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Abstract— This paper presents the performance analysis of T
energy detection over generalized fading channels, modeldy  x(t) BPF ()2 j jE
the x-u distribution. Receiver operation characteristics (ROC) °
are obtained under several different fading environmentsjnclu-
ding low, typical, and very high severe fading conditions, wth  Fig. 1. Energy detector.
combining both multipath clusters and line-of-sight scen&os. In
addition, the improvement in detection capability is evalated

when cooperative spectrum schemes are employed undefi ¢, qing environments in which those traditional models do no
fading channel. Comparisons are performed against Raylely

model and a great flexibility is found in spectrum sensing 1t Well, still lack in the literature. In [9], a general physil
techniques when their formuiations consider the use of thes- fading model, namely the:-; model, has been proposed

Decide
H, or H,

u fading model. which describes the small-scale variations of the fadiggadi
Keywords— Cognitive radio, energy detection, fading channels, Under a light-of sight (LOS) condition. The- distribution
spectrum sensing -y distribution. includes as special cases important other distributiorth su

Resumo— Este artigo apresenta a aalise de desempenho de @s Rice (Nakagami) and Nakagamm [9]. Therefore, One-
detec@o de energia em canais generalizados de desvanecimentoSided Gaussian and Rayleigh also constitute special caites o
modelados pela distribui@o «-u.. As caracteristicas de operago |ts flexibility renders it suitable to better fit field measoents

do receptor 50 obtidas considerando diversos ambientes em data in a variety of scenarios, both for low- [9] and higherd
desvanecimento, incluindo condiges severas, tipicas e suaves,StatiStiCS [10] !

com a combinagio de cef@rios em linha de visada eclusters de ; ) ) )
multipercurso. Além disso, a melhoria na capacidade de detéig In this work, assuming as-p fading scenario, the per-
é avaliada quando os esquemas de coope@agespectral 80 em- formance analysis of the spectrum sensing activity under
P[egad?_s dg“tfo dte Ca”ac'is |em geSéanclec_mr]]emsep. Compara‘pss generalized fading channels is presented and investigated
S0 realizadas entre modelos de Rayleigh -, € uma grande iy : - -
flexibilidade & encontrada nas &cnicas de sensoriamento de Morg specifically, recelve_r operat|on_charac_terlstlcs(l?@re
espectro quando as suas formuldies consideram o uso do modelo OPtained under several different fading environments rieatle
de canal k-p. by x-u distribution. Moreover, the improvement in detection
Palavras-Chave— Radio cognitivo, detecéo de energia, canais capability is evaluated W.hen cooperative spect_rum schamees
em desvanecimento, sensoriamento de espectro, distribiics-,.  €Mployed Under"ﬁ'ﬂ.fadmg channel. Compa”SPnS are also
performed considering the use efu; and Rayleigh models
in spectrum sensing techniques. To the best of the authors’
l. INTRODUCTION knowledg_e,_th|_s is the_ first time that fche cognitive radio
characteristics is investigated undey: fading channels.

N EW standard_s forwi_reless netwaorks are emerging raIOi(_jlyThe remainder of this paper is structured as follows. In
id atr;d (fjurthler A'ﬂf]reasr']n?h the detmanq folr sp::'ctlrlukr)n Vl\("@ection II, performance analysis of local spectrum sensing
¥V' ﬁ.r han S Ej ]'. | ougn the sp_ect_rumtﬁ aimost a 3& et%dem-u fading channel is presented and discussed, varying
.fr r']g splee wire ESSI communu;a;c;g, t'e occz:upgncsyw ®tRe number of multipath clusters and dominant components.
'S channels are pretly Jow in most ot the ime [2], [3]. €l Detection probability of the:-y distribution is also found and
St_Ud'eS present the inefficiently usage of the spectrum inestigated. In Section lll, cooperative spectrum sansm
W|rele_ss networks [3]_.[6]' Some frequ_e ney ba_nds are O‘musperformed undek-u fading scenarios and the detection cha-
suffering from excessive data and voice traffics. On therothf? teristics is analyzed with different numbers of colkative

hand, there are a lot of bands with low or zero usage that co%éﬁ]sors Finally, in Section IV, conclusions remarks agsvat
allow an improvement of the quality and capacity of services ' ’ ’

in which the frequencies allocated are insufficient.

To solve the problem of spectrum scarcity and spectrum ||. SPECTRUM SENSING OVERFADING CHANNELS
underutilization, cognitive radio technology has arisenaa _ ) _
promising solution due to its ability to rapidly and autono- USual and well-known schemes for primary signal detection
mously adapt operating parameters to changing requiremeff€ Pased on low power signal detection, with local obsemat
and conditions. Recently [7], [8], energy detection oveiirig for each s_econdary termln_al, in compliance with a decision
channels has been presented, in which detection prolyaisilit Process with two hypothesis:
derived for some traditional models, such as Rayleigh, ,Rice Ho o u(t) = n(t
Nakagami, and Hoyt. However, studies concerning genexliz 0:9(t) = n()

' ' ' Hy : y(t) = ha(t) + n(t), (1)
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fglehn@redes.unb.br, udias@unb.br). andz(t) is the primary transmitted signal. The channel gain is



XXIX SIMPOSIO BRASILEIRO DE TELECOMUNICAQES - SBIT 2011, DE 2 A 5 DE OUTUBRO DE 2011, CURITIBA, PR

represented by and additive white gaussian noise (AWGN)y, and the time-bandwidthy, may be characterized by the

by n(t). complementary receiver operating characteristics (RQ€) ¢
According to the hypothesis model (1), three detectiores, which plots the missing probability versus the false-

schemes may be mentioned [11]: (i) Matched Filter Detectioalarm probability ¢, vs. Py). In what follows we study

which requires a priori knowledge of the primary user signgberformance undet-u fading channel and under . Extreme

(i) Energy Detection, which is adequate when the receivéading model. Comparisons are performed between these two

cannot gather sufficient information about the primary usdistributions and Rayleigh model.

signal; and (iii) Cyclostationary Feature Detection, whaan

perform better than an energy detector, but is computationay Tne x- 1 Fading Channel

complex and reqires long observation time. In this work, th The k-p distribution is a general fading distribution that can

energy detection scheme is applied. L : ;
Using an energy detector, as depicts block-diagram %‘F used to represent the small variation of the fading signal

. : . - R Hnder line-of-sight (LOS) conditions. It includes as spéci
Figure 1, the signal which serves as decision statistic és tcases important other distributions such as Rice (Nakagami
output of an integrator. We denotelit, and it may be shown P ag

to have the following distribution [12], n) anq Nakagamin [9_]. Therefo.re, One—Sided_ Gausgian and
Rayleigh also constitute special cases of it. As its name
Ho : YXarw implies, it is written in terms of two physical parameters,
Hy Y2 (29) @ namely x and i. The parametek > 0 concerns the ratio
between the total power of the dominant components and the
in which ~ is the signal-to-noise rate (SNR)3,y, and total power of the scattered waves, whereas the parameter
X5rw (2v) are chi-square distributions, centered and nol-> 0 is related to the multipath clustering.
centered, respectively, witi'\V degrees of freedom and non-  According to the standard statistical procedure of transfo
centrality paramete2 for the second distributior’ is the mation of variates, the PDF of can be obtained from [9, Eq.
product time-bandwidth, which is assumed to be an integen] as
denotedu.
In order to eliminate interference and collisions, theestat il “
of the channel ought be detected in a reliable manner by, (I+k) 2 (1) :
secondary users. In non-fading environments, where the-cha iy ki exp[ru) /7y \7

nel gainh is deterministic, detection probability using energy ~ 5
detectors equals the conditional probability that the align exp [—u(l + K)t] I, [QM/K(K + 1)t] (7)
is above the threshold, while the channel is indeed occupied. 7 K
Detection probability is given by [8] as where [, (-) is the modified Bessel function of the first kind
and orderv [14, Eq. 9.6.20]. Interestingly, by setting some
Py=P{Y >\|H} = Qu(\/g_, \/X)7 (3) specific fading parameters values, the PDFyobf the x-u
. ] ] . ] distribution reduces to the traditional models as: Rjee=(1),
in which A is a comparison threshold, above which thRakagamim (x — 0), and Rayleigh ¢ = 1 andx — 0). In

outputY” indicates the presence of signal, aQd(-,-) is the  he same way, by setting = 0.5 andx — 0, the PDF ofy
generalized Marcum Q-function [13], defined as follows,  f the One-Sided Gaussian distribution can be also obtained
Using (7) in (6), the detection probability of the . distri-
R 2% + a? bution is found, unfortunately, in this case, not in closedhf.
Qu(a,b) :/ p ( 5 ) Li—r(az)dz, (4 fowever, the required integral can be straightforwardig an

in which I,_; is the modified Bessel function, with Orderaccurately implemented in largely used mathematical tools

u—1.The missing probability is then defined &s, = 1— P,. and the results are generated at a negligible computational

False alarm probability is given by cost.

au—l

Py =P{Y > \| Hy} = I'(u, %) ) B. The k- Extreme Distribution
L(u) The k- Extreme distribution was also proposed in [9] and
wherel'(-) andT'(-, -) are the complete and incomplete gammgrises as a particular case ofu distribution, for which the
functions, respectively. fading parameters assume extreme values, t.e-> 0 and

In fading environments, wheré varies, (3) gives the # — 0. Accordingly to [9], the PDF of thes-, Extreme
conditional detection probability, for a given instantans €nvelope can bed’f}'{"}f” in terms of the Nakagamiading
signal-to-noise ratioy. Detection probability is then obtained,parameteryn = “-5~. Such result shows that for a given

averaging the conditional probability over SNR probapilitn, an infinite number of curves of-y distribution can be

distribution function (PDF)fr(-), as follows, obtained for appropriate values efand y, rendering it well
suited to field measurements in LOS conditions with very
P, = /Qu(w/Q ,\/X)fr(x)dx. (6) severe fading scenarios [9], [15].

In the same way of (7), the PDF of of the k- Extreme
Performance of energy detector, given the average SNRstribution can be obtained from [9, Eq. 16] as
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2mly (4m\/y/7) exp(—2m) ]
VA exp2m(1+7/7)] - 2/ a( 7/7();)

where §(-) is the Dirac delta function. Using (8) in (6),
the P; for the k- Extreme fading channel is found (after
some manipulation), unfortunately, not in closed form. iga "
the required integral can be straightforwardly and acelyat~
implemented in largely used mathematical tools, and the
results are generated at a negligible computational cost.

fr(v) =

1k k=1
©u=03,05,1,15,2, 3,

0.0011

C. Results and Discussions — K;‘ayl cigl
Figures 2 and 3 depict the complementary ROC under the,.L . . n !
x-p fading scenariosu andy values are assumed to be 5 and Py

10 dB, respectively. The Rayleigh fading case are also tkapic o

for comparison. It can be clearly observed the flexibilitytiog E'{%‘,I;Qh cclﬁ\'/’;pi'gﬂggitcagd Tgccofr?g:ﬁé‘o:f‘d'”g ¢ = 10 dB, u = 5)
k-p distribution, which may model several different fading
scenarios (LOS condition and multipath clustering) unlike
Rayleigh which contemplates only one single case. Figure 2
shows that increasing the effect of the multipath clustgrin

1, the missing probability decreases, which can benefit igna *
detection and possibly leading to a more favorable scenario
than that with Rayleigh fading. Figure 3 illustrates theseff
of the dominant component, described byading parameter,
on detection characteristics. We can see that this paramete
has a very significant impact on the analysis, since a saenari
with a low parameter value has a low probability of detection®”t —0235 ;‘;gi
with a very high missing probability. Note that, when the rReseh '
Kk parameter increases, i.e. when the dominant components
prevail, the probability of detection also increases, iegdo ™}

0.1

more favorable scenarios. — Kl-élayleigl

Figure 4 presents the ROC characteristics under very high
severe fading scenarios modeled by the: Extreme dis- - 5001 oo1 o1 1
tribution. As before,u and & values are assumed to be 5 Py

and 10 dB, respectively. It can been seen that some CUrygs 3.  complementary ROC under-y fading ¢ = 10 dB, u = 5).
indicate the existence of non-nil detection probabilityflrise  Rayleigh curve is depicted for comparison.

alarm probability nulls. This particular behavior occurgedo
impulse at the origin of the-u Extreme PDF ofy (8). As al-
ready expected, increasing the predominance of the mtiitipa
clustering, the detection probability also increases fgivan
false alarm probability. Observe thatyu fading channel is
able to report a larger number of detection characteristiith
higher and lower missing probability for a given false alarm °%
probability, allowing the wireless receiver to operatehwé
most suitable detection probability in different envirozmts.

0.01
E Y
IIl. COOPERATIVESPECTRUM SENSING A m =0.5, 1 (Rayleigh), 2, 3, 5, 8, 15,
The opportunistic usage of spectrum by a secondary”:
network should cause interference to the licensed network.
Thus, spectrum sensing activity must be performed in a,.| »
reliable manner. If a secondary terminal tries to detect a |- -- Rayleigl
primary signal experiencing deep fading with respect to the ‘ ‘ ‘
primary transmitter, its transmission could cause trernerd o B ” '
interference. To account for possible losses due to thenghan )
between the primary transmitter and a secondary terminal, F g)',é'igfgmf?;egégztsdof%r“gﬁfgaﬁggﬁ_me fading{ = 10 d8, u = ).
increased sensitivity would be required among cognitigios
[16].
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More robust spectrum sensing can be achieved using mul-: n=30,20,1510,5 k€154 =175
tiple collaborative users, with reduced sensitivity. Iistbase,
multiple realizations of related random variables will baia- —
ble, and the probability of all users experience deep fattenis o
Thus, cooperative spectrum sensing provides confidence to
secondary decisions, reducing the probability of an emwase E
channel occupation. Besides the protection of prior ugers f<
the primary network, a throughput gain is also obtained, as
many undesirable collisions are avoided. Detection tinzss
reduced, resulting an agility gain to the secondary network |

[17].
Despite the many advantages of cooperative spectrum sen- ) ‘ ‘
sing, its implementation presents some restrictions. Sasch o Qr * '

the increase of bandwidth for the communications among
secondary users, the standardization of a band manager':'ﬁih5 Qm Vs Q¢ underx-u fading for different number of collaborative
which local measurements should be processed into a depls@ewum sensorsy (= 10 dB, u = 5)
and the establishment of tradeoffs related to the relistif n=30,20, 15, 10,5, 1 (m=0
the links and services. g
In this context, we consider now a secondary network e
with n collaborating users, sensing all the desired frequency
band in a periodic regime. For simplicity we assume that *'t_|
all n users experience independent and identically distributed
(iid) fading with same average SNR. A fundamental resultd@o_w\
distributed binary hypothesis testing is that when senaogs
conditionally independent (as in our case), optimal deqisi
rule for individual sensors is likelihood ratio test (LRT)g].  oooi-
However, optimum individual thresholds are not necesgaril
equal and it is generally hard to derive them. We assume that

all users employ energy-detection rather than LRT and use: ; S0l ot o1 1
the same decision rule (i.e. same threshd)d While these Qs
assumptions render our scheme sub-optimum, they faelllt?:t 6. Qm Vs Q; under x-u Extreme fading for different number of

analysis as well as practical implementation. collaborative spectrum sensorg. £ 10 dB, u = 5)

A secondary user receives decisions fram- 1 others
terminals and decidegf; if any of the totaln individual
decisions isH;. This fusion rule is known as the OR-rule orEven if few terminals are cooperating in the network, theltes
1-out-of+ rule [18]. Thus, the detection and the false alariis a relevant gain in the probability of detection. Comparin
probabilities for the collaborative scheme (denotedpyand Figures 5 and 6, we observe the differences caused by the

Qy, respectively) may be written as follows, effect of very high severe fading described by thg Extreme
distribution. This difference is clearly noticed in caselsene
Qa=1—(1-Fy)", (9) are few numbers of collaborating users. However, incrgasin

Qr=1—(1—P)" (10) the number of collaborative users, such difference deeseas
! £ Again, it can been seen in Figure 6 that some curves indicate

whereP; andP; are the detection and false alarm probabilitieghe existence of non-nil detection probability for falserat
of each collaborating secondary user, as defined previduslyprobability nulls.
(6) and (5), respectively. It may be observed from (9) and (10 Figures 7 and 8 show the detection probability versus
that although both detection and false alarm probabildies average signal-to-noise ratio for different cooperatisieesnes
increased when the cooperation scheme is applied, the detwander x-1 fading model andk-p Extreme fading channel,
performance is indeed improved when users share informatioespectively. For each curve, decision threshaldis chosen
cooperating to each other. such thatQ; = 10~'. Time-bandwidth producty, is set to

Figures 5 and 6 show the detection characteristics fbras before. Note that cooperation reduces the average SNR
different number of collaborating users under a typicalecasequired to achieve the desired detection probability ithbo
of k-u fading channel (withx = 1.5 and 4 = 1.75), and scenarios. Looking at figure 7, for a probability of detewtio
under a very high severe fading scenario modeled bythe equal to 0.9, withn = 2, local spectrum require$ ~ 8 dB,
Extreme distribution (withn = 5), respectively. Observe howwhile collaborative sensing with = 8 only needs an average
the cooperative spectrum sensing can improve the detect®NR of3.9 dB for individual users undet-u fading scenario.
characteristics, as expected, reducing the overall nggsin- Analyzing Figure 8, for an = 0.5 andn = 2 it will be
bability. Note that a high number of collaborative termimehn necessary a SNR way beyond normal parameters. And with
be easily found in practice, for example, in a sensor network = 8 the average SNR required is abduiB. Here again we
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here are timely for emerging applications involving wideta
wireless systems and cognitive radio technologies.
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Fig. 8. Qg vs. 7 under extremex-u fading for different number of
collaborative spectrum sensoi@ f = 10—, u = 5).

IV. CONCLUSIONS

This paper presented the performance analysis of energy
detection for an unknown transmit signal over generalized
fading channels, modeled by thep distribution. Compari-
sons have been performed betweep and Rayleigh fading
channels, and a great flexibility was found in spectrum sensi
techniques when the formulations considered the use of the
k-p fading model. We have obtained the receiver operation
characteristics under different fading scenarios, incigdiow,
typical and very high severe fading conditions, and congide
the influence of both combining multipath clustering and the
line-of-sight scenarios. We have also evaluated and dfiehti
the improvement in detection capability when receive diitgr
schemes are employed. The results presented and analyzed



