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Abstract—The paper describes spectrum sensing using single- like cooperative eigenvalue-based sensing [8] or mukiama-
radio switched-beam arrays with reactance-loaded parasitic ele- pased detection [9] are immune to noise uncertainty but
ments. At a given frequency, the antenna’s loading conditions é- increase the sensing complexity.

active loads) are optimized for maximum average beamforming Th f t ant db f . ¢ in CR
gain in the beampattern look direction. Circular permutations € use of smart antennas and beamforming systems in

of the reactive loads rotate the narrowband beampattern to IS another promising direction toward increasing the spéct
different angular positions dividing the whole space around the reuse and improving the sensing performance. A directional
cognitive receiver into several angular subspaces. The beampa peampattern is able to focus the energy in specific angles
tern directionality leverages the performance of spectrum sens |imiting the interference to unwanted directions and einapl
algorithms like the energy detection by enhancing the receive . .
signal-to-noise ratio. Moreover, the selection combining across & a dense.r network deployment. In this context, [10] St_Ud'es
weakly correlated beampatterns gives rise to a diversity action the maximum number of users that can be allocated in the

further boosting the probability of detection. same frequency in a CR network using transmit and receive

Index Terms—Cognitive radio, spectrum sensing, smart- beamforming. In [11], the SU transmitter is equipped with

antennas, parasitic arrays, switched-beam antennas, energyed @ Smart antenna having multiple active elements so as to
tection. construct a transmission beampattern that is non-inteutsv

the PU link. Further, [12] studies the improvement to the
cyclostationary-based detector performance exploitimars
antenna radio receivers using certain beamforming alyost

The cognitive radio (CR) has been introduced as a novelAlthough most of the existing smart-antenna CR techniques
technology paradigm toward efficient, dynamic and flexibleely on systems with multiple active antenna elements where
usage of the scarce radio spectrum resource [1]. Spectr@a¢h element is connected to a separate radio-frequendy (RF
sensing is an essential component of a CR system aimingcttfin, the authors in [13], [14] proposspatial-spectrum
obtain awareness regarding the spectrum occupancy and Siing for scanning both frequency and spatial (angular)
primary user (PU) activity in a specific region. The key rofe gesource dimensions via single-RF frontend. The CR an-
spectrum sensing is to identify transmission opportusifee tenna designs proposed therein are based on the electipnica
the secondary users (SUs) by detecting unoccupied spect@fgerable parasitic array receptor (ESPAR) antenna [1ihwh
segments with as much accuracy and low latency as possil§nstitutes a low-hardware complexity smart-antennaesyst

Several approaches and enab“ng a|gorithms of Spectruﬁplemented by a set of tunable reactive loads connected to a
sensing for CR applications have been proposed, each ha@igup of parasitic elements coupled to a single centravecti
different operational requirements, advantages and wisad €lement.
tages [2]. For example, matched filtering detection [3] seed The present work aims at studying the spectrum sensing
to know the waveforms and the channels of the PUs wherd¥@formance using smart switched-beam antenna systeras. Th
Cyc|ostationary detection [4] requires know]edge of the“cy Study considers the Single-radio ESPAR antenna structure f
frequencies of the PUs being sensitive to timing and frequenthe CR receiver whereas the simple energy detection is the
mismatch. Blind algorithms such as energy detection-basé@ployed sensing algorithm. The purpose is to detect the
methods [5]- [7] are Susceptib|e to noise power uncertajuty existence of a PU Signal in the V|C|n|ty of the SU receiver
require no a priori knowledge of the PU signals and are qui@ shown in Fig. 1. A statistical analytical channel model

popular due to their low complexity and simplicity. Techmig 1S assumed where the multiple signal paths are organized
into wave clusters so that the PU signal impinges on the
This work has been performed in the context of collaboratietween SU receiver through a set aP clusters each of a certain
AAUICenter for Teleinfrastruktur and AIT for the joint ofiag of a Doctoral  mean angle of arrival (AoA) and angle spread (AS). The
Program. The work was supported by the Future and Emerginghdéadies . load d the load i d f the ESPAR .
(FET) Programme within the Seventh Framework Programme for Resea’®AClVe loads and the O_a ) Impedance 0 the i receve
of the European Commission, under FET-Open grant CROWN-233843 antenna system are optimized for maximum efficiency and
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Fig. 2. Configuration of K + 1)-element ESPAR receive antenna.
Fig. 1. Spectrum sensing of primary user signal in a clusteregagation
scenario using a switched-beam receive antenna system.

Il. SIGNAL MODEL

L N . We focus on two-dimensional propagation in the horizontal
directivity in the beampattern look direction. At a g'Vertazimuth) plane. The antenna system can switch amiing

frequency, circular permutations of the optimal reactiveds directional beampatterns. The look direction and the fiesce
of the ESPAR antenna rotate the beampattern to diﬁerergtsponse of theth complex beampattern is, — (k — 1)2%
- K

angular positions dividing the whole space around the €09 Bi(#), k = 1,...,K, respectively, wheres is the
tive receiver into several angular subspaces. At eachiposit azimuth angle expressing the AoA of the PU signal. The
P.U signal Qetection is performed over .the _diregtional arriﬁfobability density function (pdf) of the angular distrtlmn
diagram. It is shown that beampattern directionality leges of impinging PU waves (rays) within a cluster, i.e., the powe
the performance of energy detection by enhancing the receﬁ’ngle spectrum (PAS), is denoted By(¢). The PAS of a

signal-to-noise ratio (SNR). The detection performanevé- wave cluster is parameterized by a mean AgdAand AS

uated under different propagation conditions. The papsw ala e.g., in case of a Laplacian PAS(¢) = cp—lé—dl/o

considers the case where, after a full space scan with ener bree — = e*(\z’*@dd) is a normalization factor). Analyzing

detection being deployed sequentially on every patteragbe N I S,
selection combginingtaies pla?ce by ch)z)osing thi Eeam Wath tWe d|rect|v?ty gain in the presence of angular distribmtio
the impinging waves invokes calculating the distributed

highest receive signal energy. The performance of the sehem ~ ~ ; . )
is evaluated in a practical clustering environment showi rectivity gain (DDG) (average beamforming gain) at ta
ampattern as [16]

that the selection combining across the weakly correlat

beampatterns gives rise to a diversity action further biogst fo% Bi()Bi(0)A(p — ¢)dp
the probability of detection. Gr(9) =n 127 g (0) Bz (0)dp @)
b k .
The rest of the paper is organized as follows. Section ligive 27 -0 k
the signal model and describes the radio environment. @ecti Dr(¢)

Il presents the ESPAR receive antenna system. In SectionWhere D;,(¢) is the directivity andy € [0, 1] is the efficiency
spectrum sensing over the ESPAR directional beam respsnsefithe antenna system.
presented and evaluated under various propagation comgliti  The received passband signal waveform at ttte beam-
Section V describes and evaluates the beampattern selecggttern in the presence of a primary user signal is
combining method and Section VI concludes the paper. .

yr(t) = R{[Gk(t) + ne(t)] 271} (2

Notation: Boldface capital letters refer to matrices and
boldface small letters refer to vectors of the specified.e{iz% where f is the carrier frequency angl,(t) € C is the PU
returns the{s, j} entry of the enclosed matrix an{d); returns signal received at théth beampattern including the effects
the ith element of the enclosed vectd:. denotes the set of of fading where the multipath reflections and/or the scatter
complex numbers of the specified dimensions ahdives the are grouped into clusters and modeled as a single path with an
amplitude of the enclosed complex number. didgdenotes associated AS. LelV, denote the one-sided flat noise power
the diagonal matrix whose diagonal entries are the elemespgectral density (PSD) and” the signal bandwidthn(t) €
of the enclosed vector. The superscriptssTand H denote C is the 0-mean Gaussian noise process with variange=
transpose, conjugate and transpose conjugate, respectivl¥,17 and is assumed to be white both temporally and spatially
R{-} denotes the real part of the enclosed complex numb@e., across the different antenna patterns). The noidetts
and j is the imaginary unit {j= —1). signal are assumed uncorrelated.



In (2), gx(t) is the superposition of rays arriving from Let the loading vectox = [X; X, ... Xk]" Q denote the
power-balanced wave clusters. Specifically, it is assurhat tset of K loads to be mapped to th& parasitic elements,
the unit energy PU signal(¢) impinges onP clusters, where such that the circular rotation of the loading vector ratdtee
the pth cluster has a Laplacian PAS,(¢), mean AoA¢, and beampattern to one of th& angular positions (based on the
AS o, p€{l,...,P} (Fig. 1). Thus, the PU signal receivedmage theory). Then, the matri; € CK+Dx(K+1) can be

at thekth beampattern can be written as defined as
= diag([ZL jXx]) 9)
P
Pr -
= \/;Z \ Gr(@p) i ps(t), () wherex, € {1,..., K} is a circular permutation of at which
p=1

the kth beampattern is created so that thle element ofx
where Pr is the PU transmit power an, , € C is the slow- is given by (Xi), = X1 [(k+¢—2) mod k]- IN (9), ZL is the is
fading channel coefficient for theth PU signal received at the load impedance of the receiver, i.e., the output impeglan
the kth beampattern. The receive SNR and the total averagiethe low-noise amplifier (LNA).

DDG at thekth beampattern are respectively given by Assuming negligible ohmic losses, any losses in the ESPAR
p system may result from the mismatch between the source
ll ng(&p”hk’pp /o2, (4) impedance and the input impedance seen by the central active
1 antenna. The input impedancg, of the active element and

the corresponding reflection efficiency because of impeslanc

P
- mismatch can be respectively written as
Gr =Y Gi(dy)/P. (5) PeCtively
p=1 1 al .
For o, = 0° and for deterministic. ,, the signal model in (3) Zin=1{Z)oo + (k) = Zhoe {ik)e (10)
accounts for the simple case of additive white Gaussiarenois B
(AWGN) channel or, equivalently, free-space propagation. n=1-— |(Zin + 20 N Zin — Zf)|2 , (11)

; no_ (K4+1)x1 ;
1. ESPAR RECEIVE ANTENNA DESCRIPTION respectively, where, = Weq vt € C is the vector of
induced currents on the antenna elemeftsremains constant

We consider directional sensing using a single-raétie()- vk and thus; is maintained? B, (), k € {1,..., K}, due to
element ESPAR receive antenna (Fig. 2). The ESPAR isighology symmetry.

smart antenna system that presents a significant advantage o

its directional antenna counterparts: it is able to conti®l

beampatterns as any smart antenna, while being implemented IV. SPECTRUMSENSING OVER

using a single active element (elemed)} surrounded by DIRECTIONAL BEAM RESPONSE

K passive (parasitic) elements (elemefits..., K}). The

kth parasitic element is placed at a relative local angle ofIn order to analyze the sensing performance using direc-
¢ = (k—1)%, k € {1,...,K}. The parasitic elementstional CR receiver, the low-complexity energy detection is
are terminated with varactors controlling the imaginaryt paused for spectrum sensing. The goal of spectrum sensing is to
of their input impedances. The free-space beampattern is decide between the two hypotheses overlttlebeampattern

Bu(6) = Wyea(). © w0 ={ g by 5 a2

The test or decision statistic is equal to the receive energy
over the observation time intervél, T') over thekth beam-

In (6), a(¢) € CE+D*1 s the array steering vector resulting
from the array geometry as

a(p) = [1 p—indcos(¢) efjndcos(zi)f(Kfl)(%r/K))]T’ pattern and can be approximated as [6]
@) T 1 2WT , i
where d is the radius of the ESPAR, equal to the spacing k /O yir(t) ~ W Z Yk <2W) 5 (13)

between the central active element and the parasitic elsmen

and x = 27/X is the wavenumbemweq), € CHEFTHx! is wherey;, (54) is theith sample ofy,(t) and N = 2WT is
the equivalent weight vector at which ti¢h beampattern is the number of samplésWhen the PU signal is not present
created and is given by (under hypothesigH,), the decision statistic is the sum of

Weqr = [Z + Xi] ' u, @8) the squares oRWT 0- m2ean Gaussian distributed random

variables with variancesy;, thus 7, will follow a central
whereZ € CE+D*(E+D js the mutual impedance matrixchi-square distribution. Based on the cumulative distidsu
whose entry(Z),, is the self-impedance of theth antenna function (CDF) of T, the probability of false alarm is given
element and(Z),,, k # ¢ is the mutual impedance be-py [7]
tween thekth and thelth antenna element, wherg),, =
(Z)yr» k.0 € {0,1,..., K} by reciprocity. The vectou is
given byu=1[1 0 ... O]".
N——

K it is assumed that the that the first sample position starts=ab.

P = Pr(T), > 6|Ho) =T (WT,5/202) /T(WT),  (14)



TABLE |

whered is the detection thresholif{a) is the Gamma function OPTIMIZED ESPAR RRAMETERS

and I'(a, b) is the unregularized upper incomplete Gamma

function [17]. ~ Optimal load Optimal reactive loads G1(0°)
Similarly, when the PU signal is present (under hypothegidZ-tt) | impedancez () x@) (dB)

9{1_) and for_AV\_/GN_ channels, the decis_ion statislig has a ? gg:g:}g;g [_33'4[9%1 1267.]7 80.7 ?8

chi-square distribution with a non centrality paramefér T —160.1 —33.2 —71.9]T

[6]. Based on the statistics @f;, the probability of detection

over thekth beampattern is given by '

0.9

Pd’}g = Pr(‘Ik > (5|j‘f1) = QWT(V QWT’WC, \/6/0’%)7 (15)

where Q. (a,b) is the generalized Marcury-function [17].
Under Rayleigh fading, the receive SNR follows an ex-
ponential probability density function (PDF)(vx) =
(1/73)e(=7%/7%) wherey, is the average receive SNR. Thus,
the average?, ;. is given by [5]
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27 +1) Fig. 3. Probability of detection versus SNR for spectrumsgen over the
. . . directional ESPAR beam responsg & 0.1, WT = 10).
whereI”(a,b) = I'(a,b)/T'(a) is the regularized upper incom- P € )

plete Gamma function.

Although the probability of false alarm in (14) is not relate opapility of detection averaged ovi, 000 random channel
to the receive SNR (and the receiving beampattern) as thg;gps (Monte-Carlo simulations) versus the input SNR for
is no signal, the probability of detection is a function of; 7 _ 1 and P, = 0.1 is shown in Fig. 3. It can be observed
7 given in (4). Thus, the performance of sensing in M4t sensing with the directional optimized ESPAR systems
of probability of detection can be improved by the DDGjgnificantly improves the detection performance, resglin
of the directional beampattern enhancing the receive SN&\R gain of up tot ands dB with the 3-element ESPAR and
To illustrate, we evaluate the sensing performance overyf 7.element ESPAR respectively.
beampattern of_ specific ESF_’AR configuratior_ls with respect), practice, the ideal assumption that the PU mean AoA
to a standard isotropic receivet(¢) = 0 dBi). In these 5 gligned with the beam look direction may not be ful-
examples, we take into account sensing overitsie(: = 1) fjied. From (4) and (15) or (16), it can be seen that the
beampat?ern (the analysis for other beampatterns is $)m'lebrobability of detection depends on the mean AoA of the
We consider ESPAR set-ups &f +1 =3 andK +1 =7 rgceived PU signal(s). Moreover, it is realistic to account
identical half-wavelength thin electrical dipoles with= /4,  tor more severe channel impairments to the signal reception
where A is the carrier free-space wavelength. The mutuglan simple AWGN, such as the multipath Rayleigh fading.
impedance matrixZ of the 3-port receive antenna SysteMry s in this part a single PU signal is assumed arriving from
has (Z)o, = 73.07 +j42.50, (Z)y, = 40.75 —j28.32, and \5rious possible mean AoAs (Fig. 4(a)) on the aforementione
(Z)15 = —12.52 - [29.90, calculated using Gauss-Legendrgimized 7-element ESPAR receive antenna under Rayleigh
numerical integration [1_8]. Similarly, th&-element _ESPAR fading and foro, = 0°. The calculated DDG3(;) decreases
has (Z)yy = 73.07 4 j42.50, (Z)y; = 40.75 — 128'32' from 7.0 dBi to —0.2 dBi for ¢; varying from 0° to 50°.
()13 = —0.66 —j35.93 and (Z),, = —12.52—j29.90 °. The e receiver operating characteristic (RO@) ( versusF;),
ESPAR systems are optimized with respectZo andx for o equivalently, the complementary ROC (probability of snis
maximum DDG in the look direction of the array diagram, l.€detectionPy,; = 1— Py, versusP;) for the different situations
for maximumG,(0°), via a constrained nonlinear optimizationg ghown in Fig. 4(5). The input SNR is7 dB. It can
multivariate MATLAB routine yielding the optimized antean |, observed, that as the mean AoA deviates from the value
parameters in Table 1. Thest array pattern3,(¢) of the 5 _ o gt which the beampattern has bean optimized, the
optimized7-element ESPAR is shown in Fig. 4(a). It shouldyained DDG decreases, with a direct impact on the sensing
be noted that the remaining optimal beampattefig¢), performance.
k= {2,...,K} (ie, with maximum DDG in their l00k * £/ hermore, a non-zero AS can also affect the sensing
direction) are simply obtained by appropriately rotatig t ne formance. Here it is assumed that the mean AoA of the PU
reactive loads, according to Section Ill. o signal is kept atp = 0° whereas the A%, varies from0° to

It is considered that a single PU signdt & 1) is ariving - 500 ag the AS increases (Fig. 5(a)), the beampatern diffuses

over an AWGN channel and that the direction of arrival igq the |obes start to smear, whereas the DDG at the look
aligned with the look direction of the beamy,(= 0°). The  girection decreases. At high values of AS (e.g., dor= 50°

2The other entries of th& matrices can be easily obtained from the antenn®ith G1 (0°) = 4.0 dBi) the ‘?r_ray c_jiagram tends t_o ﬂ_atten and
topology symmetry. tends to approach an omnidirectional diagram, indicativay t
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Fig. 4. Performance of directional sensing for differentuesl of mean

120 60

150

180

oy =0°

Loy =10°
-——=20°
300

- =01 =30° 240

=iy = 40° 270

oy =50°

—A—o0; =0°

—e—o0; = 10°
| | —*—op = 20°
—a—o0; = 30°
—+—o = 40°
—v—o0; = 50°
= = =Isotropic

Probability of miss detection

1 0

107 107
Probability of false alarm

(b)

Fig. 5. Performance of directional sensing for differenueal of ASc. (a):

AOA ¢. (a): Array diagrami3; (¢) of the optimized7-element ESPAR and Array diagramB; (¢) of the optimized7-element ESPAR for various values

an impinging PU signal with various mean AoA. (b): Complemenfa@C
curve under Rayleigh fading«7 dB SNR, WT = 10).

of AS of the impinging PU signal. (b): Complementary ROC curvelem
Rayleigh fading 7 dB SNR,WT = 10).

beamforming gains under rich scattering environments ate Rection under Rayleigh fading. It is assumed that the cHanne
so significant. Fig. 5(b) shows that the sensing performanggjing coefficient remains unchanged during each full aagul
is affected in a way similar to the case of mean AOApace scan whereas it changes to another independent real-

misalignment with the beam look direction.

TABLE Il
DDG OF THE OPTIMIZED 7-ELEMENT ESPAR ARRAY
¢1=5° o =130°
G1(¢p) (dBi) 7.0 —8.6
Ga(¢p) (dBi)  —2.5 —11.4
G3(¢p) (dBi) -7.0 6.7
Ga(dp) (dBi)  —11.8 —-0.5
Gs(¢p) (dBi) 7.4 —6.8
Ge(¢p) (dBi)  —7.3 —12.6

V. SPECTRUMSENSING VIA BEAM SCANNING WITH
BEAM SELECTION COMBINING

In this section we assume that spectrum sensing is

sequentially on each one of the ESPAR optimized beam-
patterns using energy detection as described in the previou

ization in a succeeding scan. This assumption is valid for
slow fading channels while assuming that beam scanning and
detection over each array diagram happens fast enough.a\fte
full space scan, the receiver performs beam selection hlased
the gatheredy test statistic§, k € {1,..., K}. Specifically,

the maximumJy, k € {1,..., K} is chosen and compared
with the detection threshold to perform the sensing test and
the combined probability of detectioRy sc is thus given by

17)

max

yeeny

pd,SC = Pr( T > (5|g‘f1> .
ke }

Optimizing the beampatterns for the maximum DDG at the

look direction has the additional advantage of resultingin

sufficiently weak correlation across tli¢€ array diagrams. In

the general case, the signal model accounting for beampatte

"Hhss-correlation (under hypothesi§) can be written as

y(t) = v/Pr (Rr)"/?hs(t) + n(t),



wherey(t) € CX*1 is the vector of thek collected received
signals upon a beam scah. ¢ CX*! is the vector of
slow fading channel coefficients witth), = Zle hi, and
n(t) € CX*!is the temporally and spatially white noise vector
with (n(t)), = nk(t). R € CK*K is the receive covariance
matrix that incorporates both the power imbalance and the
cross-correlation of the beampatterns
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