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Abstract—Cognitive radio is a promising approach for efficient  spectrum use. It also has the ability to allocate differewtgr
utilization of radio spectrum. Due to its high spectral effidency and data rates to distinct subchannels. Thus, OFDM appears t
and flexibility, OFDM is considered as a good signaling schee be a good signaling technique candidate for cognitive raio

for cognitive radios. In this paper, we investigate the prottem of . . . . .
cross-band interference minimization in OFDM-based cogrtive it is easy to turn on/off subcarriers in accordance to abila

systems. Cross-band interference is mainly caused by highfdM ~ Sensed spectrum. A more detailed scheme cadigectrum
sidelobes. In the first part of our work, we propose a framewok poolingis introduced in[[4].

to study the trade-off between two recently proposed techmues,  Despite the aforementioned advantages, however, OFDM
adaptive symbol transition which is performed in the time domain, inherently suffers from out-of-band radiation due to high

and active interference cancellation which is performed in the idelob f sub . . band interferéo
frequency domain. We use the trade-off study results to maxnize sidelobes or subcarriers, causing cross-band Interierenc

the useful data rate for a desired level of interference. Simlation ~ Other users. Hence, in OFDM-based cognitive systems,rgrni
results show that the best trade-off depends on the configutien  off the subcarriers that correspond to primary spectrumigct

of spectral opportunities. In the second part, a new methoddr s not enough to mitigate interference to the primary user an
interference reduction in multiple-antenna cognitive Sy®ms iS  ihar mechanisms should also be taken into consideration.
developed. We show that with knowledge of the channel, the hi h bl f band i f d

secondary transmitted sequences can be jointly optimizedver !N this paper, the problem of cross-band interference reduc
multiple antennas such that the interference at the primary tion in OFDM-based cognitive radio systems is considered.

receiver location is better minimized. Computer simulatims We study the problem in two different cases.
demonstrate an improvement of almost 10 dB compared to
separate-antenna optimization.

Index Terms—Cognitive radio, OFDM, interference cancella- A. Single-antenna Cognitive Transmitter

tion, MISO-OFDM. In the first part of our work, we consider the problem
of interference minimization in single-antenna transenitt
cognitive systems. In this case, the high sidelobes of data
subcarriers of a single-antenna secondary transmittesesau

HE extensive growth of wireless applications over thimmterference to the primary users. To suppress the sidglobe

past decade has caused an increasing demand for raiveral methods have been investigated in the literaturle su
spectrum resources. Within the current spectrum reguylat@s time domain windowing [5][[6]/.[7], subcarrier weighdin
framework, almost all of the available bands have been &W) [8], and multiple choice sequences (MCS) [9]. Two
located to existing applications|[1], which has resulted iather novel and efficient methods addressed in the litezatur
shortage of spectrum. However, actual measurements have active interference cancellation (AIC) [10] and adapti
shown inefficient spectrum usage as most of licensed spectrsymbol transition (AST)[[11]. Considering power consttajn
goes unused in a specific location or period of timé [2an improved version of AIC is also introduced in [12].
Cognitive radio, introduced by J. Mitolal[3], is a promising In the AIC method, which is performed in the frequency
solution to the spectrum shortage problem that suggestg usiomain, a few subcarriers are inserted at the border of the
spectrum in an opportunistic manner. That is, cognitiveéaradprimary bandwidth. These subcarriers, referred to as dance
devices should be capable of detecting unused spectruns batiwh carriers, do not carry data, but are modulated by data
and communicate without causing interference to the pgymadependent complex values such that their sidelobes cancel
licensed users. To this end, the secondary (unlicensed$ ushose of the original transmission signal. The idea is dedic
need to use a flexible and efficient signaling scheme. BasedFig. [1 [12], where two cancellation carriers are shown
on these criteria, some techniques have been proposedoaaseside at the edge of the primary band. To calculate the
candidates for cognitive radio signaling schemes such as ©@omplex values of the cancellation carriers, least squiss
thogonal Frequency Division Multiplexing (OFDM), wavelet optimization is used. The main drawback of this method is
based multi-carrier modulation, filter bank multitone comm the loss in throughput since some of the subcarriers no tonge
nication, and single-carrier frequency division multijalecess convey useful data.

(SC-FDMA). The AST method uses the same approach as the AIC but in
Among these modulation techniques, OFDM has becorttee time domain. In the AST method, instead of windowing
a popular modulation technique for wireless applicatiams the signal, each OFDM symbol is extended in the time domain
recent years. This is due to its robustness against muitipatith a complex valued data dependent extension which is
fading, high spectral efficiency, and its capacity for dyim@amcalculated to minimize the power level in the primary band.

I. INTRODUCTION



14 ‘ ‘ edge of the channel is proposed to study the

| Orisinal sigual time/frequency trade-off in LS based sidelobe suppression

' i methods.

« We show that the time/frequency trade-off between the
AIC and AST methods depends on the configuration

i of spectral opportunities and specifically, whether there
is one large primary band, or multiple smaller primary
bands.

« Based on the trade-off study results, we show that at
the best trade-off point, significant system complexity
reduction is possible by an approximation to the least
squares optimization.
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Fig. 1. Using cancellation carriers to reduce the interfeeepower in the

primary band. OFDM can be used in multiple-antenna cognitive systems.
This combination results in a multiple-input multiple-put

(MIMO) OFDM configuration which has the advantage of
g}gher system capacity [16] and more reliability due to the

The idea relies on the fact that the smoother the transiti . ) o :
lyersity gain [17] in fading channels.

between successive OFDM symbols, the lower the sideloﬂ | ftin| - h li :
levels. The objective is to find the extension vector such tha n multiple-antenna cognitive systems, the total int

the total interference of the two OFDM symbols and thi® the primary user results from the interference powerseau
I% each antenna separately. To minimize the interference

spectrum of the extension in the primary band cancel ea hods h b 4d din the i
other as much as possible. Similar to AIC, LS optimization flower, some methods have been addressed in the literature

used to find the extension vector in AST. This method reduc'é'swhiCh the existing sidelobe suppression methods for the

interference at the cost of throughput degradation as mrtsmgle ante_n_na case are ext_ended to the multiple antenna
of time is not used to send useful information. case. Specifically, due to its high performance, AIC has been
In all the aforementioned methods, interference candéatiat yvidely conside_red by rgsearphers in this con.text. Ir .[18], a
is done without considering the effect of the channel. Hmev!mproveq AIC is USEd. |n.wh|ch the cancellation carriers are
it is important to note that this only works well for IOWmserted in the transmission symbols of each antenna and the

. . values of cancellation carriers are optimized jointly oedr
scattering environments, where the channel does not have . . .
. . . antennas.[[19] exploits another improved version of AIC to
serious effect on the spectrum of the transmitted signalnif -

i ) . .suppress the interference. In this method, cancellationeca
OFDM signal is to be transmitted over a frequency-selective . .
. . . are transmitted through only one antenna and are designed
fading channel, one can expect that the interference will be . . ;

S : 0 cancel the interference resulting from other subcagrier

better minimized using knowledge of the channel. .

The use of channel state information to minimize 'nterfeOf the same antenna and all subcarriers of other antennas.

u ! ! nimize | However, in all these techniques, channel state informatio

ence has been studied in a different context for flat fadlri@ not considered, while it is more important in multiple

channels [[13], [[14], [[15]. There, channel state informatio, .o \1a sustems to involve the effect of the channel because
fhe received signal spectrum is the superposition of tréttesin

_ . %Qﬂnals from each antenna passed through different fading
interference constraints. channels

As mentioned, both AIC and AST techniques have anal- In the second part of this paper, we consider the problem

g%ous comglexny an(rj] effe_ct ohn dzz\tla(l:tr_lrougr}put. 'I('jh_e mﬁ'ﬂﬂ interference minimization in multiple-antenna OFDM eog
fflerence between them Is that s performed In thgy; o systems. Using channel state information, we prepos

frequency domain while AST is pgrformed in the time domalrlI novel technique, referred to as flaént antennamethod, to

AS_ t.he .f'rSt fpart of our r\]/vork, n t?:_s‘ hpaﬁer., wef ProPOSFaquce the interference at the location of the primary vecei

a joint time-frequency scheme in which the interierence g, system consists of a secondary transmitter with meltipl

the pri_mary user is jointly minimized over t_he time_ doma'!?:\ntennas sending data to its own receiver, while trying to
extension and frequency domain cancellation carriersgusip i nii-e interference to a primary user. In the joint angenn
channel state information (CSIThe objective is to study thet

de-off b h hod tind the b d ?ﬁfchnique, the streams of OFDM symbols transmitted from
tra. €-0 gtweent ese two.me_t ods to find t e est tra &t secondary antennas are designed such that the resultant
point, that is, the best combination of cancellation casrand

. . ) . interferenceat the primary receivelis minimized, assuming
symbol extension f_oraglven amount of interference redacti full channel state information at the secondary. Simutatio
In other Wor_ds_, using the ”?‘de"’ﬁ study results, the data M results show significant improvement of the proposed method
can be maximized for a desired level of interference reducti of more thanl0 dB compared to optimizing over each antenna
The contributions of this part are as follows: separately, and/or optimizing without considering effefcthe
« A new joint time/frequency scheme considering knowlehannel.



defined as
Serial o~ Adding
Symbol cC B Symbol
Mapping to E> Insertion I:> IFFT :> Cyelic :> Extension 1 1 1 1
Parallel Prefix 1 2 N-1
‘_\ _ |1 w? w? . w2V-1)
[ Wiy = :
Sidelobe . . .
Suppression . . .
Block 1 wN-1 2(N-1) wN-1(N-1)

andw is the primitive N** root of unity e=72"/N . To avoid
intersymbol interference, the cyclic prefix of the OFDM mod-
ulated sequence, i.e. the lastsamples of the IFFT output, is
appended at the beginning of the symbol, wh@éris assumed
The contributions of this part are the following: to be larger than the maximum delay spread of the channel. To
include the cyclic prefix, we define the modified DFT matrix
asWnnic = [A Wy ], Where A is the submatrix of
Wnx,n consisting of the lastZ columns of Wy n. Hence,

« We study the t|me/f|r|equency trade-off in the multipleg,e Yime domain OFDM symbol including the cyclic prefix is
antenna case as well. expressed as

« Again, based on the trade-off study results, we propose
an approximation at the best trade-off point which sig- X
nificantly reduces the system complexity.

Fig. 2. Cognitive OFDM transmitter block diagram.

« A novel interference reduction technique in multiple
antenna OFDM cognitive systems is proposed.
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The rest of this paper is organized as follows. In Section The extension insertion unit then extends each symbol by
[0 the cognitive OFDM system model is described. The joimiptimal extension samples calculated by the sidelobe sgppr
time/frequency method for single-antenna case along wifon unit to further mitigate interference to the primargus
simulation results and discussion are presented in Selifion  Finally, each OFDM symbol in the time domain is pulse
In Section[I¥ we propose the new interference minimizatioshaped using a pulse shaping filter and sent by the antenna.
method for multiple-antenna case. This includes the methodRemark: In order to investigate the spectrum of OFDM
description and simulation results. Finally, the condusis symbols in-between the subcarrier frequencies, we use an
drawn in Sectiof V. upsampled (byL) discrete Fourier transform (DFT) defined

by the NL x N matrix

Il. CoGNITIVE OFDM SYSTEM MODEL 1 1 e 1
1 wl/E wN-1/L
We consider a cognitive radio system in which primary users (1) _ | 1 w2/L w2N-1/L
are detected by a cognitive controller engine. The secgndar V'V
user should avoid causing interference to the primary. It is : : & :
assumed that the cognitive system employs OFDM modulation 1 wWE=DE gy (NE=DIN=D/E

with N subcarriers. The block diagram of the transmitter il§|ence the upsampled spectrumiis calculated as
depicted in Fig[R. The input bits are symbol-mapped using a ' P P P
linear modulation scheme such as PSK or QAM. The symbols 1. (1 _

. - XL — ) it X A3)
are then serial to parallel converted resulting in a complex N NN+GYN NG
vector to modulate the active subcarriers according to the
bandwidth of detected primary user(s). The output of thﬂhereWJ(VLJ)WG — [A®  w{F)] is the modified upsam-

serial to parallel block is fed into the cancellation casie pjeq DFT matrix in whichA®) is the submatrix OWJ(VL,J)V
insertion block which inserts a few cancellation tones Vmo%onsistin of the las€ columns ofiv" %)
amplitudes are calculated by the sidelobe suppressiontanit 9 N,N*
suppress the interference to the primary user. The regultin

— T
vector X = [Xo, X1,..., Xy—1]" then passes through the | g|NGLE-ANTENNA COGNITIVE TRANSMITTER: JOINT
inverse fast Fourier transform (IFFT) module and produces TIME/FREQUENCY OPTIMIZATION
the time domain vectox = [z, 71, ..., zx_1]7 where

In this section, the joint time/frequency method for the

1 Nl , single-antenna cognitive transmitter is presented. ,Fing&t
_ X j2mkn/N (1) . K .
Tn = ——= E , k€ : describe the details of the joint method that uses leastregua
VN &= SO S )
k=0 optimization in attempt to minimize interference to thenpairy

) _ ) user jointly over time and frequency. Using this fact, we
We can rewrite[(l1) in matrix form ag = ﬁWzTV,NX’ employ the joint method to study the trade-off between time
WhereW}{,_N denotes the conjugate transpose of mdtrix , and frequency interference reduction. Simulation resaitd
which is the Nx N discrete Fourier transform (DFT) matrixdiscussion are given afterwards.



A. The joint time/frequency method

As mentioned, both the AIC and AST techniques have| | | |
approximately the same complexity. Also, they both result U Y ) U Y )
. . f (k-1) ~ (k)
in the same approximate decrease in system data throughput,” Xop* n x®
i.e., sacrificing two subcarriers has almost the same imgmct
extepdllng ea_(:h_OFDM symbol by two samples. By applymlgg. 3. A pair of OFDM symbols in the time domain in which thesfir
the joint optimization, there are two degrees of freedorsymbol has been optimized.
the number of subcarriers used as cancellation carriets, an
the size of time domain extension. Thus, for a fixed level
of interference suppression, there is a tradeoff between
number of tones to be allocated as cancellation carrierstend
size of the symbol extension. In other words, for an accdpta
loss in data throughput, using the joint technique enaldds u
minimize the interference, or, for a desired level of integhce e
reduction, data throughput is maximized by allocating the™
optimal number of cancellation subcarriers in the freqyencxff) = [Xék)
domain and extension samples in the time domain.

The method is based on jointly minimizing the interferen

over time and frequencgt the location of primary receiver

th - ; : -
using knowledge of the channel. Namely, in the frequen('ipe_k OFDM symbol in which the optimum cancellation
domain, a number of cancellation carriers on each side of thig/fiés are inserted from the previous round. Alsoxfet and

primary band are used, and in the time domain, a symbel,: be the corresponding time domain symbols, respectively.
extension is added to each OFDM symbol. Considering té denote the upsampled frequency response of the channel
effect of the wireless channel, the weights of the candetiat Petween the secondary transmitter and the primary recewer

%mber of subcarriers of the OFDM system are deactivated, or

equivalently, corresponding elementsXnare forced to zero.
etxff) denote thek!” OFDM symbol in which tones within

the primary band and the cancellation carriers are set w zer

k)
g

k k
0,...,0,x% N ¢ N

(
Xy t+B+g+1

geeey

\ghereg is the number of subcarriers used as cancellation
ce . . ; )
carriers on each side of the primary band anﬁt denotes

carriers and the values of the extension are jointly opeaiizh = [0, 1, ..., hxz—1]". Thus, the upsampled spectrum of
such that the interference to the primary user is minimizedthe non-optimized symbol pair is
The secondary user employs the cognitive engine to sense _ (L)
th : ; S=HWy )y nicta)Xd (4)
e spectrum. It can also use the received signals from the
primary user to accurately estimate the channel between the = [s0,51,- -, swr—1]", ()
primary and secondary users. Alternatively, the primamrus,here
may be employing coexistence features which provide the ho 0 ... 0
secondary users with channel state information as thiscessdu 0 hi ... 0
impact to the primary network. The beacon in IEEE 802.22.1 H= : - : ;
is an example of coexistence features. Accordingly, here we ' ' ' '
assume that the secondary transmitter has full knowledge of 0 0 ... hnra
the channel which is a reasonable assumption (seelelg. [28hd
According to [10], to find the optimum weights for the ntk=1
cancellation carriers of each OFDM symbol, only the speutru . xg';f)
of that symbol is considered during the calculations, wttike Xd = 0,
optimum values of the time domain extensions are found by Xfik)

considering the spectrum of two successive OFDM symbals . , ) ,

[11]. To resolve this, we consider a pair of OFDM symbolg] which a is the I%?E’lt)h of the extenspn am is the Z€ero

and their extensions as shown in Fig. 3, assuming that th ctor of Iengttla. n denotes the_ optimal ex;ensu_)n ve_ctor

first symbol has already been well-optimized over time (e)?— the (k — 1_) symbol calcula’Fed in the previous iteration.

tension) and frequency (cancellation carriers) to havddast Hence, the interference vector is

interference to the primary user. The objective is to comput = sttDL(+B)L, (6)

the complex values of the cancellation carriers (denoted by

the vectory) and extension (denoted by the vectgrof the Which is a subvector of containing indexed elements +

second symbol. 1)L through (t + B)L of s. |S||? represents the amount of
First, we find the interference to the primary user caused ?}erfgrence power to the primary user and is to be minimized

the OFDM symbol pair, before performing any optimizatior]© this er_ld, the r!ext stepisto calculgte the contributiothef

on the second symbol in the symbol pair. Without loss aancellatlon carriers and the extension of the second symbo

generality, we assume that there is a single primary udBrthe primary band. , o _
whose bandwidth is spread ovét consecutive subcarriers 1he upsampled spectrum of th€" unit-weight cancellation

[Xi41, Xiso,- .., Xes 5], which are located in the middle of Carrier is computed as
the total available bandwidth of the cognitive radio system 1 o) . 7
where B < N. Depending on the primary bandwidth, a G = VN N 2(N+G+a) % @



in which Now, by definingr £ [u” 7|7 andD £ [HC HZ|,
(@I1) is simplified to

ON+G+24

‘ j=1,...,q, lopt = argmin [[S+ Dr|?, (13)
—< WJJ{/N Gegxtf_gﬂ) f
o L VN N,N+ st |ri*<a, i=1,...,2g,

Cj =
I ON+G+2a and Hr”2 <p,
, J=9g+1,...,2g, = 29412
St e |70 T wherer — r2 2, o |
L VN N,N+G®N The optimization problem defined ih {|13) is called a “linear

(k) - o _ least squares optimization problem with multiple quadrati
wheree),” is an/V x 1 zero vector except the™ entry which  jnequality constraints” which is a well-studied optimipat
is 1. Thus, the spectrum of thg" unit-weight cancellation problem. To solve this problem, we first calculate the pseudo
carrier in the primary band is inverse of the argument on the right hand side of equafioh (13

~ _ _(t+1)L,(t+B)L as
C,=C; . 8 X L
7 ® r=—(D'D)"'DTs (14)
Similarly, setting the data symbols to zero, the upsampl

spectrum of the/*” unit-weight sample of the extension is ?tdr which is computed from((14), satisfies the power con-

straints, them = r,,, the optimum solution. If it violates any
one of the power constraints, then at least one constraint is
tight. In this case, to the best of our knowledge, no anadytic

o o ) . solution for solving [(IB) is known that gives a closed form
Therefore, the contribution of the extensiof$ unit-weight  expression. However, there are efficient solvers that sibige

1 a—145) .
W(L) e(N+G+ 143) j= 1’ 2’ .

VN N2N+Ga) (N Gta) ~a. (9)

Z; =

sample in the primary band is problem iteratively employing numerical algorithms [215.
5 _ LFDLE+BL (10) this work, to solve[(II3), we useax/ x, a package for specifying
T ‘ and solving convex programs [22], [23].

The cancellation carriers and the extension samples are the
weighted by some complex values. These values are joingly simulation results and discussion
optimized such that the interference to the primary user is

minimized at the primary receiver location. Letting — Simulations are run to investigate the performance of the

proposed joint method. An OFDM-based cognitive radio using

Ci C ... CyJandZ = Zs ... Z), we have ) . : ) !
[c 2] 2 2 Zal, W v N = 256 subcarriers is considered where a cyclic prefix
(H(()gm(()g) — arg min [[§+ HCH I ﬁZﬂHQ, (11) of length 64 i.s added to each symbol. Data subparriers are
(wm) modulated with BPSK symbols and the upsampling factor is
st |wl?<a, i=1,...,2¢, L = 16. The channel between the secondary transmitter and

the primary receiver is assumed to be a frequency selective

2
and [|n[|” < p, fading channel. The model that we use for the channel is the

where SUI-4 channel model [24] which is a tapped-delay-line model
with 4 taps. In the following simulations, interference power

het1)L 0 e 0 is calculated as the normalized norm of the interferencéovec
i— 0 hrnyre - 0 in the primary band. We examine the performance of the joint

method in two different scenarios.

0 0 oo huiBL 1) Single wideband interferencén this case, the detected
primary user has a rather wide bandwidth which is spread over
andn = [n1,m2, ..., Ma]7 andp = [u1, pia, . . ., pog]? are the 32 subcarriers from subcarried #2 to subcarrier #43. Fig.[4
complex weight vectors of the extension samples and the cahews the power spectral density of the output OFDM signal
cellation carriers respectively = E{|X;|?},i = 1,..., N, atthe location of primary receiver in four different casése

is the power constraint on the cancellation subcarriersrevhdirst case is the conventional OFDM signal spectrum where
E represents the expectation operation. This type of powarly the subcarriers in the primary bandwidth are deadiVat
constraint avoids creating overshoot in the resulting aignThe second one is the OFDM signal spectrum using the AST
spectrum. Furthermore, according (o |[11], by choosing tmeethod where the length of symbol extensiod.i$n the third
power constraint on the symbol extension properly, the peatase, OFDM signal spectrum using the AIC method with
to-average power ratio (PAPR) of the OFDM signals is naiancellation subcarriers on each side of the primary badttiwi
increased. The proper choice for the power constraint is is depicted. Finally, the fourth one is the signal spectrising
5 the proposed joint technique with cancellation carriers at
p=a- ) (12) each side of the primary bandwidth and an extension of length
N+G 4. Note that Fig[# is not a fair comparison of the performance
where E is the OFDM symbol energy before applying thef the different techniques. Therefore, in order to study th
joint method. time/frequency trade-off, the amount of interference powe




first extension sample. Furthermore, beyond a single exten-
sion, the marginal interference reduction of adding 2 more
.1 extension samples is less than that achieved by adding a pair
of cancellation carriers. Also, unlike adding extensiott®
interference reduction obtained by adding cancellatioriexs
does not appear to have diminishing returns as each pair of
cancellation subcarriers generally reduces the intanterdy
1 about4 dB. Because adding extension samples or a pair
of cancellation carriers degrades complexity and throughp
features approximately equally, the best trade-off is ead
by using only one sample extension and several cancellation
carriers for a desired interference reduction level.
Conventional OFDM Extension approximatiorSince the extension is calculated
::Is(l to suppress the sidelobes by smoothing the transition legtwe
Jm"u i suc_cessive OF_DM symbols, instead of solvihgl (13) to find the
-0, s s - 0 = optimal extension sample, one can compute the average of the
Subcarrier index two consecutive OFDM symbols endpoints. If the transition
between the symbols is approximated by a linear curve fitting

Conventional OFDM
~10f

AST

Power spectral density (dB)

Fig. 4. Single wideband interference, Power spectrum obtitput OFDM Le.,

signal; N = 256, number of primary bands=1B = 32. (k) x%“:i) + x%“lG
0 = e (15)
-15 wherenik) is the extension sample between fiie- 1)** and

O g0 the k** OFDM symbols, then this approximation significantly

M j:gz reduces the complexity as there is now no need to complte (9)

2 8 3:3 and find the extension via solving {13), i.e., the size of foasr
——g=4 will be reduced and the cancellation carriers can be found

_25,\\)(\’—:\{“{“{“%*'—* —A— g5 separately. The cost of this approximation has been obderve
95 in simulations to be small.

2) Multiple narrowband interferencein the second sce-
nario, there are multiple primary bands which are relayivel
narrow compared to the total available bandwidth of the
cognitive system and are used by the same primary receiver.
An example of narrow primary bands is IEEE 802.22 (WRAN)
standard which is a standard for license-exempt devices to
work on a non-interfering basis in the TV Broadcast Service
spectrum. A cognitive radio in this band can use up to three

0 5 10 15 consecutive TV channels (18 MHz). Police dispatch devices
Extension size and wireless microphones which require approximately 200

KHz of bandwidth are considered as narrowband primary users

Fig. 5. Effect of adding extension samples on the amount @ffierence in this band.

reduction in single wideband interference case. In simulations, we assume that the primary bands are
spread over six narrow bands whose width are equivalefit to
subcarriers. Two cancellation subcarriers are insertedamh

for different numbers of cancellation carriers and extemsi side of each primary band and the length of the extension

lengths is computed. The results are as follows. is 10. The rest of the parameters are the same as the single

Trade-off study: We study the tradeoff between the numbewideband case.
of cancellation carriers and the extension size in terms ofFig.[6 shows the performance of the joint method compared
interference reduction, and design the system to maxirhige to the conventional OFDM system, the AST method that uses
rate for a fixed interference level. Indeed, we find the beah extension of lengthi0, and the AIC method where two
combination of time extensions and cancellation subaart@e cancellation subcarriers are inserted on each side of each
better improve the performance. Fid. 5 depicts the changepsfmary band.
interference level for different numbers of cancellatianriers Trade-off study: Similar to the wideband interference case,

g on each side of the primary band and the number of tinég.[4 depicts the tradeoff between the number of subcargier
extensions. It can be seen from Hig. 5 that there is a dominanteach side of each primary band and the size of the extension
break point on each curve in the first extension sample, whithinterference reduction. It can be observed from Elg. 7 tha
implies that while keeping the number of cancellation @si in this case, unlike the single wideband interference case,
fixed, the most significant gain is achieved by adding thecreasing the size of the symbol extension provides more

Normalized interference power (dB)
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Fig. 6. Multiple narrowband interference: Power spectruirthe output Fig. 7. The effect of adding extension samples on the amdtintexference
OFDM signal; N = 256, # of primary bands= 6, B = 4. reduction in multiple narrowband interference.

consistent interference suppression, i.e., the margetarm |y this case, we will show that a good improvement in

is not negligible after one extension sample. We attribbé tinterference reduction can be achieved. We use the sironlati
better performance of symbol extension to the fact that hysylits to study the time/frequency trade-off as well.
sharpening the subcarrier sidelobes, each additionah&ixte

Ezr:gslt'a reduces the interference in all of the narrow prlmaR{ The joint antenna method

Also, note that in this case, each of the narrow primary We assume that the secondary transmitter useanten-
bands needs cancellation subcarriers at its edge, regultt@s with sufficient spatial separation, that send streams of
in 29><m subcarriers wheren is the number of primary OFDM symbols and try to avoid causing interference to
bands. Hence, adding a pair of cancellation carriers deesea? Single primary receiver, as shown in Fig. 8. The set of
the throughput2m times more than adding an extensiofhe secondary transmitter antennas and primary receiver an
sample. Therefore, in terms of data throughput, it can f@nna forms a multiple-input single-output (MISO) system.
better to increase the length of symbol extension than to akét hi = [hio,hi1,...,hinz—1]" denote the upsampled
cancellation subcarriers. For example, in Fig. 7, subegsri frequency response of the channels betweerni'theecondary
reduce the interference by at ma@s83 dB/subcarrier (0 dB  transmitter antenna and the primary receiver antenna.ether
for each addition ofl2 subcarriers), whereas the extension®re, the upsampled spectrum of the received signal at the
can reduce interference bl to 2 dB/extension sample for primary receier Is

g >3 n
As a result, we conclude that the best time/frequency trade- Y = Z H;s;, (16)
off depends on the configuration of the detected spectral i=1

opportunities, whether there is a single large primary bagghere

or there are multiple narrow primary bands. In either casaes, hio 0 ... 0
the best trade-off point, the joint method achieves a higher 0 hix ... 0
interference reduction compared to the pure AIC or AST H; = : : ) :
techniques using the same amount of resources. O O . hs N'L .
IV. MULTIPLE-ANTENNA COGNITIVE TRANSMITTER! ands; is the upsampled signal transmitted by tHesecondary
JOINT ANTENNA OPTIMIZATION transmitter antennd,= 1,2, ..., n.

In this section, we present a new method, called the jointin the multiple-antenna case, to avoid secondary signals
antenna method, for suppressing the interference to the pmiterfering with the primary user, the secondary transmitt
mary user in multiple-antenna OFDM-based cognitive systerforms the transmission OFDM symbols on each antenna in
based on the idea introduced in Sectlod Ill. Our propossdch a way that, after passing through the channels, tHeitef
method minimizes the interference to the primary usethe at the primary band cancel each other as much as possible
location of the primary receiverequiring the knowledge of and the power in the primary band is minimized. To this
the channel state information. Moreover, interferenceiimirend, we extend the joint time/frequency optimization tegha
mization is jointly performed over all transmitter anteanaintroduced in Section]ll for the single-antenna case totiplel



Y_ Ry, expressed as
\/
[

Sccondary (Nlopt’ ) Nnopt ’ ,r]lopt’ t ’nnopt)

Receiver

Tx, Y q
Secondary _Y )} / h, . = arg min IS+ Z Hi(Cp; + Zm)|?,  (18)

RS i * (Bgseeos by M 500 9M,) i=1
NN R, st pylP<a, i=1,....n, j=1,...,2g,

Transmitter o
Txny ))) 17 and anHQ Spa 1= 1,...,TL,
h wherea = E{|X;|*},i = 1,..., N, is the power constraint

n
Y on each cancellation carrier apds the power constraint on

Primary the symbol extension of each antenna and is chosen according
Receiver to Sectior{1ll. By introducing
J2[H,C ... H,C H\Z ... H,Z] (19)
and
Fig. 8. Multiple-antenna cognitive system. t & [N{ o NZ ,,7{ o nZ]T’ (20)
equation[(IB) can be expressed as
antennas where the optimization is done jointly, using the topt = argmin [[S+ Jt|?, (21)
t

channel state information, over multiple antennas. Werrefe
to the proposed method as tfoént antennamethod. '
In the joint antenna method, cancellation carriers are in- and [t;]*<p, i=1,...,n,
serted in every transmission OFDM symbol of each .transm'ttv%herefi — t2on+(i-Da+1.29n+ia  Equation [21) is a “linear
antenna in the frequency domain. Each symbol is also gx: . . L .
. . . . . elast squares problem with multiple quadratic inequaldy-c
tended in the time domain by a symbol extension. The optlme% o : .
. : . raints”. The same procedure as in Sedfign Il is used teesol
values of the extensions and the cancellation carriers ®f his problem
n OFDM symbols of then transmitter antennas are jointly P '
computed considering the effect of the channel, in order to _ _ _
minimize the interference to the primary receiver. Therefo B. Simulation results and discussion
similar to Secti(_)rml, an OFDM symbol pair is considered The MISO case is also examined using numerical simula-
for each transmitter antenna where the first symbol is ajreagons. We consider a secondary transmitter with two spgtial
optimized. separate antennas. The model we use for the channel between
Let's; denote the upsampled interference vector of the nogach secondary transmitter and the primary receiver is the
optimized symbol pairs of thé" secondary antenna, whichSUI-4 channel model, the same as in Secfioh Ill. The two
is calculated in the same way as in Secfioh Ill. Thus, thd totehannels are assumed to be independent of each other. The

st. [P <a, j=1,...,2¢n,

interference vector at the primary receiver is OFDM communication system uséé = 256 subcarriers per
n antenna. The detected primary user bandwidth is assumed to
5= Z HS, (17) occupy 32 subcarriers between subcarrier2fand subcarrier
i—1 #143. BPSK modulation is employed to modulate the data
subcarriers. A cyclic prefix of lengtlé4 is used and the
where ; .
upsampling factor id. = 16.
hi (t+1)L 0 0 Fig. [@ shows the spectrum of the OFDM signal at the
i 0 hi+nyr1 - 0 receiver in four cases. First, the conventional MISO-OFDM

spectrum where only the subcarriers at the primary band
are deactivated in each transmitted OFDM signal. In the
second case, separate antenna optimization, the MISO sys-
We denote the complex values of the second symbol’'s extéam is considered as two separate single-input singledbutp
sion samples and cancellation carriers in the OFDM symhb@ISO) systems, where each of the transmitted sequences are
pair of thei*" transmitter antenna by the complex vectgrs separately designed using the optimization method desitrib
and u,, respectively. Therefore, the interference contribution Section[Ill, considering the channel state information.
of the extension samples of th&" antenna in the primary The sequences are then passed through the channels and the
band at the location of the primary receiver is determinegpectrum of the received signal is computed. The third case i
as H;Zn,,i = 1,2,...,n. Similarly, the interference con- similar to the second case except that it is assumed that the
tribution of the cancellation carriers of thé” antenna in transmitter antennas do not have channel state information
the primary band at the location of the primary receiver isr equivalently, assumindgf; = I, i = 1,--- ,n, where [
H,Cp;,i=1,2,...,n, where matrices’ and Z are defined is the identity matrix. Finally, in the fourth scenario, rjoi

in SectiorIIl. Thus, the interference minimization prablés antenna optimization is performed where the two transhitte

0 0 cor hiiB)L
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Fig. 9. Comparison of the spectra of MISO-OFDM signal at thienpry  Fig. 10. Effect of adding extension samples on the amounhtefference
receiver in the frequency selective fading chandetancellation carriers on reduction.
each side of the primary band and a time extension of ledgihe used.

V. CONCLUSION

sequences are jointly optimized over time, frequency aadesp In this paper, the problem of interference reduction in
(antennas) using the channel information. As Flg. 9 shawes, tOFDM-based cognitive radios in single-antenna and metipl
joint antenna optimization method suppresses the intamtey antenna secondary transmitter for single primary user band
by almost10 dB more than the separate antenna optimizatiéid multiple primary user bands is considered. In the single
method, and thus, channel state information at the tratmmitantenna case, we propose a new joint time/frequency scheme
can provide significant improvement for interference reiic to investigate the trade-off between active interferenae- c
in multiple-antenna systems. cellation and adaptive symbol transition techniques. Téw n
Trade-off study: In Fig. [I0, the trade-off between themethod pptimizes jpintly ove_r_the symb_ol extension and
number of cancellation carriers and the extension size wincellation subcarriers to minimize the interferencefte t
respect to the amount of interference reduction is depictdtfimary user. In view of symbol extension, it is shown that
Similar to the single-antenna case, it can be seen fronfBig. fr @ single wideband primary, most of the gain in interfeen
that adding the first extension sample gives the most signific ¢@ncellation is achieved by adding the first extension sampl
gain in interference suppression. Hence, the _complexny can be S|gn|f|ca_\ntly re_duced by using
Extension approximationWe can conclude from Figl_10©One extension sample whose _value is easily cglculated as
the same result of the single-antenna case that at the 8§t average of the two endpoint of two successive OFDM
trade-off, instead of calculating the extension samplegisiSymPols. Furthermore, we show that the effect of the channel
the optimization problem stated ifi {18), we can solve tH the transmitted sec_ondary_ S|gna!s can b(_a used to improve
optimization problem only for the cancellation carriersdaninterference cancellation. Using this fact, in the muéipl
use a single sample for the extension. The extension sam@léenna case, we propose a new method, called the joint
can be easily approximated as the average of the two endpoftfiienna method, in which the transmitted sequences from

of the two consecutive OFDM symboals, i.e., the secondary transmitter antennas are designed sucthéhat t
interference at the primary receiver antenna is minimized.
O (; Simulation results also demonstrate significant improverime
nff) = ool TANZCG Ly 1)9,...,n, (22) jointly optimizing over two antennas compared to two sefgara
2 antenna interference minimization.
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