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Sensing Performance of Efficient Cyclostationary Detector
with Multiple Antennas in Multipath Fading and
Lognormal Shadowing Environments

Ying Zhu, Jia Liu, Zhiyong Feng, and Ping Zhang

Abstract: Spectrum sensing is a key technical challenge for cog-

nitive radio (CR). It is well known that multicycle cyclostation-

arity (MC) detection is a powerful method for spectrum sens-
ing. However, a conventional MC detector is difficult to imple-
ment because of its high computational complexity. This pagr con-
siders reducing computational complexity by simplifying he test
statistic of a conventional MC detector. On the basis of thisim-
plification process, an improved MC detector is proposed. Cm-

pared with the conventional detector, the proposed detectohas
low-computational complexity and high-accuracy sensing grfor-

mance. Subsequently, the sensing performance is further vesti-
gated for the cases of Rayleigh, Nakaganth, Rician, and Rayleigh
fading and lognormal shadowing channels. Furthermore, sgare-
law combining (SLC) is introduced to improve the detection epa-
bility in fading and shadowing environments. The correspomling

closed-form expressions of average detection probabilitare de-
rived for each case by the moment generation function (MGF) ad

contour integral approaches. Finally, illustrative and aralytical re-

sults show the efficiency and reliability of the proposed detctor
and the improvement in sensing performance by SLC in multipah

fading and lognormal shadowing environments.

Index Terms: Improved MC detector, MGF, Nakagami-m fading,

Rayleigh fading, Rayleigh fading and lognormal shadowingRician
fading, SLC, spectrum sensing.

I. INTRODUCTION

Different approaches for spectrum sensing for CR applica-
tions have been proposed [8]-[11]. The commonly considered
approaches are based on power spectrum estimation, ereergy d
tection, and multicycle cyclostationary (MC) detectiorower
spectrum estimation may not function reliably in a regimtgnai
low signal-to-noise ratio (SNR). Energy detection, on tteeo
hand, is subject to uncertainty in noise and interferenatisst
tics. MC detection, which uses inherent properties of dlgit
modulated signals, has been proposed in the literaturedo ov
come the above problems [11]-[13]. In fact, it is well known
that if a signal has strong cyclotationary properties, it ba
detected at low SNRs. In addition, MC detector can inheyentl
distinguish PUs from secondary users as well as interféfrers
they have dissimilar cyclic features [23].

Although conventional MC detectors operate significantly
better than energy and power detectors, they require éxéens
computation to provide sufficiently low error probabilityhich
causes high computational complexity [12], [13]. High camp
tational complexity leads to a long detection time, which-se
ously degrades the spectrum efficiency of the CRs because all
communications should be stopped during detection. Many pa
pers focus on reducing the computational complexity of con-
ventional MC detectors. In [14], a cooperative MC detectasw
proposed in which the detector combines distinct singldecy
(SC) detectors for different cycle frequencies (CFs), dvedfi
nal decision is obtained by an OR rule (a hard decision rule fo

With the rapid growth of wireless communications, the avaifOPerative sensing) and the primitive decisions of the 8C d
able spectrum is becoming overcrowded. To alleviate the-sp&Ctors. An adaptive cooperative cyclostationary beamiig-
trum shortage problem, cognitive radio (CR) was first intrg2@S€d spectrum sensing method with affordable complexity w

duced by Mitola in 1999 [1] and provides a way to use th@troduced for multiple-antenna CR in [15]. !n [16], a seque
valuable radio spectrum in an efficient manner. These radios tial framework was proposed for a collaborative MC detegtor

actually unlicensed wireless devices that temporarilyzetthe

order to reduce the average detection time. In [17]-[19jpeo-

unused primary spectral bands [2]-[4]. However, the firgp gtative cyclostationary methods were proposed to improvieper

in opportunistic access to the licensed spectrum is thectiete

mance. The cooperative and collaborative MC detectorseabov

of unused spectral bands [5]-[7]. In addition, CR shoulcatac Vere both introducgd toreduce compL_JtationaI complexitthé
the primary spectral band as soon as a primary user (PUj stRfPPosed cooperative and collaborative schemes, the dampu

transmitting. Briefly speaking, spectrum sensing and trass
sion opportunity exploitation are the main challenges tonéR
works.
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tion of test statistics is performed by a group of coopeed@iRs
in a distributed manner such that the complexity burden on a
single CR is reduced. Nevertheless, a major drawback oéthes
schemes is the need for a very large number of cooperative CRs
to make MC detection reliable, which is sometimes impracti-
cal in a CR system. Therefore, it is still necessary to improv
the conventional MC detector for single CR in a local speutru
sensing scheme.

Furthermore, because the channel from the PU to the CR is
multipath fading and shadowing in practical CR networks, th
signal of the PU might be severely attenuated before it resach
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the CR [20]. That is to say, the analysis of sensing perfaesults.
mance over fading and shadowing channels could help gyantif The remainder of this paper is organized as follows. In Sec-
the exact sensing performance of a detector. However, the gan Il, we proposed an improved MC detector. In Section I,
isting studies are mainly restricted to Rayleigh fadingiclitis  we derive the closed-form expressions of the detectionglyibb
not sufficiently comprehensive [21], [22]. To our best knowlity of the proposed detector with SLC in multipath fading and
edge, none of the previous work has addressed the issue tdgmormal shadowing environments. Section IV presentsarum
MC detector over Nakagami-m and Rician fading channels. Dieal and simulation results, and the concluding remarkpeoe
spite focus on the sensing performance over fading charalklsvided in Section V.
the previous studies have omitted the effect of shadowimg. |
practical implementation, many detectors will be foundheit
in stationary positions or with low mobility in an environnte I. MULTI-CYCLOSTATIONARY (MC) DETECTOR
with a varying degree of vegetation cover [23]. This folizgel In this section, we start by analyzing a conventional MC de-
the temporal stationary behaviors introduce another diegien tector. Then, we propose an improved MC detector to reduce
known as shadowing, which cannot be mitigated by averagitite computational complexity by simplifying the test stiti
the received signal strength [24]. Hence, if we wish to examiof the conventional detector. Subsequently, the closemi-fx-
the exact sensing performance of an MC detector, the effectpsessions of the detection probability and false-alarnbabil-
shadowing needs to be investigated. ity of the proposed detector are derived.

Moreover, multiple antennas for spectrum sensing can be deA typical signal detection problem is usually formulatedaas
ployed to improve the sensing performance in severe fadidg abinary hypothesis testing problem
shadowing conditions [22], [25]. The need for multiple amte
nas is also driven by the promise of a high data rate and high- { Ho : r(t) = n(t) (1)
efficiency broadband services by standards such as long term Hy:r(t) = hs(t) +n(t)

evolution (LTE), worldwide interoperability for microwavac- \yheref1; denotes the presence of a PU, diigldenotes its ab-
cess (WiMax), and international mobile telecommunicaﬂionsencer(t) is the s the received signal of the CR useis the
advanced (IMT-Advanced). The notion of using a multiplegain of the channel between the PU and the CR usey,is the
antenna CR for detecting the spectrum holes has thus atiraclygitive white Gaussian noise (AWGN), asd) is the transmit-
significant interest. In [22] and [25], the linear combivat of teq signal of the PU. In spectrum sensing, the CR user measure
multiple antenna outputs, such as a maximum ratio combingg syfficient statistics at first and then compares them with

(MRC) and square-law combining (SLC), are used t0 improygreshold that is determined with a desirable false alawbar
detection reliability. The detection performance of MRGs hayjjity in order to decide between two hypotheses.

been analyzed in [22] by using the moment generating func-

tion (MGF) of the SNR. Study [25] deduces the exact detectign Conventional MC Detector

performance analysis by utilizing SLC. Beca_use MR_C reqQUIre The sufficient statistic of maximum likelihood (ML) detecto
complete knowledge of the channel state information (Cslg’given by [10]

a simpler technique is SLC, which does not require the CSI.

Moreover, in the processing of the derivation of the detecti t+5 g

performance, the MGF approach in [25] provides a more flex-  YmrL = / . / L Bs(u,v)r(u)r®(v)dudv (2)
ible, general framework for analyzing the sensing perforoea A ]

than the PDF approach. This new approach can avoid seveyBkreRg(u,v) = E [s(u)s* (v)] is the autocorrelation function
difficulties of the PDF method by using a contour integratrepf the transmitted signal(t), and7 is the observation inter-

resentation of the Marcum-Q function [26]. val. If the signal is cyclostationary, then the ML detectande
In this paper, we first propose an improved MC detector. Bxpressed as

the proposed method, we present a reliable simplification fo
the test statistic of a conventional MC detector. The benefit Joy oo ot N o k
of the simplification include a reduction in the computatibn Yy = Z/ S () Se(f)df, an = T, (3)
complexity that is caused by computing the test statistiont k=177
analysis, we find that the test statistic of the proposedctiete whereSo* (f) andS<* (f) are the spectral correlation functions
follows a chi-square distribution. The closed-form exsiess (SCFs) ofs(t) andr(t), respectively, at théth CFay, = k/T.,
of the detection probability and false-alarm probability then v, is the number of CFsS®*(f) is the Fourier transform
derived. Subsequently, SLC is introduced to improve thedet of the cyclic autocorrelation functio®2* (), and the time-
tion capability, and its contribution is demonstrated bynpar-  independent functio®®* (7) is calculated as the Fourier-series
ing it with the case without SLC. Finally, the sensing perfokoefficient of the periodic autocorrelation functidy (¢, 7) =
mance of the improved MC detector by employing SLC is inveg—:k Rox(1)es?mext [11], [12]. Because the transmitted signal
tigated over Rayleigh, Nakagami-m, and Rician fading cle#n of the PU is unknown$<* ( f) can be assumed to be a rectangu-
and composite Rayleigh fading-shadowing channels. The cpir function with a bandwidth ofA f. Thus,
responding closed-form average detection probabilitgisved
by using the MGF approach. The effect of fading and shadow- Noo ps+5f

Yyve = Z/ N S;'“k (v)dv. (4)

k=175

ing on sensing performance is then demonstrated by sironlati
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Consequently, the sum of cyclostationary signal powerlat 8.3 Sensing performance analysis
CFs is the sufficient statistic for the optimum detector in ML B

L . . . . ecausdl;
criterion for cyclostationary signals. This detector iexhthe
MC detector, the total power can be calculated as

im IS the test statistic of the proposed detector, the
structure of the detector can be defined as

Nea 1;1
A Tam =Y IR (T =0)]" A ®)
Yuc = Z R*(r=0) (5) k=1 He
k=1

where is the detection threshold.
where R+ (7 = 0) represents the cyclostationary signal power Consequently, the false-alarm and detection probabifitiye

at thekth CF. proposed detector can be represented as
+oo
B. Improved MC Detector Py = /A P(Tsim |Ho )dT s 9)
B.1 Simplified test statistic
+oo
Becaus&y;c = Re (Y},) + jIm (Y},) is a complex ran- P, = / P(Tyim |Hy )dT i (10)
dom variable, the test statistic of a conventional MC detect A
can be given by [6] To obtained the conditional probability density functions

(pdfs) P(Tuim |Ho) and P(Tgm |H1), we should focus on
Nq R&+ (7 =0) in (7) first. Let
Ty = Yl = 3% [R2(r = 0) r=0mo
Ne N . 6) Yi = R (r = 0). (11)
+ > R (1 =0)Ri"(r =0).
k=1n=1,n#k

Il
-

The cyclic autocorrelation function af; can be shown by

In order to reduce the computational complexity, we will N _ to+% T, T\ orent
make a simplification oI’y;¢.. Because the second ternif,c &7 " (1) = Am s 5)7’ (t— 5)6 IErertdt. (12)
brings a large amount of computation, it is omitted here. The fo=3

first term of Ths¢ is used as the test statistic of the proposed grom (11) and (12), the discrete-time counterpartrpfis
MC detector. Thus, the simplified test statistic of the psEID gjyen py

detector can be defined as

N, _ L ok 2 —ji2marw
Taw = Y |B* (r = 0). ™ N 2 e )
= Hence,H, and H; according to (1) can be represented as
B.2 Computational complexity analysis s
Ho: Vi =y 3 |nfu]| e7/2mowe
e (14)
Hy:Yi= 57 3 [sfu] +n ]l emsmore

In order to investigate the computational complexitylaf
andTy;,, we perform the following analysis:

o For computingTy;¢: In (6), we need to perform complex
multiplication N, times and complex additioqV,* — 1)
times to computé’;c. Therefore, the total number @k, is  wheren [w] = Re (n [w]) +jIm (n [w]) is a complex an AWGN
2N,” — 1; and thus9 (NN, *) is the computational complexity sample with zero mean and variangg ands[w] is a PU sig-
of the conventional detector. nal sample. The proposed detector can be viewed as computing

» For computindg/iin,: In (7), we need to perform complex mul-measures of the signal power for a single cycle frequengy
tiplication for N,, times and complex addition fqtV, — 1) and then the structure of detector can be defined as
times to computdl;,,,; thus, the total number of computa-

tions for Ty, is 2N, — 1, and©(N,,) is the computational 5 o 5 Iil
complexity of the proposed detector. =M =R (r=0)" _ A (15)
Ho

BecauseN, > 1, it can be clearly observed that the com-
putational complexity is greatly reduced by the simplificatof Therefore, for the case of detection, the detection and
the test statistic, which means that the proposed MC detea® 5se-alarm probability can be represented as
lower computational complexity than the conventional dite

Next, the sensing performance of the proposed detector will o0
be analyzed. By the simulation results in Section IV, we will Pra, :/A P (Ta| Ho) dT1, (16)
show that there is no appreciable difference in detectian pe
formance between the proposed detector and the convehtiona

detector. P, :/A P(Ty| Hy)dT. (17)
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~Because the pdfd(T1 |Hy) and P(_Tl |Hy) can be _de_- whereu; = \/{E [Re (Vi |H )Y + {E [Im (V1 [HL)]}? =
rived from P(Y1 |Hp) and P(Y; |Hy ). Given the central limit |Pa,| ando? = 202P/Ns + o /Ns. The corresponding de-
theorem for largeNs, No >> 1, Y is approximately « ¢ 5 2 oo 0/ thSén be aiv S.b

. : 2 5 2 p y given by
Gaussian. SInCEE'{|n[w]| } = ¢§ and Var{|n[w]|

of Y; underH, are ’

var {Re” (n [w]) + Im* (n [w]) } = of, the mean and variance Piay = O1 (g ﬂ) (25)
09 02

Ng

2 .
ERAT RS S
w=1

whereQ (-, -) is the generalized Marcum-Q function.

The above derivation shows that the detection and falgesala
probability of proposed detector when it measures a sinfle C
oy,. However, the test statistif;,, = Z,ZCV;I ’ng(T = 0)‘2 —

1 Ns _ ) " ~e Ty, which means there ar¥,, different CFs should be
var {Y} |Ho}:N— Z le= 727 | "var {|n [w]|2} :N—O. measured by proposed detector. Becaliséollows a central
S w=1 s x? distribution with two degrees of freedom undBy and a
(19) non-centraly? distribution with two degrees of freedom under
H,, it can be easily concluded th#;,, follows a centraly?

BecausdY; |Hy} = Re (Y1 |Hp) + jIm (Y7 |Hp) is acom- distribution with2N,, degrees of freedom undéf, and a non-
plex Gaussian random variable, theéR |Hy ) = {Y; |Hy}> = centraly? distribution with2N,, degrees of freedom undéf; .
[Re (Y1 |Ho )]2 + [Im (Y | Ho )]2 follows a centraly? distribu- The conditional pdfs o, can then be represented as
tion with two degrees of freedom, which has following proba-

- . . _ Tsim 4
bility density function P(Tim |Hy) = —— e 2ot TNel 52 = 2o
sim 2 aa? QF(NQ) sim ) EE
1 -4 4
P(Ty|Hy) = e 1, o} =22 (20) (20)
20’1 NS | Taimtug T Na{l m
. . . P(Tsim|H1) = —26 273 == INa—l L;n )
Thus, the false alarm probability for detectiap is 203 Us o3
202P ot
A 2 _ 290 990
Pfo, =€ 1. (21) 2= TN, + N,
(27)

Similarly, because&® {|s[w] + n[w]|2} = |s[w]|* + o2, the

_Na , _ Na Y . -
mean of(Y; | Hy ) is whereus = > % ur = Y% |Pay |, Iu(+) is the th-order mod

ified Bessel function of the first kind and(-) is the gamma

Ns function. The corresponding false alarm and detectiongdvidh
E{Y|H,} = NL Z (|s[w][? + o3)eI2manw ities of proposed detector are
5 iz
uj,v,sl (22) oo r (Na QA)
1 2 _jomanw - . Lo\ 200
— N_S Z |S[’LU]| e J2ragw _ Pozk Pf /\ P (Tsml |HO )dTblm T (Na) ’ (28)
w=1
+oo
where complex-valueff,,,, is the signal power atthieh CFa.  p, — P (Tsim | H1 )dTsim = Qn ﬂ, ﬂ . (29)
Because noise samples are statistically independent,atie v A "\ o2 o2
ance of(Y; [H1) is Because the proposed detector is in an AWGN channel (i.e.,
N hi = 1), us = S0, |Pa,| is the signal powerg? is noise
1 & , 2 ower, andy denote the SNR, thef = uy /62. Thus, (29) can
_ = —ji2ma,w 2 2 P ) y en 2 0 y
var {¥1 [H} = N2 Z:l ‘e vat {|S[w]| + Infu] } be rewritten as
202P o g0y/7 VA
= — + -— = —_— ., ———
NS NS Py QNQ oo ) o . (30)
(23)
where P = Niszgil sw]|®. Therefore, (Ty |H,) =

[ll. SENSING PERFORMANCE OF PROPOSED
DETECTOR WITH MULTIPLE ANTENNAS IN
MULTIPATH FADING AND LOGNORMAL

{(v1|H,;}* = [Re (Y1 |H1))” + [Im (Y1 |H1)]? is non-central
x? distribution with two degrees of freedom, and its pdf is give

by SHADOWING ENVIRONMENTS
P(Ty |Hy ) = iei%l vTiu, (24) As shown in Fig. 1, we consider a CR user witrantennas
e 203 0 o2 and assume that the PU has a single antenna. SLC is employed
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(9) C. S.C in Multipath Fading and Lognormal Shadowing Envi-

T#1 T#z Famennas T#L ronments
In fading and shadowing environmenis; of (32) will re-
Primary user Sensing main constnt sincé’ is considered for the case of no signal
transmission and as such is independent of SNR. Therefere, w
will derive the average detection probability{) by using MGF
over Rayleigh, Nakagamm, Rician, and composite Rayleigh
fading-shadowing channels, respectively.

Cognitive radio user

Fig. 1. Spectrum sensing with L antennas.

C.1 Average detection probability - MGF approach

The generalized Marcum-Q function in (33) can be written as
to combine the outputs of antennas. We also assume a naf circular contour integral within the contour radius [0, 1).

rowband wireless system [30]. Then, the (33) can be represented as
In this section, we first derive the detection probabilitglan .2
false alarm probability of the proposed MC detector with SLC T o 23Tty
diversity over an AWGN channel. Then, fading channels such  PasLc = 27 ]{A ZENa (1-2) dz (34)

as Rayleigh, Nakagamnmy and Rician are considered. Finally,
the sensing performance over a Rayleigh fading and logriormmereA is a circular contour of radius € [0, 1).

shadowing channel is investigated. The MGF of the average received SNR is M, (s) =
o E(e*7), whereE(-) is the expectation. Thus, the average de-
A. Sguare-Law Combining (SLC) tection probabilityP; 1., is given by

In SLC scheme, the outputs of the square-law devices

(square-and-integrate operation per antenna) are adgesdd@
e

A
303
new test statisti@s;, ». Therefore, the new test statisfit, » Pisic = : ,2 j{ f(2)dz (35)
can be written by ’ 2w Ja
LZ
L wheref(z) = M, (% (1- %))e%% /zENa (1 - 2).
Tsim > = Z Tsim_i (31) In our study, the expression in (35) is fairly general andibol
i=1

for any case where the MGF is available in a suitable form.

whereTim_; denotes the test statistic from thi square-law ¢ 2 average detection probability over Rayleigh fadingrahe

device. . . . . .
Note that the decision is made in a local user if SLC technolo-The MGF of Rayleigh fading combined with SLC is

gies are employed in the local cognitive user. On the othedha Ray B L
the decision is carried out in a fusion center when SLC is used M7 510 (s) = (14+7es) . (36)

in & cognitive radio network, i.e., cooperative sensing. After substituting this MGF in (35), the average detectiontp

ability, P;sr.c, over Rayleigh channel can be written in the

B. SLC over AWGN Channel 2o
form of (35) with = — :
If SLC is employed to improve the sensing performance 0?2_ (2 ) 1(z) (14p1) " (z=01) 201 (1-2)
the proposed detector over an AGWN channel, the test staflet/ 203, 01 = /(1 + ) andpy = L (No — 1).

whereu;, =

tic Tum x follows a centrality chi-square distribution withV,, Inradiusr € [0,1) , there ares, poles at the origin = 0 and
degrees of freedom undgk,. Therefore, the false alarm proba< POl€ atz = 0. By applying the residue theorem to (35), the
bility becomes detection probability over Rayleigh fading is obtained2g)(
The residueRes (f;0, 81) and residueRes (f; 60, L) of (37)
(LN, 2%) are given by

Prsic = P (Tsim » > AN|Hy) = (32)

[(LN,) b 2y
N _ _ D2 aaear
Similarly, underH; , Tyim_s has a non-central chi-square dis- Res (f;0,81) = — =0 (39)
tribution with LN, degrees of freedom, and a non-centrality pa- (14 1) (B —1)!
rameter2y, = 22521 ~; . Thus, the detection probability can .\
be obtained as pL-1 ( 23 )
(1—2)2P1
Res (f;01,L) = — (40)
A e L
Pisuc = P (Tam s > A Hy) = QL. <JO_\/%7£> _ (T4 p)” (L=1)!
o2 02 where D" (f (z)) denotes thenth derivative of f (z) with re-

(33) specttoz.
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. e_ﬁ[Res(f;(),ﬁl)+Res(f;91,L)] Ny > L

Piilo = . (37)
e 2>3Res(f;01,L) No <L
A
e 2% [Res (f;0,82) + Res (f; 02, Lm)] N, > Lm

Pistc = . (38)
e *73Res (f; 0, Lm) No < Lm

C.3 Average detection probability over Nakagamifading — A e 73
channel Pisic = o) ]{A by Hg)f (2)dz (45)
The MGF of Nakagamin fading combined with SLC is 6233 = .
e where f(z) = TR et oy 3 = otk
My; Nak(s) = (L+7zs) " (41)

. W
A=e 23 [(1+ K)e %) anda = LK (1 — 03).

The detection probability over Nakagami-channel can be Applying a Laurent series expansion f ﬁ)) in (45)
z2—03

. . . o2z Lm
written 'Qihe form of (35) withf (2) = 22727 /(1 + ) when K # 0 and using the residue theorem to integrate term
(z—02)""2% (1 - z), where us = 037 /205m, 62 = by term, the average detection probability over Ricianrigdi
pa/(1+ p2) andpfy = L (N, —m). Following a similar pro- ¢an be derived as (46).
cedure as in the Rayleigh fading case, the detection priifyabi The residu®es (f:0, B) and residud®es (f; 03, L +n — 1)

over a Nakagamirn channel can be obtained as follows: of (46) are given by
The residueRes (f;0, 52) and residueRes (f; 02, Lm) of
(38) are given by oz ?
DR st
DB2—1 <L> R . _ 2=0
(1—2)(z—02)F™ €S (f7 0, 62) = 57 | ) (48)
Res (f0, ) = =, @ A+ K+ ) (5 1)

(1+ p2)"™ (B2 — 1)!

252
_ e 293
DL ! <(1—z)z52>
Res (f; 02, Lm) = %2 (43)

(14 p2)™™ (Lm — 1)! _ . . .
CE he ab vsi ice that th | I.C.5 Average detection probability over Rayleigh fading and
rom the above analysis, we notice that the results are lim- lognormal shadowing channel

ited to an integeLm and allow us to comput&}ak ., for cer-

2
L+n— 626%
D + 2 <(1Z)Zﬂ2>
Res (f;03,L+n—1) = =% (49)
(1+ K + p2)" (L +n—2)!

) . N Because a shadowing process is typically modeled as log-
tain non-integer values ofi. For exampleF; &1 Over a two qma) distribution, the Rayleigh fading-lognormal shattg

branch case can be computed fg2 multiples ofm values. We  hannel model follows a gamma-lognormal distribution &8 [1
also notice that a Rayleigh fading channel is a special chse o

a Nakagami= channel, for whichP}'&Y - can be obtained by N e
substitutingm = 1 in (38). 7 gy () =Y i, w > 0,¢; > 0,6, > 0 (50)
i=1

C.4 Average detection probability over Rician fading chalnn

o —(V2omity) N i
The MGF of Rician fading combined with SLC is given by whereg; = pie /(ﬁ 2=t pl)’ NVis the number

of terms in the mixtureg; = e*(ﬁ‘;”i*w), n; and p; are the
1+ K L LK sv; abscissas and weight factors for the Gaussian-Laguesagrat
m) P (—m) tion_, rgspectively, and and§ are the mean an_d the standard
deviation of the lognormal distribution, respectively.eTMGF
of Rayleigh fading-lognormal shadowing combined with SkC i

M ()= (

(44)

whereK is the Rice factor. Notice that for the special casé&of 9Ven by
= 0 (Rayleigh fading), (44) reduces to Rayleigh in (36). Henc

N L
using (44), the average detection probability over Ricetirig M,y (s) = Z ( Pi ) . (51)
is obtained as




168 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 16, NO. 2, APRI2014

n—1

A > [Res(f;0,02) +Res(f;05,L+n—1)] Ny>L+n-1
[ n=1
Pg,%CLC = o (46)
A > Res(f;03,L+n—1) No<L+n-1
n=1
~ AN, \L
e 3% (Z) [Res (£:;0,81) + Res (fi;0;, L)] No > L
i=1
P%Lc = 47)
S (ﬂ)LRes (fi10:, L) N.<L
£ (22 a =
i=1

E—— —— 1
SNR=15dB e _+"
= e 1 08
= SNR=10dB
SNR=5dB B 06 -
' ——N_ =10
04 o—N_ =8
—s—N =6
i o N =4
02 —— Proposed detector 0.2 o
- - - Conventional detector — NU =2
0 . . | | 0 . . . |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Pr Pr

Fig. 2. ROC curves for the proposed and conventional MC detector Fig. 3. ROC curves for the proposed detector over AWGN channel with
with different SNRs over AWGN channel (y = {5, 10, and 15dB}, different Nos ( No = 2,4,6,8,and 10, v = 10dB).
Ny = 10).

Fig. 2 shows the ROC curves of the proposed MC detector and

Thus, the average detection probability over Rayleighiigdi conventional MC detector over an AWGN channel, for différen
lognormal shadowing channePTL . can be evaluated in SNR~y =5, 10, and 15 dB and/,, = 10. It can be observed that
' \ the analytical results match well with the results from timeus
Zgz

lation, confirming the accuracy of the analysis. In Fig. 2réh
(1+Hi)L(2_liLi)Lzﬁl(l_z)’ is a slight difference in sensing performance between the pr
pi = o4/203e; and6; = p;/(1+ ;). Following a sim- posed and conventional detector because of the simpliitati
ilar procedure as in the Rayleigh fading case, the residusfsthe test statistic of the conventional detector. Althoulge
Res (fi;0, 81) andRes (f;; 0;, L) can be obtained; however, wesimplification slightly degrades sensing accuracy, afseatisry
omit the expressions here for brevity. sensing capability is still maintained. (2) Computatiocain-
plexity analysis: Based on the analysis in Section II-BHg& t
computational complexity of the conventional MC detector i
IV. NUMERICAL RESULTS AND ANALYSIS (€] (102), whereas that for the proposed detectoPi§l10) for
In this section, we provide analytical and simulation resulN, = 10. The analysis above clearly illustrated that the pro-
to verify the analytical framework. In order to show the sengosed detector is more efficient than the conventional tatec
ing performance of the proposed detector, we plot the receiDverall, Fig. 2 and the computational complexity analyss v
operating characteristic (ROC) curves (plots of detectimob- ify that the proposed MC detector can reduce the computation
ability P; vs. false alarm probability’;) and complementary complexity while still maintaining sufficient detectionresitiv-
ROC curves (plots of miss detection probability, versus false ity.
alarm probabilityPy), P; vs. average SNR curves aiit} vs. To further investigate the sensing performance of the pro-
L curves. Note that each of the following figures containdhboposed detector, we plot the ROC curves with different values
analytical result and simulation result, which are repnésg:by of N,, for N, = 2,4,6,8, and 10. In Fig. 3, the sensing per-
lines and discrete marks, respectively. formance improves with an increasing valuegf, the sensing
To verify the reliability and efficiency of the proposed dete performance improves, which is similar to conventionakdet
tor, we perform the following analysis: (1) Reliability dpsis: tor.which is similar to the performance of a conventionaede

closed-formas (47), wherg(z) =
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» "

* m=10
—*+=m=25 Rayleigh
-+-m=35 - = —Rayleigh — light shadowing
——m=45 + Rayleigh — heavy shadowing
0 L L L L L L L
0 5 10 15 20 % 02 04 06 08 1
Average SNR (dB) P,
f
Fig. 4. P; vs. average SNR curves for the proposed de-

Fig. 6. ROC curves of proposed detector without SLC over Rayleigh and

tector over Rayleigh and Nakagami-m fading channels (mn Rayleigh fading and lognormal shadowing channels (N, = 10).

1.0,2.5,2.5,and 4.5, L = 2, P; = 0.01, N, = 10).

e T
e
e
s

SLC. The shadowing effects considered here were introduced
s\ by Loo in [18] and are (i) light shadowing/( = 0.115 and
e T | 0 = 0.115), which corresponds to sparse tree cover and (ii)
e, ~. . heavy shadowing{ = 3.914 and¢é = 0.806), which corre-
e < ] sponds to dense tree cover. We take= 10 in (50), which

. makes the mean square error (MSE) between the exact gamma-
. i lognormal channel model and the approximated mixture gamma
i channel model in (44) less tha®—*. The numerical results
0 ‘ ‘ i match well with the results from the theoretical analys@-c
) firming the accuracy of the analysis. It can be observed bt t
performance of the proposed detector degrades with ineiaas
Fig. 5. Complementary ROC curves with SLC over Rician fading channel Rayleigh fading and lognormal shadowing environments, and

(% = 10dB, L ={1,2,3,4}, K = 4, No = 10). improves at higher SNR. Further, for Rayleigh and Rayleigh
fading andlight shadowing environments, there is a slight dif-
ference in the detector’s performance. However, there ig-a s
tor. Because the MC detector measures the suiio$pectral hificant performance degradation in the proposed dete&or b
correlation function, the highe¥, is, the more accurate binarycause of thécavy shadowing effectin lower average SNR (e.g.,
decision the detector makes. 5dB).

Fig. 4 depicts depicts th&, vs. average SNR curves of the Next, we consider the effect of SLC in alleviating the
proposed detector over Rayleigh and Nakagarfiding chan- Rayleigh fading and lognormal shadowing. Fig. 7 demonstrat
nels, for Nakagami parameter =1, 2.5, 3.5, and 4.5, = 2, that SLC improves the detection performance, even in seriou
P; = 0.01, N, = 10. Here, we consider both the integer an®Rayleigh fading and lognormal shadowing environments. For
non-integer values of Nakagami parameterRayleigh curve example, in a Rayleigh arfetavy shadowing environment with
coincide with the Nakagamin = 1 curve and therefore not @ low average SNR (e.gh,dB), we find that the detection prob-
shown. For Nakagamis fading, it can be observed that theability for the four branch SLC casé. (= 4) is almost six times
higherm is, the better the detector works. Moreover, the diffethat for a single branch non-SLC cade< 1). Furthermore, for
ence on sensing performance between the case whetel.0 the two branch SLC casd.(= 2), there is approximately dB
and the case where = 2.5 is remarkable, while the differenceperformance gain compared with the non-SLC case. Therefore
is smaller with further increase of. That is to say, greater val- the SLC mitigates the impact of fading and lognormal shadow-
ues of the fading indem and higher values of the average SNRg and introduces a significant improvement in the detectio
imply a relatively less degraded received signal and thagie Probability.
a higher detection probability.

Fig. 5 shows the complementary ROC curves of the proposed
detector over a Rician fading channel with SLC, for= 4 and V. CONCLUSION
7 = 10 dB. The number of diversity branches varies from one In this paper, the sensing performance of an improved MC
to four. It can be observed that the sensing capability of sidetector with multiple antennas in fading and shadowing-env
gle branch { = 1, non-SLC) case is the lowest bound of theonments has been studied. We first proposed an improved MC
sensing ability of the proposed detector. There is a signific detector. By simplifying the test statistic of the conventl
improvement in the sensing capability of the proposed detecMC detector, the computational complexity is reduced while
with an increasing number of SLC branches. maintaining sufficient accuracy in the sensing performahbe

Fig. 6 depicts the ROC curves of the proposed detector owdosed-form expressions of the detection probability saldef
a Rayleigh fading and lognormal shadowing channel withoatarm probability were derived. Subsequently, the sengarg
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Fig. 7. P, vs. average SNR with SLC over Rayleigh and Rayleigh fading

and lognormal shadowing channels (Py = 0.01, L = {1, 2,4}, N, =
10).
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(6]

[7]

(8]

9]

[10]

[11]

[12]

formance of the proposed detector by employing SLC was in3]
vestigated in fading and shadowing environments. For Rglyle
Nakagamim, and Rician fading and Rayleigh fading and log-
normal shadowing channels, the closed-form expressions S
the detection probability were derived by using the MGF ap-
proach, respectively. lllustrative and analytical resstiow that [15]

although multipath fading and lognormal shadowing degthéde

sensing performance of the proposed detector, the gaigdis si
nificantly improved by SLC. Although a Rayleigh fading andt®
lognormal shadowing channel is analyzed here, the analytic
framework can be extended to a Nakagami fading and lognqrz
mal shadowing channel in future work, which is considered as
a generic fading-shadowing channel model. These resullts wi
help quantify the performance gains for an MC detector wiffe!

multiple antennas in fading and shadowing environmentitwh [

can help emerging applications such as cognitive radio Hrad u
wideband radio.
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