of EVD of an L x L matrix is the most computationally demanding part of the
problem solution. The complexity order of such EVD calculation is O(L?3) [29]. The complexity of
the method is independent of the spectral environment. The designed signature sequences are sent
to the users by the signaling channel, and they are valid until the next spectral displacement of the
primary users. This is one of the advantages of the proposed sidelobe suppression method over the
AIC and CC methods [15,23-25] and also AST method [18] because in these methods, the data of
AIC tones and the AST data should be updated at every sent MC-CDMA frame. The update of AIC
(or CC) tones involves solving a least-squares problem.

The pattern of the spectrum usage by the primary users may be changed. When the base sta-
tion of the CR becomes aware of the changes, it must adapt itself to the new spectral environment.
Thus, the BS recalculates the new signature sequences and sends them to the secondary users. If
the spectral displacement of the primary users occurs very often, the signature sequence set must be
updated frequently to deploy only the vacant subcarriers and suppressing the leaked sidelobe power
to the PUs band. The frequent need for update of the sequences increases the transmission delay
and the computational requirements. In fact, these issues are the natural challenges that lie ahead
of implementation of the cognitive radio networks. For example, the implementation of precoders
for sidelobe suppression in multicarrier systems [20, 21] and the deployment of cooperative spec-
trum sensing approaches [30] encounter similar challenges in the environments that alter frequently.
Therefore, the signature sequence set is favorable in the situations where the spectral displacement
rate of the primary users is slow to moderate. For example, it is applicable for the situations similar
to the IEEE 802.22 where the primary users’ channels (TV channels) do not often change.

It is important to note that the proposed signature sequence set is mainly designed to provide
low spectral sidelobes in the in-band primary transmission while satisfying the orthogonality of the
sequences. Because the downlink transmission is considered to be synchronous, the optimal zero-
lag cross-correlation constraint is sufficient for the designed sequence set [31] that is fully satisfied
by the CC = Ig constraint. Although the proposed approach for signature sequence design is
developed based on the DFT based implementation of the MC-CDMA system, the development of
the approach for analog implementation is straightforward. It suffices to use the power spectrum of
the analog implementation (i.e., B ( f) in (3)) instead of the power spectrum of the DFT based
implementation (i.e., ¥ ™ (7 Q) in (12)) to derive the relations in this section.

In the next section, it is shown that signature sequences designed in (24) provide deep notches
in the PU-GB band and make the frequency spectrum of the MC-CDMA transmission be noncon-
tiguous. Therefore, the proposed transmission scheme is called NC-Eigen MC-CDMA or NC-EIG
for short.

3.2. Receiver of the secondary users

After the signature sequence set is updated, the secondary BS informs each of the users of its new
signature sequence. Then the BS starts the data transmission utilizing the new signature set matrix
that is updated based on the solution of the eigen problem provided in (22). Consider the trans-
mitted frequency domain signal vector in (1). At the receiver of the desired user (e.g., mth user),
after CP removal and DFT processing, the received L x 1 frequency domain signal vector can be
expressed as

K K
r, = Hy, Z crdi + Cm =H,,cndpm + Hy, Z crdy + ;m (25)
k=1 ktm

in which H,,, is an L x L diagonal matrix whose (/, /) entry is equal to the /th DFT coefficient of
the impulse response of the communication channel between the secondary BS and the mth user.
Also, &, is the complex additive white Gaussian noise vector with zero mean and covariance matrix
R; = 0§I - Another advantage of the proposed scheme is that no extra processing is required at
the receiver of the secondary radio network to fulfill the spectrum sharing tasks. The receiver should

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Commun. Syst. 2013; 26:1485-1499
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only equalize the communication channel and despread the data before the demodulation process.
Any channel equalization scheme can be used at the receiver. We simply use the inverse of the
channel matrix to undo the channel effect [32]. Thus, after the equalization, relation (25) becomes

K
B =M, 't = Cndm + ) crdi +H,'E,,. (26)
kzm
The applied constraint in the optimization (C¥ C = I ) makes the designed signature sequences
mutually orthonormal. It means that we have: ¢ ¢; = §(m — k). Hence, after despreading we have

K
dn = H'r =dp +cfl | D cudi + H,'S,, | = dm + T H,'E,. 27)
kgm
It is seen that multiuser interference is fully mitigated because of the orthogonality of the signature
sequence set.

4. SIMULATION RESULTS AND COMPARISONS

In this section, we conduct simulations to evaluate the performance of the proposed MC-CDMA
transmission scheme. Consider an MC-CDMA base station that has the privilege to transmit data
to K secondary users in a cognitive radio scenario utilizing a bandwidth of LA f where A f is
the subcarrier spacing. The number of subcarriers is assumed to be L = 128, and the CP length
is v = 16. A sequence of independent, identically distributed symbols with 16QAM modulation
is sent from the base station to each user. The upsampling factor is assumed to be Ny = 8. In the
results demonstrated below, the averaged power spectra are obtained from 5000 simulation runs.

As the reference, we have considered the noncontiguous carrier interferometry (NC-CI) MC-
CDMA where the subcarriers located in the PU transmission and guard subcarriers are turned off
[12]. In this situation, the CI codes length is Np and the maximum number of orthogonal users
becomes Ky, = Np. Note that because the number of remaining data subcarriers (Np) may be
any integer value, we require the signature sequences that exist with any arbitrary length. The CI
sequences are complex orthogonal sequences that possess this property. It has been shown that their
error performance is the same as orthogonal Hadamard—Walsh sequences [12, 13].

Suppose one PU transmission is present at part of the available band coinciding with subcarriers
#v1 = 51 to #v, = 70; that is, (Np, Npy, 24) = (108, 20, 0). In Figure 1, we have depicted the nor-
malized power spectral density of our proposed eigen-based MC-CDMA transmission (NC-EIG) for
different number of active users. The power spectral density of noncontiguous carrier interferometry
MC-CDMA (shortly, NC-CI) is also shown. The vertical lines denote the borders of PU band. In
this paper, the maximum value of the spectral sidelobes at the PU band is chosen as the performance
metric that is demonstrated by a horizontal line for each of the curves. The line types are dotted and
solid for the NC-CI and NC-EIG transmission schemes, respectively. It can be seen that NC-CI has
the highest sidelobes in the PU band that is almost independent of the number of its users, so deac-
tivation of the tones in the PU band is not effective to avoid interfering with the adjacent primary
users. For the proposed NC-EIG scheme, it can be seen that its sidelobe suppression ability is related
to the number of active users. In the full load case (K = Np = 108), no considerable performance
improvement is seen compared with NC-CI. By decreasing the number of active users to K = 98,
the spectral sidelobe power is reached beneath —-90 dB, which is an acceptable value in practical sys-
tems [14]. Although the spectral sidelobe values smaller than —90 dB are negligible, the normalized
PSD of the NC-EIG for lesser number of active users is also depicted. For K < 93, the sidelobe sup-
pression is maintained almost unchanged at a minimum level. To analyze this observation, we may
have a look at (24) where it is evident that in NC-EIG scheme, the leaked power to the PU band is the
sum of the K smallest eigenvalues of the matrix A. Therefore, we use the non-normalized cumula-
tive sum of eigenvalues (NNCSE) of A as a good indicator of the performance of NC-EIG, which is
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Figure 1. Normalized power spectrum for (Np, Npy,24)=(108,20,0).
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Figure 2. Eigenvalues of the matrix A for two scenarios: (Np, Npy, 24) = (108, 20,0) and (Np, Npy, 21) =
(98,20, 10).

defined as NNCSE(K) =61+ 8, +...4+ 8k for K € {1,..., L}(The cumulative sum of eigenvalues
is a widely used tool in principal component analysis [27] to assess the ‘practical’ dimensionality
of a correlation matrix). For the scenario in Figure 1 (i.e.,(Np, Npy,21) = (108, 20, 0)), the eigen-
values of A are shown in Figure 2 by the dotted curve. The graph of NNCSE values versus number
of users is also depicted by the circled curve (both in dB). The sidelobe suppression performance
of NC-EIG can be easily justified by this figure. The vertical solid line is located at the index Np.
It can be seen that the first 92 eigenvalues are very small (below —120 dB) and after that they are
gradually increased. The last (Npy + 2A4) eigenvalues are largest and almost equal. This trend is
reasonably followed in the NNCSE. In a trade-off between increasing the number of active users
(to increase the system capacity) and decreasing the spectral sidelobe on the PU band (to decrease
NNCSE), it is reasonable to set K < K'de-off — 92 Because at this index, on the one hand, NNCSE
starts to increase (we call this index start-to-increase index) and on the other hand, the achieved
sidelobe suppression is very good (about —160 dB, based on Figure 1). By increasing Kfrom 92 to
Np = 108, the sidelobe suppression performance is degraded, and for K = Np = 108, the sidelobe
suppression performance is almost the same as NC-CI.
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Figure 3. Normalized power spectrum when (Np,Npy,24)=(98,20,10).

To analyze the dependency of the sidelobe suppression performance to the guard band size, the
eigenvalues and the NNCSE curves are shown in Figure 2 for the scenario with A = 5 guard band
tones (i.e.,(Np, Npy, 24) = (98,20, 10)) by the curves with specifiers ‘+’ and square, respectively.
It is seen that by inserting guardbands, NC-EIG encounters a larger barred spectral band. This
decreases the number of very small eigenvalues. The vertical dashed line is located at the index
Np for this scenario. In this scenario, the start-to-increase index of the NNCSE curve is decreased
to 78 (compared with the previous index 92). Therefore, increasing the number of guardband tones
does not have much effect on the ultimate sidelobe suppression ability of the NC-EIG. On the other
hand, it decreases the number of users that is traded-off between capacity and sidelobe suppression
to K'de-off — 78 Note that the NNCSE represents the overall leaked power to the PU-band. The
performance criterion depicted in Figure 1 is the peak of the sidelobes of the normalized PSD in
the PU-band that is more suitable. As can be seen in Figure 1, for example for K = 98, the peaks
of sidelobes in the PU band occur in the band edges. Consequently, although increasing the number
of guardband tones does not have much effect on the ultimate sidelobe suppression ability of the
NC-EIG, a few guard band tones are necessary for the NC-EIG to reach its best performance in
the PU band. This feature is illustrated in Figure 3 where the normalized PSD of the NC-CI and
NC-EIG transmission schemes are depicted for the second scenario (A = 5). The vertical dashed
lines indicate the guardband borders. It can be seen that the presence of guardband lets the sidelobes
reach their minimum value at the PU bands. For example, when K = 70, the peak value of spectral
sidelobes is about 10 dB smaller compared with the sidelobes for K = 70 in Figure 1 (with A = 0).
However, for A = 5, K'"de-off j¢ decreased from 92 to 78, which is concluded based on the reasoning
presented for Figure 2. In the remaining part of this section, we consider the number of guardband
tones to be A = 2 at each side of the PU band.

Increase of the CP length generally decreases the sidelobe suppression performance of the MC
sidelobe suppression methods (e.g., the CC method [24]). The effect of the cyclic prefix length on
the sidelobe suppression performance of NC-EIG is demonstrated in Figure 4 for the scenario of
Figure 1. When the CP length increases, the dominant effect is that the start-to-increase index of the
eigenvalues is reduced. Nonetheless, the very small region of the eigenvalues curve is maintained.
This means that for higher CP lengths, the ultimate sidelobe suppression capability of the NC-EIG
is preserved, but it is reached with a decreased traded-off value of the maximum number of users.

The CR may encounter situations where a PU with large bandwidth or multiple spectrally disjoint
PUs start to deploy some parts of the shared spectrum. To analyze the applicability of the pro-
posed approach in such circumstances, two new scenarios are considered. First, it is assumed that
each of two spectrally-disjoint primary users utilize the spectral bandwidth covering 20 subcarriers
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Figure 4. Eigenvalues of the matrix A for different number of CP lengths when (Np,Npy,214)=(108,20,0).
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Figure 5. Eigenvalues of the matrix A for two narrowband spectrally-disjoint PUs and a large bandwidth PU.

of the CR system, so we have: (Np, Npy, Ngg) = (80,40, 8). Second, a single PU with larger
bandwidth requirement is assumed that its bandwidth covers 44 subcarriers of the CR band (i.e.,
(Np, Npu, Ngg) = (80,44, 4)). The zoomed plots of eigenvalues and NNCSE for these scenarios
are shown in Figure 5. The number of barred tones (N]%3 = Npy + Ngg = 48) and also the num-
ber of remaining data tones (Np = 80) are equal for both scenarios. From this figure, it is clear
that the distribution of the NSP larger eigenvalues is quite the same for both scenarios. Moreover,
the NC-EIG scheme is able to suppress its sidelobes to the very low level for both scenarios. The
only difference is that in the case of encountering one PU with large bandwidth, eigenvalues are
more rapidly reduced to the region of very small values, so for this scenario, the traded-off num-
ber of users is K" — 60, But in the first scenario, the NC-EIG can efficiently suppress its
sidelobe with a lower value of the traded-off number of users, that is, K"de°ff — 50 This dis-
cussion is confirmed by the normalized power spectral densities of these scenarios illustrated in
Figures 6 and 7, respectively.
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Figure 6. Normalized power spectrum for two narrowband spectrally-disjoint primary users.
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Figure 7. Normalized power spectrum for a large bandwidth primary user.

The solution of the eigen-optimization in (24) shows that by deploying the proposed signature
sequences, the minimum leaked power to the PU-GB band is the sum of the K smallest eigenval-
ues of matrix A. Because the distribution of eigenvalues of A directly controls the leaked power
to the spectral band of primary users, let us discuss their distribution. If the frequency spec-
trum is not upsampled (i.e., Ny = 1), the size of Er will be (Npy + Ngg) X M and we have
rank[A] = (Npy+ Ngg). Consequently, Np eigenvalues of A will be zero. However, without upsam-
pling, the optimization in (24) will zero out the spectral interference on only the center frequencies
of the subcarrier tones located in the PU-GB band. This does not guarantee good sidelobe suppres-
sion in the frequency spacings between these center frequencies. By upsampling the region between
subcarrier tones by a factor Ny(determined such that a good resolution is provided [15, 22]), the
overall interference on the PU-GB band is considered in the matrix A with a good approximation.
The effect of upsampling on the eigenvalues of A is the reduction of the number of zero eigenvalues
from Np to start-to-increase index (which we have chosen as K"y Besides, the (Npy + Ngg)
large eigenvalues are preserved. The remaining eigenvalues are gradually increased from the very
small values to the large eigenvalues (that is the roll-off region in the Figures 2, 4 and 5). If the
secondary BS lets the maximum number of active users be equal to the number of zero eigenvalues
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Figure 8. Bit error rate versus signal-to-noise ratio for (Np, Npy,24)=(108,20,0).

(K = K'wade-ofl) "the interference on the PU-GB band will be very small (nearly zero). Simulation
results show that the value of K'rade-off jg slightly smaller than the number of Kg. = Np), and it is
a function of CP length, the bandwidth and the number of primary users. In practical applications,
the desired amount of sidelobe suppression is not required to be zero. On the basis of the desired
amount of the sidelobes suppression, more users (with respect to K40y can be supported by the
secondary BS. For example, in Figure 1, we have K¢ — 92 However, if the sidelobe suppres-
sion of =90 dB is enough, K = 98 users can be supported. Note that fully-loaded number of active
users is Kp, = Np = 108. Hence, the proposed NC-EIG scheme for CR NC-MC-CDMA transmis-
sion achieves a very good level of sidelobe suppression with just a little decrease in the capacity.
Moreover, the secondary BS can easily control the amount of interfering leaked power on the PU
band by varying the number of active users.

The BER performances of NC-EIG and NC-CI are shown in Figure 8 versus signal-to-noise ratio
for the PU transmission scenario of Figure 1. The frequency selective channel between the base
station and each user has been realized based on an exponential power delay profile with L, = 16
resolvable paths where the exponential decay factor is assumed to be § = 0.1. It can be seen that
the NC-EIG is able to completely eliminate multiuser interference because based on the receiver
structure described in Section 3, the channel effect is eliminated and also the signature sequences
attained by the eigen-optimization in (24) are orthogonal. Therefore, the orthogonality between user
signatures are preserved in synchronous downlink transmission and each receiver is able to com-
pletely reject multiuser interference. Because the error performance of the CI codes is the same
as Hadamard—Walsh codes [13], the designed signature sequences can achieve error performances
similar to orthogonal binary Hadamard—Walsh codes.

5. CONCLUSIONS

In this paper, we have developed a downlink MC-CDMA based secondary network that is allowed
to transmit in a specific spectrum shared with a primary system. To suppress the interfering effect
of the spectral sidelobes of the MC-CDMA transmission, a novel approach is proposed to calculate
the signature sequences of the active users based on solving an eigen-optimization problem. The
achieved sidelobe suppression mainly depends on the number of active users. By accepting a slight
decrease in the maximum number of active users (with respect to full load), the spectral sidelobes
on the PU band are significantly reduced to almost zero. Therefore, the secondary base station can
apply a trade-off between the required sidelobe suppression level on the PU band and the system
capacity (in terms of number of active users). The designed signature sequences are orthogonal and
can effectively treat the multiuser interference. The signature sequences must be updated when the
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pattern of the spectrum usage of the primary system is changed. Thus, this method is beneficial in
the environments where the spectral displacement of the primary users is slow to moderate.

6. APPENDIX A

Suppose the frequency domain data symbols, x;(n), are passed through the IDFT block. The
samples at the output of IDFT are given as

L-1

Zu(n) = J_le(n)efz”L, w=0,...,L—1. (A.1)

To insert the CP , the last v samples of z,,(n) are inserted at the beginning of the data stream

in (A.1). Let us consider these samples as v (n) = zZ7—,+1(n) for A = 0,...,v — 1 that can be
written as
| Lot
vA(n) =2 —yya(n) = VT Z Xy (n)e 27 L B HD), (A2)

The relation (A.2) can be rephrased as

L—1
U,x(l’l) — X; (n)e]2ﬂle]2n’ L( v+A) _ X (n)eJZn' L()k v) (A.3)
gD - 72

Therefore, in (6), the last L samples are the output of the IDFT block and the first v samples are
the inserted cyclic prefixes.
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