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ABSTRACT

The deployment of multicarrier code division multiple access as the transmission scheme of the spectrum overlay based
cognitive radio (CR) networks faces two challenging issues: (i) the need for spreading codes with arbitrary length and
(i1) the interfering effect of the leaked power (due to spectral sidelobes) to the adjacent spectral band used by the primary
system. To meet these challenges, we propose two novel complex spreading code sets. For this purpose, a cost function
is defined as the ratio of the power leaked to the adjacent primary band to the power transmitted to the band allowed for
CR operation. The cost function is shown to be convertible to a trace ratio problem. The two complex spreading code sets
are determined by deploying two different standard solutions. The first is the conventional but approximate solution based
on generalized eigenvalue decomposition (GEVD) method, and the other is an iterative algorithm that converges to the
optimal solution and hence outperforms the GEVD based solution. Simulation results show that by a slight decrease in
number of users, the code set yielded by iterative algorithm suppresses the leaked power to almost zero. The applicability

of the proposed code sets in different scenarios is discussed. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Recently, opportunistic usage of licensed frequency bands
has been proposed as a solution to the spectrum scarcity
problem by deploying cognitive radio (CR) systems. In
the basic definition [1], CRs have a broad range of
sensing, learning and acting capabilities converting them to
smart autonomous radios. Current requirements of wireless
transmission and implementation challenges have high-
lighted some of these capabilities. Among them are the
efficient secondary spectrum access and the shift from
autonomous CR functioning, which is more suitable for
ad hoc networking utilization, to structured networking
architectures [2]. Working in overlay mode [3,4], the
secondary user (SU) would be able to opportunistically
deploy the unused parts of a licensed band. In order to use
these spectrum holes while minimizing the interference on
the adjacent primary system band, the SU must shape its
signal spectrum. Multicarrier (MC) techniques, especially
multicarrier code division multiple access (MC-CDMA)
and orthogonal frequency division multiplexing (OFDM)
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are considered as candidate transmission schemes for such
applications [3-8].

In this paper, the spreading code design for downlink
of the MC-CDMA based CR network has been addressed.
When MC-CDMA system works in the overlay mode [3.4],
it must null the subcarriers that are inside the band used
by the primary transmission. Two challenges arise here.
The first challenge is the need for the set of spreading
codes with any arbitrary length because the number of
remaining data subcarriers would be any integer value.
The most widely proposed solution is the utilization of
complex carrier interferometry (CI) codes [3,9-11]. The
second challenge is the power leakage to the adjacent fre-
quency bands licensed to primary system that is due to
the unwanted large spectral sidelobes of the active sub-
carriers. This is an intrinsic drawback of Fourier based
MC transmission [8,12]. To mitigate the spectral sidelobes
problem, a wide variety of approaches have been pro-
posed for OFDM technique in the literature. The simplest
method, the insertion of guard band, sacrifices bandwidth
because the spectral fall-off of the Fourier based MC
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transmission is small [12]. Pulse shaping and windowing
approaches extend the required cyclic prefix (CP) length
[13]. In an important class of sidelobe suppression methods
known as active interference cancelation (AIC) [14,15]
and cancelation carrier (CC) [16], the data transmitted on
the tones adjacent to the band occupied by the primary
users (PUs) are designed to suppress the interfering side-
lobes. Although these methods provide a good level of
protection to the primary system, a remarkable part of
each OFDM symbol power must be allocated to the AIC
(CC) tones. The addition of designed redundancy to each
OFDM symbol (adaptive symbol transition (AST) method
[17]) is another approach that lengthens the OFDM sym-
bol and requires more cyclic prefix length. The data tones
can be precoded by orthogonal precoding vectors sug-
gested for discrete Fourier transform based [18] and analog
[12,19,20] OFDM implementations. Subcarrier weighting
[21] and additive methods [22] are two other methods with
poor sidelobe suppression performance that also degrade
the bit error rate performance of the system. Good side-
lobe suppression of about 80 dB is obtained by a vari-
ant of AIC, called extended AIC, but at the expense of
considerable bit error rate (BER) performance loss [14].
With the combination of CC and modulated filter banks,
arbitrary sidelobe suppression level is acquired, but this
needs a wide transition band that sacrifices the system
throughput [23].

All the above-mentioned techniques require extra redun-
dancy or extra processing to be added to the OFDM
symbols. Although these methods are also applicable to
MC-CDMA, we have proposed to deploy an inherent
attribute of MC-CDMA, the use of spreading codes, for
the purpose of sidelobe suppression without the need for
any extra redundancy or processing. To the best of our
knowledge, this idea has not been reported in the liter-
ature yet. In conventional MC-CDMA transmission, the
data symbols of each of the users are spread on all the
available subcarriers spanning the spectral band allocated
to the MC-CDMA system. We have considered the situa-
tion where the PUs deploy some parts of the band allocated
to the secondary MC-CDMA system. Our aim is to prevent
the leakage of the available power to the primary system
band. So, the ratio of the power leaked to the PUs’ band
to the power in the SU band is considered as the objec-
tive function that should be minimized. We have shown
that this nonlinear cost function can be converted to a
standard problem known as trace ratio (TR) problem [24].
The proposed complex spreading code sets are determined
by solving the achieved TR problem by two readily avail-
able approaches. The first approach is an approximate
solution deploying generalized eigenvalue decomposition
(GEVD) method. The second approach is an iterative
algorithm. It is proved in the literature that the iterative
algorithm converges to the optimal solution.

Simulation results show that the two proposed approaches
provide outstanding sidelobe suppression level. The itera-
tive method outperforms the GEVD based method because
of its optimality. However, the computational complexity
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of the iterative method is slightly more than the GEVD
based method. In both methods, the sidelobe suppression
performance is a function of system throughput (in terms
of number of active users). It is shown that by a slight
decrease in the number of active users (K) with respect
to (w.r.t.) fully loaded case, the iterative approach is able
to suppress the spectral sidelobes to almost zero, with-
out the need for considerable guard band. The amount of
decrement in K is a function of the spectral position and
characteristics of the primary system. Unlike the AST, sub-
carrier weighting and the variants of AIC and CC methods,
which require recalculating the parameter used for sidelobe
suppression at each transmitted OFDM symbol, there is no
need to recalculate the spreading codes for each transmit-
ted MC-CDMA symbol. The codes are valid until the next
spectral repositioning of the PUs. In addition, the prob-
lem of the codes length to be arbitrary is resolved by the
proposed spreading codes. These complex codes have the
crucial orthogonality condition needed for the MC-CDMA
working in multiuser mode.

The paper is organized as follows. After the introduc-
tion, downlink MC-CDMA system model and its power
spectrum are introduced in Section 2. The leaked power
avoidance problem is formulated in Section 3 as a TR opti-
mization problem for which two solutions are proposed
in Section 4 designing spreading code sets. Performance
evaluations and comparisons are considered in Section 5
by computer simulations, and the paper is concluded
in Section 6.

2. SYSTEM MODEL

The downlink transmission of a wideband CR system with
K active users is considered, where MC-CDMA technique
with L subcarriers is adopted as both the physical layer and
the multiple access schemes. The CR system is allowed to
deploy parts of a fixed spectrum that are not used by the
primary system. We assume that the spectral position of the
primary transmission is known at the base station (BS) of
the CR system. The deactivation of the subcarriers inside
this band is not enough to avoid interference on the band
used by the PUs because of the large spectral sidelobes
of the adjacent data-bearing subcarriers. Therefore, the
secondary BS designs the spreading codes of the users such
that the leaked power to the band of the PUs is minimized.

In the BS of the secondary network, the modulated data
symbol of the kth user at time instant n, dy (n), is spread
by a distinct spreading code vector, ¢, with the size L x 1.
The spread data vectors of different users are added to form
the frequency domain data vector, that is,

K
x(n) =Y cxdy (n) = Cd(n) 1)
k=1

where d(n) = [d{(n),d2(n),....dg(®n)]T is the K x 1
vector containing the data symbols of different users and
C = [c1,¢2,...,¢k] is the L x K spreading code matrix
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containing the codes of all active users. Also, we have
x(n) = [xo(n).x1(n),...,xg—1(n)]T. Without loss of
generality, it is assumed that the spreading codes are
orthogonal with unit power, that is, CHC = Ig, where
Ig is the K x K identity matrix. In this way, the average
transmitted power of each user at the frequency domain is
constrained to one.

The frequency domain data is converted into the time
domain by inverse discrete Fourier transform. After adding
the cyclic prefix, the time domain samples are obtained
as follows:

L—-1
1 ; /
sm(n) = — E x;(n)e/ 2Vm= L
m=0,1,....M—1 )

where v is the CP length and M =L + v. Also, x;(n)
is the frequency domain data transmitted on the /th
subcarrier. The M x 1 time domain data vector, s(n) =
[so(n),s1(n),....spr—1(n)]T, formed by the accumula-
tion of time domain samples, can be represented in the
vector form as follows:

s(n) = FDx(n) 3)

where Fyxp is a Fourier matrix with the (/,m)th
entry [Fl;, = (1/Lye=/2¥im/L —and D =
diag(1,e /2¥V/L  e=720v(L=D/Lyjsan [ x L diago-
nal matrix that models the CP addition. The Ng-upsampled
in-band spectrum of the MC-CDMA transmitter is charac-
terized by the following [15]:

M-1 .
v =3 sy VN, i =01, NgL—1
m=0
C))
The Ng-upsampled spectral samples can be accumulated in
an NgL x 1 vector as follows:

y™ = Es(n) = EF'DCd(n) )

where E is the NyL x M upsampled Fourier matrix with

the (i, m)th entry [E]; ,, = e /2VM NS On the basis
of the described frequency spectrum of the secondary
MC-CDMA transmitter, the interference of the secondary
transmission on the primary band is modeled in the
next section, and the optimization problem to design the
spreading codes is developed.

At the receiver of the mth user, after CP removal and
FFT processing, the received L x 1 vector can be written
as follows:

K
v =Hpumdm +Hp Y cpdi + & (6)
k=1
k#m
in which Hy, is an L x L diagonal matrix whose
(I, 1)th entry is equal to the /th discrete Fourier transform
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coefficient of the channel impulse response between the
secondary BS and the mth user. Also, §,, is the complex
additive white Gaussian noise vector with zero mean and
covariance matrix Ry = o21;. For the detection, we
simply use the inverse of the channel matrix to undo the
channel effect. Hence, if the deployed spreading codes are
orthogonal, multiuser interference can be fully mitigated.
After despreading, we have

K
dm = CpHy, v = dim + e (Y epdi +Hy,'E )
k=
kbm

=dm + cH,'E, @)

3. PROBLEM FORMULATION

Assume that the CR system detects the signal of a
PU spanning over Npy subcarriers denoted by the set
Iry = {o1,01+1,...,02}. Obviously, Npy = 02 —
o1 + 1. On each side of the primary transmission, y
subcarriers are considered as guard band. The secondary
BS should minimize the leaked power to the part of
its band covering the subcarriers indexed as Ipy_gp =
{o1—9,...,01,01+1,...,02,...,00 + v}, which we
call PU-GB. Because there are Ngg = 2y guard band sub-
carriers, 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
K = Np.

In (5), the Ng-upsampled spectrum of the MC-CDMA
is introduced. It is evident that it is a function of the
transmitted data symbols of the active users, the spreading
code set and the size of CP. In a secondary scenario,
when some part of the available band is occupied by the
PUs, the spectral samples located at the PU band must be
minimized. At the same time, the available power must be
allocated to the vacant portion of the band. On the basis
of this philosophy, we define the ratio between the leaked
power to primary and guard band (Pp) to the power in
the remaining data-bearing subcarriers used for secondary
transmission (Ps) as the cost function to be minimized by
designing the spreading code sets of the active users. Thus,
the objective function for the problem at hand is

. Pp . H
—, bjectto C"C =1 8
mCmP subject to K 8)

S
The applied constraint makes the spreading codes orthog-
onal. Moreover, it limits the average transmitted power of
each user at the frequency domain to one (as we have in
relation (1)).

In order to determine the leaked power, consider the
upsampled frequency spectrum in (4) and (5). The subset
of indices of the upsampled spectrum within the PU and
guard band is TSE = {Ns(o1 — y),Ns(o1 — ) +
1,...,Ns(o2 + y) — 1, Ng(op + y)} that consists of
N;&GE = Ns(02 —01) + Ng(2y) + 1 samples. A new
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matrix, Ep, is formed that is a submatrix of E containing
only those rows of E whose indices are in the set I g’g,
arranged in their natural order. Clearly, the size of Ep is
N;&GB x M. Therefore, the upsampled spectrum of the
secondary transmission at the PU and guard bands can be
determined by deploying Ep instead of E in (5). Because
the data vector d(n) is composed of random processes,
the samples y( ™ are also random processes. Hence, the
average leaked power to the PU-GB can be defined as

Pp = E{Hy(")

} %HEPFHDCd(n) H } ©)

in which -], denotes 2-norm, E {-} is the expectation

(n)

operator and yp~ is the upsampled spectrum of the

secondary transmission at the PU and guard bands. In
(n) .

indices are denoted by I S{?
rewritten as

other words, yp ~ is a subset of samples of y(”) whose

. The leaked power, Pp, can be

P,=E {d“(n)CHDHFEEEPF”DCd(n)} (10)

The allocated power to the secondary transmission on the
data-bearing subcarriers, Ps, can be expressed in a simi-
lar manner. The subset of indices of the upsampled spec-
trum within the allowed data-band for the SUs is FSU =
{il0<i<NgL—-1,i¢ FGB} Clearly, I'sy U FPU =
{0,1,..., NgL — 1}. The average power transmitted in the
data-band is as follows:

e

} {HESFHDCd(n) H }

- E{d“(n)CHDHFEIS*ESFHDCd(n)}
(11)

where y( ™) is a subset of samples of y(,,) whose indices are
denoted by I'sy and Eg is formed by selecting the rows of
E indexed by I'sy. Considering the relations found above
for P, and Ps, the optimization problem given in (8) is
hard to solve. So we try to convert it to a tractable prob-
lem. The relation (10) is in the form P, = E {a'l(n)a(n)}
= EpF'DCd(n) is an NEI,IS’GB x 1 vector. It is
easy to investigate that at(n)a(n) = Tr[a(n)a (n)] where
Tr[] is the linear trace operator [25]. So, P}, in (10) can be
rephrased as

where a(n)

Pp=FE {Tr [a(n)aH(n)]}
—E {Tr [EPFHDCd(n)dH(n)CHDHFE]E‘]} (12)

Both the expectation and trace operators are linear. Thus,
they can be swapped, and (12) becomes

po="Te [ £ [BpFDCA()a" () D FEL

—Tr [EpFHDCE {d(n)dH(n)} CHDHFEE] (13)
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The elements of the data vector d(n) are the modulated
data symbols of different users. If we assume that the data
symbols of different users are independent and identically
distributed (i.i.d.) such that E {d(n)d"(n)} = I, we have

Po="Tr [EPFHDCCHDHFEE] (14)

Applying the fact that Tr [AB] = Tr [BA] to (14), the leaked
power to the PU-GB is converted to

Pp =T [CHPC] (15)
where
P = D'FENE-FD (16)

is a symmetric and positive semi-definite L X L matrix.
By applying the above procedure to relation (11), it is
easy to show that Pg can be expressed as follows:

Ps=Tr [CHSC] (17
where
S = D'FEYESF'D (18)

is a symmetric and positive semi-definite L x L matrix.
Substituting Pp and Ps in (8), our optimization problem
becomes as follows:

n D LCPC ectto CHC—1x (19)
min——————=, subject to =

¢'Te[cisc] K
The optimization of the above form is known as the TR
problem [24]. In the literature, two different solutions
are proposed to solve this problem. By deploying these
solutions, two different orthogonal complex spreading
code sets are proposed in the next section. Moreover, some
discussions of the feasibility of these code sets are given.

4. SPREADING CODE DESIGN
4.1. NC-GEVD spreading code set

The TR problem in (19) does not have a closed-form
global optimum solution. Conventionally, this problem is
converted to the following ratio trace problem [24]:

CNCGEVD _ oo min Tr [(CHsc)—l (CHPC)] (20)

which can be efficiently solved by GEVD method. Specifi-
cally, the solution is the invariant subspace of eigenvectors
corresponding to K smallest eigenvalues of S™1P. We call
the non-contiguous MC-CDMA secondary system whose
code is determined by the above approach as NC-GEVD.
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4.2. NC-ITR spreading code set

The solution in (20) is an approximate solution of the
main problem. In [26], an iterative algorithm is proposed
to solve (19), which is called iterative trace ratio (ITR).
Here, we first give a summary of the underlying idea of
the algorithm and then describe the algorithm itself. It
is not difficult to see that there is a minimum A* that
is reached for a certain (non-unique) orthogonal matrix
denoted by U. For any orthogonal V, we have Tr [VHPV]—
A*Tr[VHSV] = 0, meaning that Tr [VH(P — 2*S)V] = 0
and also Tr[UM(P—A*S)U] = 0. Therefore, the
necessary condition for the pair A* and U to be optimal is
given as

pmin T [V“(P - A*S)V] =Tr [U“(P - A*S)U] -0
1)

It is known that the minimum of trace of (P — A*S) is
simply the sum of the K smallest eigenvalues of (P—A1*S),
and U is the set of corresponding eigenvectors. So, if A*
minimizes the TR in (19), then the sum of K smallest
eigenvalues of (P—A*S) equals zero and the corresponding
eigenvectors form the desired optimal solution of (19).
For positive semi-definite S and P, it has been shown that
[24,27] if rank[S] is larger than L — K (or equivalently,
if K is larger than the null space dimension of S, K >
[Null(S)|), then the following trace difference function

f(O)= min Tr [CH(P - AS)C] 22)
CHC=Ig

is a non-increasing function and has a unique zero A*,
which amounts to the global minimum of the TR
in (19). Note that for fixed A, the minimum value
in (22) is achieved by deploying the orthonormal basis of
eigenvectors associated with the K smallest eigenvalues of
P — AS denoted by C(1). In summary, the TR optimization
problem in (19) is equivalent to finding the unique root of
f () (i.e., A*) in (22), which can be found by using the
iterative Newton method. For this purpose, the derivative
of f(4) is needed, which according to [24] is given as

() =—Tr [C(A)HSC(A)] 23)
Hence, the Newton method takes the form

Tr[COHP-2AS)C()]  Tr[C)PPCO)]
 —Tr[CHHSC(H)] Tr[CHSC()]
(24

AHCW —

)
The ITR procedure to find the spreading code sets that
minimize the TR problem in (19) is stated in Algorithm 1.
We denote the non-contiguous MC-CDMA scheme
deploying this set of spreading codes as NC-ITR.

When K < |Null(S)|, a solution may be found by the
ITR that satisfies Tr[CHSC] = 0, which draws the TR
value to infinity. To avoid this, the null space of S can be
discarded from the solution space by principal component
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Algorithm 1 Iterative procedure to solve TR problem

Input: Two positive semi-definite matrices P and S
Output: Trace ratio value A*and the optimal spreading
code matrix CNCITR

Procedure:

(1) TInitialize C(A?) as an arbitrary column-wise orthog-
onal matrix;
(2) Fort =1,2,...,T™* do
(a) Compute the TR value A?from C(A/~1):

_ Tr[crHPC(I )]

t
Y [CAI—hHHSC(AD)]

(b) Construct the trace difference problem as

CA')=arg min Tr [CH(P - A‘S)C]
CHC=Ig

(c) Solve the trace difference problem using eigen-
value decomposition method

(P—A'S)e} =pic;. fork=1,....K

where ! < B5 < .- < ﬂtK are the K
smallest eigenvalues and cﬁc is the eigenvec-
tor corresponding to the eigenvalue ﬂ]tc, which
constitutes the kth column of the L x K matrix
C)’.
@) If [C(A") = C(A'~1)| < V/LKe, then break.
(3) Output CNCITR — C (A7),

analysis. In other words, the solution is constrained to lie
within the space spanned by the eigenvectors of S cor-
responding to nonzero eigenvalues of S. It is important
to note that Algorithm 1 is globally and at least linearly
convergent to the global minimum of the TR problem
(Theorem 4.1 in [27]).

4.3. Discussion

After the secondary BS obtains the information of the spec-
tral position of the primary system, it forms the matrices
P and S and also the TR problem in (19). Then the TR
problem can be solved by either of two methods GEVD and
ITR. The calculation complexity of the NC-GEVD method
is dominated by the calculation of inverse and EVD of two
different L x L matrices. The complexity order of each of
them is O (L3 ) [25]. At each iteration of the NC-ITR, there
is the need for calculating the EVD of an L x L matrix that
dominates the other calculations. If the number of itera-
tions for NC-ITR to be converged is assumed to be r, the
computational complexity of NC-ITR is roughly r /2 times
greater than that of the NC-GEVD method. The BS should
be designed resource-rich in terms of its computational
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ability so that these calculations are feasible. Note that the
complexity of both methods is independent of the spectral
environment. The designed spreading codes are sent to the
users by a signaling channel, and they are valid until the
next spectral displacement of the PUs. This is the advan-
tage of our sidelobe suppression method over the family
of AIC-CC methods [14-16] and also AST method [17],
because in these methods, the data of AIC tones and the
AST data should be updated at every sent OFDM frame.
The update of AIC (or CC) tones involves solving a least
square problem. This requires calculation of SVD of a
matrix whose size is dependent on the upsampling factor
and the bandwidth occupied by the primary system [15].

When the spectral positions of the PUs change and
the BS of the CR become aware of the changes, it must
cease the transmission and adapt itself to the new envi-
ronment like every overlay MC based CR. Thus, the BS
designs the new codes and sends them to the SUs. If the
spectral displacement of the PUs occurs frequently, the
spreading code set must be updated frequently in order
to deploy only the vacant subcarriers as well as suppress-
ing the leaked sidelobe power to the spectral band of the
PUs. In this way, the computational load of secondary BS
for spreading code set design increases. Besides, the delay
caused by the need for spreading code set update will dis-
rupt the data transmission of the users frequently. In fact,
these challenging issues are the intrinsic problems ahead
of implementation of the CR networks. For example, the
implementation of precoders for sidelobe suppression in
MC systems [12,18-20], and the deployment of cooper-
ative spectrum sensing approaches [28] encounter similar
challenges in environments that change frequently. These
challenges are the increase of the required computational
ability and the time delay in the transmission. Therefore,
the proposed spreading code sets are beneficial in the envi-
ronments where the spectral displacement rate of the PUs
is slow to moderate. For example, they are applicable for
the situations similar to the IEEE 802.22 where the static
allocation of the PUs’ channels (TV channels) relaxes the
timing requirements for the CR network.

It is important to note that because we have consid-
ered the synchronous downlink transmission, the optimal
zero-lag cross-correlation constraint is sufficient for the
designed code sets [29] that is fully satisfied by the CHC =
I constraint.

5. SIMULATION RESULTS

The sidelobe suppression performances of the proposed
non-contiguous MC-CDMA schemes, namely NC-GEVD
and NC-ITR, are evaluated by using Monte Carlo computer
simulations. A coherent downlink secondary communica-
tion system is considered that is allowed to transmit on
unused parts of a fixed spectrum. The modulation scheme
is 16-QAM, and the cyclic prefix length is v = 16. The
averaged power spectra are procured from 5000 simulation
runs. The upsampling factor is assumed to be Ny = 16 in
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order to provide good resolution for the spectrum analysis.
Unless otherwise stated, the number of guard band tones is
y = 2 in the simulations.

Two algorithms are used for performance comparison
with the proposed schemes. The first is the conventional
non-contiguous MC-CDMA in which the subcarriers
located in the band of PUs and the guard band are
turned off. Because the number of remaining data carriers
can be any integer value, we need spreading codes that
exist with arbitrary length. For this purpose, the complex
orthogonal CI codes are deployed. When the orthogonal
Hadamard—Walsh codes of the same length exist, it has
been shown that the error performance of CI codes is the
same as that of the Hadamard—Walsh codes [9,10]. We call
this scheme as NC-CI. The second MC-CDMA scheme
deploys AIC sidelobe suppression method by inserting
AIC tones instead of guard band tones in the NC-CI, and
so it is called NC-CI-AIC.

As the first scenario, assume that a primary transmitter
is detected at the band covered by the subcarriers
numbered from #s1 = 65 to #so = 90. In this way, the
number of data, PU-coincided and guard band subcarriers
is (Np, Npu, Ng) = (98,26,4), and the fully loaded
number of active users is KT = Np = 98. The normal-
ized power spectral density (PSD) of the proposed schemes
is depicted in Figures 1 and 2 for K = 60 and K = 82
active users, respectively. The maximum value of the nor-
malized PSD at the barred PU band is considered as the
sidelobe suppression performance indicator of the different
MC-CDMA schemes that is demonstrated by the hori-
zontal line. From Figure 1, it is seen that the proposed
NC-GEVD and NC-ITR schemes are able to fundamen-
tally discard the leaked sidelobe power to the PU band.
As mentioned in Section 4, the ITR algorithm is the
optimal solution to the TR problem. So, the NC-ITR
achieves —180 dB sidelobe suppression that can be con-
sidered as zero leaked power. It also outperforms the
NC-GEVD scheme because the GEVD is an approximation
to the optimal solution of the TR problem. However, both

Normalized PSD (dB)

|
&0 55 [ 65 7o -} 80 BS a0 85 100
Subcamar indax

Figure 1. Normalized power spectral density for the first
scenario when K = 60.
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Figure 2. Normalized power spectral density for the first
scenario when K = 82.
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Figure 3. The achieved sidelobe suppression in decibels versus
the number of active users for the three scenarios.

schemes outperform the NC-CI and NC-CI-AIC schemes
that deploy subcarrier nulling and AIC methods for side-
lobe suppression, respectively. Comparing Figures 1 and 2,
it is observed that by increasing the number of users from
K =60 to K = 82, the sidelobe suppression performance
of NC-CI and NC-CI-AIC is unchanged, but the sidelobe
suppression ability of the proposed schemes is decreased.
This shows the dependency of their performance on the
number of active users. To illustrate this, the maximum
value of normalized PSD in the PU band versus the num-
ber of active users is depicted in Figure 3 for the four
schemes. Two other scenarios are also considered for the
comparison in this figure. Because the sidelobe suppres-
sion of the NC-CI and NC-CI-AIC are almost unchanged
for different K, we can say that their sidelobe suppres-
sion performance is independent of K. For the proposed
schemes, the NC-GEVD performance completely depends
on K and is totally poor in comparison with the NC-ITR
scheme. However, it considerably outperforms NC-CI-AIC
for K < 86. When NC-ITR works at the fully loaded case

Novel spreading codes for MC-CDMA based cognitive radio networks

(K = K™ = Np), its performance is the same as the
conventional NC-CI MC-CDMA scheme. But by slightly
decreasing K to 80, the maximum leaked power of NC-
ITR to the PU band decreases sharply to almost zero. So,
the achieved sidelobe suppression can be controlled by the
number of active users. Let us define K© as the maximum
number of active users that results in almost zero leaked
power into the adjacent in-band primary transmission. On
the basis of Figure 3, we have KO = 80 for the first
scenario. The value of K mainly depends on the spec-
tral characteristics of the primary transmission. To show
this, two scenarios are considered other than the first sce-
nario. In the second scenario, the primary system occupies
a larger bandwidth from subcarrier #51 = 51 to #s = 90,
so (Np, Npyu, Ng) = (84,40, 4). In the third scenario, it
is assumed that two spectrally disjoint PUs deploy parts of
the secondary band coinciding with the subcarrier #s; =
41 to #sp = 60 and also from #s3 = 80 to #s4 = 95, so
we have (Np, Npu, Ngg) = (84,36, 8). Both the scenar-
ios are considered in the way that the fully loaded number
of users become the same, that is, KX = Np = 84. In
Figure 3, it can be seen that the behavior of NC-ITR is
repeated for both new scenarios. When the system is fully
loaded, NC-ITR acts as the deactivating subcarrier scheme
(NC-CI), and by decreasing the number of active users,
the sidelobe suppression performance of NC-ITR gradu-
ally becomes better. The graph of the first scenario falls
off slightly sharper. However, comparing the second and
third scenarios, K© for two spectrally disjoint PUs (third
scenario) is smaller than the one for a PU with the same
bandwidth (i.e., the second scenario), although the values
of K&, Np and Npy are the same for them. So, when the
bandwidth of the primary transmission is widened or it is
non-contiguous, the amount of the decrement in K© with
respect to the fully loaded number of active users varies.
For the third scenario, the normalized PSD of the proposed
schemes are depicted in Figure 4 when K = 50. Because
K <K 0, the NC-ITR is able to minimize the leaked power
to both disjoint primary bands to zero. The NC-GEVD
shows good performance of —130 dB sidelobe suppression,
while NC-CI-AIC only achieves —30 dB suppression. Con-
sequently, the proposed schemes, especially NC-ITR, are
able to adapt themselves to any spectrum pattern deployed
by the primary system depending on the number of active
users. In order to further analyze this dependency for NC-
ITR, we define % = KL — K0 as the required decrement
of K w.rt. K such that the leaked power to the adja-
cent primary band reaches zero. In Figure 5, for the 1-PU
and 2-PUs cases (first and third scenarios, respectively),
the value of 9 is plotted for different values of the data
subcarriers, that is, different primary system’s bandwidths.
It is seen that the required decrement in K, d9, is larger
when two PUs are present compared with the case where
a single primary transmission uses the same bandwidth.
For both scenarios, the change in d© is not very large
for different primary bandwidths (i.e., different Np val-
ues). So, d° (and hence K?) depends more on the spectral
continuity of the primary transmission than the primary
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by reducing the number of active users. The amount of
reduction in K depends on the spectral characteristics of
the primary transmission.

In order to gain some insight into the structure of the
proposed codes, a set of spreading codes designed on the
basis of the NC-ITR method is given in Table I. A different
scenario (namely, fourth) is considered so that the results
are presentable. The number of subcarriers and the length
of CP are considered to be L = 16 and v = 2, respectively.
One PU uses the part of spectrum covering the subcarriers
numbered 8, 9 and 10. Besides, no guard band subcarri-
ers are inserted. So, we have (Np, Npu, Ngg) = (13, 3,0).
The fully loaded number of active users is KF'“ = Np =
13. Simulations (not depicted here) show that when the
number of active users is set to K = 8, the achieved side-
lobe suppression is —100 dB. So, the set of eight spreading
codes is presented in Table I with the values rounded up to
three decimal points. The proposed methods try to design
the codes such that the part of available power leaked to
the band of primary transmission is minimized with respect
to the allocated power to the secondary transmission. The
complex values of the code chips are calculated on the
basis of this goal, and they do not follow any obvious pat-
tern except that the chips located at the PU band are forced
to nearly zero.

It is important to note that for all the scenarios con-
sidered, the iterative NC-ITR algorithm converges after at
most 10 iterations (the convergence plots are not given
for the sake of brevity). So, referring to the complexity
discussion in Section 4, it is revealed that complexity of
the optimal NC-ITR method is slightly greater than the
approximate NC-GEVD method. Consequently, if the BS
is not limited by its computational resources and its timing
requirements, the NC-ITR is the best solution regarding its
sidelobe suppression ability.

The BER performances of the schemes are compared
in Figure 6 versus signal-to-noise ratio for the PU trans-
mission scenario of Figure 1. To have a fair compari-
son, the allocated power to the MC-CDMA symbol in the

g NC-CI, K=1:KF
i NC-CI-AIC, K=1
| | == NC-CI-AIC, K=60
1073 | =8 NC-CI-AIC, K=K
| |=8—NC-GEVD, K=1:K™"
—+— NC-TTR, K=1:K"

SMR {dB)

Figure 6. Bit error rate versus signal-to-noise ratio for the
first scenario.

Novel spreading codes for MC-CDMA based cognitive radio networks

four schemes is the same. The frequency selective chan-
nel between the BS and each user has been realized on
the basis of an exponential power delay profile with L, =
16 resolvable paths where the exponential decay factor is
assumed to be B = 0.1. It can be seen that like NC-CI, the
NC-ITR and NC-GEVD are able to completely eliminate
multiuser interference even in the fully loaded case where
KFL = 98, because the orthogonality of the spreading
codes is preserved in synchronous downlink transmission
and each receiver is able to completely reject multiuser
interference. However, NC-CI-AIC suffers from BER per-
formance loss with respect to the other schemes, because
the amount of power spent on the AIC tones is not available
for data transmission. It is also seen that by increasing K,
the BER performance is improved because the AIC tones
are designed on the basis of the sum of the users’ data.
While K is increased, the ratio of power spent on the AIC
tones to the power consumed for the transmission of the
data of the desired user is decreased. So, the signal-to-noise
ratio for each of the users is improved, which results in
better BER performance while K is increased.

6. CONCLUSIONS

In this paper, two novel complex spreading code sets
are proposed for non-contiguous MC-CDMA based CR
network with the goal of suppressing spectral sidelobes
at the spectral band used by the PUs. Doing so, the need
for extra processing for sidelobe suppression is resolved.
The code sets are designed as solutions to a TR optimiza-
tion problem, called NC-GEVD and NC-ITR. The NC-ITR
outperforms the NC-GEVD because it is the optimal solu-
tion to the TR problem. The achieved sidelobe suppression
level by both schemes is remarkable and depends on the
number of active users. Simulation results show that by
accepting a slight decrease in the number of active users
with respect to the fully loaded case, any level of side-
lobe suppression is achievable. It is shown that the required
amount of decrement is a function of spectral characteris-
tics of the primary transmission. In addition, because the
codes are designed to be orthogonal, they do not degrade
bit error performance.
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