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Abstract—The present paper is devoted to the evaluation of sified into three main categories, namely, energy detection
energy detection based spectrum sensing over different ntipath  (ED), matched filter detection and cyclostationary or featu
fading and shadowing conditions. This is realized by meansf@  yatection. One of the earliest methods is the likelihootbrat

unified and versatile approach that is based on the particuldy - . . .
flexible mixture gamma distribution. To this end, novel analtic test (LRT) [3], which although it has been considered optima

expressions are firstly derived for the probability of dete¢ion itS technical exploitation is rather limited and impraati@as
over MG fading channels for the conventional single-chanrle it requires the exact knowledge of the signal-to-noiseorati

communication scenario. These expressions are subsequgrem-  (SNR) distributions as well as the corresponding channel
ployed in deriving closed-form expressions for the case ofigare-  jnformation [4]. On the contrary, matched filter detection
law combining and square-law selection diversity methodsThe . . ; .

validity of the offered expressions is verified through comprisons teChn'ques_ [51, [6] _typ|caIIy require aCCL_”ate S_‘ynChr'a"mn

with results from respective computer simulations. Furthemore, ~and exact information about the transmitted signal wavefor
they are employed in analyzing the performance of energy such as its bandwidth and modulation type. Likewise, cyclo-
detection over multipath fading, shadowing and compositedding  stationary detection [7] uses the statistical propertieshe
conditions, which provides useful insighs on the performace and - yansmitted signals to enhance the probability of detectio
design of future cognitive radio based communication systaes. . . .

On the contrary, ED based sensing practically constitutes t
most common detection method and has received considerable
attention [8] [9] thanks to its low computational and imple-

The need for efficient utilization of spectrum resourcesentation complexity. In ED, the presence of a PU signal is
has become a fundamental requirement in modern wirelessply detected by comparing the output of the energy detect
networks, mainly due to the aforementioned spectrum dgaraivith a pre-determined energy threshold which depends on the
and the ever-increasing demand for higher data rate applieapriori knowledge of the noise power level [10]. Therefore,
tions and Internet services [1]. In this context, cognitigdio poor knowledge of the noise power level leads to a high
(CR) communications is a particularly interesting wirslesprobability of false alarm and an SNR floor. Based on this,
technology that has been proposed as an effective methbd #&veral analyses have been proposed for resolving this issu
is capable of mitigating the spectrum scarcity by adaptiejrt estimating the noise power level, e.g. see [5], [11], [12] te
transmission parameters according to the respective @mnvirreferences therein. For instance, the authors in [12] mego
ment [2]. To this end, cognitive radios have been shown & iterative algorithm that optimizes the decision thrédho
be highly efficient in maximizing spectrum utilization due t for fulfilling the false alarm probability requirement. Uke
their inherent spectrum sensing capability. In a CR netwotke conventional ED based spectrum sensing methods, which
environment, users are categorized in either primary useedy on the statistical covariance of the received signal, d
(PUs) or secondary users (SUs). Based on this, the former aet require the knowledge of the noise power level since thei
the ones who have been typically assigned licensed spectroperation relies on the the difference that statisticabciance
slots, and hence, have higher priority, whereas the later anatrices of the received signal and the noise. See e.g. fitB] a
accessing vacant frequency bands opportunistically. references therein.

Based on the above, numerous spectrum sensing techniquds has been also extensively shown that fading phenomena
have been proposed over the past decade and can be desate detrimental effects on the performance of conveatio

I. INTRODUCTION
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and emerging wireless communications, including cogaitipresent paper also provides novel and useful expressions fo
radio systems. In this context, the ED performance overimulthe SLC and SLS schemes.
path fading channels, such as Rayleigh, Rician, and Nakiagam The reminder of the paper is organized as follows: Section I
m was analyzed in [14], and [15], respectively, whereas theovides a brief description of the system model, while Bect
corresponding performance over the more generalized; 11l is devoted to the derivation of average detection prdlitsib
and x — u extreme fading channels was investigated in [16gxpressions using the MG model with and without diversity
However, in addition to multipath fading, in most scenarioseception. Analytical and numerical simulation result® ar
the received signal is also degraded by shadowing effepi®sented in Section IV, while closing remarks are provided
since it has been shown that multipath and shadowing effegtsSection V.
typically occur simultaneously [17]. Therefore, it is esit
that there is an undoubted necessity to quantify and anétgze ) o - ) i )
CR performance over composite multipath/shadowing fading!n & typical opportunistic cognitive radio configuration, a
channels [18]. Nevertheless, it has been shown that suchS&gondary user, which is assumed to employ energy detection
analysis is particularly tedious, since composite fadiraglets for spe_ctrum sensing, aims to determine whether a PU wilize
can only be represented by cumbersome, if not intractablf§, assigned frequency band or not. Here, we assume that the
infinite integrals. For example, the probability of detenti channel gainsi;, are independent and identically distributed
of the ED based spectrum sensing over Nakagami-lognorrfidid) @nd are modeled using the generalized MG distribution,
(NL) fading channels was addressed in [17]; yet, the offerd€res = 1,..., L. Furtgermore, the received signal copies
solution is semi-analytic, as it is not represented in dos@t the SU node ang*" antenna can have two possible
form, while the impact of fading and shadowing effectdYPotheses, modeled as
is evaluated numerically. Based on this, several alter@ati Ho : y;i(t) = v,(t) )
models that characterize the composite fading channels hav Ha o yi(t) = hi(t) +v,(t),
been shown to provide simplified performance analysis f here
. 0
the CR pet_wor_ks. For (—_:o.(ample, in the analyses of [19}-23], signal, respectivelys(t) corresponds to the transmitted
the KC distribution is utilized to study the ED performanceSiglnal from the PU, with energyE, — E[|s(t)%], and

over Rayleigh/Lognormal (RL) channels. The energy detectgj(t) ~ CN(0,02) is the circularly symmetrical complex

performance for the MoG distribution [24] is derived injyqie e \white Gaussian noise (AWGN). Here, the SU utilizes

[25]. In [26], the sufficiency and optimality of cooperativean energy detector that compares the amplit¢ylﬁ$i1 of the

wireless sensor networks that are based on energy detd&tiorréceived signal to a threshold Therefore, the output of this
analyzed over NLOS fading environments, where zero-me '

) . . gfsbcess for each antenna can be represented as follows
Gaussian mixtures are assumed as a viable model for NL
fading channels. A unified and versatile analyses over the 7. = |y-|2 g A )
ED performance can be made feasible through the use of ’ ! Ho
more recent generalized composite fading models, such\@sere the time index has been omitted for the sake of
r — plinverse-Gaussian [27] ang— p/Inverse-Gaussian [28] notational simplicity.
models.

In the present paper, we consider the generic and versatilg=or the conventional case of AWGN channels, the condi-

mixture gamma (MG) based approach to derive new exafnal detection and false-alarm probabilities are deieeqh
expressions for the average detection probability oveegenyith the aid of [31], namely

alized and composite fading channels. Specifically, a ®mpl

Il. SYSTEM MODEL

and #, represent the absence and presence of

closed-form expression is derived for the case of integlerega Pi = Qu(v/27,V An), ®3)
of the involved scale parametgt,. It is recalled here that T(u, 2)
the MG model [29], [30] has been proposed as an alternative Py = W’ (4)

model to various generalized and composite fading channels o ) )

namely, Lognormal [30, eq. (6)], Weibull [30, eq. (5)], NLyvhereu is tme-band_vwdth produc@u(-,-) is thg general-
130, eq. (9)], K¢ [29, eq. (8)], 1 — 1 [29, eq. (10)],x — u ized Marcuij function [32]T°(+, -) is the upper incomplete
[29, eq. (17)], Hoyt [29, eq. (15)], and Rician [29, eq. (20)§@mma function [33, eq. (8.35)[}(*) is th.e standard gamma
channels. This model is both accurate and flexible to reptesi/nction [33, eq. (8.31)]\, = Aon? is the normalized
all aforementioned fading channels and thus, it constitutreshold, andy; = -7 is the instantaneous SNR of the
a generic unified fading model. In the present analysis, thig PU-SU link. '

derived average detection probability is also extended toAs the probability of false-alarm is based on the null
the case of diversity reception by means of the square-ldypothesis, it remains the same regardless of the involved
combining (SLC) and square-law selection (SLS) schemesfadtling conditions. Thus, in the subsequent sections, wasfoc
is noted that the probability of detection of the MG modebn the derivation of the average detection probability fothb
has been derived in [28], yet, the solution provided therethe conventional single-channel communication and fortimul
is different from the approach in this paper. In additiore thchannel communications with diversity reception.




I1l. PROBABILITY OF DETECTION OVERCOMPOSITE Nevertheless, SLC does not require channel estimation [34]
FADING CHANNELS As a result, the conditional false-alarm probability would
A. Single-antenna Scenario follow (4), with u replaced byLu. In order to evaluate the

. T i corresponding average detection probability, it is esaktd
Itis recalled that the MG distribution is a generic and versga ive the PDE ofys;. To this end, for the case df = 2, the

tile distribution since it has been shown capable of progdi o of v can be obtained as follows:
accurate representation of several generalized and cat@pos

fading models. The corresponding probability density fiorc

(PDF) can be expressed as [21]

) o c C o
2) _ . _ ;0
Fo(z) = i oy ( T >Bk—1 o (_Ck_il?> | ) T /0 fy (@) f(y — x)dx Z Z ot

— — i=1 j=1
i1 10 \70 Yo

X /’Y xﬁi*le_%m(w - x)ﬁj*le_%(v_m)dx. )
where the scale and shape parameters of ittfe compo- 0
nent are denoted by, and (i, respectively. Furthermore, ] o
the mixing coefficient of thek’” component is denoted by !N order to evaluate (9), we split the solution into two
ax, having the constraints) < akr(ﬂk)/cgk < 1 and Scenarios, namely whef} = ¢; and (; # ;. In the former

chzl akr(ﬂk)/clfk — 1. To this effect, the average IorOb(,j‘_scenario, eg. (9) reduces to the following integral
bility of detection for the MG distribution can be written as

c C
c y (2) _ Qo Sy
_ Br—1 _ ¢pz f | =4 = v—’_e Y0
Pd,MG = E %/Qu(\/ 217,\/ )\n)(%) § e ‘ich;p v 1 7) ;; 7051, ’}/OB‘]
k=1 0 0% 51 51
(6) X 2Py —2)Pi . (10)
0

Here, an exact closed-form expression is derived under the

assumption thaB3; is a positive integer, i.e8, € N. This Ey performing the change of variables= ¢ and with the

E r;arl:ziend Vgﬁ?stgriea:gnm b-ll-JTeb(;r;g]a} Ienbr[z‘:,i?:’sierg. IEE():]aﬂ?Qnaid of [33, eq. (8.380)] and the functional relation in [33,
y ying 9 9 P eg. (8.384)], we obtain the following closed-form solution

yielding
c A C Bl c c
Pave = + —3 Fc=¢;) = e 0 Iy
Erwq TEE w0 T L Taes)
Ay An/2 (11)
Ay (4 Lu _ :
() 1 /( “ 1415 ) On the contrary, for the casg # (;, eq. (9) is solved with

. (&Pl 4 Gt 10" ’ (") the aid of the binomial theorem in [33, eq. (1.111)] and under
ulG) T (+ 355 exn(F) the assumption that; € N. To this effect, the representation

where, Fi (., ., .) is the confluent hypergeometric function [33in (9) can be equivalently re-written as follows
eg. (9.210.1)]. It is noted here that the above expressisn ha

a relatively simple algebraic representation which resder c C Bl Bi—1 o
convenient to handle both analytically and numericallycsin f%)kci#j) = ZZ Z ( Jl >(—1)l%5i+ﬂﬁj
the confluent hypergeometric functiopFi (., ., .), is included i=1j=1 =0

as built-in function in popular software packages such as o APi=i=1 V:vﬂ““l_le’%“ﬁgj)dx (12)
MATLAB, MAPLE and MATHEMATICA. It is worth noting 6%7 o :

that our derivations obtained in (7) coincides numericalith

the expressions for the case of Rayleigh fading channelh [Igjgently, the above integral can be expressed in closeu-fo
and [15]. with the aid of [33, eq. (8.350.1)] yielding

B. Diversity Reception

1) Square-Law Combining: Under SLC, the received sig- @) _ zc:iﬁjz:l B; —1 (—1)'a;a;
nals from each branch are integrated, squared, and th@g '(<7<) ; l Y0P ~H(G — ¢5)Bitt
summed up. It is also recalled that SLC is similar to the _C_ . ‘
maximal-ratio combining scheme in the sense that the total ﬁj*l’le_%w (Bi +1, M) ,(13)
instantaneous SNR at the output of the combiner is equitalen 7o
to that in MRC, i.e.

X
=2

L wherey(a,z) £ fom t*~le~tdt denotes the lower incomplete
= Z ®) gamma function. Thus, by expressing théa,z) function
s 2 V- according to [33, eq. (9.352.6)], one obtains the following



closed-form expression, diversity orders while the probability of false alarm renmsi
c ¢ Bi— unchanged, i.ePy s = Py in (6).

1

B (=) a0
(C#6) = z;z Z ( ) Yol 2) Square-Law Selection: Under SLS, the branch with the

l maximum-; is selected as follows [14]
X (= GBI BTG )

= ). 25
(c;—cny Pitl=1 (V(Q ) 8LS jg}:&.fL(%) (25)
AN Y
x (1—e ~ Z %) (14) UnderH,, the false-alarm probability for the SLS scheme can
t=0 : be expressed as
which is valid for 5; € N, while Prsis = 1 — Pr(yses < AulHo) .- (26)
132 = Il e=cn + 12 lerer (15) Substituting (25) in (26), we obtain

By following the same methodology, a similar expression can
be obtained forf\?) as in (16) and (17) at the top of the next Prsus = 1= Pr(max(y1,92,.,70) < AnlHo) . (27)
page. Accordingly, this translates to [35]
It is noted here that the above methodology allows the L
derivation of similar expressions fgi?, {2 and so forth. Prsus =1—[1 =Py (28)
Based on this, the corresponding average detection proimilarly, the unconditional probability of detection avihie

bility is readily obtained by AWGN channel is obtained by
—(L) L
Pas = / Quu(v2 VA [ 0m) s (18) Posis =1- [ [1 - Qu(v Vo] 29)
For the case of. = 2 and by inserting (11) and (14) in (18), =t
it follows that Hence, averaging (29) over (6) yields the unconditionabpro
ability of detection under the SLS schemi®; 51,5, which is
c C given by
) - Yy aia; T(B:)T(B)) ) L
4,21(¢i=¢;) gl Bi+Bi T(B; + B;) Pisis=1— H [1 - Pynmc]- (30)
. . e
" /°° Qu(v/2vs, VA)e 707 dv, (19)  To the best of the authors’ knowledge, the offered analytic
0 y~BitBi—1) ’ results have not been previously reported in the open teahni
and literature.

—(2)
Pix

CCE 8- 1\ (1) s, T (B + 1) IV. NUMERICAL RESULTS AND DISCUSSIONS
(Gi#¢) = Z Z Z ( ) Y0P (¢ — ¢j)Pt As already mentioned, the derived expressions are applica-
ble to numerous generalized and composite fading channels,

=0

C & A At B —1 such as NL, RL,K, Kg, n — u, & — u, Hoyt, and Rician
Z Z Z < ) channels. In this section, we present corresponding acallyt
- and simulation results for the receiver operating charistie
(20) (ROC) with and without diversity over certain fading scenar

<.
Il
=
m
,_.
N
O

(—1)! alajl"(ﬂZ +1)
¢

X I (70)7
thyoPimirE (G — () Piti—t ios. To this end, Fig. 1 depicts the analytical and simulated
where average missed-detection probability- P;, versus the false-
0o — Bi—l—1 alarm probability for different fading conditions with no
) = / Qu( 272’:]&)7 . dry, (21) diversity. It is clearly shown that the analytical and siated
e’ curves are in tight agreement thanks to the arbitrarily sateu
and representation of the MG distribution. It is also shown that
(V2% Bj+t—1—1 the presenFed — ju scenario exhibits the best _ROC, wh_lc_:h is
T Qulv2ys, \/_)7 ' dry . (22) expected since it represents a rather light fading scematiio
6707 n=23.5andu = 15.

Notably, the involved integrals in (19), (21), and (22) Fig. 2 depicts the analytical and simulated ROC curves
have the same algebraic representation as (6). Therefgpre,ober several scenarios of the composite NL fading channel
utilizing Theorem 1 in [34, eq. (3)] and after some algebraigith SLC diversity scheme withl. = 2. As expected,
manipulations yields the closed-form expressions in (28) achanging the multipath severity parameten, has more
(24), at the top of the next page. prominent influence on the detection performance than

In the same context, by following a similar methodologghanging the shadowing parametef, For example, at
one can obtain the average detection probability for high&s = 0.48, increasingm from 3 to 4 resulted in the ratio,
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1-FA==t = 4.47, while reducing¢ from 4 to 1 improved

the ROC curve by only% 1.40. Fig. 3 depicts

the analytical and 5|mulated "ROC curves over one scena
of the composite NL fading channel with SLS scheme wit
varying L. Comparing Figs. 2 and 3 exhibits that SLC
performs better than SLS fab = 2; yet, the improvement

is not significant for this particular case. For instance, .

H
ol
b

Prsis = Prx = 0.48, the corresponding improvement 107}
ratio Was% = 1.80. Also, one can observe how

.-\
O\
L
T

effective is the spatial diversity in combating the seyedt

the multipath fading and shadowing effects.
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