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Abstract— The aim of this paper is to present a performance
analysis of the maximum eigenvalue detection (MED)for
centralized data-fusion cooperative spectrum sengnin cognitive
radio networks over Nakagamim and Rice fading channels. In
the case of Nakagamim, arbitrary fading and phase parameters
were assumed, and so was the case with Rice paraeredf the
Rician model.
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cyclostationary and the energy detection [4][5]. &g the
latest ones are those based on the eigenvalués oéteived
signal covariance matrix [6]-[8].

No matter the sensing technique adopted, the dmtect
performance depends on the reception conditiorttefCRs,
and therefore on the propagation environment. kamgle, in
[9] comparisons were made among different modeistte

Index Terms- cognitive radio, cooperative eigenvalue spectrunegnergy detector under conditions of additive witgussian

sensing, Nakagami, Rice.

I. INTRODUCTION

In the context of fast developing wireless commations
systems and consequent challenges, there is argyavded

noise (AWGN) and Rayleigh fading channels. It hagrb
verified that the problem of energy detection lies the
uncertainty of estimating the noise power, whichrddes the
detection performance [10]-[12]. In [13] the auth@nalyze
the probability of miss detection of the energyedédr under

for effective use of spectrum and spectral efﬁtie”l\lakagami fading channels.

management strategies. The spectrum resourcesbeaoene
increasingly scarce, and at the same time theeegsowing
demand for better quality of service, as well aghhr
transmission rates. Nevertheless, there is in dacartificial
scarcity of spectrum, since there are bands tlanatr actually
used during all time in a given region [1]. The cibiye radio
(CR) technology [2], which aims at using the eleatagnetic
spectrum more efficiently, can be applied to ttostext. The

CR system uses advanced techniques that optimiee ¢

occupation of the bands, and spectrum sensing itpods to
find the so-called spectral opportunities withinnds of
interest in a given area and in a given time. Thhs, CR
system makes it possible to use spectrum in terhpspatial
and frequency dimensions, without causing interfegeto
licensed systems. Nonetheless, the scenarios oftrape
occupancy differ depending on several factors, sash
channel conditions, location and prevailing patiticontrol of
spectrum usage. This implies greater system coritplesince
the cognitive cycle of the CR concept includes ep stor
learning the channel [2][3]. Thus, the behaviothed channel
influences the operation of the CR and, therefats,
performance. Then, evaluating the performance o€R
system in under different channel models is of ipaant
importance. In addition, each spectrum sensingnigcde will

influence the detection performance, depending be t

cognitive network architecture and the conditionfs tioe
channel. Many detection techniques for spectrursiegrhave
been proposed so far, e.g. the matched filter,

This paper aims at presenting the analysis of pgeetsum
sensing performance under two important channel ebsod
Nakagamim [14] (with arbitrary fading parameter) and Rice
[15] (with Rice arbitrary parameter). The Nakagami
distribution can be parameterized to model varifaging
conditions such as Rayleigh and Rice. This meaas ithis
possible to control the severity of the Nakagandirfg by
making this distribution to fit more appropriateiyto real
enarios with multipath propagation [13]. The Ngd@im
and Rice distributions, which are general, flexiblend
mathematically easily tractable, have also beengaraiseful
in practice [16]-[17]. In what concerns the detectiechnique,
we consider the maximum eigenvalue detection (MEIyo
known as RLRT (Roy's largest root test) [7] or BCE&lindly
combined energy detection) [6], applied to a cdiatrd data-
fusion cooperative spectrum sensing scheme.

The remainder of this paper is structured as faloBection
Il presents the system model for the eigenvaluedasnsing
technique and the fading channels models. Sectiaeports
simulation results and discussions concerning riflaénce of
some system parameters on the spectrum sensirgrparfce.
Finally, Section IV presents the conclusions.

Il. SYSTEM MODEL

A. Centralized Cooperative Eigenvalue Spectrum Sensing
Although sensing can be performed by each secondary

tfgceiver in a non-cooperative fashion, cooperasigectrum

sensing is considered a possible solution for okl



experienced by CR networks in a non-cooperativesisgn PD:Pr{decision:Hl T_t.l}: p{rTMED>y M}
situation, like receiver uncertainty, multipath ifagi hidden R, = Pr{decision="H, H,}= PfT.co>y T} (5)

terminals and correlated shadowing [3].

~ In what concerns the baseband memoryless linearetés \here Pr{jis the probability of a given everityep the MED
time MIMO fading channel model, it is assumed h#tat oq giatistic ang/the decision threshold. The value pis
there are? single-antenna CRs, each one collectirggmples  gsen depending on the requirements for the spectr

of thg receiyed signal frork primary transmitterg during .the sensing performance, which are typically evaluatedugh
sensing period, and that these samples are arramgeshatrix ecejver operating characteristic (ROC) curves tfaw Pp

Yy € C ". Similarly, consider that the signal samplegersysp,, as they vary with the decision threshgld
transmitted from thé primary transmitters are arranged in a ) .

matrix X € C*", and thaH € C“" is the channel matrix with ~C- Nakagami-m Fading Channel

elements §}, i = 1, 2, ..., ¢andj = 1, 2, ... k, representing In [18], the Nakagami channel modeling is discussed
the channel gain between théh primary transmitter and the considering the statistics of the phase distributinf the
i-th CR receiver. In the present model, the eleméntthe channel, besides the envelope distribution, whimftioues to
channel matrixH simulate a flat Nakaganm or Rice fading Pe @ debatable question. Such distributions, inegudthers as
channel between each primary transmitter and C&yasd to  Rayleigh, typically model the envelope of the reei signal

be constant during a sensing period and indepericentone @ssuming that the phase distribution is uniformictvis not
period to another (see subsections I.C and IIHjally, if v~ generally true in real channels. The knowledgenefdtatistics

€ C ™ represents the matrix containing thermal nois@PPlied to the phase distribution are important to

samples that corrupt the received signal, thenntlagrix of c;)mmumcatlortl) sg/'?temsf aga!yslls, fo(rj elxa}mple Vr:hq""dg
collected samples is the error probability of digital modulation schemeser

fading channels, or when designing or analyzing the
Y =HX+V. (1) performance of carrier-tracking loops. Likewiseg tphase
distribution is important for analyzing the perfante of
spectrum sensing schemes, since it will affect ¢hannel
between primary transmitters and secondary recgiar can
be easily inferred from Subsection II.A.

Characterization and modeling Nakagami communinatio
channels have been the focus of many researcterayde the
Nakagami process models numerous classes and fading
channel conditions, resulting in a model that &®pirical
data more accurately [13]-[19]. Moreover, the Nakagm
is estimated, wherel{ stands for complex conjugate anddistribution is mathematically  simple, facilitating
transpose. The maximum eigenvalljeof R is then computed mathematical derivations, and thus making it mdteaetive
and, assuming a single primary transmitter=(1), the test for performance analysis. Besides, it brings fléijp and

In eigenvalue-based spectrum sensing, spectrak hae
detected by using test statistics based on theeddiees of the
received signal sample covariance matrix. In a rediméd
cooperative scheme with data-fusion, matrixis formed at
the fusion center (FC), and the sample covariarateixn

Rg%w* )

statistic for MED is computed according to [7]: control in the severity of fading, taking for examhe case of
A the Rayleigh fading as a particular situation.
Tyeo = 0—12, (3) As is well known, a Nakaganmtvariate can be obtained as

the square root of a Gamma variate, which, in tisrgjven by
where g? is the thermal noise power, which is assumed to ffee sum of th squared independent zero mean Gaussian
known. variables. The parameteris known as the Nakagami fading
. . . . factor and it is used to control the severity oé tfadin
B.  Binary Hypothesis Test in Spectrum Sensing channel. According to [18]-[20], the model f()Jlr geaténg g
Spectrum sensing can be formulated as a binarythgpis  complex Nakagami variate is based on the in-phase a
test problem, i.e. quadrature probability density functions (pdf) ohet

M,: Primary signal is abser corresponding fading process, which are respegtyigen by

4
H,: Primary signal is presel @) m “Tpm |X|(l+p)rn—1 m R
fo (X)=|—= expl—
where H, is the null hypothesis, meaning that there is no < (%) [QJ r[1+ DmJ p[ Q J ®6)
licensed user signal active in a specific band, &hids the 2

alternative hypothesis, which indicates that theran active 1ip 1+ pm1
) inal. myz " " m
primary user signal f, (y) :[_] 1y ] exp[— );] )

@)

Two important parameters associated with the assgds Q r 1-|—7pm Q
of the spectrum sensing performance are the pridtyabf 2
detection,Pp, and the probability of false alarm®:A, which
are defined as follows: with oo <x <o andeo <y <co.




In the above densities, the second moment of theltieg 3 - . - .
fading envelope fluctuations is represented By The
parameterp, termed the Nakagami phase factor, is th
condition of balance or unbalance between the asphand
guadrature components of the fading process [18iiclw
corresponds to the balance or unbalance betweereshand
imaginary components of the complex Nakagami rando
variate. Thus, in a more general scenario, onetltiak of an
unbalanced structure between components, buthstiing a
total of 2n Gaussian processes. The valu@ aan be selected
from -1 < p < 1, with the condition thap = 0 leads to the
balancing of the generation model, i.e. the samabau of
real and imaginary Gaussian variates. As showrl &}, [this
condition enables the correct distribution of tmwedope and 0.0 . : ‘ ' ’
phase of the Nakagami fading process. This meaatsitttis 0 1 Enelope 2 3
possible to evaluate the performance of the spectensing
more appropriately by using this Nakagami fadingleio

0.5+

Probability density functions

Fig. 1. Empirical and theoretical Nakagamienvelope densities

Here, the real and imaginary parts of the comple 0%6—4+—"-+—F7—F—F—""T——FT———7T—
Nakagami random variate were generated by usingttezse 1
cumulative distribution function (or, simply, inger cdf) 0.30 4 - A
method [21]. The goal was to simulate channel gaiat 1 1
follow the Nakagami distribution with unitary secbmoment  9-25+ ¢ .
(unitary average gain). This criterion must be metrder to § 1 T 1
achieve the correct signal-to-noise ratio (SNR) ftee 2 0207 m=2 .
simulations, without any channel gain calibration. é ot sngonyeotle i = | g
The validation of the Nakagami channel modeling waz °'° ]
performed by comparing the estimated pdfs of theelpe z
and phase of the complex Nakagami random variafitethe & 04104 ]
theoretical ones, which are respectively given by 0.05.]
m, .2m-1 2 4
fR(r>_2mmreXp[mr r=0, (8) 0.00 ! . . ) ,
Q"r(m) @ 3 2 1 0 1 2 3

Phase

. m-1 . . . . .
F(m) ‘Sln 29‘ Fig. 2. Empirical and theoretical Nakagamphase densities under

—r<f<m.

fo ()=

— pm ? 9 parameter variations
2mF[1+ pm]l“ 1-p | |tan 2| ) . .
2 2 D. Rice Fading Channel
Figure 1 shows the estimated and theoretical dessior In the Rice fading channel model, fading severiy i

the Nakagami envelope, assumifig= 1. In this figure, as governed by the Rice factor, Whi(_:h is the ratiowsstn the
well as in Figures 2, 3 and 4, the solid lines espond to the PYWErS of the dominant received signal componefie(red to
theoretical results, whereas the dots are assdciaih the A) agd those' producgd bY the multipath propagatiefe(red
generated random variates. One can notice the cl e2‘7)'_The higher this ratio, the less Severe are treets of
agreement between experimental and theoreticaltaEns the fad!ng becauge of the presence 9f a line-tigOS) or
Besides validating the envelope fluctuations, ihésessary a dommgnt muIUngh component S|gnal.. For examme:,
to examine the theoretical and estimated phasehdisons of ch_annel in-a c_ogmtlve radio system_havmg_ a LOShva
the generated complex Nakagami variate. Figure @vsh primary t.ransmltt.er. can be modeled with multiplsesiof the
results for the phase densities considering diffev@lues of Rice fading. SO.’ itis in order .to assess thg parénce of the
the fading factom. Notice that, as expected, the pdf of thg,pecf[r_um SENsIng process in _R|ce fading channels_reM
phase component follows a uniform distribution foe case specifically, 't. V\.'OUId be mterestmg'to. see howe metecuon
where the fading factor leads to a Rayleigh fading= 1). It performance is impacted by the variation of theeRactor.

is worth mentioning that the generation model aedptere va-rl;gfe Tv(;geé;de%pf: tuiriofﬁgsgeonneéﬁtm?n: ﬁiumdple::?éc
includes non-integer values for thefactor and that the phase P 9 mag e

factor p must be equal to zero to produce a balanced co;trnplllédfS of the fading process, which are respectigelgn by

Nakagami random variate. rA

r rz—A2
fr(r) = —expl ————— |lo| =
R( ) 0_2 p[ 20_2 ] 0[ 2

g

,r>0,A>C (10)



1
fo(0) = —e X
o(0) 27re X

11
{14 VK e cog)| - @V K co)]} -

where—m < < 7, lo() is the modified zeroth-order Bessel

function of the first kind and Q@[ is the Q functionThe
complex Rice variate was obtained as describe@2h As in
the case of the Nakagami fading case, the validadiothe
Rice envelope and phase pdfs are shown in Figureesd34,
respectively. Notice the close adherence betweeardhical
and empirical densities.
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I1l. SIMULATION RESULTS

This section presents simulation results and dions
concerning the influence of the Nakagamiand Rice fading
parameters on the MED spectrum sensing performance.

A first result to be analyzed shows the variatiamsthe
probability of detection of the primary signd@p, with the
variations of the signal-to-noise ratio, SNR, oé tfeceived

signal. In fading channels, the primary signal cegd by a
CR suffers from severe fluctuations over time ampace
because of the behavior of the channel. Under IdWR S
regime, the detection algorithm should provide hilgtection
probability; otherwise mistakes are made, resultmgissed
detections and high interference to the secondatywark.
Figure 5 shows results d®, versus SNR in a multipath
Nakagami fading channel, considering = 1 and ¢ = 6
cooperating CRs. In each sensing interval, eaclt@Rctsn

= 50 samples of the primary received signal. Thé&agami
phase factop = 0 maintains a balanced fading model, while
the fading factom controls the severity of the fading, starting
from the more severe conditiom & 1), which corresponds to
a Rayleigh fading channel, up to the nonfading amm
(m - ), which corresponds to a pure AWGN channel. As
expected, the influence of increasing the numbeof CRs is

a performance improvement, considering fixed theaiaing
parameters. As also expect&y,increases as the fading factor
m is increased, for a fixed SNR. This is particylatiue in
regions of medium to not-very-high values of SNR.
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Fig. 5.Pp versus SNR in a Nakagammifading channel

It can also be noticed in Figure 5 that the debecti
performance improves significantly in the early ge= of
changes in the fading factor. This is also an etqubcesult,
since it is just in these stages that the sevefithe Nakagami
fading changes in a more pronounced way with chairge.

Finally, notice that asn - o, the fading effect tends to
disappear, which means that the spectrum sensing
performance will tend to that produced in a pure GMW
channel.

It is well-known that the Rayleigh multipath fadirig
characterized by the absence of line-of-sight gr @minant
received signal component between transmitter aadiver,
whereas the Rice fading is characterized by thegmee of
such a received signal component of higher intgndiben,
the effect caused by increasing the Nakagami faf#iotpr on
the improvement of the detection performance isvaedent as
the one caused by increasing the Rice factor. [Ustibte this
behavior, Figure 6 presents simulation resultstfa MED



technique using the same settings adopted for anisty
Figure 5, except that now a Rice channel is comsijénstead
of a Nakagami channel.
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Fig. 6.Pp versus SNR in a Rice fading channel

From Figure 6 it is evident the improvement in tle¢ection
performance due to increased Rice factor, i.e. witheased
strength of a LOS or a dominant received signal prmment,
which decreases fading severity. As in the casethef

Nakagami fadingPp increases in a more pronounced wa

with an increase in the Rice factor in regions afdmm to
not-very-high SNR values.

Figure 6 also show extreme-case result& if. «, only a
LOS or a single-path received signal component iesna
resulting in no fading. In this case the channebbees a pure
AWGN channel. IfK - 0 (- dB), the Rice density tends to a
Rayleigh density, i.e. the Rice fading turns intdRayleigh
fading, which corresponds to the maximum fadingesigy.
Nevertheless, in [22] it has been pointed out ¢hRice factor
around-40 dB suffices to produce a fading that very clgsel
match a Rayleigh fading.

Figure 7, which has been constructed considering tl
absence of primary signal (hypothesi®), shows the
relationship between the probability of false alafg,, and
the decision thresholg for different numbers of cooperating
CRs in the MED technique. Such results are useful
determine the decision threshold that meets thieedkesriteria
of false alarm rate. It is usual to fix a value Rap, a situation
known as CFAR (constant false alarm rate), and fimel
corresponding threshold. As for the previous resdach CR
collectsn = 50 samples during a sensing interval.

The decision upon the occupation of the sensednehas
arrived by comparing the test statistic given ip (8ith
decision threshold. A higher threshold maintainse th
probability of false alarm at low levels, but rersleletection
difficult. On the other hand, a low threshold favaletection,
but increases the false alarm probability. Thisdeaf is
clearly seen from the receiver operating charastter(ROC)

a Nakagami fading channel, considering a variakléinfy
factorm, n = 100 samples per CR, and average SN =B.
Since the influence of increasing the numbkerof collected
samples per CR is, as expected, a performance waiment
considering fixed the remaining system parameters,
consider ¢ = 1 CR. Notice that as the fading factor increases,
the sensing performance is improved. For examplea fiixed
false alarm rate of 0.1, the detection rate goes faround
0.75 in the most severe fading conditiom = 1) to
approximately 1 in the nonfading conditian & ).
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Fig. 8. ROC curves for MED in a Nakagami fadingratel

The premise for non-interference in the primaryteysis a
major requirement of opportunistic networks. Thiskes it
desirable to have a low probability of missed diébes, Py,
1 —Pp, since when a detection is missed the CR netwaltk w
cause interference to the primary network. Themttaer
useful curve shows the variations of the miss dietec
probability and the probability of false alarm, the decision

threshold is varied. This curve is called completagnROC.

curve, which show®:, versusP;, as the decision threshold is Figure 9 shows how, reduces with variations of the Rice

varied. Figure 8 shows ROC curves for the MED témpi on

factorK in a Rice fading channel. As expected, the appeara

of a LOS or any dominant received signal compoteimgs



re

duction in the potential for interference to tpamary

network sinceP, is reduced. FoK = 25 dB, the sensing
performance approximates the one obtained in a AWEN
channel K - ). As for the case of Figure 8, it has been
considered? =1 CR, n = 100 samples per CR, and averagf-g]

SNR

n

Miss detection probability, P

=-3 dB.
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Fig. 9. Complementary ROC curves for MED in a Rading channel

IV. CONCLUSIONS
This paper presented the results of a performanafy/sis

[6]

(71

(9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

of the maximum eigenvalue detection (MED) technique
applied to the spectrum sensing scenario in Nakagard
Rice fading channels. The analysis unveiled sigaift
variations in the sensing performance in termsaofations in
Nakagami fading factor and Rice factor. The modglfi the
Nakagami channel reflected envelope and phasestatati
which continue to be an interesting debatable dquestt was
assumed that the channel conditions were modeléd flgit
fading. Future studies can evaluate the performafddED
and other sensing techniques in different channetleis
considering frequency selectivity.
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